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Abstract

Significant therapeutic advancements have been achieved in the treatment of advanced BRAF™!
melanoma through the approval of combined targeted therapies (BRAFi+MEKi) and
immunotherapies (anti-PD1/PD-L1 and anti-CTLA4). However, patients with NRAS™ ! and wild-type
(WT) melanoma continue to face limited therapeutic options, relying on immune checkpoint
inhibitors and off-label treatments such as MEKi, with over 50% experiencing disease progression
due to primary and acquired resistance. A critical challenge in developing effective therapies lies in
the limitations of conventional pre-clinical models, which fail to adequately replicate the
physiological complexity of the tumor microenvironment (TME). This doctoral thesis addresses
these gaps through the development of advanced multicomponent 3D melanoma models and their
application in the evaluation of compound efficacy identified by 3D high-throughput drug

screening.

Advanced in vitro 3D melanoma models were established, incorporating co-cultures of melanoma
cells with endothelial cells and fibroblasts, simulating the metastatic niches of skin, lung, and liver.
3D models were also integrated into a 3D high-throughput drug screening platform, enabling the
evaluation of over 1300 compounds in NRAS™* and WT melanoma spheroids. Promising hits were
identified and two compounds, Daunorubicin HCl and Pyrvinium pamoate, underwent detailed
validation. Both compounds demonstrated potent anti-melanoma activity in advanced 3D co-
culture models and zebrafish in vivo models, with Pyrvinium pamoate notably having cytotoxic
effects in NRAS™' melanoma cells. Comparative studies revealed Pyrvinium pamoate’s superior
efficacy over Trametinib, the standard MEKi used off-label or for disease control in clinics for
NRAS™*' melanoma, particularly in 3D models. Furthermore, combinatory treatments with
Trametinib showed additive effects on cell proliferation and viability, while both compounds

exhibited substantial efficacy in MEKi-resistant NRAS™* and WT melanoma cell lines.

In conclusion, this thesis presents a robust pipeline for pre-clinical melanoma drug evaluation
through physiologically relevant 3D models, addressing critical challenges in the development of
effective first-line therapies for NRAS™* and WT melanoma. These findings highlight a potential
interest in Pyrvinium pamoate as a first-line therapeutic candidate for the treatment of NRAS™"

melanoma patients.

Xii



Table of Contents

[DTTe [ Tor= Y oo -SSR i
List of abbreviations ..
[ e}l U] o] o 4T o OO PSPPSRI
Contribution by others
Abstract .......cceeeunee
Table of Contents
O [0 o o 1¥ ot o o TSRS
1.1. Melanoma.....
1.1.1. Etiology
1.1.2. Melanoma precursor cells: Melanocytes
1.1.3. Classification and Staging....
104, PrOBNOSIS . eiueeteeeeritteeeeesitttteeesttttteeesuttteeeeeutbbeeeesaubbeeeesanbeeeesasaeeeesssnbeeeessnbbeeessaseeeeesanbaeeeeannnaaeeaans
1.1.5. Melanoma EPidemiOIOgY ...cccceiiiiiiiiiiiiiee ittt sttt s sibe s re e s sba e e ba e e s be e e saneessbbeenaraesane
1.2. Genomic subtypes and pathways involved in melanoma development.
0 O I V=N AV o o T o 4 V7 1 PN
1.2.2. The BRAF mutation
1.2.3. The NRAS mutation
1.2.4. Other mutations in melanoma
1.2.5. The PI3K/AKT PARWAY ....ciciiiiiieecetee ettt ettt ettt aeeetveeabeeereesteeebaesaeesaeeenseenteenseenreens
1.3. Therapeutic options for melanoma
O N B 1T = =T IR 1T - ' 1Y ST RUPPPOUP
S T [ 4T o 10T a T Yo o V=T =T o1V SR
1.3.3. Other therapies
1.4. Drug resistance mechanisms in melanoma
1.4.1. Targeted therapy resistance MeChaNiSMS .......ccvivriiiiriieeirieeee e s srae s
1.4.2. Resistance against Immunotherapy...
T V= o o To T 4 F= T o1 1] 4 o Y SRS
1.6. The Tumor Microenvironment and its role in Melanoma.........cceevcviiriiiinciee e
1.6.1. Cancer-associated fibroblasts (CAFs)....
1.6.2. Tumor endothelial CellS (TECS)....uiiiiiiieiiee e ceeeeee et e et e e e ste s te e e st e e stae e s be e e eaneesrseeenneeean
1.6.3. IMIMUNE CIIS c.neieiceiiieitie ettt ettt e e s te e et e e st e e s be e esbeeesbaeesbbeesnbeeesbseannasaeas
1.6.4. Extracellular Matrix (ECM)..
AT 0 I o= o Yo Y gl ' Vo o 1= LSRR
1.7.1. From monolayer culture (2D) to three-dimensional (3D) CUltUre ......c.cevvveevveeeiireeeeeeeerreeeneeen,
R Y o] =T o o £ USRS
1.7.3. Hydrogel-embedded cultures and skin reconstructs
1.7.4. Organoids and Microfluidic chips
1.8. Drug repurpoSing ....cccceeeeeeeeeeeeeriiiinieieeenees
1.8.1. High-throughput screening (HTS)
D Y] 0oy o T I =T £ ST
3. Material & Methods
3.1. Celllines and culture
3.2. Lentiviral transduction for stable fluorescent protein expression..........cccceccvveeececeeeeecciveeeeeccreeeenns
3.3. 3D Mono- and Multi-component melanoma spheroid models
3.4. Immunofluorescence of frozen sections of SPheroids..........cccoecviiee e
3.5. Generation of primary melanoma Cell IN@S........ccccviiiiii e
3.6. Immunofluorescence of adherent cells ....
3.7. High-throughput SCre€niNg (HTS) .. cueieoii ettt sttt e e et e e e e s rvae e staeessaeesaneeesseeeenes




TR 0 T T VT 1 oY =Y ST SP RSN 46

3.7.2. Optimized HTS WOTKFIOW ...ooeiiiiieiie ettt et ae s rte e e sae e e sraaeesnte e ennae e ennes 46
3.7.3. Data analysis and hit SEIECTION........iccciie e 47
I 1 KR 7= 1 o - 4 o ISR 48
3.8. 2D and 3D drug response curve (DRC) and IC50 determination...........cecceeeeceeeesieeciieesiie e eveeeans 48
3.9, 3D SYNEIEY ASSAY teieeuuetiiiriiieteeeriittteeastteteesasttreeeeaasttteeeaaubeteesaasstaeeeeaanbteeeessbbbeeesannraeeeaannreeeeaarraeeeeas 49
3.10.3D spheroids drug efficacy assessment: kinetic and end-point assays.......cccvveeeeeirreeeerrieneeeeciieeeeenns 49
3.11.Confocal microscopy of 3D Multi-component SPheroids .........ccecceeeivieeiiieeciie e e 50
3.12.3D spheroid apoptosis and cell death assay using confocal MiCroSCoPY .......ccvvvveerciveeriieinieeesiieennns 50
I RN LT T g o T o Fo A= Yo 1LY A RPN 51
3.14.Hydrogel-embedded Melanoma CO-CUITUIES .......ccciuiiiiieeiiieeciieeceeecsteeesiee e sete e s sveeesse e e raessneeessreeenes 51
I T D o] | =T o I 1Y 18PN 52
3.16.Zebrafish husbandry and XENOGraft ........ceecuiiiiiiiiiie e s re e s srae e 52
] = L I Ao I T T V] SRS 53
I T ] LTS 54
4.1. Establishment of Multi-component 3D melanoma spheroid (MMS) models for preclinical drug
LETS o o= ST PP PP PP PP OPPPPPPPPPPP 54
O O o o B Y 4 1= o T Yo [T SSRPN 54
4.1.2. Characterization of Multi-component Melanoma Spheroids (MMSS)........cccvevvvveeeveeeieeeenreeenns 59
4.1.3. Characterization of MMSs co-cultured With PBIMCS........ccccovvtiiiniieiniiieniie e cieeesiecsiveesnieeeseee s 63
4.1.4. Assays to assess Arug effiCaty .....ccciiiiiiiiiiiicccee e e e e e re e 65
4.2. Generation of primary metastatic melanoma cell lines derived from patient samples .................... 68

4.3. Generation of Xeno-free Hydrogel-Embedded melanoma co-cultures for preclinical drug testing.. 72
4.4. High-throughput Drug Screening (HTS) for the identification of novel drugs for NRAS™,

BRAFY/NRAS™, and BRAF ™ MElANOME....iiiiiiiiiieiee ettt ete e et e et e sreesse s ssaessaesnteesessnresseenes 80
4.4.1. High-throughput screening assay developmeNnt ........ccccoccveeeieieiriecciie e 80
4.4.2. High-throUghpUL SCrEENING ....cccuveieieeeciiieece ettt e e e e rte e et e e stee e saeeessseesnseeesaseeeasaeeanes 83
4.4.3. Drug response curve (DRC) of selected COmMPOUNGS......cccvvieeeeeiireeiiiiieecree e cerreeeereeereeeereeeens 89

4.5. Characterization of selected re-purposed drugs in 3D-preclinical melanoma models for NRAS™t

IMNEIANOIMA etiiiiiieiiee ettt ettt ettt ettt e s sbteesbteesbaeesaaeeesabeeeabeeesabte s ateeebeeanssaeensteeesseeessseeenssaesssessnnen 91
4.5.1. NRAS™ melanoma cells are highly sensitive to selected compounds.........cccceeevvevvenieceerenenne. 92
4.5.2. Characterization of the drug’s effects on NRAS™! melanoma cells ........cccceevvivvvreiveereeveeneene. 93
4.5.3. Combinatorial treatment with Trametinib (MEKi).........cccoeiiiiriiiieicie e 101
4.5.4. Daunorubicin HCl and Pyrvinium pamoate in advanced in vitro 3D melanoma co-culture models

............................................................................................................................................... 103

4.5.5. Effect of Daunorubicin HCl and Pyrvinium Pamoate on MEKi-resistant melanoma cell lines.. 108
4.5.6. Strong inhibitory effect of Daunorubicin HCl and Pyrvinium pamoate in Zebrafish xenograft

[gaTeTe [=] USSP PP OSSP 110

ST DY ol U EY] oo PP T PP PPRTN 113

5.1. The importance of advanced pre-clinical 3D in vitro Models.........cceeecveeeiieeeenieeciieece e 113
5.2. Discovering novel compounds for NRAS™! and WT melanoma through high-throughput drug

screening Using 3D /N Vitro MOTEIS ..co.uuieiiiiiiiiiiiie ettt e s sbe e s be e bae s sabeesnbeeesaeeas 120

5.3. Repurposing novel compounds for the treatment of NRAS™! melanoma. ........ccceeeuveciieeieciecneene 126

6. CONCIUSIONS ANA PEISPECTIVES ....vieiiiiiiiee e ettt e e ectttee e et ee e e etraee e e etttaae e e sttaaeeesaseaeeesnnbeaseenssraesenansesaenanns 137

RETEIEINCES ...ttt ettt s bt e s bt st e a e a et e bt e st e e s bt e eb e e sa e e sheesan e et s be e bt e b e neenreen 139

Yo7 0 =1 g T 1 SRR 174

1. SUPPIEMENTANY FIZUIES ..eeiiuiieeiiieeiee e stiee ettt e et s e e e s tee e sttt e s rte e eae e e sraeesabbeeateeessseessesenssaeansseanns 174

2. 1Y/ T [V Tl T A PO PPPPPPPRR 183

3. IVIANUSCIIPT 2 et e e e e e e e e e s et bt e et e e eeeeeaeeeea s ansanssebeteeeeaaaeeeenanans 212

4. VIaNUS I PE B et e e e e e e e e st b e et e e e eeeeaeee e e ansanbrebeteeeeaeaeeeenanns 224

5. Prestwick Chemical LIDrary ® (PCL) c.uuvicueeeieeeereieerreeireecereeeireessareesereeestsaeensseessneessessnsseesnnns 240

6. Melanoma Drug LIBrary (IMIDL) ......ccveeecveeeieeeeeieeeeireeeiteeesereeeireeesseesneesearesesseessesssssessnsesennnns 283

Xiv



XV



1. Introduction

1. Introduction

1.1. Melanoma
1.1.1. Etiology
Melanoma arises from the malignant transformation of melanocytes, cells physiologically

programmed to produce melanin. Cutaneous melanoma is an aggressive type of skin cancer that
accounts for thousands of deaths every year with an increasing number of cases mostly in
Caucasians (1,2). An important risk factor for skin cancer is exposure to UV radiation, especially
UV-B which is also the main cause of photoaging (3). Moreover, another important risk factor for
melanoma is the number of melanocytic nevi. In this regard, although melanoma arises
sporadically from healthy skin in 70 % of the cases, approximately 30 % develop from pre-existing
nevi (4). Mutations and inherited factors such as a CDKN2A gene mutation account for 5% to 10%
of melanoma (5). During the initial phase of illness, melanoma development is marked by a radial
growth phase (RGP). As the disease advances, malignant melanocytes transition to the vertical
growth phase (VGP), penetrate through the basement membrane into the dermis and
subcutaneous tissue, and ultimately infiltrate lymph nodes and blood vessels, leading to metastasis

formation (6-8) (Fig. 1).
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Figure 1: Representation of melanoma progression underlining important melanoma progression
phases as radial growth phase (RGP), vertical growth phase (VGP) and metastatic event (Arlo J.
Miller & Martin C. Mihm, 2006)

Constitutive activation of the MAPK pathway is the major driver of melanoma cell proliferation and
survival, due to mutations in key proteins such as BRAF and NRAS. Cutaneous melanoma is

classified into chronic (CSD) and non-chronic sun damage (non-CSD). The BRAF V600E mutations
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usually occurs on proximal extremities and the trunk in younger individuals (<55 years old), while

NRAS mutations of the head and neck region occur in older patients (9) (Fig. 2).
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Figure 2: CSD and non-CSD melanoma characteristics. Non-CSD melanoma originates from
intermediate UV exposure, has a higher occurrence in younger subjects, and bears BRAF V600E
mutations. CSD melanoma originates from high UV ray exposure, has a higher occurrence in older
subjects, and bears NRAS and other non-BRAF V600E mutations (Shain & Bastian, 2016, modified)

1.1.2. Melanoma precursor cells: Melanocytes

The melanocytic lineage originates from neural crest stem cells (NSCSs), which during embryonic
development delaminate from the neural tube through a migration process called epithelial-to-
mesenchymal transition (10,11). Afterward, NCSCs start to differentiate into melanoblasts, which
are the precursors of melanocytes (11). Melanocytes are slow-dividing cells (12) and their
differentiation is mainly driven by the master transcription factor microphthalmia-associated
transcription factor (MITF) whose activation is synergistically sustained by two other important
transcription factors: Paired Box 3 (PAX3) and SRY-Box Transcription Factor 10 (SOX10) (10).
Melanocytes are located in the skin in the stratum basale of the epidermis, but they are also
present in other anatomical locations such as mucosal membranes and the middle layer of the uvea

(13).

The main role of melanocytes is to provide photoprotection to the skin against UV radiation via the
production of the pigment melanin (14). UVB directly binds to the DNA, inducing damage (in the
form of the characteristic UVR fingerprint mutation, which is a C->T substitution at dypirimidine
sites while UVA indirectly induces DNA damage (mainly DNA single-strand breaks) through the
production of reactive oxygen species (ROS), such as hydrogen peroxide and singlet oxygen (15).

Melanin production is induced by paracrine and autocrine hormonal signaling through a
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communication network between melanocytes, keratinocytes, and Langerhans cells (each basal

layer melanocyte is connected to about 36 keratinocytes and 1 Langerhans cell).

Melanin synthesis takes place in specialized organelles called melanosomes (16), which are
transferred from melanocytes to keratinocytes through filopodia and nanotubule fusion (17). Two
main types of melanin are produced: brown/dark eumelanin and yellow/red pheomelanin. Both
melanin types arise from the enzymatic transformation of tyrosine into the intermediate

dihydroxyphenylalanine (DOPA) and dopaquinone (DQ) (Fig. 3).
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Figure 3: Molecular processes of induction of melanin production. A) UV rays stimulate
keratinocytes to produce a-MSH in a p53-dependent manner. B) a-MSH binds to the MC1R
receptor on melanocytes and triggers the MAPK pathway. Moreover, SCF binds to the KIT receptor
by activating PKA. ERK1/2 and PKA phosphorylate CREB and MITF, stimulating the transcription of
key targets for melanin production. C) Enzymatic cascade utilizes Tyrosinase as the main substrate
to produce two types of melanin (eumelanin and pheomelanin) passing through intermediate
substrates such as DOPA and DOPAquinone. (1)
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1.1.3. Classification and Staging

Cutaneous melanoma (CM) has been historically classified by Dr. Wallace Clark (and further
updated in 2006 by the WHO) based on its histopathological features, in four major subtypes:
superficial spreading (SSM), nodular (NM), acral lentiginous (ALM), lentigo maligna (LM) (18,19).
Following the work of Bastian in 2014 (20), this classification was further updated in 2018 (“blue

book”), to include the degree of cumulative sun damage (CSD).

Superficial spreading melanoma (SSM) (Fig. 4A) is the most common type of CM and occurs in
younger individuals (18). It accounts for almost 70% of all melanoma cases and is characterized by
extensive intra-epidermal RGD spreading along the skin. This melanoma subtype may emerge
spontaneously or in pre-existing nevi, and it is commonly linked to sun-exposed skin, frequently
appearing in areas such as the back, trunk, or extremities. The lesions undergo an initial flat phase,
exhibiting alterations in size, shape or color (21,22). The BRAF V600E mutation is commonly found
in SSM, which is also associated with a high mutational burden and a strong UV mutation signature

(23).

Nodular melanoma (NM) comprises 15% of all melanomas. (Fig. 4B) It frequently exhibits non-
pigmented symmetrical nodules which rapidly enlarge and elevate. NM often presents BRAF
mutations, and it tends to occur more frequently in the elderly, especially in men and in the in the

head and neck region. Moreover, this subtype has a remarkable VGP (20,21,24).

Lentigo maligna melanoma (LMM) (Fig. 4C) also accounts for ~15% of CM, and it is prevalently
observed in elderly individuals and in outdoor workers underlining the strong association of LMM
with prolonged sun exposure. Clinically, it presents as large and flat structures with dark color and
uneven borders. Histologically, LMM is characterized by the proliferation of cells situated in the
basal layers of the epidermis (25,26). Genetically, LMM presents mutations in BRAF (non-V600E),
NF1, NRAS and, less frequently, KIT (23).

Acral lentiginous melanoma (ALM) (Fig. 4D) accounts for 5% of all melanomas and is often
recognized for appearing in areas not exposed to the sun, primarily localizing on glabrous skin such
as palms and soles. Higher incidence is identified in elderly individuals and in particular in females
(26). Usually, as a depigmented spot extends over the course of several years before initiating VGP
(27). ALM frequently exhibits multiple amplifications of genes, including CCND1, KIT, and TERT,
while BRAF and NRAS mutations are rare (only in 10-15% of AML cases) (23).
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Further aggressive melanoma subtypes have been reported with low frequency (rare subtypes),
such as uveal melanoma (UV) (Fig. 4F) (28), frequently mutated in guanine-nucleotide proteins
GNAQ and GNA11 (29), and mucosal melanoma (MM) (Fig. 4E) which arises from mucosal body
sites (23) with mutations in the tumor suppressor PTEN and in KIT, CCND1 and CDK4 (29).

Amelanotic melanoma is characterized by the absence of or minimal pigmentation (30).
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Figure 4: Histology sections of the different malignant melanoma subtypes. A) Superficial spreading
melanoma (SSM); B) Nodular melanoma (NM); C) Lentigo maligna melanoma (LMM); D) Acral
lentiginous melanoma (ALM); E) Mucosal melanoma (MM); F) Uveal melanoma (UM). Figure
created from (23,29)

Early melanoma detection is crucial for patient survival, suspicious pigmented lesions are analyzed
using the “ABCDE” concept: asymmetry (A), border irregularities (B), colour heterogeneity (C),
diameter (D), and (E) evolution of the lesion’s growth (31,32). The 8™ edition of the American Joint
Committee on Cancer (AJCC) serves as a widely used international manual for staging melanoma.
The TNM staging system comprises three categories: primary tumor (T) based on Breslow tumor
thickness, regional lymph node involvement (N), and the presence of distant metastasis (M)

(31,33).

According to the TNM system, melanoma is classified in five stages (0, I, II, Ill, and 1V) further
subclassified based on the severity (I A/B, Il A/B/C, lll A/B/C). Stage O is also called melanoma in
situ in which cancer cells only grow in the epidermis with no dermis invasion. In stage I, melanoma

cells remain confined to the epidermis but have reached a thickness of around 2mm.
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By stage Il, the melanoma extends to both the epidermis and dermis, with a thickness of
approximately 4mm. In stage lll, malignant cells have infiltrated deeper layers of the skin, and they
are found in lymph nodes (34). Finally, stage IV melanoma has disseminated and formed

metastases in distant organs such as liver, lung, and brain (34,35) .

1.1.4. Prognosis

Among the different aspects that influence the survival of melanoma patients, the two main
features are the stage at diagnosis and, as melanoma has a great ability to disseminate, the organ
to which it metastasized. Melanoma has a 5-year OS (overall survival) of 99% for patients diagnosed
at stage I-1l, 68% at stage Il while it dramatically drops to less than 30% at stage IV (36). Melanomas
metastasize to different organs where the main sites are skin, lung, lymph nodes, brain, and liver.
Stage IV patients with skin and lymph node metastasis experience an OS at 5 years of about 23%,
while it is lower for patients with lung (17%), brain, and liver metastasis (less than 10% each) (37).
Furthermore, metastatic melanoma patients with high levels of LDH (lactate dehydrogenase) have

significantly lower OS (38).

1.1.5. Melanoma Epidemiology

Overall, CM continues to be a tumor with a high societal impact due to its growing incidence (39).
Worldwide, melanoma ranked 17% for incidence and 22" for mortality in 2022 and accounted for
3.2% of all cancers diagnosed and 0.53% of all cancer-related deaths, whereas other non-
melanoma skin cancers, such as squamous cell carcinoma (SCC) and basal cell carcinoma (BCC),
accounted for 10.4% and 0.59% of all cancers diagnosed, respectively (40,41). The age-
standardized incidence for males and females shows a rate of 3.8/100,000 and 3.0/100,000, while
the mortality sees a rate of 0.7/100,000 and 0.4/100,000, respectively. The highest incidence of
melanoma is recorded in regions of the world with high UV radiation combined with mostly White

and/or Caucasian populations, such as in Australia, New Zeland, and Northen Europe (36) (Fig. 5).

In Europe, almost 20,000 people per year die with a huge disparity between the West and East,
where the East sees higher mortality (39,42). In Luxembourg, in 2022, melanoma ranked 5™ for

incidence and 17 for mortality among all cancers (43).
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Figure 5: A) incidence and B) mortality of melanoma in different countries. Females and males are
together, and age-standardized (Globocan. 2022).

1.2. Genomic subtypes and pathways involved in melanoma development.
1.2.1. The MAPK pathway

The mitogen-activated protein kinase (MAPK) pathway, also referred to as the Ras/Raf/MEK/ERK
pathway, is a signaling cascade responsible for transmitting signals from the cell membrane to the
nucleus through successive phosphorylation events. This pathway encompasses a family of
serine/threonine kinases, known as MAPK, which play roles in regulating cell growth,
differentiation and apoptosis (44-46). Enzyme activity within this pathway is initiated by the
activation of membrane receptors, mainly receptor tyrosine kinases (RTK), prompted by ligand
binding-induced conformational changes. These changes facilitate interactions between the
receptor and intracellular adaptor proteins (such as Shc, GRB2 and others), which then engage with
guanine nucleotide exchange factors (such as SOS) to relay signals to small GTP-binding proteins

(such as RAS) (47).
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Subsequently, activated RAS triggers RAF (also called MAPKinase-Kinase-Kinase or MAPKKK), the
initial intracellular kinase in the cascade, which includes the different RAF isoforms, ARAF, BRAF,
and CRAF. Once activated, RAF phosphorylates MEK (also called MAPKinase-Kinase or MAPKK),
leading to the activation of extracellular signal-regulated kinase (ERK or MAPK) (48). Moreover,
MEK phosphorylates other important MAPKs: p38 and c-Jun amino (N)-terminal kinases 1/2 (JNK),
which are important kinases involved in the control of differentiation, proliferation, and apoptosis
(49). ERK 1/2, once activated, has the ability to phosphorylate various nuclear and cytoplasmatic
substrates involved in proliferation and differentiation. These substrates include effectors essential
for cell cycle progression such as CCND1 (cyclin D1) and the cellular master regulator of cell cycle
entry and proliferative metabolism (c-MYC) as well as inhibitors that downregulate MAPK pathway
signaling such as dual specificity phosphatase (DUSP) (50,51). The signaling pathway’s complexity
is exemplified by the existence of multiple isoforms of RAS, RAF, MEK and ERK and alterations at
different points in the pathway can result in uncontrolled cell growth and proliferation,
contributing to the development of various cancers, including melanoma. In melanoma, the MAPK
pathway undergoes significant deregulation, with mutations in genes encoding key players

resulting in its constitutive activation independent of external signals (52,53) (Fig. 6).
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Figure 6: Key pathways involved in melanoma proliferation, survival, and differentiation. From the
left, the first panel represents the cell cycle and important interphase checkpoint modulators such
as CDK4/6 and cyclin D. Familiar melanoma often bears a CDKN2A gene deletion, leading to a lack
of expression of the important cell cycle inhibitors p16 and p14. The central panel represents the
most deregulated pathway in melanoma: the MAPK pathway. On the right the PI3K/AKT signaling
pathway, involved in protein translation regulation and metabolism through mTOR complex 1 and
GSK3, is depicted. Red stars indicate main mutated proteins in melanoma.. (Figure created using
Biorender.com).

The pathway’s importance for melanoma is underscored by the genomic classification introduced
by Akbani R. et al in 2015 in which the analysis of hundreds of patient data stored in The Cancer
Genome Atlas (TCGA) have identified four distinct melanoma genomic subtypes: BRAF-mutant
melanoma (mutation presents in ~50% of patients), NRAS-mutant melanoma (~25% of patients),
NF1-mutant melanoma (occurring in about 15% of the cases), and the triple-wild type (WT)

melanoma (with lack hotspot mutations in BRAF, NRAS and NF1 genes) (54) (Fig. 7).
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Figure 7: Landscape of driver mutations in melanoma. Identification of the four genomic subtypes
in melanoma: mutant BRAF, NRAS, NF1, and triple wild type (WT). A) Plot showing the number of
mutations, age at melanoma excision, and associated genomic subtype. B) Color-coded matrix
reporting individual mutations and sample type (primary or metastatic). C) Waterfall plot
representing the mutation spectra for all samples (Akbani et al., 2015).
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1.2.2. The BRAF mutation

As previously described, the V-Raf Murine Sarcoma Viral Oncogene Homolog B (BRAF) gene is
frequently mutated in benign nevi and cutaneous melanoma, driving the constitutive activation of
the MAPK pathway resulting in increased melanoma cell proliferation. The BRAF gene, located on
chromosome 7q34, is a proto-oncogene encoding a 766 amino acids cytoplasmatic
serine/threonine kinase responsible for transmitting mitogenic signals from the cell membrane to
the nucleus (55,56). Numerous mutations in BRAF have been identified in melanoma, with the
majority occurring within the P-loop and activation segments of the protein. These mutations are
believed to disrupt the inactive conformation, leading to continuous kinase activity and pathway
overactivation (56). The most common BRAF mutation is the V600E mutation, localized on exon

11, which results in an aminoacidic substitution of a valine (V) for a glutamic acid (E) (57).

Mutations in the BRAF oncogene are also frequently detected in benign nevi (>80%) (58),
suggesting that melanoma cells have acquired additional mutations, which trigger increased
proliferative and metastatic features. The most common mutations alongside BRAF, affect TERT

and tumor suppressor genes such as CDKN2A, PTEN, and TP53 (59-62) (Fig. 8).

BRAF mutations are present in similar proportions in primary and metastatic melanomas,
suggesting that BRAF mutations occur before tumor dissemination and their frequency remains

constant during tumor progression (63).
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Figure 8: Melanoma progression model. Melanoma cells acquire new mutations during their
development. The BRAF V600E mutation by itself is not enough for melanoma development, as
this mutation is also found in benign nevi. Hence, melanoma cells need to acquire additional
mutations such as in key tumor suppressor proteins such as TERT, CDKN2A, PTEN and or TP53.
Moreover, chromatin remodeling complexes as SWI/SNF can be mutated, contributing to
melanoma progression (60).

1.2.3. The NRAS mutation

The neuroblastoma ras viral oncogene homolog (NRAS) was initially identified as the first
melanoma oncogene in 1984. Presently, mutations in NRAS, KRAS, or HRAS are detected in
approximately 25%, 2% and 1% of tested melanoma, respectively (64). The predominant oncogenic
alteration observed in over 80% of NRAS mutations involves a point mutation leading to the
substitution of glutamine with leucine at position 61 (Q61L), while mutations at positions 12 and

13 occur less frequently.

The NRAS (Q61) mutation disrupts RAS’s GTPase activity, keeping it in an active state, while NRAS
(G12 or G13) mutations impact the P-loop of the protein, reducing its sensitivity to GTPase-
accelerating proteins (Fig. 9) (64—68). Additionally, NRAS mutations are rarely detected in benign
melanocytic nevi, except for congenital nevi (64). The presence of NRAS mutations in melanoma
carries prognostic significance, with affected patients typically older than 55 years and exhibiting a

chronic pattern of UV exposure (CSD) (9).
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Figure 9: Physiological and constitutive GTPase active status of mutated RAS. A) NRAS-wt oscillates
between active (GTP-bound) to inactive (GDP-bound) states in an RTK-dependent way. B) NRAS-
mutated remains constitutively bound to GTP (active state) in an RTK-independent way (67)
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Physiologically, RAS proteins function as small intracellular GTPases, exhibiting both active (GTP-
bound) and inactive (GDP-bound) states in normal human melanocytes (69). Active RAS forms play
pivotal roles in various cellular processes including proliferation and survival (70). NRAS activation
is triggered by RTK signaling, facilitated by guanine nucleotide exchange factors (GEFs) such as
SOS1/2 and RASGRF10, along with adaptor molecules such as growth factor receptor-bound
protein 2 (GRB2). Hydrolysis, catalyzed by GTPase-activating proteins (GAPs), leads to RAS reverting
to its inactive form. RAS-mediated signaling primarily activates two main pathways: the MAPK and
the phosphoinositide-3-kinase (P13K)/protein kinase B (AKT) cascade (67,70,71). NRAS, particularly
in non-malignant cells, strongly binds to BRAF, favoring MAPK pathway activation over other RAF
isoforms like CRAF, culminating in ERK1/2 phosphorylation that, after its nuclear translocation,
regulates numerous transcription factors such as AP-1, which in turn, induce the expression of
cyclin D, inducing the cell cycle transition from G1 to S phase (67,72) (Fig. 6). Additionally, RAS
activates the PI3K/AKT pathway, which also plays a role in cell cycle progression, survival, and

metabolic processes.

In melanoma, mutated NRAS activates the MAPK pathway primarily through CRAF rather than
BRAF, and the PI3K/AKT/mTOR pathway through PI3K phosphorylation. The intersection between
these two pathways is carried by the phosphorylation of the ribosomal protein S6, which in turn

increases the expression of cyclin D1 (69).

While early detection and surgical excision of cutaneous melanoma enhances patient survival
rates, managing metastatic melanoma still poses significant challenges, often leading to a bleak
prognosis for many patients (32,73). Compared to BRAF-mutant or triple wt subtypes, NRAS-

mutant melanomas exhibit a more aggressive nature, contributing to a reduced median OS (74,75).

1.2.4. Other mutations in melanoma

Cutaneous melanoma presents different other mutations that occur less frequently in key
oncogenes and tumor suppressor genes, but that can influence aggressiveness and resistance to
treatments, such as mutations of NF1 (classified as the third genomic subtype), CDKN2A, PTEN,
TP53, and TERT (76).

NF1 (neurofibromin 1), is a cytoplasmatic protein highly expressed in various cell types, including
neurons (77). It acts as a tumor suppressor in the RAS pathway by inhibiting RAS activity as a
GTPase-activating protein (GAP), converting active RAS-GTP into inactive RAS-GDP. Mutations in
NF1 lead to a loss of loss-of-function of its tumor suppressor ability (78,79). NF1 mutation is

particularly prevalent in wt BRAF and NRAS melanomas, especially in older or CSD patients, and

12
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often in combination with mutations in other genes such as PTPN11 (important non receptor
protein tyrosine phosphatase), enhancing its role in melanoma genesis (80). The NF1 melanoma
genomic subtype has been associated with poorer overall survival (80,81), and loss of NF1 in BRAF

V600E mutated melanomas leads to higher RAS-GTP activity and resistance to BRAF inhibitors (82).

The CDKN2A gene encodes two protein variants through alternative splicing, namely p16INK4A
and p14ARF, both acting as inhibitors of G1/S cell cycle progression through distinct mechanisms.
P16INK4A impedes G1 progression by binding to CDK4 and CDK6 (Fig. 6), thus preventing their
interaction with cyclin D and the subsequent phosphorylation of Retinoblastoma protein (RB). On
the other hand, p14ARF binds to MDM2, which targets p53 for ubiquitination and degradation,
indirectly influencing G1 progression (83—-85). TCGA data analysis showed that p16 and p14 are
inactivated in ~67% and ~27% of melanomas respectively, and almost 40%-70% of melanomas

show CDKN2A inactivation (86).

TP53 is a tumor suppressor gene known as the guardian of the genome. It plays a vital role in halting
cell division and promoting apoptosis upon DNA damage (87,88). TP53 is the most frequently
mutated gene in all human cancers (more than 50%) (89). In melanoma, 10% of cases carry TP53
mutations (90) conferring enhanced resistance to treatment (91). LOF of p53 is typically not
observed in early-stage and in situ melanomas but tends to occur as a late event in melanoma

development (62) (Fig. 8).

The TERT gene, responsible for encoding a catalytic subunit of telomerase, plays a crucial role in
maintaining telomere length ensuring chromosomal stability (92,93). Many human cancers present
mutations in the TERT promoter allowing cancer cells to replicate rapidly and avoiding telomere
shortening; work conducted by Huang et al. found that 71% of melanomas analyzed had the TERT
promoter mutated (94). TERT promoter mutations in melanoma are associated with increasing
metastatic behavior and poor patient outcome. Moreover, it tends to co-occur with BRAF and

CDKN2A mutations and in CSD sites (95).

1.2.5. The PISK/AKT pathway

Under physiological conditions, the PI3K/AKT plays a crucial role in controlling various cellular
functions such as proliferation, survival, and metabolism (96). Activation of PI3K by RTKs and RAS
proteins triggers the generation of PIPs (Pl 3,4,5-trisphosphate) from PIP; (Pl 4,5-bisphosphate),
which recruits AKT for phosphorylation by mTOR complex 2 (mTORC2) and PDK1. Activated AKT
phosphorylates numerous targets thus inhibiting GSK3 and activating mTOR resulting in the

inhibition of apoptosis and stimulating cell proliferation (97,98) (Fig. 6).
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Phosphatases such as PTEN and SHIP1/2 counteract PI3K activity by dephosphorylating PIP3, thus
negatively regulating AKT activity (99,100).

In melanoma, the PI3K/AKT pathway is activated through various mechanisms, and one of the most
common is the mutation and subsequent LOF of PTEN. PTEN is a tumor suppressor gene that
encodes a phosphatidyl-inositol-3,4,5-triphosphate 3-phosphatase, which acts as a negative
regulator of the PI3K/AKT pathway (101,102). Consequently, the deletion or inactivation of PTEN
leads to continuous AKT activation (103,104). PTEN LOF has been observed in various human
cancers, and in about 8.5% of melanomas (54) resulting in poorer survival (105). Cooperation
between BRAF mutations and PTEN LOF in melanoma development indicates that both MAPK and
PI3K/AKT pathways may be necessary for melanoma progression (76,106). Specific mutations in
PIK3CA (gene that encodes the catalytic subunit of PI3K) (107), are infrequent in melanoma, with

a prevalence of 3%-5%, while mutations in AKT are even rarer (approximately 2%) (96,108).

1.3. Therapeutic options for melanoma

In the past, advanced melanoma had a dismal prognosis and the main therapeutic options were
surgical resection and/or chemotherapy. Nowadays, the implementation of targeted therapies and
immune checkpoint inhibitors (ICl) have altered the trajectory of the illness, allowing for lasting
responses. Moreover, the evolution of novel therapies such as oncolytic viruses and mRNA vaccine-
based therapy is enhancing the treatment of advanced melanoma patients. Nevertheless, surgical

resection remains the key procedure for early-stage melanoma.

1.3.1. Targeted therapy

The first approved targeted therapy (2011) for advanced melanoma relied on BRAF inhibitor
(BRAFi) monotherapy with Vemurafenib (PLX4032), which was followed by two other BRAF
inhibitors named Dabrafenib (GSK2118436) and the second-generation Encorafenib (LGX818)
(109,110). These therapies demonstrated improved survival outcomes compared to standard
chemotherapy in the frontline metastatic setting (111,112). BRAFi monotherapy effectively inhibits
the constitutively active BRAF V600 (class 1) mutated monomer but fails to prevent signaling of
other BRAF mutations (class Il and Ill) and wt BRAF homo- and -heterodimers, leading to
paradoxical downstream MAPK pathway activation in non-BRAF-mutated tissues (113). This
paradoxical activation can also result from activated RAS mutations or increased RTK signaling.

Consequently, BRAFi use has been associated with the development of cutaneous squamous cell
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carcinoma (SCC) due to rapid reactivation of the MAPK signaling in wt BRAF cells (114). This adverse
event was more prevalent with Vemurafenib than with Dabrafenib or Encorafenib (115). To
address paradoxical downstream activations and to target the MAPK pathway more effectively in
parallel, BRAFi and MEKi were combined and used to treat BRAF V600 mutated melanoma patients
(Fig. 10 A) (113,116-118). The addition of Cobimetinib (MEK inhibitor) to Vemurafenib prolonged
PFS and OS compared with Vemurafenib alone (coBRIM phase Ill trial), with a tolerable safety
profile and fewer secondary skin tumors (119,120). Similarly, the COMBI-V (NCT01597908) trial
showed a significant improvement in OS and PFS with the combination of Dabrafenib and
Trametinib (MEKi) compared with Vemurafenib as first-line therapy in patients with advanced
BRAF-mutated melanomas (121,122). The COLUMBUS trial (NCT01909453) illustrated safety and
benefits in terms of OS and PFS with the combination of Encorafenib and Binimetinib (MEKi),
consistent with other double combinations (123,124) (Fig. 11). BRAFi/MEKi combinations are now
considered the standard of care first-line treatment for BRAF V600 mutated melanoma patients,

showing prolonged OS with a good safety profile.

A Established 'B mut-NRAS
BRAFV600EK targeted
targeted therapy ' therapy

S
]

|

! 3 }

Dabrafenib —! (5RAF] B aporatenib ERTETEETGY)

eoents. K : X
@ MK )= Trametinib |_ Pimasertib

)f Binimetinib : * FCN-159
: HL-085
; Q)
£ >ocowmm £ >ooowmm

Figure 10: Targeted therapeutic strategies for BRAF V600E/K and NRAS mutated melanoma patients. A)
Patients with BRAF V600E/K mutated melanoma have approved combinatorial therapies composed of BRAFi
(Vemurafenib, Dabrafenib, and Encorafenib) combined with MEKi (Cobimetinib, Trametinib, and Binimetinib
respectively). B) NRAS-mutated melanomas are still therapeutically challenging, and the main targeted
therapeutic options are represented by pan-BRAF inhibition (Naporafenib and Belvarafenib) and MEKi using
novel and more potent inhibitors. (118).
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Efforts to directly target mutant NRAS have faced significant challenges. Due to the difficulty to
directly target NRAS, therapeutic strategies for NRAS mutant melanoma have concentrated on
inhibiting downstream MAPK pathway signaling (Fig. 10 B). Binimetinib (MEKi) was studied as a
therapeutic option for advanced NRAS-mutant melanoma patients in the NEMO trial
(NCT01763164). Despite an improvement in PFS, no differences were reported in OS between
Binimetinib and dacarbazine (refer to Chapter 1.3.3)-treated patients, showing a non-significant
improved efficacy of MEKi in NRAS-mutant patients (125) (Fig. 11). Trametinib (MEKi) is actually
used as an off-label inhibitor and is currently only studied in combination with other agents for
NRAS-mutant melanoma patients. Non-selective RAF inhibitors, including Naporafenib and
Belvarafenib, which bind to both CRAF and BRAF, have shown potential to inhibit signaling
downstream on mutated NRAS melanomas. Interesting clinical trials aim to evaluate the effect of
these pan-RAF inhibitors in combination with ERKi, MEKi, and CDK4/6i in unresectable melanoma
(phase 1l, NCT04417624) and in NRAS-mutated melanoma patients (phase | b, NCT04835805),
respectively. Interestingly, Naporafenib demonstrated encouraging activity when combined with
MEKi and ERKi, albeit with significant skin toxicity. MEK 1/2 and ERK 1/2 inhibitors have also been

used as monotherapy but have shown limited efficacy in NRAS mutant melanoma patients (118).
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Figure 11: Graph shows the OS of NEMO clinical trial of Binimetinib vs. Dacarbazine in patients with
NRAS-mutant melanoma (125).

Despite extensive efforts to explore various therapeutic options and the emergence of
immunotherapy (discussed in Chapter 1.3.2), no targeted therapy or combination thereof is
currently approved for patients with NRAS™® NF1™* and WT melanoma. Presently, MEK inhibitors
are utilized as an off-label treatment for treating these patients, but the outcomes have been

limited. Therefore, the development of novel or combinatorial therapies is urgently needed.
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1.3.2. Immunotherapy

Apart from the early development of targeted therapies, melanoma has also served as a poster
child for the development of immune therapies for cancer treatment. This is partly due to the high
mutational burden seen in melanomas, which enhances their immunogenicity and immune cell
infiltration into tumors compared to other cancer types. As the tumor progresses, it accumulates
numerous genetic and epigenetic alterations, some of which contribute to tumor cell

immunogenicity and immune infiltration (Kalaora et al., 2022; Passarelli et al., 2017).

Interferon-a2b was the first FDA-approved adjuvant immune therapy in 1995, showing limited
efficacy in reducing disease recurrence and death in high-risk patients. In 1998, interleukin-2 (IL-2)
became the first immunotherapy agent approved for advanced metastatic melanoma, albeit

limited by significant toxicity and low efficacy (128).

In 2011, the FDA approved the first Cytotoxic T lymphocyte-associated protein (CTLA-4) immune
checkpoint inhibitor (ICl), ipilimumab, for treating advanced metastatic melanoma (129). CTLA-4
is a cell surface receptor similar to CD28, expressed on both regulatory and conventional T cells,
and its expression increases after T-cell activation. When it binds to B7 (CD80/86) on dendritic cells,
it triggers inhibitory signaling leading to suppression of T-cell functions (Fig. 12 A). CTLA-4 plays a
crucial role in immune tolerance, and its inhibition with ipilimumab enhances T cell activation and
immune recognition of cancer cells (130-132) (Fig. 12 C). In the first clinical studies, Ipilimumab, in
combination with dacarbazine, demonstrated longer OS compared to dacarbazine alone (11.2 vs.

9.1 months) but was associated with a high rate of high-grade adverse events (133).

The programmed cell death protein (PD-1) receptor, expressed on lymphocytes, binds to its ligand
PD-L1 on tumor cells, also leading to decreased T-cell activity and promoting self-tolerance (Fig. 12

B).

Figure 12: Key mechanisms that regulate immune cell activity. A) In lymph nodes, fundamental
steps are required for T-cell priming and activation against specific tumor antigens. First, the
interaction between TCR and antigen-MHC complex is associated with co-stimulatory signals
mediated by CD28. On the other hand, CTLA-4 binds to CD80/86 providing inhibitory signals that
suppress T cells. B) During the effector phase, mostly in the TME, T-cells engage cancer cells
through TCR-MHC binding. PD-1 is expressed by T-cells and after the interaction with its ligand PD-
L1 expressed in cancer cells, T-cell activity is inhibited. C) Anti-CTLA-4 antibodies and anti-PD-1
antibodies are currently used to block inhibitory T cell signaling, enhancing CD4+ and CD8+ effector
cells and inhibiting the activity of immune suppressive cells such as T reg cells (134,135) (Modified).

17



1. Introduction

A LYMPH NODE
Priming phase

CTLA4

CD80/86
Inhibitory pathway .—‘
= TCR MHC
Co2s CD80/86
B TUMOR MICROENVIRONMENT
- Effector phase
PD1 PD-L1/2
Inhibitory pathway se——<G <
= TcrR MHC =
= -
_ PD1 PD-L1/2
C Anti-CTLA-4 Anti-PD-1

. VN
{ \
<&

Ty1 effector Ten Treq Cells Tex CTL

L J L |

PD-L1 overexpression on tumors, including melanoma, fosters immune evasion; inhibition of PD-1
enables the restoration of a competent immune reaction against cancer cells (135,136) (Fig. 12 C).
Two PD-1 inhibitors have been approved: pembrolizumab and nivolumab. Pembrolizumab
showed improved outcomes compared to ipilimumab with less toxicity (137). Nivolumab also

demonstrated superior OS and PFS compared to dacarbazine (138).

The combination of ipilimumab and nivolumab has synergistic effects on the immune response
against advanced melanoma, surpassing the efficacy of single agents. This combination received
FDA approval based on improved PFS compared to ipilimumab or nivolumab alone (139-141) (Fig.

13).
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Figure 13: PFS in patients who received combinatorial immune therapy nivolumab plus ipilimumab,
versus nivolumab or ipilimumab alone. Patients with combinatorial therapy experienced the
longest PFS. OS showed the same trend (Wolchok et al., 2021, modified)

Despite the obvious survival benefits, approximately half of the patients treated with combination

ICIs experience high-grade adverse effects (142,143).

Relatlimab, a new ICl approved in 2022, targets lymphocyte-activation gene 3 (LAG-3) expressed
on T-cells, enhancing T-cell activation and growth. Combinatorial ICI treatment of relatlimab and
nivolumab improved PFS compared to nivolumab alone in advanced metastatic melanoma patients

(128).

For advanced melanoma patients harboring a targetable BRAF mutation, combined BRAF/MEK
inhibitors and ICls are potential front-line therapies. However, a retrospective analysis suggests a
survival benefit for patients when ICl is given first followed by BRAF/MEK inhibitors (142).
Furthermore, other therapeutical options have been explored. The IMspirel50 clinical trial
(NCT02908672) explored the impact of a three-drug combination involving atezolizumab (anti-PD-
L1 antibody), vemurafenib (BRAFi), and cobimetinib (MEKi) in advanced BRAF-mutated melanoma.
Patients receiving all three agents experienced 15.1 months of PFS compared to 10.6 months in
the control group treated with vemurafenib, cobimetinib, and placebo. This triple combination
demonstrated superior efficacy, safety, and tolerability as a first-line therapy than previous
combination regimens. In 2020, the FDA approved this triple combination for therapeutic use in

BRAF V600-mutated melanoma (117,144)
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Currently, NRAS-mutant melanoma patients received as first-line therapy the ICls (anti-PD-1/CTLA-

4), unfortunately showing a poorer response compared with wt NRAS patients (116,145,146).

1.3.3. Other therapies

Advanced melanoma therapy has seen major advancements in the last decades thanks to the
approval of targeted therapies and immunotherapies with ICls. Other therapeutic options are
available for melanoma patients ranging from “classical” chemotherapy to oncolytic virus therapy

and the most recent mRNA vaccines.

Among the chemotherapeutic agents, FDA approved only dacarbazine for the treatment of
advanced melanoma patients. Dacarbazine is an alkylating agent that works by damaging DNA
through the introduction of alkyl groups to guanine bases, leading to cell death. Dacarbazine has a

low response rate of about 10% to 20% and a PFS of approximately 3 to 6 months (147)

Talimogene laherparepvec (T-VEC) is a modified herpes simplex virus 1 (HSV-1). The virus
infiltrates and reproduces specifically within tumor cells, leading to the breakdown of infected
melanoma cells. The release of epitopes attracts antigen-presenting cells and increases the
production of granulocyte macrophage-colony-stimulating factor (GMCSF). T-VEC is injected
directly into lesions in the skin and lymph nodes close to the lesion in melanoma patients following
initial surgery. T-VEC was the first oncolytic viral immunotherapy to receive FDA approval in 2015
for localized treatment of unresectable metastatic stage IIB/C and IV melanoma (148,149).
Interestingly, Ribas et al. demonstrated that the combination of T-VEC and pembrolizumab has a

high overall response and complete response rate in some metastatic melanoma patients (150).

mRNA vaccines facilitate antigen presentation by dendritic cells, which take up the vaccine and
present the cancer antigens on their surface. This process triggers the activation of cytotoxic CD8+
and helper CD4+ cells, along with an increase in the release of inflammatory mediators. This
approach shows promise in delivering genetic information to immune cells without disrupting the
structure of nuclear DNA or permanently altering cellular protein expression, as mRNA does not
enter the cell nucleus, thereby reducing the risk of harmful mutations. The development of lipid
nanoparticles as mRNA carriers has enabled the safe transportation of mRNA into the cytoplasm,
where they remain stable and undergo endocytosis without affecting the functionality of the
loaded mRNA. The discovery of neoantigens is a key step for the development of effective

personalized mRNA vaccines against melanoma (151,152).
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Melanoma neoantigens such as NY-ESO-1, Tyrosinase, MAGE A-3 and TPTE (153) are used in
several clinical trials where mRNA vaccines are administered to patients with advanced melanoma.
An interesting phase llb clinical trial (NCT03897881) shows increased recurrence-free survival in
patients receiving combination of pembrolizumab and mRNA vaccine compared to pembrolizumab

alone (154)

With the development of targeted and immune therapies, melanoma patients experience a
dramatic survival improvement and enhanced quality of life. Moreover, combinatorial therapies
and novel technologies such as personalized mRNA vaccines aim to foster melanoma patients'
prognosis. Despite these major efforts, a relevant fraction of patients do not respond or tolerate
the current treatments, develop resistance after an initial response, or belong to genomic subtypes
(such as NRAS-mutated) where there are limited or no treatment options available, posing an

important challenge in the field.

1.4. Drug resistance mechanisms in melanoma

The effectiveness of melanoma therapy can be impaired by the occurrence of genetic and
epigenetic resistance mechanisms, which are categorized as either intrinsic or acquired (155,156).
Intrinsic or primary resistance denotes a pre-existing insensitivity to drugs, affecting either the
entire cancer cell population or only a subset, which then becomes more prevalent due to natural
selection during drug exposure. This often happens due to the absence of the targeted mutation
or independence from the inhibited pathway due to alternative active pathways (156,157).
Conversely, acquired resistance refers to cancer cells initially responsive to the drugs but
eventually adapting to become resistant. This can occur through a stepwise selection for
increasingly resistant cells with a genetically or epigenetically-mediated resistance profile, starting
from a pool where some rare cells are already drug-resistant in a stochastic and dynamic manner
(157,158). Moreover, increasing evidence indicates that a subset of residual cells called drug-
tolerant persister (DTP) cells, which exhibit a reversible phenotype characterized by diminished
sensitivity to drugs and reduced cell growth, sustains minimal residual disease (MRD) and could

function as a reservoir for resistant cells (159). (Fig. 14)
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Figure 14: Schematic representation of tumor dynamics in patients after administration of systemic
therapy. Primary resistance (blue) presents a fast progression upon treatment, often established
by pre-existing resistant clones in the naive population bearing an irreversible phenotype. Before
the development of acquired resistance (red), patients respond to treatment with an effective
eradication of sensitive cells, but a reversible subpopulation of cells persists during the treatment
(drug persistent cells) establishing minimal residual disease. The fate of persistent cells is decided
by the treatment itself. Discontinuation brings to the re-establishment of the initial sensitive
population, while continuous treatment leads to an irreversible resistant phenotype. (159)

Although the current therapies have led to a dramatic improvement in OS of metastatic melanoma
patients, the development of resistance poses a significant obstacle to long-term survival

outcomes.
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1.4.1. Targeted therapy resistance mechanisms

One of the primary mechanisms of resistance to targeted therapies in melanoma is the reactivation
of the MAPK signaling pathway (160). This can occur through various mechanisms, such as
amplification of the mutated BRAF allele, leading to increased BRAF protein expression and
spontaneous dimerization of the mutated BRAF V600E protein, reactivating ERK (113). BRAF
splicing variants can form dimers independently of NRAS activity, bypassing BRAF inhibitors
(Amaral et al., 2017a., Corcoran et al., 2010; Manzano et al., 2016). BRAF inhibitors target V600E
monomers, but due to the high tumor heterogeneity in melanoma, cells expressing both BRAF wt
and V600E coexist. This coexistence can stabilize BRAF wt-CRAF heterodimers, paradoxically
reactivating the MAPK pathway (162,163). Melanoma cells can also switch to other RAF isoforms
during combinatorial BRAFi/MEKi treatment, such as ARAF and CRAF (162).

Furthermore, MAPK reactivation can occur via secondary mutations in MEK1/2 and COT (MAP3K8)
kinases, with COT activating the MAPK pathway independently of RAF (162,164,165). Of note, BRAF
and NRAS mutations are typically mutually exclusive in treatment-naive patients (166), but after
patients become resistant to BRAF inhibitors, new RAS oncogenic mutations trigger CRAF
hyperactivation and downstream reactivation of ERK (113,167—169). Loss of function of NF1 and
PTEN can contribute to MAPK inhibitor resistance by constitutively activating MAPK and PI3K/AKT

pathways, respectively.

Moreover, mutations in RAC1, a small GTPase, also contribute to targeted therapy resistance by
activating PAK and AKT (164,167,170). Blocking MAPK signaling activity can also cause
compensatory overactivation of PI3K/AKT signaling, counteracting BRAF inactivation and leading
to acquired resistance to BRAF inhibitors. Additionally, mutations activating PI3K or AKT can
enhance AKT signaling, amplifying antiapoptotic signals and upregulating key genes involved in
survival and proliferation (171-174). (Fig. 15) Finally, aberrant growth factor receptor-mediated
signaling through HGFR (or cMET) and EGFR has also been connected to resistance to targeted
therapies (161,175,176).

Figure 15: Resistance mechanisms to targeted therapy in melanoma. Reactivation of the MAPK
pathway, activation of alternative pathways such as PI3K/AKT signaling, and involvement of the
tumor microenvironment mainly through the secretion of growth factors, are the main resistance
mechanisms used by melanoma cells to overcome targeted therapy (160)
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1.4.2. Resistance against Immunotherapy

In response to therapy and when cancer cells die, cancer-associated neoantigens are released into
the microenvironment where they are recognized by antigen-presenting cells (APCs), such as
dendritic cells in the skin. APCs then migrate to tumor-draining lymph nodes and present the tumor
antigen to naive T cells, leading to their priming and maturation into effector T cells. Next, activated
T cells infiltrate the tumors and destroy malignant cells, primarily through the action of cytotoxic

CD8+ Tcells (177).

Approximately 50% of melanoma patients develop resistance to ICl treatment within 5 years of
treatment (178,179). Mechanisms driving the resistance are still poorly understood, but tumor
mutational burden (TMB), the immune microenvironment, and activation of alternative inhibitory

receptors (179), have been discussed.
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TMB is the number of somatic mutations in the cancer genomes. Tumors with higher TMB, such as
melanoma, are associated with higher neo-tumor-associated antigen expression and better T-cell
priming and immunogenicity: higher CD8+ T-cell infiltration (“hot tumors) (180,181) correlating
with a better prognosis for patients receiving ICls. Conversely, low TMB predicts poorer response
to ICIs (182,183). Under immunotherapy, melanoma moves from a “hot” to a “cold” status, which
is characterized by reduced immune cell infiltration exhibiting weaker responses to treatment

(184).

Dendric cells (DCs) play an important role as tissue-resident APCs and activation of T cells CD8+,
and their maturation is essential for effector T-cell activation, so DC maturation impairment
decreases ICl sensitivity (185,186). Melanoma cells are able to impair DCs activity through several
factors: by secretion of interleukin-6 (IL-6), IL-10 (187), and by vascular growth factor (VEGF), which
foster the production of disorganized tumor vasculature in which T cell trafficking through the
endothelium is impaired (188,189). Finally, melanoma cells can modify the composition of the
immune cell pool, creating a more immune-tolerant environment by recruiting
immunosuppressive cells such as regulatory T cells (Tregs), tumor associated macrophages (TAMs),
and myeloid-derived suppressor cells (MDCSs) (190) all contributing to emerging resistance to ICls.

(Fig. 16)
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Figure 16: Immune cell infiltration in melanoma forms aggregates called tertiary lymphoid structures (TLS).
These infiltrates are composed of positive immune regulators such as cytotoxic T-cells and T-helper cells.
Upon immunotherapy, melanoma cells can immunomodulate the infiltrate composition by reducing the
number of positive immune cells and increasing the number of negative immune regulators such as T regs,
MDCSs and TAMs (M2). (135)
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Finally, another important mechanism of immune evasion of melanoma cells treated with ICls is
the expression of ligands for other inhibitory receptors on effector T-cells, such as lymphocyte

activation gene 3 (LAG-3) (191) and T-cell immunoglobulin and mucin domain 3 (TIM-3) (192).

1.5. Melanoma plasticity

Melanoma is characterized by a high degree of intrinsic heterogeneity, leading to phenotypic
plasticity, one of the key elements that induce resistance to currently available treatments (193—
195), and a hallmark of cancer (196). Gene expression analyses have identified two predominant
transcriptional programs characterized by “proliferative” or “invasive” phenotypes. Identification
of distinct expression patterns of key transcriptional regulators such as MITF is indicative of the
proliferative phenotype, and expression of the RTK AXL is characteristic of the invasive phenotype.
Consequently, these markers were used to classify these two distinct phenotypes: MITFh"/AXL'*W
(proliferative) and MITF°"/AXL"&" (invasive) (197-202). The “rheostat model” hypothesizes that
high MITF levels promote differentiation and reduce proliferation, intermediate MITF levels
enhance proliferation and glycolytic metabolism, while MITF levels lead to a dedifferentiated state
with low proliferation, senescence, and increased invasiveness (203-205) . Molecularly, low MITF
expression correlates with high levels of p27 (cell cycle inhibitor) and arrest in G1, while high MITF
expression shows upregulated targets involved in melanoma differentiation and pigmentation such

as MLANA, PMEL, DCT, and TYRP (203,206—208).

Relapse, even after complete response (CR), is frequently linked to a pool of cells, which are able
to survive drug treatment, modulate the immune system and serve as a reservoir for future
relapses and spreading metastasis. Such cells giving rise to Minimal Residual Disease (MRD)
typically share genetic and phenotypic similarities with the original tumor cells (209,210). The so-
called Drug-Tolerant Persister (DTP) cells are slow-proliferative and reversibly drug-resistant: upon
drug removal, the phenotype mainly driven by non-genetic modifications reverts back to a drug-
sensitive state (211). In 2010, studies by Sharma et al. and Roesch et al. identified slow-proliferating
DTP cells in NSCLC and melanoma, respectively. Sharma et al. found that NSCLC DTP cells, driven
by enhanced IGF-1 signaling, histone demethylase KDM5A, and CSC-like signature, could survive
high-dose EGFR inhibitor treatment and regenerate the sensitive population after a period of drug

holiday (212).

Similarly, Roesch et al. highlighted the role of chromatin remodeling via H3K4 demethylase

(JARID1B) in melanoma DTP cells, emphasizing epigenetic mechanisms in DTP cell survival (213).
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The origin of DTP cells remains under debate, with two main theories: they either pre-exist in a
heterogeneous population and are selected under stress (“Darwinian”) or emerge through gradual
adaptation to treatment (“Lamarckian”) (211,214-218) (Fig. 17). Single-cell RNA sequencing of
melanoma MRD cells from PDX models treated with BRAFi and MEKi identified multiple co-existing
DTP states with distinct transcriptional programs, expanding the MITF rheostat model (202). These
states include nutrient deprived cells reliant on fatty-acid B-oxidation (starved melanoma cells or
SMCs), neural crest-like cells (NGFRM&"), invasive/dedifferentiated cells (AXL"&"), and

hyperpigmented (MITF"&") (202,219-221).
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Figure 17: DTP cell generation and evolution hypothesis. It is hypothesized that DTP cells might be
pre-existing in naive tumors and selected in a “Darwinian” fashion upon treatment, or that the
treatment induces the DTP state in a subpopulation of cancer cells. DTPs can revert to the initial
sensitive population when drugs are withdrawn but can also serve as a major reservoir for fully
resistant cells when the treatment is maintained (Mikubo et al., 2021).

In conditions of stress driven by microenvironmental conditions such as hypoxia, lack of nutrients,
and immune pressure, proliferative melanoma cells might phenotypically switch to invasive cells
shifting the expression patterns and presenting a more undifferentiated/dedifferentiated
phenotype allowing the cells to “escape” the pressure by moving away from unfavorable

environments (223) (Fig. 18).
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Figure 18: The melanoma phenotype-switch model. Melanoma cells are plastic cells and are able
to switch from a “proliferative” to an “invasive” phenotype and vice versa, upon stress (200).

While phenotype switching bears a resemblance to epithelial-to-mesenchymal transition (EMT), it
is inappropriate to characterize this process in melanoma using the EMT terminology, as
melanocytes are non-epithelial cells. Rather, this process is called EMT-like and plays an important
role in migration of neural crest stem cells during embryonal development. Of note, invasive
melanoma cells express genes associated with EMT, including SNAI1, ZEB1, SERPINE1, or SOX9. All
of these molecular features contribute to their high invasiveness, ability to modulate the ECM, and

the development of drug tolerance and resistance (224).

1.6. The Tumor Microenvironment and its role in melanoma
1.6.1. Cancer-associated fibroblasts (CAFs)

Fibroblasts are the major cellular component of the stroma, playing essential roles in synthesizing
the extracellular matrix (ECM), modulating the inflammatory response and the wound healing
process (recently recognized as an important process involved in cancer progression) (225). When
closely interacting with cancer cells, either by cell-to-cell interaction or via soluble factors,
fibroblasts undergo differentiation into so called “cancer-associated fibroblasts” (CAFs) (226—
228). Specific markers have been described to distinguish CAFs from normal fibroblasts such as a-
SMA (alpha smooth muscle actin), fibroblast activation protein (FAP), fibroblast specific protein

(FSP1), elevated levels of vimentin and platelet-derived growth factor receptors (PDGFR) a and .
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CAFs have been described in solid cancers to participate in numerous cellular processes,
encompassing ECM remodeling, angiogenesis, and intercellular interactions (226,227,229,230).
Melanoma cells, when co-cultured with CAFs (called melanoma-associated fibroblasts or MAFs),
display higher invasion and migration abilities, representing a crucial step in melanoma metastasis

formation (231) (Fig. 19).

2. Invasion and metastasis
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Figure 19: The pro-tumorigenic functions of cancer-associated fibroblasts (CAFs). Through
secretion of specific cytokines such as TGF-B, VEGF, and HGF, a variety of pro-angiogenetic and
immune-suppressive interleukins such as IL-6 and IL-1, and chemokines such as CXCL12, CAFs
modulate the TME fostering tumor growth and metastasis, angiogenesis, and immunomodulation.
Moreover, CAFs hijack the ECM by secreting metalloproteinases (MMPs) and ECM components
such as collagen and fibronectin. These CAF characteristics play key roles in conferring therapeutic
resistance to cancer cells (Glabman et al., 2022 modified).

Mechanistically, HGF, secreted by MAFs, is able to trigger the activation of MAPK and PI3K/AKT
pathways in melanoma cells through the interaction with its receptor tyrosine kinase MET,
consequently fostering resistance to BRAF inhibition (233). The BRAF inhibitor vemurafenib induces
increased production of TGF-B by melanoma cells and subsequently, TGF-B triggers the activation
of MAFs enhancing ECM remodeling through fibronectin production, further contributing to BRAF
inhibitor (234) and ICl resistance. TGF-B released by MAFs promotes a phenotype switch in
melanoma cells from the “proliferative” and immunogenic MITF"e"/AXL" to the “invasive” and

immune tolerant MITF°*/AXL"&" phenotype (235).
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1.6.2. Tumor endothelial cells (TECs)

Solid tumor growth increases the distance of tumor cells from blood vessels, causing lack of
nutrients and oxygen, finally inducing hypoxia. Subsequently, tumor cells find themselves in an
inadequate environment to sustain proliferation and begin to increase the expression of important
angiogenic factors such as HIF (hypoxia-inducible factor), VEGF (vascular endothelial growth
factor), PDGF (platelet-derived growth factor), ANGPT (angiopoietin), and FGF-2 (fibroblast growth

factor 2) along with other pro-angiogenic chemokines to promote neo-angiogenesis (236-238).

Tumor endothelial cells (TECs) exhibit phenotypic differences compared to their normal
counterparts (normal endothelial cells or NECs). Morphologically, TECs display irregular surfaces,
extensive fenestrated cell walls, and loose intercellular junctions with pericytes, and they are
usually characterized by higher proliferation rates than NECs (236,239). Physiologically, NECs play
a crucial role in leukocyte migration to the tumor site. Expression of selectins (such as P-selectin
and E-selectin), integrin ligands (such as VCAM-1 and ICAM-1), and adhesion molecules (such as
glycosaminoglycans) facilitate leukocyte adhesion, while immune cell migration involves adhesion
molecules such as CD31 (also known as PECAM-1) and CD99. Upon arrival in the tumor, leukocytes

extravasate passing through fenestrated NECs, base membranes and pericyte sheaths (240).

In metastatic melanoma, TECs reduce the expression of adhesion molecules, impeding the
migration and extravasation of immune cells toward the tumor site (241), and increasing tumor
cell intravasation (236) (Fig. 20). TECs are also able to influence the immunogenicity of the TME of
multiple solid cancers, including melanoma, by up-regulating various inhibitory molecules such as

PD-L1, PD-L2 and TIM-3 which inhibit T cell activation at the vessel site (242).

Figure 20: Role of TECs in tumor cell spread and metastasis. Cancer cells induce the transformation
of endothelial cells from NEC to TEC through the secretion of angiocrine factors and specific
cytokines such as VEGF, PDGF, and TGF-B, interleukins, and molecules such as biglycan and
NOTCH1. TECs have deregulated expression of adhesion molecules such as PECAM-1 and E-
cadherin, which creates leaking blood vessel walls and increases cancer cell intravasation.
Moreover, TECs bind to circulating tumor cells preventing anoikis. TECs also sustain the creation of
tertiary lymphoid structures (TLS). (236).
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1.6.3. Immune cells

Melanoma is known to shape its own TME towards a pro-tumoral environment. The evasion of
melanoma cells from immune surveillance is governed by a process called “immune editing”,
which primarily relies on an intricate network of intra- and extracellular signals (243). Lymphocytes,
mostly CD4+ T helper cells and CD8+ T cytotoxic cells, are key players in tumor immune surveillance

(244-246). (Fig. 21).

The accumulation of immune suppressive cells in the melanoma TME, such as tumor-associated
macrophages (TAMs), regulatory T-cells (Tregs), and myeloid-derived suppressor cells (MDSCs),
constitutes an additional mechanism that impairs cytotoxic T-cells (247). Finally, melanoma cells
create an immune suppressive TME through the release of specific cytokines that are able to inhibit
T cells, such as TGF-B, VEGF, indoleamine 2,3-dioxygenase (IDO), and also through the reduced
expression of MHC | and Il (major histocompatibility complex) (248,249).
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Figure 21: Representation of the main immune elements in melanoma. The anti-tumorigenic
immune compartment is represented by antigen-presenting cells such as dendritic cells (DC),
cytotoxic T-cells (CTL, CD8+), helper T-cells (CD4+), and B cells important for the anti-cancer
antibodies production transforming into plasma cells (PC). On the other hand, the pro-tumoral
immune compartment is characterized by myeloid-derived suppressor cells (MDSCs), M2-polarized
macrophages, and regulatory T-cells (T-reg). Moreover, cytokines such as VEGF and IL-10 play a
fundamental immune regulatory role. (135)

1.6.4. Extracellular Matrix (ECM)

The extracellular matrix (ECM) represents the acellular element found in all tissues. In cancer, the
ECM often shows significant disorganization and imbalance, which is recognized as a hallmark of
solid cancers (250). Melanoma progression and therapeutic resistance are also affected by certain
ECM characteristics; important pro-survival processes are activated by the interaction of
transmembrane receptors, such as integrins, with ECM molecules. Of note, fibrillar collagen |
(major component of most tissues), non-fibrillar collagen IV (predominantly presents in basement
membranes), and fibronectin contribute significantly to melanoma cell adhesion and migration,
thus facilitating invasion and metastasis formation (251,252). Melanoma cell motility can be
triggered by direct interaction of collagen IV with integrins a2B1 and a3p1, which also stimulate
the activation of metalloproteinases (MMP) 2 and 9 (251). MMPs are zinc-dependent proteins
specialized in ECM degradation and are generally recognized as key elements for cancer
progression (253). Prognostically, higher expression of collagen | is associated with poor prognosis

and higher melanoma invasiveness (254,255).
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An important ECM feature that promotes melanoma survival is increased ECM stiffness, which
through the activation of mechanosensory pathways (such as the integrin B1/FAK/Src axis) fosters

therapy resistance, invasion and reduces T cell infiltration (256,257).

As presented in the previous chapters, what is known about the melanoma TME, involves all types
and cancer-cells-specific signaling and mechanisms to evade control by the immune system and
therapies. However, we are still far from understanding all the complexities of the tumor and its
TME, and much needs to be done regarding better therapies for melanoma patients, irrespective

of their genomic subtype. In the following, new in vitro approaches will be presented.

1.7. 3D cancer models
1.7.1. From monolayer culture (2D) to three-dimensional (3D) culture

The most common method of cultivating cancer cells involves 2D adherent cultures, in which cells
usually grow on a plastic surface. Albeit easy and cheap, 2D culture lacks the complexity of a real
tissue or tumor with cell-cell and cell-ECM interactions, nutrient/waste exchanges, and oxygen
gradients. Preclinical drug tests are typically conducted using animal models, such as mice, which
effectively enable representation of tumor cellular complexity within a living organism. However,
these models present major drawbacks such as a lack of human cell origin (or lack of a functional
immune system), high cost, not suitable for high-throughput screenings, and significant ethical
concerns. In the last decade, more interest has been placed in developing 3D culture approaches,
that better mimic tissue architecture and cell interactions, bridging between 2D and animal
models. Yet, challenges of reproducibility and high-throughput applicability compared to 2D
models remain and conditions still need to be optimized. Especially, in basic cancer research as
well as for drug screening and drug testing studies, 3D model systems are increasingly used (Fig.

22).

Figure 22: Representation of 3D cancer models ordered according to the cellular complexity. 3D
models, as well as 2D models, can be generated using established cell lines or patient-derived
material. A plethora of 3D models bridge the gap between 2D culture and in vivo tumors, ranging
from spheroids, organoids, chips, and respectively co-culture with other cellular components (258).
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1.7.2. Spheroids

Spheroids are small cell aggregates that closely resemble solid tumors in terms of cellular
architecture, signaling pathways, and interaction with the ECM; as such they provide an effective
representation of oxygen, nutrients, soluble factors, or drug diffusion and exchange (259,260).
Spheroids larger than 500 um in diameter develop distinct layers, with increasing quiescence,
waste products towards the core and necrosis, and decreasing oxygen and nutrient concentration,

while maintaining a proliferative outer layer (261,262) (Fig. 23).
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Figure 23: Spheroid architecture. The outer spheroid layer is characterized by high cellular
proliferation, availability of nutrients, and oxygen. Moving toward the spheroid core, cells become
quiescent and apoptotic/necrotic due to the accumulation of waste products and lack of important
supplies (259).

Various methods exist for generating tumor spheroids, that can be categorized into scaffold-free
and scaffold-based system (263). In scaffold-free approaches, spheroids form when cells are
pushed to interact more with each other than with the surface, leading to spontaneous
aggregation. Common methods include the liquid overlay technique, where cells are seeded on a
culture plate (usually with U- or -V shape wells) coated with an inert substrate, or the “hanging
drop” method, where cells grow in suspension in a drop of medium on the lid of a dish (264—-266).
Bioreactors can also generate large quantities of spheroids, though uniformity in size may vary
(267). Scaffold-based systems rely on spheroids formed in matrices or hydrogels, which mimic the
cell-ECM interactions. These systems are also valuable for studying tumor progression and

invasion, and for testing drug efficacy on cell migration by embedding spheroids on Collagen | (265).

As discussed, the interactions of cancer cells with stromal cells belonging to the TME, modify the
response to and the effectiveness of anti-cancer compounds. In this regard, the co-culture of
cancer cells with stromal cells can be adapted to a spheroid-forming culture system better
mimicking physiological conditions. Different scaffold-free 3D spheroid co-culture methods have
been explored. Yakavets et al. showed that classical “simultaneous” seeding, in which cancer cells
are seeded together with fibroblasts, does not allow prolonged fibroblast survival and equal
distribution of cell types in the sphere. Adopting an alternative “sequential seeding” method, in
which fibroblasts are added 24 hours after the formation of the tumor sphere, allows the
infiltration of fibroblasts into the tumor sphere, prolonging their survival and displaying a more
homogeneous distribution (268). Interestingly, melanoma cells co-cultured with fibroblasts and
keratinocytes in a 3D spheroid system showed increased resistance to targeted therapies, and it
can also be used as a model to study early melanoma cell invasion into the dermal compartment

(269,270).

1.7.3. Hydrogel-embedded cultures and skin reconstructs

One of the main challenges in 3D cancer models is to recreate as close as possible the TME, in
which cancer cells reside in actual tumors. In this regard, the co-culture of cancer cells with stromal
cells such as fibroblasts, endothelial, and immune cells embedded in ECM is the key for in vitro
mimicking the in vivo tumor environment (Nii et al., 2020; Vitale et al., 2022). As mentioned in
previous chapters, CAFs, endothelial cells, immune cells, and the ECM can increase the

aggressiveness and survival of cancer cells, and foster drug resistance through different
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mechanisms, hence the choice of stromal cells and the ECM type (Fig. 24) needs to be made in view

of the objectives of co-culture experiments (272).
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Figure 24: Biomaterials used to generate 3D hydrogel co-cultures. There are two main families of
biopolymers: natural, represented by protein-based (such as collagen and laminin) and
polysaccharide-based (such as alginate and chitosan) hydrogels, and synthetic hydrogels (such as
polyethylene-glycol or PEG). (Figure created using Biorender.com).

The choice of cellular ratios, matrix, and culture medium are key elements for a functional
hydrogel-embedded co-culture. For instance, vascular engineering techniques necessitate suitable
scaffolds that facilitate the transportation of growth factors or cells and offer a 3D matrix for the
growth and development of blood vessels (273-276). Pericytes and mesenchymal stem cells,
together with important growth factors such as VEGF and FGF-b, were observed to be necessary
for sprouting and tubule formation of endothelial cells cultured in PEG-based synthetic hydrogels
(277-280). It is still under debate whether natural matrices, such as collagen |, Matrigel (consisting
of 60% laminin, 30% collagen IV, and 10% of other ECM components and growth factors), fibrin, or
laminin, or semi-synthetic/synthetic matrices, such as hyaluronic acid (HA) or polyethylene glycol
(PEG) are more suitable for co-cultures. Natural matrices are very often animal-derived, with high
batch-to-batch variability, and an ill-defined composition, which makes customization difficult
(272,281). On the other hand, synthetic matrices allow for personalized tailoring, for instance by
the bioconjugation of important adhesion and matrix-degradation peptides such as RGD (arginyl
glycyl aspartic acid, found in fibronectin) and MMP cleavable sites (282-284) or by the modulation
of matrix stiffness (285,286), which is particularly important when studying tumor cell migration

and invasion.
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In melanoma, the best characterized matrix-embedded co-culture systems are represented by
organotypic skin models (260,287). This method involves the co-culture of primary human
cutaneous cells (such as dermal fibroblasts, keratinocytes, and endothelial cells) with melanoma
cells within an ECM (such as collagen 1), which allows to investigate cell-cell interactions and the
influence of the TME on tumor progression, invasion, and drug responses (265). These constructs
consist of a bottom layer containing fibroblasts and endothelial cells embedded in ECM mimicking
the dermis, overlaid by an upper layer of differentiated keratinocytes mimicking the epidermis.
Melanoma cells are seeded on the surface of the construct to establish a dynamic environment for
melanoma development (288-290). VOrsmann et al. developed an organotypic full skin equivalent
containing melanoma tumor spheroids of specific sizes, which can be used as functional models for
drug testing (291). Interestingly, Bourland et al. reconstructed organotypic skin in which
fibroblasts, stimulated by ascorbic acid, produced natural ECM in which fully functional blood and
lymphatic vessels developed. The addition of melanoma cells allowed for the testing of drugs in a

skin-equivalent environment (292) (Fig. 25).

B H&E Ki67 TUNEL

Figure 25: Organotypic skin with melanoma spheroids embedded, resembling melanoma skin
metastasis. A) Different points of view show the full-thickness organotypic skin with collagen-
embedded metastatic melanoma spheroids (white clusters in zoomed pictures). B) FFPE sections
stained for hematoxylin and eosin (H&E), Ki67 (proliferation marker), and apoptotic cells (TUNEL
assay). Figure modified from (291).
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1.7.4. Organoids and Microfluidic chips

Organoids and microfluidics chips represent advanced 3D culture system for cancer research,

offering complementary advantages.

Organoids originate from cells with stemness properties that autonomously propagate and self-
organize into 3D structures resembling native tissue, containing autologous cell populations such
as tissue-resident immune cells, fibroblasts and endothelial cells (293-295). The models enable
high-throughput drug testing and mirror patient-specific tumor characteristics more closely than
traditional cell lines, although challenges include the need for specific isolation protocols, tailored
media, and matrix compositions, along with limitations in cellular heterogeneity and
vascularization (258,296). Efficient organoid cultures have been established for a variety of solid
cancers, including melanoma (297). However, the number of organoid studies on melanoma is still

limited.

Microfluidic chips, on the other hand, offer a “tumor-on-a-chip approach, more precisely
replicating the tumor microenvironment, including multicellular architecture, chemical gradients,
and mechanical forces (262,264). These systems enable continuous perfusion, mimicking vascular
flow and shear forces, which are critical for tumor growth and metastasis studies (298). For
melanoma specifically, innovations like the “skin-on-a-chip” simulate the 3D structural

organization of skin, providing a physiological platform for long-term studies (260,265).

1.8. Drug repurposing

Traditional drug discovery is a multi-stage process that requires a wide set of skilled experts, the
application of advanced technologies, and enormous time and economic investments.
Approximately 2.8 billion dollars are spent over a period of 12 to 15 years before approval of a
specific drug (299). In brief, large drug screenings identify promising disease-related compounds,
which undergo further preclinical tests through in vitro assays and animal models to assess efficacy
and safety profiles. Drug candidates move across three phases of human clinical trials (phase |, II,
and lll) where dosage, efficacy, and toxicity are assessed. If the candidate drug proves efficacious
across all three phases, it proceeds to regulatory registration, paving the way for the market

(300,301). (Fig. 26)
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Figure 26: Main stages of classical drug discovery and development (299).

Drug repurposing involves the identification of novel therapeutic applications for existing drugs,
whether approved or investigational, beyond the original purpose (302). This approach offers
several advantages compared to the traditional drug discovery process. The risk of failure is
reduced as repurposed drugs have already been tested in safety trials, potentially decreasing the
safety-related problems. Timewise, drug repurposing has shorter development times since much
of the pre-clinical and clinical testing may already be completed. Furthermore, fewer investments
are required due to significantly simpler pre-clinical and phase I/l clinical trials (303). Drugs that
have already received FDA (Food and Drug Administration) or EMA (European Medicines Agency)

approval, can be tested in different diseases with a shorter timeline.

1.8.1. High-throughput screening (HTS)

Nowadays, high-throughput screening is recognized as a key strategy in the identification of new
potential compounds for cancer therapy and it has become a standard method in the
pharmaceutical industry. Relevant features of HTS are its sensitivity, robustness, and cost-
effectiveness (304). In brief, HTS is a process in which large numbers of compounds (from hundreds
to thousands), usually belonging to pre-defined libraries, are being tested simultaneously on

specific cancer cells of interest (305).

Multiple assays can be used to assess the efficacy of drugs in an HTS setting, such as cell viability
assays, which rely on the measurement of ATP content, usually assessed by luciferase- or
fluorescence-based assays (306,307). Interestingly, a popular method to assess cell viability is

through high-content imaging applied to HTS, using high-throughput microscopy.
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The instruments automatically capture and analyze optical fluorescent images of cells grown in
multi-well plates, providing quantitative data through image analysis tools (308). A general scheme
of HTS-driven drug identification is as follows: in primary screenings, drugs are typically tested once
or twice (often at different concentrations). An essential step in this process is evaluating the

robustness of the assay through metrics such as the Z’ factor (309).

Hits can be computationally identified by analyzing quantitative data, setting a threshold, and
declaring hits for values beyond this threshold, or by visually identifying compounds based on their
effects deviating from bulk measurements and background (310). Following the primary screening,
hits undergo further validation. They are tested at multiple concentrations to generate dose-
response curves (DRCs) and to determine the half-maximal inhibitory or effective concentration

(1C50 or EC50) (305,309,311). Of note, HTS is also applied to 3D culture systems.

An interesting study, conducted by Kota et al., described 3D spheroid-based HTS with a library of
1280 compounds in KRAS mutated pancreatic cell lines, revealing differences in drug response
mechanisms between cells cultured in 3D compared to 2D (312). However, despite their potential,
3D models in HTS present challenges, notably in the limited methods available for high-throughput

analysis of cells in a 3D context compared to the 2D counterpart (271,313,314).

In conclusion, while several therapeutic options for BRAF-mutated melanoma patients exist, the
emergence of resistance underscores the urgent need for novel treatments, particularly for other
melanoma genomic subtypes, such as NRAS-mutated melanoma. The introduction of advanced 3D
models in pre-clinical phases offers promise in identifying more effective anti-melanoma
compounds. Nevertheless, further advancements are needed to fully replicate the complexity of
patient tumors. Using 3D models, such as spheroids in HTS drug repurposing approaches, enhances
the accuracy and efficiency of drug testing, representing a crucial step forward in fighting

melanoma.
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2. Aims of the Thesis

In recent decades, significant therapeutic advancements have been achieved for the treatment of
advanced BRAF™' melanoma, leading to the approval of combined targeted therapies (BRAFi +
MEKi) and immunotherapies (anti-PD1/PD-L1 and anti-CTLA-4). Despite these advancements,
NRAS™* and wild-type (WT) melanoma patients still lack specific, approved therapies. Currently,
these patients are treated with off-labeled inhibitors such as MEK inhibitors or immune checkpoint
inhibitors, but over 50% experience disease progression due to primary or acquired resistance.
Therefore, there is an urgent need for more effective therapies for NRAS™* and WT melanoma
patients, along with advanced models that better replicate the tumor microenvironment (TME).
One critical challenge in developing effective cancer therapies lies in the limitations of current
preclinical models. Conventional models lack the physiological relevance of 3D cancer
environments, leading to the exclusion of potentially promising compounds during drug screening

and the inclusion of many drugs ineffective in the patient settings.
This doctoral thesis addresses these needs through four main objectives:

1. Development of Advanced 3D Melanoma Models: These models will be designed to more
accurately mimic melanoma cell interactions with other crucial components of the TME,
enhancing the physiological relevance for the tested drugs;

2. Establishment of a 3D High-Throughput Drug Screening workflow: This workflow will
allow to culture melanoma cells as 3D spheroids, enabling the testing of thousands of drugs
within a model that better represents physiological conditions;

3. Identification of Novel Drug Candidates: Using the 3D high-throughput screening
workflow, this objective aims to identify promising drug candidates specifically for NRAS™!
and WT melanoma patients;

4. Validation of Novel Drug Candidates: Drugs identified in Objective 3 will undergo efficacy
and characterization testing against NRAS™! melanoma cells within the advanced 3D
models established in Objective 1, allowing for an in-depth assessment of their therapeutic

potential.

In summary, this thesis aims to propose novel, effective therapies for NRAS™*and WT melanoma
patients by leveraging advanced 3D cancer in vitro models to improve drug screening relevance

and therapeutic precision.
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3. Material & Methods

The methods detailed in the manuscript “Protocol to generate scaffold-free, multicomponent 3D

melanoma spheroid models for preclinical drug testing” (315) are included in Appendix 4, with

several techniques utilized in this thesis for subsequent studies. The following methods were

applied specifically in the development of the manuscript:

1. The generation and characterization of multicomponent melanoma models (MMSs) co-

cultured with PBMCs, analyzed via flow-cytometry;

2. Histological analysis of MMSs using formalin-fixed paraffin-embedded (FFPE) sections;

3. Assessment of cell death and apoptosis in MMSs following treatment, performed through

flow cytometry.

3.1. Cell lines and culture

Information regarding the source and mutational background of the melanoma cell lines used in

these studies is shown in Table 1.

Cell line NRAS Other mutations Reporter
mutation

SKmel147

SKmel147-mCherry

SKmel30

SKmel30-mCherry

M160915

M161022

M161022

624mel

624mel-iRFP

624mel-mCherry

WM3918
WM3918-mCherry

Q61R

Q61R

Q61K

Q61K

Q61R

Q61K

Q61K

CDKN2A (P114L)

CDKN2A (P114L)

CDKN2A (P114L)

TP53 (T284fs*21, deletion-frameshift)

TERT (C228T)
CDKN2A (P114L)

TP53 (T284fs*21, deletion-frameshift)

TERT (C228T)
BRAFwt

BRAFwt, cKITwt

BRAFwt, cKITwt

BRAF (V600E)
TP53 (C275W)

BRAF (V600E)
TP53 (C275W)

BRAF (V60OE)
TP53 (C275W)

CDKNZ2A (deletion)
CDKN2A (deletion)

Table 1: Human melanoma cell lines.

Prof. Dr. Jochen Utikal (University
Medical Center Mannheim,
Germany)

Prof. Dr. Jochen Utikal (University
Medical Center Mannheim,
Germany)

DSMZ (Leibniz Institut, Germany)

DSMZ (Leibniz Institut, Germany)

Prof. Mitchell Levesque (University
of Zurich Hospital, Switzerland)

Prof. Mitchell Levesque (University
of Zurich Hospital, Switzerland)

Prof. Mitchell Levesque (University
of Zurich Hospital, Switzerland)

Dr. Ruth Halaban (Yale, United
States)

Dr. Ruth Halaban (Yale, United
States)

Dr. Ruth Halaban (Yale, United
States)

Tebu-bio (Rockland)
Tebu-bio (Rockland)

rLV.EF1.mCherry-9

rLV.EF1.mCherry-9

rLV.EF1.mCherry-9

pLenti6.2_miRFP670

rLV.EF1.mCherry-9

rLV.EF1.mCherry-9

42



3. Material & Methods

SKmel147, SKmel30, 624mel and WM3918 were cultured in RPMI 1640 enriched with GlutaMAX
(Gibco Thermo Fisher Scientific), supplemented with 10% FCS (Fetal Calf Serum, Gibco Thermo
Fisher Scientific) and with 0.1 mg/mL Normocin (InvivoGen). M160915 and M161022 were cultured
in RPMI 1640 (Gibco Thermo Fisher Scientific), supplemented with 10% FCS, 1ImM Sodium Pyruvate
(Gibco Thermo Fisher Scientific), 4mM L-Glutamine (Gibco Thermo Fisher Scientific), and with 0.1
mg/mL Normocin. Trametinib (MEKi)-resistant SKmel30 and WM3918 cell lines were generated by
continuous drug exposure of parental-drug sensitive cell lines to 5xIC50 and 1xIC50 concertation,

respectively, for approximately 3 months.

Normal Human Dermal Fibroblasts (NHDF) were purchased from Promocell (C-12300), Human
Fetal Lung Fibroblasts (MRC-5) were purchased from ATCC (CCL-171), Hepatic Stellate Cells (LX-2)
were purchased from Merk (SCC064), Human Microvascular Endothelial Cells (HMEC-1) were
purchased from ATCC (CRL-3243). NHDF, MRC-5, and LX-2 were cultured in DMEM enriched with
GlutaMAX (Gibco Thermo Fisher Scientific), supplemented with 10% FCS, 2.5% of HEPES buffer 1M
(Gibco Thermo Fisher Scientific), and with 0.1 mg/mL Normocin. HMEC-1 were cultured in
MCDB131 (Gibco Thermo Fisher Scientific), supplemented with 10% FCS, 1 pg/mL Hydrocortisone
(Sigma-Aldrich), 10mM L-Glutamine, 0.1 mg/mL Normocin, and 10 ng/mL recombinant human EGF
(PeproTech). Leukopacks for PBMC isolation were obtained from Croix Rouge Luxembourg under
ethical approval. NHDF, MRC-5, and LX-2 were transduced with pLenti-C-mGFP-P2A-Puro to stably
express GFP, while HMEC-1 was transduced with either LV-iRFP-P2A-Puro to express iRFP or with
pLV-Bsd-CMV>tagBFP to express BFP. Transduced cell lines were cultured in the same medium as

the parental cells.

Cell growth was maintained at 37°C in a humidified atmosphere comprising 5% CO.. All cell lines

were regularly examined for mycoplasma contamination.

3.2. Lentiviral transduction for stable fluorescent protein expression

All cell lines were transduced with Multiplicity of Infection (MOI) 3 of lentiviral vectors carrying
reporter genes, for stable fluorescent protein expression. SKmell147 and SKmel30 were transduced
with rLV.EF1.mCherry-9; NHDF, MRC-5 and LX-2 were transduced with pLenti-C-mGFP-P2A-Puro.;
HMEC-1 were transduced with pLV-Bsd-CMV>tagBFP. After transduction, cells were subjected to
antibiotic selection (either Puromycin or Blasticidin) and FACS sorted using a BD FACSMelody™ Cell
Sorter (BD Bioscences, USA). Cell line transduction was performed by Dr. Joanna Wroblewka and

Demetra Philippidou.
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3.3. 3D Mono- and Multi-component melanoma spheroid models

Mono-component spheroids were generated in 384 well ULA U-bottom plate as follows.
Melanoma cells were seeded at a density of 0.5-1 x 10° cells/well in 80 uL of RPMI. The plate was

centrifuged 500 x g for 5 minutes and incubated at 37°C and 5% CO2 for 96 hours.

Multi-component spheroids were generated as described before (315). Melanoma cells, fibroblasts
or hepatic stellate cells, and endothelial cells were seeded at a cellular ratio of 1:3:3 in 384-well
black/clear round bottom ultra-low attachment spheroid microplates (Corning®). In brief,
melanoma cells and HMEC-1 were seeded together at densities of 0.5 x 103cells/well and 1.5 x 10°
cells/well, respectively, in 40 uL of RPMI. The plate was centrifuged 500 x g for 5 minutes and
incubated. After 24 hours of incubation, either NHDF, MRC-5, or LX-2 were seeded at densities of
1.5 x 10° cells/well in a further 40 pL of RPMI, on top of the preformed spheroids, the plate was
then centrifuged 500 x g for 5 minutes and incubated at 37 37°C and 5% CO2 for 72 hours.

3.4. Immunofluorescence of frozen sections of spheroids

Cells were seeded in a 96-well plate ULA U-bottom plate at a density of 0.5 x 10 cells/well in 200
pL of RPMI. The plate was centrifuged 500 x g for 5 minutes and incubated at 37 37°C and 5% CO2.
After 4-, 7-, 10- and 14-day spheroids were collected. After washing, spheroids were embedded in
a cryo embedding matrix (Leica) and snap-frozen in liquid nitrogen. Frozen sections of 7 um
thickness were generated using a cryotome (Leica) and posed on slides. Sections were fixed using
4% PFA and permeabilized using 0.3% Triton X. After washing, sections were blocked with 10% FBS
for 1 hour at RT and incubated with primary antibodies overnight at 4 degrees. Ki67 (1:200 Rabbit,
Abcam), cPARP (1:400 Rabbit, Cell Signaling). Sections were incubated at RT for 1 hour with a
secondary antibody conjugated with fluorochromes (anti-Rabbit Alexa 647, 1:500) and DAPI for
nuclei counterstaining. Slides were mounted using a cover glass and fluoromount (Thermo).

Fluorescent pictures were acquired using Cytation 5 (BioTek, Winooski, VT).

3.5.  Generation of primary melanoma cell lines

Melanoma samples were collected at the University Clinicin Mannheim by Prof. Utikal with existing
ethical approval. Samples were taken after obtaining informed written consent from the patients
and ensuring their consent for the use of their tumor biopsies in the proposed research project.
The tumor samples were pseudonymized and further processed in Luxembourg. The Regional
Ethical Committee (REC) approved tissue collection, biobank storage of tumor biopsies, as well as

development and use of cell lines (REC Approvals 2013/720 and 2020/65185).
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The protocol that was followed to generate primary cell lines was first published by Prof. Mitchell
Levesque group (316). In brief, tumors were first cleaned from all the identifiable non-cancerous
material, such as epidermis, dermis, and fat tissue, by following the melanotic edges of the tumor.
Afterward, tumors were cut into pieces of approximately 3x3 or 5x5 millimeters, and 2 to 3 pieces
were disposed into a cryovial with FBS supplemented with 10% DMSO for preservation at -80°C for
about a week and then moved into liquid nitrogen for long storage periods (“slow frozen biopsies”).
Subsequently, a cryovial containing slow-frozen biopsies was quickly thawed, and specimens were
placed into a Petri dish with pre-warmed RPMI with no FBS and fine cut into pieces as small as
possible. The content was moved into a Falcon tube and a 1:1 solution of Dispase Il (Roche,
Switzerland) and RPMI (without FBS) was added and incubated at 37°C on a shaker for 1 to 4 hours,
depending on the size of the pieces. The solution was centrifuged, the Dispase Il solution removed,
and a Collagenase (Merk, Germany) solution was added and incubated at 37°C on a shaker for up
to 45 minutes. After centrifugation, the Collagenase solution was removed and complete RPMI was
added and the cell solution was passed through a strainer to create a homogeneous single-cell
solution. After a few more washings with complete RPMI, the cell solution was either directly
placed into an adherent plate (first method), or cultured for about a week in an ultra-low adherent
plate with complete RPMI supplemented with 50 ng/mL of EGF (Peprotech), 0.5 uM of A83-01
(STEMCELL Technologies), and 10 uM Thiazovivin (STEMCELL Technologies), and then placed in
adherent plate in complete RPMI (second method). Differential trypsinization can be applied when
the fibroblast population appears abundant. Briefly, cells are trypsinized and detached from the
plate surface, then replated and incubated for 30 minutes, allowing primarily fibroblasts to adhere.
The supernatant, which contains the majority of melanoma cells, is then collected and transferred

to a new plate.

3.6. Immunofluorescence of adherent cells

Cells were seeded in multi-chamber slides (lbidi, Germany) at a density of 10-20 x 10°
cells/chamber in 300 pL of medium/chamber and incubated at 37°C and 5% CO2 overnight. Cells
were fixed in 4% PFA for 10 minutes at RT and permeabilized with 0.3% Triton X solution for 10
minutes at RT. Afterward, cells were washed with PBS and incubated in a blocking solution (10%
FCS) for 1 hour. Primary antibodies were added and incubated at 4°C overnight. MLANA/MART-1
(1:500, Rabbit, Cell Signalling®), Anti-Melanoma antibody (1:50, Mouse, Abcam), TE-7 (1:100,
Mouse, Merk), a-SMA (1:200, Rabbit, Cell Signalling®). Secondary antibodies conjugated with
fluorophore and DAPI (1:1000) were added and incubated for 1 hour in RT. Alexa Fluor 488 (goat

45



3. Material & Methods

anti-mouse, 1:1000, Thermo), Alexa Fluor 647 (donkey anti-rabbit, 1:1000, Thermo). Confocal
images were acquired using Cytation 10 with 20x objective, and with GFP and CY5 filter cubes.

3.7. High-throughput screening (HTS)
3.7.1. Drug libraries

Two libraries were selected for HTS:

1) The Prestwick Chemical library® (PCL) composed of 1267 compounds with over 85% marketed

drugs, and all compounds at 10mM concentration (Appendix 2);

2) The “Melanoma drug library” (MDL) composed of 54 compounds selected for this study based
on literature for their effects on the different melanoma genomic subtypes and further discussed
with our clinical partner Prof. Jochen Utikal (Appendix 3). Additionally, 7 well-known anti-
melanoma compounds were added: Vemurafenib (BRAFi), Dabrafenib (BRAFi), Encorafenib
(BRAFi), Cobimetinib (MEKi), Trametinib (MEKi), Binimetinib (MEKi), and Palbociclib (CDK4/6i). All

MDL compounds were at a 10 mM concentration, and the library was generated by Selleckchem;

Selected HIT drugs were purchased individually from Prestwick® and dispensed in a specific ready-
to-use source plate. Foretinib (multi-target tyrosine kinase inhibitor, Selleckchem) was used as a
positive control at a concentration of 30 uM, and 0,1% DMSO was used as a vehicle/negative
control. For cell stimulations outside the HTS workflow: Trametinib (#52673; Selleckchem,
Germany), Daunorubicin HCI (#S3035; Selleckchem, Germany), Pyrvinium Pamoate (#55816;

Selleckchem, Germany).

3.7.2. Optimized HTS workflow

The semi-automated HTS platform, “Disease Modelling and Screening Platform” of LIH/LCSB,
Luxembourg was used to perform the HTS assays. The platform is equipped with two liquid handler
workstations (Biomek NXp and Biomek FXp (Beckman Coulter)), two integrated incubators, an
acoustic droplet ejector Echo 550 (Labcyte Inc.), a multimode plate reader SpectraMax i3
(Molecular Devices), a confocal high-content microscope CV8000 (Yokogawa) equipped with solid
lasers (wavelengths: 405/488/561 nm) and emission filters (445/45 nm, 525/50 nm, 600/37 nm),
and an integrated robotic arm. Cells were seeded in 384-well U-bottom ULA black plates (Corning®)
at cell-line specific densities of 5 x 10 cells/well for SKmel147, 10 x 103 cells/well for WM3918, and
0.5 x 103 cells/well for 624mel in 20 pL/well, centrifuged at 500 x g for 5 minutes and incubated for
72 hours at 37°C and 5% CO,. The compounds from the PLC and MDL libraries were dispensed (one

well per compound) using the acoustic droplet ejector, a further 40 uL/well of the medium was
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added and spheroids were incubated for 5 days at 37°C and 5% CO,. Every compound was
dispensed at a final concentration of 10 uM and 1 uM, each of them in duplicate (on two separate
plates), with a final DMSO concentration of 0.1%. Side wells were dedicated to positive (Foretinib
30 uM) and negative controls (DMSO 0.1%), and the first and last row and columns of the plate
were excluded to reduce edge effects. The plate layout is shown in Fig. 27A. Cell viability was
assessed using Calcein AM (Cayman Chemical). Calcein AM was added 4X concentrated in 20
uL/well (80 pL is the total volume per well) and incubated for 2 hours. Confocal images were
acquired using a 10x objective, 488 nm laser 525/50 nm emission filter, and Z-stack acquisition

mode.

A mock test was run before each HTS to check the quality of the cells and assay, following the same
seeding and timing procedures and including a drug response performed using a 3-fold dilution

series of Foretinib (positive ctrl) starting at 10 uM.

Untreated Treated Untreated Treated

o Fol
ON N

iRFP

CalceinAM

Mask
Mask

Radius 290um at dS for untreated:
7 +290° % 265 000 um®

Figure 27: A) Plate layout adopted for HTS assays. In grey are the wells excluded to reduce edge
effects; in blue are the wells dedicated to the negative control (DMSO 0.1%); in red are the wells
dedicated to the positive control (Foretinib 30 uM); in yellow are the wells dedicated to the library
compounds (1 well/drug). The Prestwick Library was divided into 4 plates, while the MDL into only
1 plate. B) Segmentation analysis to calculate the total spheroid area following iRFP or Calcein AM
signal.

3.7.3. Data analysis and hit selection

Z-stack pictures for each well were transformed into a unique picture per well by maximum
intensity projection (MIP). CellPathFinder® was used to analyze MIP figures and extract the total

area/well. In brief, following the Calcein AM green-fluorescent signal, a segmentation mask was
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created and allowed for the calculation of the radius and area segments (Fig. 27 B). Next, the
software summed all the area’s segments outputting a total Calcein AM area per well (um?). The
application of a statistical test (Grubb’s test), followed by visual confirmation, removed outliers
from the analysis. Importantly, the Z'-factor and coefficient of variation (CV) were calculated for
each screened plate as a quality control step. Raw area/well was used to mathematically set a
plate-specific threshold for determining hit drugs, by applying the following formula:
averageDMSO - (3 x standard_deviationDMSO) (310). Drugs were taken into consideration if their
total area was below the set threshold in both duplicates. Afterward, data were normalized for
their DMSO control and placed as the percentage of cell viability. Only drugs below 50% of cell
viability in both duplicates and previously mathematically below the set threshold, were entereing
a more stringent selection. Finally, visualization of the MIP pictures to further confirm the drug
effect and exclude false positives given by the plate edge effect and application of additional
conditions such as literature research, led us to generate a list of hit drugs. Rstudio was used for

the statistical/mathematical analysis and the creation of relative plots.

3.7.4. Hits validation

Drug-response curves with relative IC50 values were generated for each selected HIT drug. The
DMSP platform was set as for HTS (described in chapter 3.4.2). Drugs were dispensed in duplicate
using a 3-fold dilution series from the dedicated source plate, starting from 10uM with 10 dilutions.
As a further internal quality control, Foretinib was dispensed in duplicate using a 3-fold dilution
series from the dedicated source plate, starting from 10uM with 10 dilutions. Extrapolation of the
total area/well of MIP Calcein AM pictures, Z’-factors, and CV values was performed as described
in Chapter 3.7.3. Data were normalized by the DMSO control. GraphPad Prism® (10.0.0) was used
to analyze the data. A non-linear regression (four parameters) analysis was used to extrapolate

IC50 and R? values for each tested compound.

3.8. 2D and 3D drug response curve (DRC) and IC50 determination

Outside the DMSP platform, we generated DRCs for melanoma and additional non-cancerous cell
lines. Generation of DRCs and determination of IC50 values of drugs tested in non-cancerous cells
(NHDF, MRC-5, LX-2, and HMEC-1) in 2D was performed as follows: cells were seeded at a density
of 5 x 10° cells/well in 100 pL of cell line-specific medium. Drugs were diluted in a 3-fold dilution
series for 8 dilutions, with starting amounts for Daunorubicin HCl and Pyrvinium Pamoate of 10

KUM. Cell viability was determined with the CellTiter-Glo® 3D Cell Viability Assay (Promega).
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Upon 5 days of treatment, a microplate reader Cytation 5 Cell Imaging Multi-Mode Reader (BioTek,
Winooski, VT) was used for measurements of luminescence. The IC50 experiments were performed
in technical and biological triplicates. Dose-response curves and IC50 values were generated with
GraphPad Prism 10 and determined with the non-linear log (inhibitor) vs response-variable slope

(four parameters) equation.

For selected melanoma cell lines, the determination of IC50 values of drugs tested was performed
in 3D as follows: cells were seeded in 384-well U-bottom ULA plates (S-bio®) at densities of 0.5-1 x
103 cells/well in 80 uL/well, centrifuged at 500 x g for 5 minutes, and incubated for 4 days at 37°C
and 5% CO2. Drugs were diluted in a 3-fold dilution series for 10 dilutions, with starting amounts
for Daunorubicin HCl of 10 uM and Pyrvinium Pamoate of 1 uM. Before drug and cell viability
reagent dispensations, spheroid observation utilizing a bench-top microscope was executed as a
quality control step. Cell viability was determined with the CellTiter-Glo® 3D Cell Viability Assay
(Promega). Upon 5 days of treatment, a microplate reader Cytation 5 Cell Imaging Multi-Mode
Reader (BioTek, Winooski, VT) was used for luminescence measurements. The IC50 experiments
were performed in technical and biological triplicates. Dose-response curves and IC50 values were
generated with GraphPad Prism 10 and determined with the non-linear log (inhibitor) vs response-

variable slope (four parameters) equation.

3.9. 3D Synergy Assay

SKmel30 and SKmel147 cells were seeded at a density of 500 cells/well in 384-well ULA plates (SBio)
and spheres were allowed to form for 3 days before addition of drugs. They were treated for 5 days
with either single drugs or combinations of Trametinib and either Pyrvinium Pamoate or
Daunorubicin HCl in a matrix format at a fixed 1:2 dilution range. Drug concentrations were pre-
determined based on each inhibitor’s IC50 value. Cell viability was assessed with the CellTiter-Glo®
3D Cell Viability Assay (Promega). Synergy scoring was determined using the “inhibition readout”
(calculated as “100 - Cell Viability”) on the online SynergyFinder software version 3.0
(https://synergyfinder.fimm.fi) and implementing the ZIP calculation method as published before
(317). Zero Interaction Potency (ZIP) scores <—10 and >10 correspond to antagonist and synergistic

effects, respectively.

3.10. 3D spheroids drug efficacy assessment: kinetic and end-point assays

Kinetic (time-lapse microscopy) and endpoint cell proliferation (cell viability assay), upon drug
treatments, were evaluated as described before (315). In brief, either mono- or -multi-component

spheroids were generated utilizing labeled cells to allow the kinetic tracking of the cells.

49



3. Material & Methods

After the incubation period, 40 uL were removed from each well and replaced with 40 pL
supplemented with 2 times concentrated tested compounds and controls. The plate was
centrifuged at 500 x g for 5 minutes and placed in the live-cell incubator (BioSpa8, BioTek,
Winooski, VT) linked with an automated microplate reader (Cytation 10, BioTek, Winooski, VT). A
robotic arm placed the plates into the reader for time-lapse microscopy in which images were
acquired every 12 hours for 5 days using a 4X magnification object and 590 nm LED and a Texas
Red filter cube (Excitation 586/15 nm, Emission 647/57 nm) were employed for tracking melanoma
fluorescence changes over time. On day 5, spheroid cell viability was determined using the
CellTiter-Glo® 3D Cell Viability Assay (Promega). A microplate reader Cytation 5 Cell Imaging Multi-
Mode Reader (BioTek, Winooski, VT) was used for luminescence measurements. Kinetic and end-

point cell proliferation data were analyzed and plotted with GraphPad Prism 10.

3.11. Confocal microscopy of 3D Multi-component spheroids

Confocal images of 3D multi-component spheroids were acquired using a Cytation 10 (BioTek,
Winooski, VT) confocal microscope with spinning disk technology. The instrument is equipped with
a laser combiner (spectral range 398-643 nm) and a DAPI filter cube (Excitation 390/40 nm,
Emission 442/42 nm), a GFP filter cube (Excitation 472/ 30 nm, Emission 520/35 nm), and a TRITC
filter cube (Excitation 556/20 nm, Emission 600/37 nm). Pictures were acquired using a 20X

maghnification object.

3.12. 3D spheroid apoptosis and cell death assay using confocal microscopy

Melanoma cells were seeded in 384-well black U-bottom ULA microplate (Corning®) at densities of
0.5 x 103 cells/well in 80 pL/well of the medium, centrifuged at 500 x g for 5 minutes, and incubated
for 2 days at 37°C and 5% CO2. Upon removal of 40 pL/well of the medium, drugs were dispensed
2 times concentrated in 40 plL/well of the medium, centrifuged at 500 x g for 5 minutes, and
incubated for 5 days at 37°C and 5% CO2. CellEvent™ Caspase-3/7 Detection Reagent (Invitrogen,
Thermo) and SYTOX™ Blue Dead Cell Stain (Invitrogen, Thermo) were added and incubated at 37°C
for at least 2 hours. Cytation 10 was used to was used to acquire multiple images in z-stack modality
using DAPI, GFP, and TRITC filter cubes and a 20X magnification object. Brightfield pictures were
also acquired using a 20x magnification object. Maximum intensity projected images were analyzed
using Gen5 (Agilent). Total fluorescence intensity (TFI) signals emitted by CellEvent™ and SYTOX™
Blue positive cells were extracted. For mCherry-expressing melanoma cell lines, mCherry signal was
used to measure the total tumor mass, while for non-labeled melanoma cells, brightfield images

were used to measure the total tumor mass. Then, TFl was normalized by the total tumor mass.
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3.13. Western blot analysis

Cells were seeded in 6-well Aggrewell plates (StemCell) at densities of 0.5-1 x 103 cells/well in 5 mL
of medium, centrifuged at 100 x g for 5 minutes, and incubated for 4 days at 37°C and 5% CO?2.
Drugs were dispensed and incubated for further 1, 3, and 5 days. Cell lysis was performed on ice
with cold lysis buffer (RIPA 1X plus Complete phosphates inhibitor), Protein content was
determined using Pierce™ BCA Protein Assay Kits (Thermo), and protein lysates were further
analyzed by SDS-PAGE. The detection of enhanced chemiluminescence signals was performed as
previously described (318,319). Primary antibodies used in the study were: Topoisomerase 2a
(1:1000, Rabbit, CellSignaling®), yH2AX (1:1000, Mouse, CellSignaling®), B-catenin (1:1000, Rabbit,
CellSignaling®), GAPDH (1:5000, Rabbit, Sigma®), ERK (1:1000, Rabbit, CellSignaling®), pERK
(1:1000, Rabbit, CellSignalling®), AKT (1:1000, Mouse, CellSignalling®), pAKT (Ser473) (1:1000,
Rabbit, CellSignalling®). All primary and HRP-conjugated secondary antibodies were purchased

from Cell Signalling Technology (Boston, MA, USA). Blots were developed by Demetra Philippidou.

3.14. Hydrogel-embedded melanoma co-cultures

Melanoma-TME hydrogel encapsulation co-cultures were generated as follows. A multi-arm (8)
STAR poly-ethylene-glycol (PEG), bioconjugate with RGD and adhesion MMP cleavable sites and
cross-linkable with transglutaminase (Factor XllIl) hydrogel (ECTICA technologies, Switzerland) was
used as a scaffold for the encapsulation. mCherry-expressing melanoma cells at a density of 2-4 x
10%/100uL were mixed with either NHDF, MRC-5, or LX-2 expressing GFP a density of 20 x
10%/100pL and with HMEC-1 expressing BFP at a density of 20 x 10%/100uL, were centrifuged at
300 x g for 3 minutes and supernatant was removed. For 100 uL of hydrogel solution, 45 uL of RPMI
and 43 uL of PEG were added and gently mixed to dissolve the cellular pellet. Then, 12 uL of Factor
Xl (ECTICA technologies, Switzerland) was added and the solution was gently mixed without
introducing bubbles. 5 uL of solution was dispensed in each well in a black 96 well plate (uClear
Greiner®) in order to create homogeneous domes and incubated at RT for 5 minutes until complete
polymerization. 200 uL/well of RPMI supplemented with 10ng/mL of VEGF (Peprotech) was
dispensed in each well and incubated for 3 days at 37°C and 5% CO2. 2x concentrated drugs were
added in 100uL/well of fresh medium, upon removal of 100 uL/well of the old medium, and further
incubated for 5 days at 37°C and 5% CO2. Confocal microscope Cytation 10 (BioTek, Winooski, VT)
was used to acquire multiple images in z-stack modality using DAPI, GFP, and TRITC filter cubes and
20X magnification object, selecting 4 ROIs per well. Maximum intensity projected images were

analyzed using ImageJ (Fiji).
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3.15. 3D Collagen assay

This assay was performed by Dr. Joanna Wroblewka. Melanoma cell lines SKmel147 and M160915
were seeded in ultra-low attachment BIOFLOAT™ 96-Well plates (Facellitate, Mannheim,
Germany) in densities of 2,5 x 10% and 5 x 103, respectively. After 72h of formation, spheres were
embedded between two layers of collagen type | solution, containing 2mg/ml Collagen type |
(MercMillipore, Darmstadt, Germany), 1x RPMI (Gibco Thermo Fisher Scientific, MA, USA), 1% of
Fetal Calf Serum (Fetal Calf Serum, Gibco Thermo Fisher Scientific, MA, USA). The pH of the collagen
solution was adjusted to 7.4 using 1M NaOH. Fifty microliters per well of collagen | solution were
pipette into an optically clear, black-walled 96 well plate (uClear Greiner®) and let to polymerize
for 5 minutes at 37°C. Next, one spheroid per well was transferred on top of the collagen layer and
immediately covered with 50 pL of collagen solution and polymerized for 15 minutes at 37°C.
Immediately after, 200 ul of medium containing either 0,5% DMSO (negative control) or 2x IC50
concentration of drugs of interest was added on top of the collagen layer. For each experimental
condition, 8 spheroids were used. Pictures were taken on day O (immediately after embedding)
and after 72 hours of incubation, using Cytation 10 (BioTek, Winooski, VT) manual mode and 4x

magnification. The area of cellular migration/invasion was analyzed using ImageJ software (Fiji).

3.16. Zebrafish husbandry and xenograft

Zebrafish xenograft experiments were performed by Dr. Joanna Wroblewka in collaboration with
Prof. Natascia Tiso at the zebrafish facility (University of Padova, Italy), and Dr. Maria Lorena
Cordero Maldonado from the Aquatic Platform (LCSB, University of Luxembourg), under the
authorization 407/2015-PR (OPBA). All procedures complied with the European Legislation for the
Protection of Animals used for Scientific Purposes (Directive 2010/63/EU). Embryos were obtained
from the natural spawning of adults of nacre/mitfa background. In prior injections, doses of
Trametinib, Daunorubicin HCl and Pyrvinium Pamoate were determined as Maximum Tolerated
Doses (MTD). Briefly, uninfected nacre/mitfa 2dpf larvae were treated with serial dilution of drugs
of interest, to determine the highest tolerated and non-toxic dose. Larvae viability and
development was monitored daily during drug treatment. The cut-off of 20% mortality and no
developmental defect was set to determine MTD. Two days after fertilization, embryos were
manually dechorionated and anesthetized with a solution of tricaine (80 mg/l, Sigma-Aldrich).
SKmel147-mCherry cell line was detached using phenol red-free TryplE reagent (Gibco Thermo

Fisher Scientific) and resuspended in PBS at a concentration of 2 x 10° cell/ pL.
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The cells were injected into the yolk of larvae as a single droplet (around 100 cells per embryo)
using a World Precision Instrument (Sarasota, FL, USA) or Femtolet 4i (Eppendorf, Hamburg,
Germany) microinjectors. PBS with Phenol red was injected as a vehicle control. After 24h, larvae
were assessed for successful yolk injections and subjected to drug treatment with 12 nM
Trametinib, 1 uM Daunorubicin HCI, 111 nM of Pyrvinium Pamoate for 3 days. Larvae viability was
monitored daily. After 3 days, larvae were anesthetized as described above and photos of
xenografts were taken using an M165 FC microscope with DFC7000T camera (Leica Camera,
Wetzlar, Germany) or Nikon SMZ25 fluorescent microscope (Nikon Instruments, Japan). Data were

analyzed based on fluorescence intensity to measure xenograft area and number of cells.

3.17. Statistical analysis

Statistical analysis was performed using GraphPad 10.3.1 software (GraphPad, Boston, MA, USA).
Data following Gaussian distribution was analyzed using Ordinary one-way ANOVA with Dunett’s
multiple comparison test. Data not following Gaussian distribution was analyzed using ordinary
Kruskal-Wallis with Dunn’s multiple comparison test. Data with untreated controls set at 100 were

analyzed using One sample T-test.
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4. Results

This thesis focuses on four key objectives: i) creating advanced 3D melanoma models that better
reflect tumor microenvironment interactions; ii) establishing a high-throughput screening
workflow for 3D melanoma spheroids; iii) identifying novel drug candidates for NRAS™! and WT
melanoma patients; iv) validating promising compounds against NRAS™'melanoma.

4.1. Establishment of Multi-component 3D melanoma spheroid (MMS) models for
preclinical drug testing

To establish more physiological melanoma models allowing for testing drug candidates in vitro
models, we first established spheroid-based co-culture models composed of melanoma cells with
key cell types that mostly represent the tumor microenvironment in the skin or different
melanoma-specific metastatic sites (lung, liver), with endothelial cells, fibroblasts, and PBMCs.

Moreover, specific assays were established to evaluate drug efficacy.

4.1.1. Co-culture methods

Before establishing advanced melanoma spheroid systems with several different cell types, key
parameters had to be optimized for mono-component spheroid cultures, such as spheroid size,
viability, structure, and duration of culture. First, we seeded 624mel cells at different cell numbers
per well (500, 1000, 1500, 2000, and 2500) and followed the spheroid growth for 7 days by
measuring the diameter or area of the spheroids (Fig. 28 A). At all seeding densities, melanoma
cells grew exponentially. A diameter of 250-300 um for spheroids represents a good size model to
mimic nutrient, oxygen, waste, and drug perfusion without necrosis in the inner core (259,260).
Above 500 um in diameter, spheroids are described to have a thin proliferative outer cellular layer
and an inner apoptotic and necrotic core (261,262). Histological evaluation through Hematoxylin
and Eosin (H&E) and immunofluorescence (IF) of cryo-sections was used to assess the architectural
structure, viability, and apoptosis of 624mel spheroids seeded at a density of 500 cells/well and
collected after 4, 7, 10, and 14 days of culture. H&E staining revealed a time-dependent
decellularization toward the inner core. Spheroids collected after 4 days of culture, presented high
cellular proliferation and absence of apoptosis, while those collected after 7 days showed an onset
of decellularization in the core with a reduction of the Ki67 signal and an increase in cleaved PARP
indicating apoptosis. After 10 days, the inner spheroid core presented higher apoptosis levels and

a thinning of the outer proliferative layer, until the loss of spheroid structure on day 14 (Fig. 28 B).
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Figure 28: Spheroid culture in the setup phase. A) The plot represents 624mel spheroid diameters
during a growth period of 7 days in which cells were seeded at different densities. Data shows the
mean = SD of n = 2 independent biological replicates. B) Cryo-sections of 624mel spheroids
collected after 4, 7, 10, and 14 days of culture were stained for H&E, Ki67 (proliferation marker),
cleaved PARP (apoptosis marker), and DAPI (nucleus staining). Scale bar = 300 um.

Based on these results, we used a 500 cells/well seeding density for highly proliferative melanoma
cells for most of the following assays. Given the spheroid size ranges and the absence of cell death,
we chose to take as drug-treatment starting time point at day 4, without exceeding day 10 as the
treatment end time point. Several melanoma BRAF™ !, NRAS™, and WT melanoma cell lines were
tested for their sphere formation capacity and growth as spheroids by Demetra Philippidou

(research support engineer) and Christiane Margue (research scientist) (Suppl. Fig. 1 A and B).
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Afterwards, we specifically selected four NRAS™! melanoma cell lines (two well-studied cell lines,
SKmel147 and SKmel30, and two primary metastatic melanoma cell lines, M160915 and M161022)
and assessed the growth at 4 and 9 days after seeding, showing growth in all 4 cell lines (Fig.29 A
and B). SKmel147, SKmel30 and M160915 demonstrated a high sphere formation capacity, while

M161022 showed a lower spheroid formation capacity, forming a compact 3D cellular aggregate.
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Figure 29: Melanoma cell lines cultured as spheroids. A) Spheroid morphology of the four NRAS-
mutated melanoma cell lines after 4 and 9 days of culture. B) Two established (SKmel147 and
SKmel30) and two primaries metastatic (M160915 and M161022) melanoma cell lines reached a
spheroid diameter of >300 um and >500 um after 4 and 9 days respectively of culture. Scale bar =
300 um. Data are mean + SD of n = 3 independent biological replicates.

One of the most common methods of co-culture is the simultaneous seeding of cancer cells with
other cell types of interest. First, the simultaneous seeding method was tested by co-seeding
624mel-iRFP and NHDF-GFP in ULA microplates at a 1:3 ratio and assessed the behavior of
fibroblasts after 72 hours of culture by tracking the fluorescent signal constitutively expressed by
both cell types. In line with previous observations (268), after only 24 hours of co-culture, NHDFs
rapidly concentrated in the inner core of the spheroids (Fig. 30 A), which is known to be highly
hypoxic, and lacking nutrients. To overcome these issues emphasized by the simultaneous seeding
approach, alternative seeding and culture methods were tested to confer a more equal distribution
of fibroblasts thus allowing longer survival and improved interaction with melanoma cells. Hence,

we tested a sequential seeding approach, where melanoma cells are seeded first and incubated
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for 24 hours allowing them to form spheroids before fibroblasts are added on top and incubated
for another 24 hours. Live cell imaging revealed a more equal cellular distribution through the
whole spheroid, without the concentration of fibroblasts in the inner core (Fig 30 B). These
observations are in line with the work of Yakavets et al. who observed that MRC-5 fibroblasts, co-
cultured with breast cancer cells, concentrated in the core of the spheroid after a short time in
culture (268). Furthermore, spheroids after the sequential method were slightly bigger than after
simultaneous seeding (Fig 30 C). To check whether the co-culture of fibroblasts had any
advantageous effect on melanoma growth, we tracked over time the fluorescence signal of 624mel
constitutively expressing iRFP in monoculture or co-cultured with NHDF. We observed that
melanoma cells seem to grow more when co-cultured with fibroblasts (Fig 30 D) in line with what
was observed in literature where the interaction of melanoma cells with fibroblasts increases the

proliferation and survival of melanoma cells (231,233).
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Figure 30: Simultaneous and sequential seedings for spheroid melanoma-NHDF co-culture. Live-
cell imaging of melanoma (624mel-iRFP, red) and fibroblast (NHDF-GFP, green) co-culture
spheroids generated by adopting the A) simultaneous seeding method and B) the sequential
seeding method. Pictures show spheroids 24 and 72 hours after seeding. Scale bar = 250 um. C)
Spheroid growth (diameter) compared for the two different generation methods. D) Melanoma-
specific fluorescent signal (iRFP) was tracked for 6 days to evaluate melanoma cell growth in mono-
and co-culture systems. RFU was normalized by Day 1. Data are mean % SD of n = 2 independent
biological replicates.

Finally, | tested different melanoma cell densities (500, 1000, 1500, 2000, and 2500 cells/well) co-
cultured with NHDF at a 1:3 ratio and tracked spheroid diameter and melanoma-specific
fluorescent signal. An optimal size range (Fig. 31 A) and more linear melanoma growth (Fig. 31 B)
were observed when 500 melanoma cells were seeded. Interestingly, we observed that RFU values
for all seeding conditions were very similar on day 5, while only spheroids seeded with 1000 and
500 melanoma cells/well experienced a growth in fluorescence intensity. It is hypothesized that in
conditions seeded with a higher cell density likely reached maximum saturation by day 5, after
which continued growth may have led to signal oversaturation, resulting in a reduction of
fluorescence intensity. This observation highlights the critical importance of careful optimization

during the setup phase for 3D culture assays.
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Figure 31: Different cell densities in co-culture melanoma-NHDF spheroids. A) The spheroid's
diameters were measured daily for 7 days. B) The fluorescent melanoma-specific signal was
tracked for 7 days to evaluate melanoma cell growth. Data are mean % SD of n = 2 independent
biological replicates.
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4.1.2. Characterization of Multi-component Melanoma Spheroids (MMSs)

Next, the complexity of our 3D models was further enriched by adding endothelial cells
represented by the HMEC-1 cell line. Moreover, to mimic other main melanoma metastatic sites,
besides the skin, such as the lung and the liver, we also included lung fibroblasts (MRC-5) or hepatic

stellate cells or HSC (LX-2) instead of NHDFs.

As seen before, cellular ratios are an important aspect of an efficient co-culture setting. We tested
different ratios by co-culturing melanoma cells with different genomic backgrounds (624mel
(BRAF™), SKmel147 (NRAS™), WM3918 (WT), (see Table 1) with HMEC-1, and either NHDF or
MRC-5 or LX-2. MMS-skin corresponds to melanoma cells co-cultured with HMEC-1 and NHDF,
MMS-lung corresponds to melanoma cells co-cultured with HMEC-1 and MRC-5, and MMS-liver

corresponds to melanoma cells co-cultured with HMEC-1 and LX-2.

Different cell types were added following the sequential seeding protocol introduced in4.1.1to a
constant 500 melanoma cells in the following ratios: 1:1:1, 1:3:1, 1:3:3, 1:3:10. Three melanoma
cell lines belonging the main melanoma genomic subtypes were tested. Spheroids were grown for
7 days after the seeding of fibroblast/HSC, and no major differences were observed in the spheroid
area between the different ratios (Fig. 32 A-C). Using melanoma cell lines stably expressing
fluorescent mCherry, a similar effect was observed also for the different ratios in melanoma-
specific growth by tracking their fluorescent signal (Suppl. Fig.2.). Given the lack of overall
significant differences in whole spheroid growth and specific melanoma cell growth in all the tested
ratios, we decided to adopt for all following experiments the cellular ratio of 1:3:3

(melanoma:endothelial:fibroblasts/HSC).

To visualize the morphology and distribution of live cells over time in MMS, high-resolution
confocal imaging was performed. SKmel147 (NRAS™) melanoma cells stably expressing mCherry,
dermal/lung fibroblasts and HSC expressing GFP, and endothelial cells expressing BFP allowed for
tracking the different cell components of MMSs (Fig.33) (see also the Materials & Methods
section). Imaging demonstrated consistent growth of melanoma cells across all MMS models,
indicating a favorable environment for melanoma cell proliferation within this system. Non-
cancerous cell types, specifically NHDF and MRC-5 cells, displayed similar viability, sustaining
survival until day 3 post fibroblast seeding within the spheroid structure, after which they were

increasingly overgrown by the highly proliferative melanoma cells.

59



4. Results

624mel-MMSs-Skin

Diameter um
«
2

1day 3days 6days
Days after Fibroblasts seeding

SKmel147-MMSs-Skin

Diameter pm
g

Tdaye

1day Sdays Saays
Days after Fibroblasts added

WM3918-MMSs-SKin

7aays

Diameter um

. 5888888888

624mel-MMSs-Lung

Diameter um

Diameter pm
- 2388888888

1day Sdiys sdays
Days after Fibroblasts added

Tdays

SKmel147-MMSs-Lung

Diameter pm
. g3 E8 888888

1day 3days 5days
Days after Fibroblasts added

7days

WM3918-MMS-Lung

Diameter um

1day 3days Sdays
Days after Fibroblasts added

Taays

1day miyl Sdays
Days after Fibroblasts added

Tdays

1000+
900
200
700
€00
500
400
300
2004
1004

624mel-MMSs-Liver

1day days Gdays
Days after Fibroblasts added

Tdaye

SKmel147-MMSs-Liver

=111
1:3:1

«1:3:3

- 1:3:10

1000

T T T 1
1day sdaye Sdaye Tdaye

Days after Fibroblasts added

WM3918-MMS-Liver

111
1:3:1

«1:33

«1:3:10

/

1day
Days after Fibroblasts added

3days Sdays Tdays

Figure 32: Multicomponent melanoma spheroid growth (spheroid area um?) generated using
different cellular ratios of melanoma, endothelial, and fibroblast cells. Three melanoma cell lines
of different genetic backgrounds were used to create MMSs-Skin (melanoma, HMEC-1, and NHDF),
Lung (melanoma, HMEC-1, and MRC-5), and Liver (melanoma, HMEC-1, and LX-2): A) 624mel B)
SKmel147, and C) WM3918. Data are mean * SD of n = 2 independent biological replicates.

This outcome aligns with our expectations and reflects the typical development and cellular

composition of melanoma metastases. Liver (LX-2) cells were found in the outer layer of the MMS,

displaying a totally different behavior from NHDF and MRC-5 cells which migrated inside the MMSs.

Regardless of the MMS and the melanoma cell types, HMEC-1 cells mostly reside in the inner core

of the MMS, following the same fate as NHDF and MRC-5 (Fig. 33 A-D, Suppl. Fig. 3 A-B).
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Figure 33: Live-cell imaging of MMSs. (A) Brightfield pictures of whole MMSs at day 1, 3 and 7 of
culture (days after fibroblast/HSC seeding). (B-D) Cell lines constitutively expressing fluorescent
proteins: Fluorescently labelled SKmel147 (orange-mCherry), HMEC-1 (blue-BFP), and either NHDF
(B), or MRC-5(C) or LX-2 (D) (green-GFP). Confocal images were taken at maximum intensity
projections of multiple z-stacks. Scale bar = 200 um.

Finally, histological staining was performed to study spheroid structure and architecture, cell
proliferation and apoptosis. FFPE sections of MMS-skin, -lung, and -liver were stained using
hematoxylin and eosin (H&E) to show the whole spheroid structure and cellular architecture (Fig.
34 A). Moreover, immunofluorescence staining of the sections assessed cell proliferation with an
antibody against Ki67, a key proliferation marker (Fig. 34 B). Antibodies against cell type-specific
markers were used for the histological identification of the different cell types within the MMSs:
CD31, for endothelial cells (Fig. 34 C), S100A4, for melanoma cells (Fig. 34 D), and a-smooth muscle
actin (a-SMA), a specific activated-fibroblast marker (Fig. 34 E).
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Figure 34: Histological evaluation of MMSs-skin, -lung, and -liver, generated using SKmel147 as
melanoma cell line. Shown are MMSs collected after 3 days from NHDF/MRC-5/LX-2 seeding. A)
Hematoxylin & Eosin staining for the evaluation of the structure and cellular architecture.
Immunofluorescence staining: (B) Ki67 for cell proliferation, (C) CD31/PECAM-1 for endothelial

cells, (D) S100A4 for melanoma cell identification, and (E) a-Smooth Muscle Actin (a-SMA) as a
marker for fibroblasts/HSCs activation. Scale bar = 200 um.
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Taken together, our 3D multicomponent melanoma models provide increased biological
complexity of spheroids models, showing efficient growth, and retention of cell-specific markers
and allowing for mimicking the TME of melanoma-specific metastatic sites. To further increase the

physiological relevance of the models we next included immune cells.
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4.1.3. Characterization of MMSs co-cultured with PBMCs

The immune system plays an important role in tumor control and, in the last decades, immune
therapies represented a major groundbreaking step forward in cancer therapy, especially in
melanoma. 3D models capable of mimicking the interaction of cancer cells with immune cellular
compartments are needed to test novel immune therapeutic agents efficiently and at the same
time limiting animal experiments. In this regard, we also included immune cells in our MMS models,

by co-culturing MMSs with peripheral blood mononuclear cells (PBMCs).

MMSs were generated as previously described (see: 4.1.2.Characterization of MMSs) and after 3
days after the fibroblasts/HSC seeding, PBMCs (isolated from healthy donors) were added in a 1:10
ratio (1:10 ratio of MMS total cells to PBMCs) and cultured for further 3 days. (Fig. 35) Anti-CD28
antibody was added to the medium to ensure the necessary co-stimulatory signals to activate

immune cells.
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Figure 35: Sequential seeding protocol for Melanoma Multicomponent Spheroid (MMS)
generation including PBMCs. On Day -1, melanoma and endothelial cells are seeded at a 1:3 ratio.
One day later (Day 0), 3 parts of fibroblasts or HSCs are added on top (final ratio: 1:3:3). After 3
days of culture, MMSs can be co-cultured with PBMCs at a 1:10 ratio. Anti-CD28 antibody is added
for co-stimulatory signals for activation of immune cells. Created with Biorender.com.

To determine whether or not immune cellular fractions had infiltrated the MMSss, the supernatant
and MMSs were collected separately, dissociated, stained with a specific panel of antibodies and
analyzed by flow cytometry (Fig. 36). Identification through flow cytometry of the different PBMC

populations co-cultured with MMSs was performed by Eliane Klein (R&D specialist in our group).
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Figure 36: Flow-cytometry gating strategy for identification of different immune cell populations
using a specific panel of antibodies. Arrows indicate in which order the gating was performed.

Major fractions of alive CD45+ cells were still present in the supernatant, while less than 50% had
infiltrated the MMSs with the highest infiltration in MMS-liver models (Fig. 37 A). Among CD45+
cells, CD3+ lymphocytes were the largest infiltrative population compared to CD56+ natural killer
(NK) cells, and CD11b+ and CD14+ monocytes (Fig. 37 B). ICl therapies mostly rely on the activation
of lymphocytes, especially of cytotoxic T-cells, which efficiently kill cancer cells. Given the
predominant infiltrative presence of CD3+ cells, discrimination between CD8+ and CD4+ cells
revealed relevant levels for both cell types with a higher presence of CD4+ cells (Fig. 37 C). The
panel of antibodies also included specific markers for tumor-associated macrophages (TAMs) such
as CD163 and CD206. Given the polarization of macrophages to TAMs, the expression of CD163
and CD206 was evaluated by median fluorescence intensity depicting a higher expression of CD163

(Fig. 37 D).

To conclude, the efficient co-culture of immune cells with our MMS models illustrates the
employability of such models even for immune therapeutic agent screenings. Further refinements

of immune cells co-cultured with MMSs are currently ongoing.
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Figure 37: Quantification of PBMC populations able to interact/infiltrate the MMSs (iMMS) or
remaining in the supernatant (o0MMS). Data are mean of n = 3 independent biological replicates.
A) The PBMC populations in the supernatant remain stable across the three MMS types (skin, lung,
and liver), while the interacting/infiltrating fractions show heterogeneity across the MMS types.
(B) Immune cell fractions for iMMSs and oMMSs identified CD3+ lymphocytes, CD56+ Natural Killer
cells and CD11lb+ and CD14+ monocytes. (C) CD8+ and CD4+ T-cell fractions within the
CD3+lymphocyte population. C) Median Fluorescence Intensity (MFI) is depicted to assess tumor-
associated macrophages (CD163 and CD206).

4.1.4. Assays to assess drug efficacy

A major application of the developed multi-component melanoma spheroid models is their use in
drug screening facilitating more efficient evaluation of novel anti-melanoma compounds. To
establish different readout assays for assessing drug efficacy, we selected a potent MEKi
(Trametinib) used off-label in NRAS™* and WT melanoma treatment. The following assays were

performed on MMSs in the absence of PBMC co-culture.
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Cell viability assay: Trametinib (500nM) was added on day 3 of MMS formation (Fig. 35) and after
4 days, the viability of the whole spheroid was assessed by measuring the ATP content (Cell-Titer
Glo 3D Cell Viability Assay). As expected, SKmel147 (NRAS™!) and WM3918 (BRAF/NRAS wt)
showed high sensitivity to Trametinib (Fig. 38 and Suppl.Fig. 4 A). At the same time, 624mel
(BRAF™Y) cells were less sensitive to the MEKi (Suppl.Fig. 4 B). In this drug-response assay, no
particular differences were seen between the MMS models. Likely, the test of more specific
compounds utilizing a tailored cancer-specific concentration (for instance IC50 values), can result

in different drug responses given the interaction of cancer cells with different stromal cell types.

Cell death assay: Induction of cellular death, specifically early and late apoptosis is an important
aspect to assess anti-cancer compound efficacy. After 4 days of treatment with Trametinib, MMSs
were dissociated, stained with a combination of fluorogenic substrates for caspase 3 and caspase
7 activity (early apoptosis) and propidium iodide (late apoptosis, necrosis), and analyzed by flow
cytometry. Trametinib-treated MMS-Skin and -Lung had similar features with a high presence of
late-apoptotic cells. At the same time, MMS-Liver still presented a remarkable fraction of early-

apoptotic cells, displaying differences in drug response depending on the MMS model (Fig. 38 B).

Kinetic cell proliferation: The kinetic evaluation of drug response is a valuable assay to determine
when the drug starts to have an impact specifically in targeted cancer cells. We used SKmel147
stably expressing mCherry fluorescent protein to generate MMS models and followed the
fluorescent signal over 4 days of treatment. MEK inhibition showed a similar kinetic profile among

the MMS models (Fig. 38 C).

In conclusion, with these methods, a versatile set of read-out assays had been established allowing
to efficiently analyze drug response in advanced 3D models. The described methodology has been
published in STARprotocols (CellPress) in 2024: “Protocol to generate scaffold-free,
multicomponent 3D melanoma spheroid models for preclinical drug testing”. Refer to Appendix

4.
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Figure 38: Assays evaluating drug efficacy in MMS models. Trametinib was used at 500 nM
concentration, DMSO at 0.1%. A) MMS cell viability is assessed using an end-point luminescence-
based assay measuring cellular ATP content (3D Cell Titer Glo®) after 96 hours. The tested
compound (Trametinib), vehicle, and positive control (Staurosporine 1uM) are represented for
MMSs-skin, -lung, and -liver. Data are mean = SEM of n = 3 independent biological replicates. B)
Representative dot plots of an apoptosis assay. Cells were treated with Trametinib for 4 days or 1
UM Staurosporine (positive control) for 24h. DMSO was used as a vehicle control. Double staining
with Caspase 3-7 and propidium iodide allows us to determine the ratio of early apoptotic (positive
for Caspase), late apoptotic (positive for both markers), and necrotic cells (positive for propidium
iodide). C) The fluorescent signal emitted by labeled melanoma cells is captured every four hours
for the kinetic evaluation of drug efficacy. Plotted is the kinetic profile of MMSs-skin, -lung, and -
liver treated for 96 hours with Trametinib, DMSO, and Staurosporine 200 nM. Data are mean + SD
of n = 3 independent biological replicates.

4.2. Generation of primary metastatic melanoma cell lines derived from patient
samples

To enhance the translational relevance of our models, we aimed to establish and cultivate primary
cell lines derived from melanoma metastases provided by our clinical collaborator, Prof. Jochen
Utikal (University Medical Center Mannheim, Germany). Through the support of the Pelican Grant
(2023), which facilitates international research exchanges for doctoral students, | had the
opportunity to undertake a research visit to Prof. Mitchell Levesque’s laboratory and melanoma
biobank at the University Hospital of Zurich, Switzerland. During this period, | acquired expertise in
processing whole metastatic biopsies for slow-freezing preservation and in generating primary
metastatic melanoma cell lines. We received several specimens from our clinical collaborator;
however, due to delivery challenges and the highly necrotic nature of the metastasis (Fig. 39 A-D)
highlighted by the prominent presence of necrotic fluid, extracting viable cells from these samples
proved difficult. In a next attempt, we successfully established a primary cell line from a BRAFV60%¢

mutated melanoma breast and lymph node metastasis (Fig. 39 E and Fig. 40), which we have

designated as MelLux19.

To establish this cell line, two distinct methodologies previously described by Levesque’s group
were tested (316). These approaches were specifically designed to enhance the purity of
melanoma cells and effectively eliminate fibroblasts, which are notoriously challenging to remove

during the generation of primary cancer cell lines.
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Figure 39: Melanoma patient metastasis samples. A-D) An NRAS™*' (Q61K) subcutaneous
melanoma metastasis, which we first removed all the non-cancerous tissue by following the
melanotic edges (A-B) and then chopped it in 3-millimeter pieces for frozen preservation (C-D).
Cutting of metastasis released a huge amount of necrotic and melanotic fluid (C). E) MelLux19, a
BRAF™(V600E) breast melanoma metastasis, which was processed as for MelLux18, and
successfully generated a primary melanoma cell line.

Initially, the patient’s metastatic tissue was processed by carefully excising non-cancerous regions,
guided by the melanotic edges of the tumor. The tumor was then sectioned into fragments
approximately 3 millimeters in diameter and preserved in cryovials containing FBS supplemented
with 10% dimethyl sulfoxide (DMSQ), subsequently stored in liquid nitrogen as “slow-frozen
biopsies”. A subset of these tumor fragments was enzymatically dissociated using a combination
of Dispase Il and Collagenase. The resulting cell suspension was filtered to obtain a single-cell
solution for further processing. A portion of the cell suspension was utilized for the first method
of primary cell line generation, as described by Raaijmakers et al. (316). In this approach, the
solution was directly plated into an adherent flask, allowing cells to attach over a period of several
days. During the initial phase, the medium was exchanged infrequently (approximately once a
week or every two weeks) to create a nutrient-deprived environment. This strategy was aimed at
selectively starving fibroblasts while allowing melanoma cells, which are more resilient under such
conditions, to survive. When necessary, differential trypsinization was employed to further reduce
fibroblast contamination. After several weeks of culture, the melanoma cell population appeared
morphologically homogeneous (Fig. 40 A), although the cells displayed low pigmentation levels
(Fig. 40 B). Immunofluorescence analysis revealed weak expression of key melanoma markers,

including MLANA-MART-1, HMBA45, and tyrosinase, (included in “melanoma antibody cocktails”).
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Furthermore, fibroblast contamination remained evident, as confirmed by positive staining for
fibroblast markers such as a-SMA and TE-7 (an antibody for stromal cell identification specifically

used for fibroblast identification) (Fig. 41 A).

Figure 40: Two methods were tested to generate MelLux19 primary cell line. A) The image shows
MelLux 19 after 20 days from the tumor dissociation and directly seeded in an adherent plate. B)
Pellet of MelLux 19 after 20 days of culture. C) The image shows MelLux19 in the ULA plate after 7
days from the tumor dissociation. D) MelLux 19 after 13 days from the initial 7 days of non-
adherent culture treatment (second method). E) A pellet of MelLux 19 after 20 days was generated
using the second method. Images: brightfield, 4X objective, scale bar = 1000 um.

Conversely, the second fraction of the single-cell solution obtained from the enzymatic dissociation
of the tumor was used for a different primary cell line generation method. In this approach, the
cells were cultured for approximately one week in an ultra-low attachment (ULA) plate (Fig. 40 C)
with RPMI medium supplemented with factors commonly used in organoid culture (320). These
included RHO/ROCK pathway inhibitors (Thiazovivin), to minimize Anoikis (a type of programmed
cell death triggered by the loss of cell contact) and increase stemness and self-renewal (321,322),
TGF-PB receptor inhibitor (A83-01), to reduce SMAD-driven apoptosis (323); and EGF, to enhance
cell proliferation and survival. After this initial culture phase (approximately 7 days), the floating
cells were transferred to an adherent flask. This method resulted in a highly homogeneous
melanoma cell population with typical melanoma morphology (Fig. 40 D) and pronounced

pigmentation (Fig. 40 E), closely resembling the original tumor (Fig. 39 B).
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Furthermore, the resulting cell population exhibited a higher enrichment of melanoma-specific
markers, with no detectable positivity for fibroblast-specific markers (Fig. 41 B). In conclusion, for
this case study, the pre-culture of dissociated cells in ULA plates with medium supplemented with
factors commonly used in organoid culture proved to be a more effective method for generating
melanoma primary cell lines with minimal or no fibroblast contamination, in a shorter period of
time. However, the study’s limitations include the small number of samples tested, necessitating

the evaluation of a larger sample set to confirm the superior efficacy of this approach.

Figure 41: Melanoma cell purity in MelLux19 cell population by immunofluorescence. A) MLANA-
MART-1 and an antibody cocktail (“melanoma cocktail”) were used to identify the melanoma-
specific population, while a-SMA and TE-7 were specifically used to identify fibroblastic
populations in MelLux19 obtained with the first primary cell line generation method. B) Melanoma-
and fibroblast-specific markers used to identify the two cell types within MelLux19 cell population
were obtained using the second primary cell line generation method. Images: Confocal microscope,
20X objective, scale bar = 200um.
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4.3. Generation of Xeno-free Hydrogel-Embedded melanoma co-cultures for
preclinical drug testing

Incorporation of extracellular matrix (ECM) is critical for enhancing the physiological relevance of
preclinical 3D melanoma in vitro models, as it enables the replication of cell behavior in a tissue-
like environment. To explore this, we encapsulated melanoma cells (624mel) and fibroblasts
(NHDF), which were stably transduced to express iRFP and GFP, respectively, within various ECM
types. The tested matrices included animal-derived and synthetic options: 1) Matrigel® (a matrix
predominantly composed of 60% laminin, 30% Collagen IV, and 10% of other basal membrane
components, derived from Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells), 2) PeptiGel® (a
hydrogel formed by self-assembling oligo-peptides 3D fibrillar structures), and 3) ECTICA™ (a
hydrogel based on polyethylene glycol).

Day1 Day 3 Day 8

624mel iRFP
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NHDF
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Figure 42: Tested matrices for the encapsulation of melanoma and TME cells co-culture. A)
Melanoma cells (624mel iRFP, red) co-cultured for 8 days with fibroblasts (NHDF-GFP, green) and
embedded in Matrigel®. B) Melanoma cells (624mel iRFP, red) co-cultured for 8 days with
fibroblasts (NHDF-GFP, green) and embedded in PeptiGel®. C) ECTICA™ 3DProSeed™ technology
with a PEG-based hydrogel pre-casted using an in-depth cross-linking density gradient (low density
at the top and high density at the bottom) in a 96-well plate format plate. D) NHDF cultured in
3DProSeed™ plates for a total of 14 days. Images: widefield microscope, 4X objective, scale bar =
1000 um.
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The co-culture embedded in Matrigel® (Fig. 42 A) exhibited melanoma tumoroid-like growth
within 3 days of culture, with this effect becoming more pronounced after 8 days. However, the
fibroblasts showed no significant growth or characteristic morphology (spindle shape), suggesting
Matrigel® may not be suitable for fibroblast proliferation. In contrast, PeptiGel® (Fig. 42 B)
demonstrated even poorer performance; neither melanoma cells nor fibroblasts exhibited growth
or proper morphology after 3 days of culture. Additionally, PeptiGel® presented technical
challenges, including difficulties in handling and polymerization, as evidenced in the brightfield
image in Figure 42 B. To address the limitations of previous matrices and promote proper growth
of both melanoma cells and fibroblasts, we tested a polyethylene glycol (PEG)-based hydrogel
bioconjugate with RGD (arginyl-glycyl-aspartic acid, a key cell adhesion motif found in fibronectin
and recognized by integrins (324)) and matrix metalloproteinase (MMP)-cleavable sites. The
hydrogel was cross-linked with transglutaminase (Factor Xlll) and pre-casted using an in-depth
cross-linking density gradient (low density at the top and high density at the bottom) in a 96-well
plate format plate (3DProSeed™), provided by ECTICA Technologies (Zurich, Switzerland) (Fig. 42
C). NHDF were seeded at a density of 10x10° cells on top of the hydrogel and cultured for 14 days.
By day 3, fibroblasts began adopting a proper 3D morphology, elongating through the hydrogel
gradient, and achieved full development after 10-14 days of culture (Fig. 42 D). After confirming
the suitability of fibroblasts to grow in the synthetic hydrogel matrix, | extended the analysis to
evaluate the growth and behavior of a panel of melanoma cell lines representing various genomic
subtypes cultured in this animal-free synthetic hydrogel. The selected panel included 3
commercially available melanoma cell lines: 624mel (BRAF™?), SKmel147 (NRAS™!), and WM3918
(BRAF"'/NRAS"Y); as well as two treatment naive (BE) and two treatment resistant (AF) primary
melanoma cell lines for each genomic subtype. Among the BRAF™! melanoma cell lines, 3/5
showed growth over time (Fig. 43 A), exhibiting diverse phenotypes such as tumoroid-like
structures (624mel) or more dispersed, single-cell proliferation (BE-2 and AF-6) (Fig. 43 B). For
NRAS™* melanoma cell lines, 5/5 demonstrated growth (Fig. 43 C), characterized by varied growth
patterns, including single-cell proliferation (SKmel147 and BE-1), aggregates (AF-5 and AF-6), and
tumoroid-like structures (BE-2) (Fig. 43 D). A similar trend was observed in WT primary melanoma
cell lines, all of which grew over time (Fig. 43 E) with distinct phenotypes, such as tumoroid-like
growth (WM3918 and BE-1), single-cell proliferation (BE-2), and aggregate formation (AF-5 ad AF-
6) (Fig. 43 F). These findings highlight the hydrogel’s suitability not only for fibroblast culture but
also for supporting the growth of a wide range of melanoma cell lines, thereby offering a promising
platform for developing efficient melanoma co-culture hydrogel models. However, certain

melanoma cell lines, particularly those forming tumoroid-like structures, faced challenges in deeply

73



4. Results

penetrating the full thickness of the hydrogel. These cells were prone to removal or damage during
medium exchange required for long-term culture. To address these challenges, we opted to utilize
the same PEG-based hydrogel matrix but encapsulated the cell co-culture in dome-shaped
constructs (Fig 44 A). To evaluate the feasibility of a co-culture model using this PEG-based
hydrogel as the matrix, we co-cultured SKmel147-mCherry melanoma cells with fibroblasts or
hepatic stellate cells (HSCs) stably labeled with GFP, seeding 1x10°® melanoma cells and 3x10°
fibroblasts per dome. This setup mirrored key melanoma metastatic sites by incorporating NHDF
(dermal fibroblasts), MRC-5 (lung fibroblasts), and LX-2 (HSCs), previously used in Melanoma
Multicomponent Spheroid (MMS) model generation. Over 10 days, melanoma cells demonstrated
efficient growth (Fig. 44 B and C) accompanied by increased melanin production (Fig. 44 D) across

all co-culture conditions.
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Figure 43: Panel of commercially available and primary melanoma cell lines cultured in PEG-
hydrogel. A) BRAF™ melanoma cell growth was measured by the area covered by cells after 7 and
10 days of culture. B) Images showing the BRAF™" melanoma cells after 3, 7, and 10 days of culture.
C) Calculated area covered by NRAS™! melanoma cells after 7 and 10 days of culture. D) Images
showing the NRAS™* melanoma cells after 3, 7, and 10 days of culture. E) Calculated area covered
by WT melanoma cells after 7 and 10 days of culture. F) Images showing the WT melanoma cells
after 3, 7, and 10 days of culture. Images: brightfield, 4X objective, scale bar = 1000 um. Data are
mean  SD of n = 2 independent biological replicates.
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Figure 44: Embedding of melanoma-fibroblast/hepatic stellate cell (HSC) co-culture in PEG
hydrogel domes. A) Schematic representation of melanoma-TME cells co-culture embedded in PEG
hydrogel and seeded as domes in 96 well plates. B) Skmell147-mCherry proliferation co-cultured
with NHDF (dermal), MRC-5 (lung), and LX-2 (liver) calculating the area covered by the fluorescent
signal emitted by melanoma cells after 1, 7, and 10 days of culture. C) The panel represents the
three types of melanoma co-culture models after 1, 7, and 10 days of culture. In red, SKmel147-
mCherry. In green, either NHDF (dermal), MRC-5 (lung), and LX-2 (liver), expressing GFP. D) Melanin
production among the different models along a 10-day culture period. E) Area covered over time
by the GFP signal emitted by NHDF, MRC-5, and LX-2 co-cultured with melanoma cells in the three
models. Images: widefield microscope (brightfield and fluorescence), 4X objective, scale bar = 1000
pm. Data are mean % SD of n = 2 independent biological replicates.

Fibroblasts (NHDF and MRC-5) initially exhibited a slight reduction in growth by day 7, followed by
a recovery by day 10, while HSCs (LX-2) maintained consistent proliferation throughout the
experiment (Fig. 44 E). Based on image analysis, we hypothesized that the observed temporary
reduction of the fibroblast area resulted from a minor fraction of cells dying due to the
encapsulation process, after which the surviving majority resumed proliferation, adopting a
physiological spindle-shaped morphology and expanding their coverage area. To enhance the
biological complexity of the melanoma-fibroblast co-culture models, endothelial cells (HMEC-1)

were incorporated into the models.

The aim was to recreate a tissue-like architecture by increasing the stromal cell density, by seeding
10x10° fibroblasts and endothelial cells, and 1x10% melanoma cells (due to their high proliferative
features). Given the need for extensive optimization to establish suitable culture conditions for
three cell types, NHDF was selected as the reference fibroblastic cell type for these initial
experiments. Encapsulation in hydrogel domes of SKmel147-mCherry melanoma cells with NHDF-
GFP fibroblasts and HMEC-1-BFP endothelial cells demonstrated significant melanoma cell
proliferation and moderate fibroblast growth, but a decline in HMEC-1 viability (Fig. 45 A-B). This
reduction was likely due to the absence of essential factors in the medium to support endothelial
cell survival. To address this, varying concentrations of vascular endothelial growth factor (VEGF),

a key cytokine for endothelial cell proliferation, survival, and sprouting (325), were tested.
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Figure 45: Hydrogel-embedded triple melanoma co-culture. A) Panel represents SKmell47-
mCherry (red) co-cultured with NHDF-GFP (green) and HMEC-1-BFP (blue) embedded in PEG-based
hydrogel domes over 10 days. Images: widefield microscope, 4X objective, scale bar = 1000 um. B)
Calculated Area by following the fluorescent signal of every cell type in the co-culture system until
day 10 of culture. C) Time-lapse confocal microscopy showed the proliferation of co-cultured cells
in the presence of different concentrations of VEGF supplemented in the medium. Images: confocal
microscope, 4X objective, scale bar = 300 um. Data are mean + SD of n = 2 independent biological
replicates.
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It was crucial to monitor the behavior of fibroblasts and melanoma cells to ensure their normal
growth was not adversely impacted by VEGF. Time-lapse confocal microscopy over a 7-day culture
period confirmed that the addition of 10 ng/mL of VEGF to the medium improved HMEC-1 survival
compared to the VEGF-free medium while minimally affecting the physiological growth of

melanoma cells and fibroblasts (Fig. 45 C).
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Figure 46: Assessment of drug treatment in hydrogel melanoma co-culture models. A) On the left, is the
relative growth of each cell type used in the dermal hydrogel co-culture model, before and after drug
treatment. The area was evaluated by following the different fluorescent signals emitted by the cells. The
red arrows indicate the onset of the treatment. On the right, confocal pictures of the untreated and treated
dermal co-cultures after 14 days. Images: confocal microscope, 4X objective, scale bar = 300 um B) Relative
growth of each cell type used in the lung hydrogel co-culture model, before and after drug treatment. C)
Relative growth of each cell type used in the liver hydrogel co-culture model, before and after drug
treatment. D) Cell viability was assessed after 7 days of treatment on untreated (CTRL) and treated
(Trametinib) dermal melanoma models. E) Cell viability was assessed after 7 days of treatment on lung
melanoma models. F) Cell viability was assessed after 7 days of treatment on liver melanoma models. Data
are mean + SD of n = 2 independent biological replicates.
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The primary goal of developing these advanced in vitro 3D models is to utilize them as pre-clinical
platforms for more effective validation of novel anti-melanoma drugs. To achieve this, we
implemented kinetic and cell viability assays to evaluate the efficacy of various drugs. Using
confocal time-time lapse microscopy, the behavior of various cell types in hydrogel-embedded

models was followed using the constitutive expression of different fluorescent proteins.

In this experiment, SKmel147-mCherry was co-cultured with HMEC-1-BFP, along with either NHDF-
GFP (dermal), MRC-5 (lung), or LX-2 (liver) cells (Fig. 46). After 7 days of co-culture, the models
were treated with a high dosage of Trametinib (MEKi), 10-times the IC50 value for SKmel147, for
an additional 7 days. As anticipated, melanoma cells exhibited a significant response to the
treatment, with a clear reduction in the mCherry area. Interestingly, stromal cells demonstrated
higher survival at day 14 in most of the models compared to the untreated controls. This may be
attributed to the reduced pressure from melanoma cells, which proliferate faster than the other
components of the tumor microenvironment (TME) (Fig. 46 A-C). In addition, we evaluated the cell
viability of the entire co-culture system at the endpoint (day 14) using an ATP-luciferase-based
assay (CellTiter-Glo® 3D Cell Viability Assay, Promega). While treated models exhibited significantly
lower cell viability compared to untreated controls (Fig 46 D-E), further tests are necessary to

confirm proper reagent penetration through the hydrogel matrix and effective cellular lysis.

Finally, we investigated whether the hydrogel-embedded co-culture models could accommodate
patient-derived primary melanoma cells. Preliminary findings, illustrated in Figure 47,
demonstrated that MelLux19, a BRAF™ ' primary melanoma cell line (previously described in
Chapter 4.3) and transiently labeled with a near-infrared fluorescent dye, successfully co-cultured
for 10 days with NHDF-GFP and HMEC-1-BFP (Fig. 47 A-B). Furthermore, immunofluorescence
analysis revealed substantial deposition of type | Collagen, a primary component of the ECM (Fig.
47 C). This phenomenon was likely attributed to the degradation of PEG via MMP-cleavable sites
and the subsequent deposition of ECM components synthesized by the encapsulated cells,

enhancing the physiological relevance of the models.

In conclusion, we successfully established animal-free, matrix-embedded co-culture melanoma
models, providing a robust platform for advanced preclinical in vitro studies to evaluate the efficacy
of novel therapeutic compounds. However, further experiments are required to enhance the
model’s characterization and to improve the vascularization potential of endothelial cells.
Additionally, optimizing co-culture conditions for freshly derived patient melanoma cells remains

a critical area for future investigation.
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A MelLux19 B C Collagen|

Figure 47: Hydrogel-embedded MelLux19 co-culture dermal model. A) MelLux19 transiently
labeled with near-IR dye. B) Merged picture of MelLux19 (red) with NHDF-GFP (green) and HMEC-
1-BFP (blue), after 10 days of culture. C) Collagen | fibrils (red) into the hydrogel co-culture after 10
days and identified by immunofluorescence. Images: confocal microscope, 20X objective, scale bar
=200 um

4.4. High-throughput Drug Screening (HTS) for the identification of novel drugs for
NRAS™ut BRAF"t/NRAS™, and BRAF™ melanoma

Currently, late-stage melanoma patients bearing BRAF mutations have effective approved first-line
treatments mostly represented by combinations of targeted therapies and immune checkpoint
inhibitors, while such therapies are not available for other melanoma genomic subtypes such as
NRAS™! and BRAF*/NRAS". Moreover, a significant fraction of patients develop resistance to
available therapies, underscoring the urgent need for novel therapeutic approaches. To address
this, we conducted high-throughput screening (HTS) using 3D spheroid cultures to improve the
reliability of drug effects. Many of the tested compounds were already FDA-approved for other

diseases, thus positioning them as potential repurposed treatments for melanoma.

4.4.1. High-throughput screening assay development
A semi-automated robotic platform, referred to as “Disease Modelling and Screening Platform”
(DMSP) installed at the LCSB in the University of Luxembourg, was utilized to conduct high-

throughput drug screening (HTS). Prior to screening the selected drug libraries, preliminary studies

were undertaken to establish the complete HTS workflow.

For the screening, three melanoma cell lines representing the key genomic subtypes were chosen:

624mel (BRAF™), SKmel147 (NRAS™), and WM3918 (BRAF"t/NRAS™).
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The 624mel-iRFP (BRAF™ ) cell line was initially selected to establish the HTS workflow, as it was
the most extensively studied in the laboratory and demonstrated the highest capacity for sphere
formation. However, given the need for new therapies targeting NRAS™* and WT melanoma, we
subsequently prioritized screening and validating novel compounds for NRAS™' and WT
melanoma. Optimizing the culture volume was an important first step, as incorrect volumes can
hinder proper cell growth and yield inaccurate drug response data. To enhance throughput, we
utilized 384 well-format plates for the HTS. Cells were initially seeded at a density of 500 cells/well
(see chapter 4.1.1) in a volume of 80 uL/well, and after 3 days, 60 uL/well of the medium was
replaced with fresh media. However, we observed that the medium exchange process resulted in
the unintended removal of multiple spheroids from the wells (Fig. 48 A), which poses a significant
challenge for future HTS experiments, as each drug library compound is associated with a specific

well.

To prevent the loss of spheroids during the medium exchange, we adopted a “no-exchange
approach”, where all subsequent steps involved the addition of solutions without replacing the
medium. Cells were seeded in a volume of 20 uL/well, and after 3 days, a dilution series of Foretinib
as a positive control, potentially inducing cell death, along with an additional 40 uL/well was added.
To ensure that reducing the seeding medium volume did not affect normal spheroid growth, we
monitored spheroids over 3 days. No significant difference was observed between the two initial
volume conditions (Fig. 48 B). Additionally, a 5-day treatment period was identified as the optimal
endpoint for the assay, as it provided the best Z’-factor (Fig. 48 C), the most consistent Foretinib
dose-response curve (DRC) (Fig. 48 D), and a robust coefficient of variation (CV) of less than 15%

across all the conditions.

Lastly, we evaluated various cell densities for the SKmel147-mCherry and WM3918-mCherry (0.5
x 103, 1 x 103, 2.5 x 103, 5 x 103, and 10 x 103 cells/well). Based on spheroid growth over an 8-day
period, and using the growth of 624mel as a reference, we identified 5 x 10® cells/well as the

optimal initial density for SKmel147 (Fig. 49 A), and 10 x 103 cells/well for WM3918 (Fig. 49 B).

Our goal was to develop an HTS workflow suitable for cells directly derived from melanoma
patients. However, primary cells are not ideal for stable transduction with fluorescent proteins
because of low transduction efficacy. To address this, we selected Calcein AM as a live-cell staining
reagent to assess cell viability, tracking the green fluorescent signal emitted by viable cells (Fig. 49

C) for subsequent high-content imaging analysis (Fig. 27 B).
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Figure 48: HTS assay development. A) Images represent 624mel-iRFP cultured as spheroids before and after
the medium exchange. White boxes highlight wells where spheroids were removed due to the medium
exchange process. B) Area followed over 3 days to evaluate the growth of spheroids cultured in two different
culture volumes. C) Z'-factor of the tested plate over a period of 7 days. D) Dose-response curve of Foretinib
generated as assay control quality step. CTRL+ is Foretinib used at 30uM.
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Figure 49: Spheroid growth of NRAS™* and BRAF"!/NRAS"* melanoma cell lines selected for the
screening. A) Area of SKmel147 spheroids measured following mCherry signal over a period of 8
days, and B) WM3918 cell line. C) Representative full-plate maximum intensity projected pictures
of Calcein AM stained spheroids.

With this, we successfully developed a semi-automated high-throughput drug screening workflow

that enables the testing of thousands of compounds on 3D spheroid cancer models.

4.4.2. High-throughput screening

Following the establishment of a robust and reproducible HTS workflow, we proceeded to
evaluate two drug libraries (Prestwick Chemical Library® and Melanoma Drug Library, detailed in
chapter 3.3.1 and Annex 1) focusing on the two melanoma genomic subtypes with limited
approved therapeutic options: SKmel147 (NRAS™*) and WM3918 (BRAF*'/NRAS"'). Additionally,
we conducted HTS on 624mel (BRAF™),
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Drug libraries (1328 compounds in total) were tested at two concentrations: 10 uM, which
corresponds to a standard concentration in HTS and 1 uM to also have concentrations where off-

target effects are less significant.

Before analyzing the HTS data for hit drug identification, essential quality control steps were
conducted. The Z'-factor, a statistical metric assessing HTS assay quality, was utilized. The Z’-factor
ranges between 0 and 1, where a score of zero indicates overlapping negative and positive controls,
suggesting poor assay quality, while a score of 1 signifies well-separated controls, reflecting an
ideal assay (326). DMSP set a Z’-factor standard of >0.3, though our assays exceeded this with a Z’-
factor above 0.5, indicating excellent assay quality (Fig. 50 A). Another important metric, the
coefficient of variation (CV), quantifies data dispersion relative to the mean. With DMSP’s standard

set below 15%, our assays maintained a CV below 10%, demonstrating robustness (Fig. 50 B).

Bl Skmel147_1uM

A =3 Skmel147_10uM
= WM3918_1uM
Z'-Factors =9 WM3918_10uM
1.0
0.8
Sos
o
S
N 0.4
0.0

12345678910 12345678910 12345678910 12345678910
Plate number

Coeff.Variation%
20+

15de = = o - ----------

12345678910123456789101234567891012345678910
Plate number

Figure 50: Quality control steps for HTSs. A) Z'-factor for each screened plate. The quality assay
acceptance threshold is >0.3. B) Coefficient of variation (%) referred to DMSO control for each
screened plate. The quality assay acceptance threshold is <15%.
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Hit drug identification was a multi-step process designed to select promising drugs for further

validation:

1) A statistical model based on the three-sigma rule was applied to analyze the raw total Calcein
AM area of spheroids, as obtained by image segmentation. Only those measurements that
deviated by at least three standard deviations from the mean of the DMSO control (cut-off) in both

duplicates were selected for the next selection step (Fig. 51 A).
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Figure 51: Hit drugs selection process. A) Scatter plots represent the duplicates for a screened set
of drugs. Red dashed lines indicate the plate-specific statistical threshold below which compounds
are selected for further steps. Examples of compounds A and B are highlighted; compound A was
selected for further evaluation, while compound B, which was only effective in one of the two
tested duplicates, was not chosen for further consideration. B) Calcein AM stained HTS plate. Red
boxes highlight the plate edge effect. C) Scheme of the multi-step selection process is represented.
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2) After normalizing the data to the DMSO control for compounds identified in step 1, only those
that showed cell viability below 50% in both duplicates were selected. The number of compounds
identified at each step is detailed in Table 2. To assess reproducibility between the biological
replicates, we calculated Pearson’s correlation coefficients, with values above 0.5 for SKmel147
(0.67 for 10 uM and 0.5 for 1 uM) (Suppl.Fig. 5 A-B), and values slightly below 0.5 for WM3918
(0.43 for 10 uM and 0.44 for 1 uM) (Suppl.Fig. 5 C-D). These results align with expectations given

the increased heterogeneity inherentin 3D culture systems compared to 2D culture methods (327).

SKmell147 1uM  SKmel147 10pM Common
for 1-10pM
First 55 152 53
Second 15 52 15
WM3918 1uM WM3918 10uM Common
for 1-10uM
First 122 147 64
Second 40 39 19

Table 2: Number of drugs identified for the first two steps of the selection process for both cell
lines and tested compound concentrations.

3) Confirmation of the effect of the identified compounds by manually inspecting images of Calcein
AM-stained spheroids was performed. Despite removing external wells from the plate to minimize
the “edge effect’, several wells were still affected, leading to the exclusion of various compounds,
as exemplified in Fig. 51 B. Moreover, we conducted further literature research on each
compound, including FDA status, information on potential toxicity, and information on concluded,
terminated, or ongoing clinical trials in melanoma or other cancers, as well as the published
support of each compound to the targetable pathway. This third selection step was supported by

a Master's student (Fizza Irfran), who was co-supervised by me.

A schematic representation of the selection process is shown in Figure 51 C. Ultimately, 20 hit

drugs (Table 3) were selected for further validation through DRC generation.
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Drug Target
Albendazole Beta tubulin
AZD6738 ATR
Canct Topoi 1
CHIR-124 CHK1
Cladribine R'b:n'du:cl‘-::do
m&”mi Topoisomerase I
Entinostat HDAC
hsg:‘e?ﬁ:d. Topoisomerase Il
Irinotecan
hydrochloride Topoisomerase |
trihydrate
Itopride D(zze::::on:lm
Lanatoside C P';:mf'm!mo
Obatoclax Bcl-2
PD0325901 MEK
Proscillaridin A P';:m 1":;—';}’,'::"
sz CKla
TAK-733 MEK
Thioridazine Dopaminergic D1
hydrochloride and D2 receptors
e Topoi 1
Ulixertinib ERK
XL888 HSP90

FDA

approved

YES

NO

NO

NO

YES

YES

NO

YES

YES

NO

NO

NO

NO

NO

YES

NO

YES

YES

NO

NO

Cell line

specificity

WM3918

SKMEL147

SKMEL147

SKMEL147

SKMEL147

BOTH

SKMEL147

SKMEL147

SKMEL147

WM3918

SKMEL147

BOTH

SKMEL147

SKMEL147

BOTH

SKMEL147

WM3918

BOTH

SKMEL147

SKMEL147

Tharspeic Targeted pathway
Antihelminti Cytoskel
Antineoplasti DNA synthesi:
Antineoplasti DNA synthesi
Antineoplastic Cell cycle
Antineoplasti DNA synthesi
Antibacterial DNA synthesis
Antineoplasti Epigeneti
Antineoplasti DNA synthesi
Antineopl DNA synth
Card Molecular pump
Antineoplastic MAPK
Antiarrhyth Molecular pump
Antihelmintic WNT
Antineoplastic MAPK
Antipsychoti issi
Antineoplastic DNA synthesis
Antibacterial MAPK
Antineoplasti Epigeneti

Table 3: The table reports information about the main targets, FDA status, screened cell-line
specificity and the therapeutic effect type and targeted pathway of the 20 selected hit drugs.
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The majority of the selected compounds were specific to SKmel147, which aligns with our intended
focus on NRAS™' melanoma. The most common targets among these compounds were
topoisomerase | and ll, which are usually complexes involved DNA synthesis of highly proliferative
cells (328). SKmel147 presents a CDKN2A mutation, lacking important cell cycle inhibitors such as
pl14 and p16. Hence, we also selected a checkpoint kinase 1 (CHK1) inhibitor (CHIR-124). In the last
decades, melanoma drug resistance has been linked to the reprogramming of epigenetic
mechanisms (329,330), increased expression of chaperone proteins (331), and anti-apoptotic
proteins (332). Consequently, we selected inhibitors targeting histone deacetylase (HDAC)
(Entinostat), heat-shock protein 90 (HSP90) (XL888), and BCL-2 (Obatoclax). We included cardiac
glycosides (Lanatoside C and Proscillaridin A), which primarily inhibit the plasma membrane
Na+/K+ ATPase (ATP1) pump activity. This class of compounds has garnered attention as a potential
novel cancer treatment (333-335), including melanoma (336-338). Furthermore, we selected
promising MEK inhibitors (PDO325901 and TAK-733) and ERK inhibitors (Ulixertinib). For
WM3918, we chose dopamine receptor antagonists (ltopride and Thioridazine hydrochloride),
which have shown notable anticancer properties and effectiveness against multi-drug resistant
cancer cells (339,340), as well as a B-tubulin inhibitor (Albendazole), given that B-tubulin
alterations are recognized as a hallmark of cancer and play a role in melanoma progression
(341,342). We identified compounds that were effective across both cell lines: Topotecan
(topoisomerase | poison), Daunorubicin hydrochloride (Topoisomerase |l poison), and Pyrvinium

Pamoate (CK1a agonist and Respiratory Complex | inhibitor).

We also conducted HTS on the BRAF™! melanoma cell line, 624mel. The HTS for 624mel exhibited
lower assay quality, with a reduced Z’-factor and higher CV, with some plates showing CVs greater
than 15%, compared to the previously screened melanoma cell lines (Fig. 52 A). Given our primary
focus on NRAS™* and BRAF"t/NRAS** melanoma cells, we did not perform an extensive hit drug
selection analysis for 624mel; instead, we conducted basic data normalization to provide a general
overview of drug responses (Fig. 52 B). This analysis revealed increased drug sensitivity in 624mel
compared to SKmell47 and WM3918, with many compounds reducing cell viability by more than
50% at both tested concentrations (Fig. 52 C and D). These data may serve as a foundation for

future studies on BRAF™ melanoma.

In conclusion, we successfully performed HTS testing of over a thousand compounds using 3D
melanoma spheroids. Through a sequential drug selection process, we identified promising

candidates specifically targeting NRAS™* and BRAF*Y/NRAS** melanoma cells for further validation.
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Figure 52: Analysis of 624mel HTS. A) Z'-factor for each screened plate, and B) coefficient of
variation for each screened plate. Overall, a generally lower quality assay was observed for this
melanoma cell line compared to the previously two screened cell lines. Scatter plots show the %
cell viability (DMSO-normalized) of each screened compound at C) 10 uM and D) 1 uM.

4.4.3. Drug response curve (DRC) of selected compounds

The cytotoxic effect of the selected hit drugs (Table 3) was further investigated in dose-response
assays by the generation of IC50 values on the DMSP. Assay quality control steps included Z’-factor
and positive control DRC with Foretinib. All the plates presented a Z’-factor bigger than 0.4 and a

robust DRC curve (Fig. 53 A and B).

Selected compounds were tested in both cell lines. IC50 values of the hit drugs are reported in
Table 4 and respective curves in Suppl. Fig 6 and 7. Trametinib was added as an internal control
given its proven high sensitivity in both cell lines. Tested compounds showed IC50 values ranging
from 2 nM to more than 7 pM, displaying a higher sensitivity in SKmel147 than in WM3918,
confirming HTS results. 15/20 tested compounds showed strong activity in SKmel147, with IC50

values below 300 nM.
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High sensitivity was mostly given by the compounds targeting DNA stability and replication such

as Cladribine, Topotecan, Irinotecan, and Daunorubicin HCI having IC50 values lower than 50 nM.

On the other hand, these four compounds showed heterogeneous efficacy in WM3918, with

Cladribine and Daunorubicin HCl having IC50 values below 100 nM, while Topotecan and Irinotecan

had IC50 values higher than 4 uM and 7 uM, respectively.
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Figure 53: Drug response curves for Foretinib executed before the validation screening to test
the robustness of the assays. A) Foretinib DRC for SKmel147. B) Foretinib DRC for WM3918.

IC50 [nM] R squared
|Compounds SKmel147 WM3918 SKmel147 l WM3918
Albendazole 2.79 126 0.99 0.95
Camptothecine (S+) n.d. n.d. n.d. n.d.
Cladribine 1.737 42.8 0.97 0.98
Daunorubicin hydrochloride 42.83 93.58 0.99 0.97
Entinostat 2915 n.d. 0.97 n.d.
Epirubicin hydrochloride n.d. n.d. n.d. n.d.
Irinotecan hydrochloride trihydrate 20.07 7412 0.98 0.91
Lanatoside C 92.57 102.3 0.99 0.99
Obatoclax 1500 2223 0.97 0.90
Proscillaridin A 16.7 19.77 0.95 0.95
Pyrvinium pamoate 195.2 635.5 0.99 0.93
TAK-733 n.d. n.d. n.d. n.d.
Thioridazine hydrochloride 168.9 231.3 0.98 0.96
Topotecan 4.505 4395 0.96 0.91
Ulixertinib n.d. n.d. n.d. n.d.
XL888 66.33 438.3 0.99 0.68
Itopride 295.8 1085 0.98 0.87
Trametinib 2.495 51.38 0.99 0.83
AZD6738 66.54 1733 0.97 0.96
PD0325901 1715 n.d. 0.98 n.d.
CHIR-124 n.d. n.d. n.d. n.d.

Table 4:1C50 values and R squared of hit drugs tested on SKmel147 and WM3918 cell lines, respectively.
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Other topoisomerase inhibitors such as Camptothecine (S+) (both cell lines) and Entinostat
(WM3918) had no significant effect. Moreover, compounds specifically selected to be tested in
WM3918 were efficient in SKmell47, such as Albendazole, Itopride, and Thioridazine
hydrochloride with IC50 values of 2 nM, 296 nM, and 169 nM, respectively. On the other hand,
those compounds presented a slightly lower sensitivity in WM3918 with higher IC50 values (126
nM, 1085 nM, and 231 nM, respectively) but still within the clinically relevant range. Cardiac
glycosides had an interesting effect on both cell lines, among the most sensitive compounds for

WM3918.

Other compounds such as Pyrvinium Pamoate, and XL888 were efficiently effective in both cell
lines. Following the high cell line specificity, AZD6738 and PD0325901 had significantly lower IC50
values in SKmel147 than in WM3918 (the IC50 value for PD0325901 was not determined).
Unexpectedly, potent MAPK pathway inhibitors such as TAK-733 and Ulixertinib and cell cycle

inhibitors such as CHIR-124 did not show relevant cytotoxicity.

In conclusion, we generated dose-response curves on the DMSP validating the efficacy of all
selected hit drugs, and highlighting the possibility of repurposing several compounds for the

treatment of NRAS™* and BRAF*{/NRAS** melanoma.

4.5. Characterization of selected re-purposed drugs in 3D-preclinical melanoma
models for NRAS™ melanoma

NRAS™" melanoma represents an aggressive melanoma subtype characterized by poor patient
prognosis (75,343). Current therapeutic options, including chemotherapy, targeted therapies such
as MEK inhibitors (MEKi), and immunotherapies such as immune checkpoint inhibitors (ICl), exhibit
lower efficacy compared to treatments for BRAF™ melanoma, leading to shorter progression-free

survival due to primary or acquired resistance (69,344,345).

This underscores the urgent need for novel first- and second-line therapies tailored to NRAS™
patients. Utilizing 3D high-throughput drug screening followed by dose-response curve (DRC)
validation of identified hits, we prioritized two candidate compounds. Subsequent experiments
were conducted to further characterize and validate their potential as novel therapeutic options

for NRAS™ melanoma.
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4.5.1. NRAS™ melanoma cells are highly sensitive to selected compounds

In our focus on NRAS™*' melanoma, we selected two candidate compounds for further validation.
The first compound, Daunorubicin HCI (DH), a topoisomerase |l poison, was identified within the
major fraction of targeted pathways among the selected hit drugs, specifically within the “DNA

synthesis” category (Fig. 54 A).
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Figure 54: Daunorubicin HCl and Pyrvinium pamoate DRCs in additional melanoma and non-
cancerous cell lines. A) Pie chart representing the fractions of targeted pathways which the 20
selected compounds belong to. B-C) Representative drug-response curves of Daunorubicin HCl and
Pyrvinium Pamoate tested on four NRAS-mutated melanoma cell lines. Tables below the graphs
report the respective cell line-specific IC50 values. N=3. D-G) Representative DRCs of Daunorubicin
HCI and Pyrvinium pamoate tested in non-cancerous cell lines: NHDF (D), MRC-5 (E), LX-2 (F), and
HMEC-1 (G). Tables below the graphs report the respective cell line specific IC50 values. N=3.
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The second compound, Pyrvinium Pamoate (PP), was chosen for its ability to target the canonical
WNT pathway, a well-known driver of drug resistance, survival, and metastasis in melanoma and
other cancers (346—349). Both DH and PP are FDA-approved drugs, currently employed for the
treatment of specific conditions: acute myeloid leukemia (AML) (350) and pinworm infections
(351), respectively. To assess the sensitivity of NRAS™* melanoma cells to the two compounds, we
evaluated their effects on four NRAS™*melanoma cell lines, two commercially available lines, and
two primary cell lines, cultured as mono-component spheroids. It is important to note that one of
the two primary cell lines used, M161022, did not form rounded and compact spheroids but

instead developed into a dense 3D cell aggregate.

DRCs were generated, and the corresponding IC50 values were determined. Both compounds
demonstrated generally low IC50 values, depicting high sensitivity of melanoma cells (Fig 54 B and
C). Notably, PP exhibited greater potency, emphasizing the high sensitivity of this NRAS™!
melanoma cell line panel to these compounds. Additionally, DRCs were conducted on non-
cancerous cell lines, including NHDF (Fig. 54 D), MRC-5 (Fig. 54 E), LX-2 (Fig. 54 F), and HMEC-1 (Fig.
54 G), to evaluate their selectivity. NHDF and MRC-5 cells showed low sensitivity to DH, whereas
sensitivity was observed in LX-2 and HMEC-1 cells. MRC-5 and HMEC-1 cells displayed slightly

higher sensitivity to PP compared to NHDF and LX-2, but lower than melanoma cells.

In conclusion, Daunorubicin HCl and Pyrvinium pamoate demonstrated significant efficacy,
exhibiting remarkable sensitivity across a panel of NRAS™! melanoma cell lines cultured as 3D
spheroids. Their lower impact on non-cancerous cell lines than melanoma cells further underscores

their potential therapeutic safety, as reflected by their FDA-approved status.

4.5.2. Characterization of the drug’s effects on NRAS™ melanoma cells

To further investigate the mode of action of DH and PP in NRAS™*melanoma cells, we conducted
kinetic analyses using time-lapse microscopy. The proliferation of three melanoma cell lines
constitutively expressing mCherry fluorescent protein, cultured as mono-component spheroids,
was monitored. Trametinib (MEKi), a clinically used compound, and Staurosporine, a well-
established apoptosis inducer, were included as controls. The fluorescent signal emitted by
melanoma cells was used to measure spheroid size over time, providing a dynamic assessment of

compound effects in cellular proliferation.
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From this point onward, we adopted the IC50 values determined for each melanoma cell line for

Daunorubicin HCl and Pyrvinium pamoate as the primary feature for comparison.

The IC50 values for Trametinib, previously determined in our laboratory, were as follows: 5 nM for
SKmel147, 2 nM for SKmel30, 8 nM for M160915, and 1 nM for M161022. Unfortunately, M160915
could not be included in this assay due to culture issues following transduction for the induction of

mCherry fluorescent protein expression.

Pyrvinium pamoate, along with Trametinib, exhibited a strong reduction in melanoma spheroid
and 3D aggregates proliferation across all tested cell lines (Fig. 55 A-C). Daunorubicin HCl showed
a comparable inhibitory effect to these compounds in SKmell147 and M161022 (a primary
melanoma cell line), but its effect was weaker in SKmel30. We hypothesized that this diminished
effect of Daunorubicin HCI on SKmel30 may be attributed to the cell line’s differential capacity to
manage DNA damage, potentially due to a TP53 mutation (gene deletion, Cellosaurus.com). In
contrast, Pyrvinium pamoate demonstrated the most pronounced reduction in proliferation in
SKmel30 (Fig. 55 B). Additionally, this proliferation assay revealed that all compounds exhibited the

onset of a marked effect between 60 and 72 hours after treatment initiation.

To validate the inhibitory effect on spheroid proliferation observed through time-lapse microscopy,
we evaluated cell viability following a 5-day treatment period. SKmel147 exhibited significant
strong reductions in cell viability across all compounds compared to the untreated controls (Fig.
55 D). SKmel30 showed a significant sensitivity to PP and a reduced response to Daunorubicin HCI,
consistent with the proliferation assay results, although the effect remained significant relative to
the untreated control (Fig. 55 E). Similarly, M161022 demonstrated a significant reduction in cell
viability for all compounds, with a significant reduction of cell viability upon PP treatment.
Interestingly, the reduction was more pronounced with Daunorubicin HCl and Pyrvinium pamoate

than with Trametinib (Fig. 55 F).

Based on the results of these assays, the compounds appeared to exert predominantly cytostatic
effects. To confirm this, we assessed cell death and apoptosis by measuring nucleic acids for dead
cells and activation of effector caspases (caspase 3 and 7), respectively, after a 5-day treatment

period using the cell-line specific IC50 values of the drugs (Fig. 56 A-C).

94



4. Results

A B
6 SKmel147 4 SKmel30 CcC 4 M161022
.Ut - . ur - o uT
s DH T 2 Ss 5 B DH
= * PP ' &3 % — =3 - 1
Eo -7 y E g E i P
i LI . L Staurosporie — 3 . 1
z A z, e z, Staurosporine P
83 ¥ H A 5 1
§ & S ¥ S =% &
8 _=F R ' g1 2
S b -
0 12 24 36 48 60 72 B4 96 108 120 0 12 24 36 48 60 72 84 96 108 120 0 12 24 3 48 60 72 84 9 108 120
Hours Hours Hours
D E
SKmel147 SKmel30 F M161022
120 120+ 120-
_ 100 100 > 100-
= = =
Z 80 = 804 3 80-
S ] 8
> 60 > 60 > 60
) © °
S 404 S 40- S 40
= = -
20+ 20+ bl °7 204 -
0- 0
UT T DH PPSTAU UT T DH PPSTAU UT T DH PPSTAU

Figure 55: Effect of Daunorubicin HCl and Pyrvinium pamoate on melanoma spheroids
proliferation and cell viability. A) The graph represents the fluorescent spheroid areas of kinetic
responses to drug stimulations of SKmel147-mCherry treated for 5 days. Fluorescent images were
acquired every 12 hours. B) The graph represents the fluorescent spheroid areas of kinetic
responses to drug stimulations of SKmel30-mCherry treated for 5 days. C) The graph represents
the fluorescent spheroid areas of kinetic responses to drug stimulations of M161022-mCherry
treated for 5 days. D) Cell viability assay assessed after 5 days of drug treatment on SKmell147
spheroids. E) Cell viability assay assessed after 5 days of drug treatment on SKmel30 spheroids. F)
Cell viability assay assessed after 5 days of drug treatment on M161022 spheroids. Staurosporine
was used as positive control in both assays at 200 nM in SKmel147 and M161022, and at 400 nM
in SKmel30. Data are normalized by the untreated control. For proliferation assays: (n=3.
meanzSD). For cell viability assay: (n=3. meanzSD;***p<0.001 ****p<0.0001).

The level of apoptosis and cell death induction was associated with the tumor mass of the spheroid
or cell aggregate on day 5 of treatment. Intrinsic levels of apoptosis and cell death were observed
in the inner core of untreated spheroids, which is consistent with the innate architecture of 3D
tumor formations (259). SKmel147 exhibited the highest sensitivity to all three compounds,
showing strong spheroid shrinkage and significant levels of apoptosis and cell death upon the
treatments (Fig. 56 A and B), in line with the strong reduction in cell viability (Fig. 55 D). SKmel30
presented high resistance to T and DH. Moreover, Staurosporine induced the lowest level of
apoptosis and cell death in SKmel30, underlining an intrinsic resistance to apoptosis in the SKmel30
cell line. On the other hand, PP induced a remarkable cytotoxic effect on SKmel30 highlighted by

a significant increase in apoptosis and cell death (Fig. 56 C and D).
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The primary melanoma cell lines M161022 and M160915 displayed similar levels of cytotoxicity

across the three compounds, with PP presenting the highest levels (Fig. 56 E-H).

Furthermore, signals from activated caspase 3 and 7 (green) and nucleic acids of dead cells (blue)
largely overlapped. The nuclear presence of activated effector caspases indicated that the cells had
already reached a late stage of apoptosis, during which PARP and other nuclear components are

cleaved (352,353).

The inhibitory effect of Daunorubicin HCl, Pyrvinium pamoate, and Trametinib on the migratory
and invasive capacities of melanoma cells was assessed in SKmel147 and M160916 spheroids
embedded in a type | Collagen matrix, following 3 days of drug treatment. SKmel30 was excluded
from this assay due to its lack of motility in the Collagen | matrix, while M161022 was not tested
because of its 3D cellular aggregate formation, which posed technical challenges for this analysis.
In SKmel147, significant inhibition of migration and invasion was observed only with Trametinib,
while Daunorubicin HCI and Pyrvinium pamoate elicited only slight reductions in cell motility (Fig.
57 A). On the other hand, in the primary melanoma cell line M160916, all three compounds
significantly inhibited migratory and invasive activity (Fig. 57 B). These findings underscore the
potential of Daunorubicin HClI and Pyrvinium pamoate to impair melanoma cell motility,

particularly in primary melanoma cells.

Lastly, we wanted to investigate how those drugs affected their main molecular targets and the
regulation of key proteins involved in proliferation, survival, and drug resistance in melanoma, and
that are downstream targets commonly activated by mutant NRAS, such as ERK, which belongs to
the MAPK pathway, and AKT, which belongs to the PI3K/AKT pathway (see Chapter 1.2.3).
Following the outcomes of the kinetic assay, we collected and extracted protein samples from
SKmel147 and SKmel30 cultured as spheroids after 3 and 5 days of treatment with IC50

concentrations of either T, DH, or PP.

TOP2a and B-catenin were selected as the main deregulated targets based on existing literature
on DH and PP, respectively (350,351). Additionally, yH2AX was included as a marker of DNA
damage due to the ability of DH to induce double-strand breaks (DSBs); however, we did not
observe any expression within the expected weight-related band of 15 kDa. Instead, only an

unspecific band above 20 kDa was detected (Fig. 58 A and E; Suppl. Fig. 9 A and E).

We performed Western blot followed by densitometric analyses of the detected bands across all

biological replicates, which primarily guided the interpretation of the results.
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Figure 56: Apoptosis and cell death induction in treated 3D NRAS™" cell melanoma cell lines. A)
Skmel147-mCherry spheroid apoptosis and cell death assessed after 5 days of treatment. B)
Quantification of apoptosis and cell death for each compound used to treat SKmel147 mCherry for
5 days. C) SKmel30-mCherry spheroid apoptosis assessed after 5 days of treatment. D)
Quantification of apoptosis and cell death of treated SKmel30 mCherry for 5 days. E) M161022-
mCherry 3D aggregate apoptosis assessed after 5 days of treatment. F) Quantification of apoptosis
and cell death of treated M161022 mCherry for 5 days. F) M160915 spheroid apoptosis assessed
after 5 days of treatment. F) Quantification of apoptosis and cell death of treated M160915 for 5
days. Staurosporine was used as positive control at 1uM 24 hours prior to the end of the assay.
Confocal images (objective 20x) of single spheroids are shown. (n=3. Mean is represented by a line
and dots represent the values of the independent biological replicates; ***p<0.001,
**%*p<0.0001).
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Figure 57: Effect of Daunorubicin HCl and Pyrvinium pamoate on migration and invasion. A) Bar
graph shows the area covered by migratory/invasive SKmel147 cells encapsulated as spheroids in
Collagen | matrix (3D Collagen | assay). B) Bar graph shows the normalized area covered by
migratory/invasive M160915 cells encapsulated as spheroids in Collagen | matrix. Drug stimulation
was applied for 3 days. Brightfield images (objective 4x) are shown. (n=3. meanzSD; **p<0.01,
**%p<0.001, ****p<0.0001).

TOP2a expression was reduced following all three treatments in SKmel147 (Fig. 58 A-B), while in
SKmel30, a small reduction was observed upon 5 days of T and PP treatment (Fig. 58 E-F) without
evidence of DH-specific deregulation. Similarly, B-catenin did not exhibit significant deregulation
upon PP treatment in either cell line, but a slight increase was detected after 5 days in SKmel30

(Fig. 58 B and F). Interestingly, T induced an upregulation of B-catenin in SKmel147 (Fig. 58 A-B).

ERK and its phosphorylated form showed no expression changes upon T treatment in SKmel147,
consistent with the low or absent inhibition of its phosphorylated form. A slight increase in pERK
was observed in SKmel147 treated with DH. In contrast, PP exhibited an interesting inhibitory effect
on ERK phosphorylation after three days of exposure, which returned to levels similar to the
untreated control by day five (Fig. 58 B-C). In SKmel30, ERK and pERK levels were consistently
reduced at both time points following T treatment, while DH and PP treatments did not induce
strong changes compared to untreated controls (Fig. 58 F-G). Interestingly, a marked reduction in
AKT and its phosphorylated form (Ser473) was observed in SKmel147 (Fig. 58 B and D), whereas
the opposite trend was noted in SKmel30 (Fig. 58 F-H).

Deregulation of selected targets was further analyzed in two primary cell lines (Suppl. Fig. 9 A and
E). M160915 exhibited increased TOP2a levels upon DH treatment (Suppl. Fig. 9 B), an effect not
observed in M161022 (Suppl. Fig. 9 F).
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Notably, PP strongly reduced TOP2a in both cell lines (Suppl. Fig. 9 B and F). B-catenin deregulation
was detected only after 3 days of PP treatment in M160915 (Suppl. Fig. 9 B), suggesting that PP
does not strongly promote B-catenin degradation in these models. Consistent with findings in
SKmel147, PP reduced AKT and pAKT levels in both cell lines (Suppl. Fig. 9 B and D, F and H),
reinforcing the hypothesis that PP targets AKT, though further investigation is needed to
determine its mechanism of inhibition. As expected, T reduced pERK (Suppl. Fig. 9 C and G).
However, pAKT showed opposite effects in T-treated cells: an increase in M160915 (Suppl. Fig. 9
D) and a decrease in M161022 compared to untreated controls (Suppl. Fig. 9 G). ERK protein levels
remained largely unchanged across treatments (Suppl. Fig. 9 B and F). Interestingly, DH increased
AKT activation after 3 days in M161022 (Suppl. Fig. 9 H) and after 5 days in M160915 (Suppl. Fig. 9
D).

Overall, none of the selected DH- or PP-specific targets showed significant deregulation in either
cell line. Experimentally, considerable variability was observed in certain conditions across the
three biological replicates, particularly in SKmel30, as indicated by the large standard deviation
bars in the plots. The underlying cause of this variability remains unclear. Additionally, during the
first tests with M160915 and M161022, we observed that protein concentrations for primary cell
lines after 5 days of treatment with PP yielded a remarkably low amount of protein. In line with
this, we increased considerably the amount of material collected for each biological replicate,
resulting unfortunately still insufficient (Suppl. Fig. 9 A and E). On the other hand, this might further

confirm the strong sensitivity of the cell lines to PP.

In conclusion, Daunorubicin HCl and Pyrvinium pamoate effectively reduced the proliferation and
cell viability of NRAS™* melanoma spheroids over time, with effects comparable to those of MEK
inhibitor (Trametinib). Notably, Pyrvinium pamoate induced a significant cytotoxic effect, providing
a stronger rationale for its potential as a promising drug candidate. At the molecular level,
significant deregulation of selected drug-specific targets was not observed, hypothesizing for the
deregulation of alternative targets. While PP showed a remarkable inhibitory effect on AKT levels
in most of the cell lines posing the deregulation of this kinase as one of the possible triggers of PP’s

cytotoxic effect.
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Figure 58: Effect of Daunorubicin HCl and Pyrvinium Pamoate on drug-specific targets and key
melanoma survival and proliferation kinases. A) Representative Western blots of SKmel147
treated for 3 and 5 days with cell-line specific IC50 values of T, DH, and PP. B) Quantification of the
protein levels in SKmel147, normalized to the untreated control. C) pERK/ERK ratio analyzed as
quotient of pERK versus ERK, in SKmel147. D) pAKT/AKT ratio analyzed as quotient of pAKT versus
AKT, in SKmel147. E) Representative Western blots of SKmel30 treated for 3 and 5 days with cell-
line specific IC50 values of T, DH, and PP. F) Quantification of the protein levels in SKmel30,
normalized to the untreated control. G) pERK/ERK ratio analyzed as quotient of pERK versus ERK,
in SKmel30. D) pAKT/AKT ratio analyzed as quotient of pAKT versus AKT, in SKmel30. yH2AX was
excluded from the analysis. GAPDH was used as loading control; representative blots of three
biological replicates are shown. (n=3. meanSD). Blots were developed by Demetra Philippidou and
densitometry was performed by Sagarika Ghosh.
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4.5.3. Combinatorial treatment with Trametinib (MEKi)
After evaluating the effects of Daunorubicin HCl and Pyrvinium pamoate on a panel of NRAS™!

melanoma cell lines, we sought to investigate their potential in combinatorial treatments with
Trametinib. This approach was motivated by the well-documented adaptability of melanoma to
monotherapies, as exemplified by the rapid acquisition of resistance to Vemurafenib in BRAF™*
melanoma, which ultimately led to the clinical approval of combination therapies involving BRAF
inhibitors (BRAFi) and MEK inhibitors (MEKi). We conducted a 3D spheroid synergy assay on two
NRAS™ melanoma cell lines to evaluate the potential synergism between Trametinib and
Daunorubicin HCI, as well as Trametinib and Pyrvinium pamoate (Fig. 59 A). The ZIP synergy score
analysis revealed no significant overall synergistic effect (defined as ZIP synergy score > 10).
However, an additive effect (defined as ZIP synergy score > -10 and < 10) was observed across all
tested conditions. For further studies, we selected common drug concentrations corresponding to
the region of maximum synergism: Trametinib at 0.06 nM, Daunorubicin HCl and Pyrvinium
pamoate at 45 nM each. We subsequently evaluated the effects of these two drug combinations
on spheroid proliferation and cell viability, in parallel with the respective single treatment, using
the concentrations employed in the combinations. Despite selecting concentrations corresponding
to the region of maximum synergism, the observed effects were only additive, with a modest
reduction in both proliferation (Fig. 59 B and D) and cell viability (Fig. 59 C and E) compared to the
respective single treatments. Interestingly, low concentrations of Trametinib exhibited a pro-
proliferative effect in both cell lines. The drug combinations elicited greater sensitivity in SKmel147
(Fig. 59 B and C), showing a more pronounced reduction in proliferation and cell viability compared
to SKmel30 (Fig. 59 D and E). We concluded that Daunorubicin HCl and Pyrvinium pamoate do not
synergize with Trametinib (MEKi) in NRAS™* melanoma cells, demonstrating only additive effects.
Based on these findings, we opted to focus on further characterization of the monotherapies, using
advanced in vitro pre-clinical models.

Figure 59: Assessment of synergy in novel combinatorial treatments exploiting 3D spheroid cultures. A)
Synergy matrices and ZIP synergy scores generated by the combinatorial treatments of Trametinib plus either
Daunorubicin HCl or Pyrvinium pamoate and tested in SKmel147 and SKmel30 cultured as spheroids. White
in the matrices indicates the highest synergistic area with the relative synergy score written in the boxes
above. (n=3). Synergy assays were performed by Demetra P. and Dr. Christiane M. B) Line graph represents
kinetic responses to drug stimulations of SKmel147-mCherry treated for 5 days. C) Cell viability assay
assessed after 5 days of drug treatment on SKmel147 spheroids D) Kinetic responses to drug stimulations of
SKmel30-mCherry treated for 5 days. C) Cell viability assay after 5 days of drug treatment on SKmel30
spheroids. Data are normalized by the untreated control. Staurosporine was used as positive control at 200
nM concentration for SKmel147 and 400 nM for SKmel30. T/DH/PP= drugs used at cell line specific IC50

concentrations. DH+T/PP+T= drugs used at synergistic concentrations, T = 0.06 nM and DH/PP = 45 nM. T-
low, DH/PP-low = corresponding single drug synergistic concentrations. (n=3. meanSD).
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4.5.4. Daunorubicin HCI and Pyrvinium pamoate in advanced in vitro 3D
melanoma co-culture models

The efficacy of Daunorubicin HCI and Pyrvinium pamoate was evaluated using melanoma cells
cultured as 3D spheroids, which are advanced models that mimic the architecture of real tumors.
These models preserve cellular heterogeneity and are therefore more representative than
traditional 2D culture systems. Over recent decades, increasing evidence has highlighted the role
of non-cancerous cells within the tumor microenvironment (TME) in supporting cancer cell
survival and promoting drug resistance. Cancer cells-TME co-culture models are valuable tools for
evaluating the efficacy of anti-cancer drugs, as they allow for the simultaneous consideration of
the interaction between cancer cells and surrounding cells, as well as the assessment of the drug’s
impact on non-cancerous cells by measuring its toxicity. To account for these features, we utilized
our previously established Multicomponent Melanoma Spheroid (MMS) models to assess the
ability of Daunorubicin HCI and Pyrvinium pamoate to impair melanoma cell proliferation and
viability in the presence of direct contact with TME cells. The MMS models were designed to
represent key melanoma metastatic sites: the “dermal/skin” model, where melanoma cells are
co-cultured with HMEC-1 (endothelial cells) and NHDF (dermal fibroblasts); the “lung” model,
where melanoma cells are co-cultured with HMEC-1 and MRC-5 (lung fibroblasts); and the “liver”
model, where melanoma cells are co-cultured with HMEC-1 and LX-2 (hepatic stellate cells). These
setups aim to mimic melanoma metastases to the derma, lungs, and liver, respectively. All
melanoma and TME cell types used in these models were stably transduced to express distinct
fluorescent proteins, enabling real-time visualization of the different cell populations within the
same spheroid via live microscopy. Time-lapse microscopy revealed a comparable reduction in
SKmel147 proliferation across all three MMS models compared to the untreated controls. DH, PP,
and T exhibited similar levels of proliferation inhibition (Fig. 60 A) and caused a strong reduction
in the total cellular mass of the co-culture (Fig. 60 B). This suggests that the remaining 30% to 40%
of cell viability was likely attributed to residual melanoma cells and the non-cancerous TME cells
that persisted after 5 days of treatment, as depicted in confocal images below the proliferation line

graphs (Fig. 60 A).
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Figure 60: Drug efficacy tested in Melanoma Multicomponents Spheroid (MMS) models. A) Line
graphs represent kinetic responses to 5-day drug of SKmell47-mCherry co-cultured into three
Melanoma Multicomponent Spheroid (MMS) models: “Dermal”, “Lung”, and Liver”. Fluorescent
images exciting mCherry fluorescence were acquired every 12 hours. B) Bar plots represent the cell
viability of the three SKmel147-MMS models after 5 days of drug treatment. C) Line graphs
represent the kinetic responses to the 5-day drug of SKmel30-mCherry co-cultured into three
Melanoma Multicomponent Spheroid (MMS) models. D) Bar plots represent the cell viability of the
three SKmel30-MMS models after 5 days of drug treatment. Data are normalized by the untreated
control. Staurosporine was used as a positive control at 200 nM for SKmell147 and at 400 nM
concentration for SKmel30. Confocal pictures (objective 20x) of the different cell populations
composing the different MMS models after 5 days of drug stimulations are shown; SKmel30-
mCherry (red), NHDF/MRC-5/LX-2 (green), HMEC-1 (blue). Scale bar = 200 um.

Consistent with previous findings from monocomponent spheroids, DH displayed a reduced
inhibitory effect in SKmel30 proliferation compared to T and PP (Fig. 60 C), which is lower than the
effect observed in monocomponent spheroids (Fig. 55 B). In alignment with the proliferation assay
results, cell viability across the three models co-cultured with SKmel30 also showed remarkable
reductions (Fig. 60 D). Residual cell viability in these models was similarly hypothesized to result
from surviving melanoma cells and TME populations. Confocal microscopy images showed the

presence of non-cancerous cells in all conditions.

We also evaluated the efficacy of the compounds on one of the mCherry-expressing primary cell
lines, M161022, co-cultured within the MMS models. Due to the lower proliferative capacity of this
cell line compared to SKmel147 and SKmel30, the initial cellular ratio of 1:3:3 did not effectively
sustain its survival, as it was gradually outcompeted by the surrounding non-cancerous cells (data
not shown). Therefore, we adjusted the cellular ratio to 1:1:1, which improved the overall
performance of the models. Preliminary data showed that M161022 had more heterogeneous
responses among the three MMS models compared to SKmel147 and SKmel30. Preliminary data
showed that T and PP similarly inhibited the proliferation of M161022 cells in Dermal and Lung
models. At the same time, DH effect was potentiated in Lung models compared to Dermal models
(Suppl. Fig. 8 A) and the monocomponent spheroids (Fig. 55 C). This was also captured by a strong
reduction in cell viability in all three models (Suppl. Fig. 8 B). It appears that M161022 cells are not
suitable for growth within the Liver model, as evidenced by their lack of proliferation over time

(Suppl Fig. 8 A).
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After evaluating the efficacy of DH and PP in targeting NRAS™*melanoma cells using advanced 3D
spheroid co-culture models, we sought to further investigate their effectiveness in more complex
models incorporating the extracellular matrix (ECM). To achieve this goal, | utilized the previously
established hydrogel-embedded melanoma TME co-culture models to test the efficacy of DH and
PP, in parallel with T. In these models, melanoma cells and TME cells were stably labeled with
different fluorescent proteins, allowing the tracking of their growth within the models after 5 days
of treatment. SKmel147 showed a remarkable reduction in melanoma population across all three
models (Fig. 61 A-D). The three compounds demonstrated similar effects on SKmel147 in the
“dermal” and “lung” models, with a reduction of slightly more than 50% of the melanoma
population compared to the untreated control (Fig. 61 B and C). In the “liver” model, SKmel147
showed a higher sensitivity to T compared to DH and PP, although all treatments strongly reduced

more than 50% of the melanoma population (Fig. 61 D).

Moreover, the hydrogel system allows for the evaluation of the survival of the other TME cell
populations to assess the effect of the drugs on non-cancerous cells when co-cultured with
melanoma cells. Notably, in all the models, the concentrations of the drugs used to target
melanoma cells specifically had a low impact on the survival and proliferation of NHDF (Fig. 61 B),
MRC-5 (Fig. 61 C), and LX-2 (Fig. 61 D), highlighting the safety and melanoma specificity of these
compounds. Regarding endothelial cells, HMEC-1 overall displayed minimal reduction in the
presence of DH and PP compared to melanoma cells in all three models, with the most marked
effect observed in the Lung model (Fig. 61 C). Moreover, we also tested the efficacy and safety of
the compounds utilizing a primary melanoma cell line labeled with mCherry fluorescent protein
(M161022-mCherry) (Fig. 61 E) and we observed that DH and, in particular PP, had a strong effect
on the inhibition of melanoma growth with a smaller impact on the other non-cancerous cells

present in the different hydrogel co-culture models (Fig. 61 F-H).

Interestingly, we noted differences in non-cancerous cell responses to drugs when co-cultured
with different melanoma cell lines, such as NHDF, MRC-5, and LX-2 growth seemed to be slightly
more inhibited by DH and PP when co-cultured with M161022 primary melanoma cell line rather
than with SKmel147 compared to relative untreated controls, probably given by the different drug
concentrations used based on the melanoma cell line-specific IC50 values. Overall, T seems to exert

the lowest impact on non-cancerous cells.
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Figure 61: Drug efficacy in hydrogel embedded melanoma-TME co-cultures. A) Representative
pictures of three hydrogel-embedded Skmell147-TME co-culture models (“Dermal”, “Lung”, and
Liver”) under the effect of 5-day treatment with melanoma cell line-specific IC50 concentrations of
Daunorubicin HCI, Pyrvinium pamoate and Trametinib. B-D) Plots represent the percentage of
fluorescent area of the different cell populations co-cultured into the three hydrogel co-culture
models after 5 days of drug stimulation. E) Representative pictures of three hydrogel-embedded
M161022-TME co-culture models at day 5 of drug treatment. F-H) Plots represent the percentage
of fluorescent area of the different cell populations co-cultured into the three hydrogel co-culture
models after 5 days of drug stimulation. Data are normalized by the untreated control of each
specific cell population. (n=3. meanSD; **p<0.01, ***p<0.001). Confocal pictures (objective 20x)
of the different cell populations composing the different hydrogel co-culture models after 5 days
of drug stimulations are shown; SKmell47-mCherry (A) or M161022-mCherry (E) (red),
NHDF/MRC-5/LX-2 (green), HMEC-1 (blue). Scale bar =200 um.

In conclusion, Daunorubicin HCI and Pyrvinium pamoate exhibited a significant inhibitory effect
on melanoma growth, even when melanoma cells interacted with non-cancerous cells such as
fibroblasts and endothelial cells, and in the presence of ECM using a hydrogel co-culture system.
Furthermore, the two compounds showed minimal effects on non-cancerous cells, highlighting
their safety profile and high specificity for targeting melanoma cells. Daunorubicin HCI, and
particularly Pyrvinium pamoate, demonstrated promising potential as novel candidates for first-

line treatments for NRAS™ melanoma patients.

4.5.5. Effect of Daunorubicin HCI and Pyrvinium Pamoate on MEKi-resistant
melanoma cell lines

We showed the efficacy of DH and PP in inhibiting growth and proliferation with a remarkable
cytotoxic effect on treatment-naive NRAS™*' melanoma cells cultured as 3D spheroids and co-
cultured with TME cells into advanced 3D models, elucidating their role as possible first-line
therapies for NRAS™' melanoma patients. As melanoma rapidly becomes resistant to current
therapies, we also aimed to test the efficacy of DH and PP on NRAS™* and WT melanoma cell lines
which are resistant to MEK inhibitors, to propose these compounds as second-line therapies for
drug-resistant melanoma patients. We first generated DRC curves with specific IC50 values for
DH and PP, and in parallel also for the MEKi inhibitor Trametinib to confirm drug resistance of the

cell lines.

As expected, MEKi-resistant cell lines did not produce IC50 values or showed an increase in IC50
compared to the sensitive counterparts, depicting their acquisition of resistance to the inhibitors,

while the sensitive counterparts presented strong sensitivity to the relative MEKi.
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Interestingly, Daunorubicin HCl and Pyrvinium pamoate showed strong inhibitory activity on
melanoma growth in both parental and MEKi-resistant SKmel30 and WM3918 cell lines (Fig. 62 A-
C).
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Figure 62: Drug response curves of sensitive and MEKi-resistant cell lines. A) Representative drug-
response curves of Trametinib, Daunorubicin HCI and Pyrvinium pamoate tested in Trametinib-
sensitive (green) and -resistant (red) SKmel30 (NRAS™Y) cell line cultured as spheroids. B)
Representative drug-response curves of Trametinib, Daunorubicin HCI and Pyrvinium pamoate
tested in Trametinib-sensitive (green) and -resistant (red) WM3918 (WT) cell line cultured as
spheroids. Tables below the graphs report the respective cell line-specific IC50 values. N=3.

Cell death and apoptosis were measured using live-cell confocal microscopy. MEKi-resistant
SKmel30 acquired resistance to apoptosis upon PP treatment compared to the MEKi-sensitive cell
line, while inducing significant levels of cell death at day 5. Interestingly resistant SKmel30

increased the sensitivity to DH (Fig. 63 A-D).
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WM3918 (WT melanoma cell line) showed significant sensitivity to DH and PP in the sensitive cell
line, while DH showed a significant cytotoxic effect in MEKi-resistant cell lines, highlighting the

cytotoxic effect of DH in MEKi-resistant melanoma cell lines (Fig. 63 E-H).

In conclusion, DH and PP exhibited notable effects on MEKi-resistant NRAS™! and WT melanoma
cell lines, providing a foundation for further studies to evaluate their potential as second-line

therapeutic options.

4.5.6. Strong inhibitory effect of Daunorubicin HC1 and Pyrvinium pamoate in
Zebrafish xenograft models

To evaluate the in vivo efficacy of the drugs, we used melanoma zebrafish larvae models
established by Dr. Joanna Wroblewska in collaboration with Prof. Natascia Tiso (University of
Padua, Italy) and Dr. Maria Lorena Cordero Maldonado (LCSB, Luxembourg). SKmel147-mCherry
cells were injected into the yolks of 2-day post-fertilization zebrafish nacre/mitfa larvae. After a 24-
hour incubation period, the larvae were treated with PP, DH, and T, using doses previously
established as the maximum tolerated. Following 72 hours of treatment, larval survival and
xenograft size were assessed. In line with the in vitro findings, a significant reduction in xenograft
size was observed in both sensitive and resistant cell lines. Despite the highly invasive and
migratory phenotype of melanoma cells, no increased migration from the initial injection site was
detected (Fig. 64 A and B). A number of surviving larvae gave an indication of the toxicity of the
compounds, showing a remarkably low mortality for T and DH. Some mortality was observed in
groups treated with PP, despite the doses being within the previously established safe range for

larval survival and development (Fig. 64 C).

Figure 63: Apoptosis and cell death induction in MEKi sensitive- and resistant-melanoma cell
lines. A) Apoptosis and cell death, and B) relative quantifications assessed after 5 days of treatment
in Trametinib-sensitive SKmel30 spheroids. C) Apoptosis and cell death, and D) relative
quantification assessed after 5 days of treatment in Trametinib-resistant SKmel30 spheroids. E)
Apoptosis and cell death, and F) relative quantifications assessed after 5 days of treatment in
Trametinib-sensitive WM3918 spheroids. G) Apoptosis and cell death, and H) relative
quantifications assessed after 5 days of treatment in Trametinib-resistant WM3918 spheroids.
Staurosporine was used as positive control at 1uM concertation 24 hours prior the end of the assay.
Bar graphs beneath the panels represent the Logio change in apoptosis and cell death normalized
with the untreated control (UT) for the 3 biological replicates (n=3. Mean is represented by a line
and dots represent values of the independent biological replicates). Confocal images (objective
20x) of single spheroids are shown.
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Figure 64: Assessing the efficacy of compounds in zebrafish larvae models. A) Pictures of zebrafish
larvae 4 days post-injection, either untreated (UT) or treated with T, DH, or PP for 3 days. The tumor
mass injected into the yolk is composed of SKmel147 expressing mCherry fluorescent proteins
(red). B) Quantification of the tumor mass after 3 days of treatment normalized for the untreated
control. (N=number of larvae quantified +SD). C) Number of larvae survived at 4 days post injection.
Day 1 the treatments started.

The results presented in Chapter 4.4 and 4.5 are being prepared for publication to be submitted

in spring 2025.

In summary, this thesis established advanced 3D in vitro co-culture melanoma models for the
discovery and characterization of novel anti-melanoma drug candidates. A high-throughput
screening campaign tested hundreds of compounds on NRAS™*' and WT melanoma spheroids,
identifying promising candidates. Two highly effective compounds, Daunorubicin HCl and
Pyrvinium Pamoate, were further characterized and validated using advanced 3D in vitro and in
vivo melanoma models as potential first-line treatments for NRAS-mutant melanoma patients.
Notably, both compounds, particularly Pyrvinium, exhibited strong efficacy against treatment-
naive NRAS-mutant melanoma cells with minimal toxicity. Additionally, Daunorubicin HCl and
Pyrvinium demonstrated significant cytotoxic effects in MEK inhibitor-resistant melanoma cell
lines, laying the groundwork for further investigation as potential second- or third-line therapeutic

options for BRAF* melanoma patients.
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5. Discussion

Patients with NRAS™'and WT melanoma generally experience a more aggressive disease course
and have poorer prognosis than those with BRAF™' melanoma. Furthermore, approved
combinatorial targeted therapies and immunotherapies are available specifically for patients with
BRAF™ melanoma, which provide beneficial treatment options. In contrast, there are currently no
approved targeted therapies for NRAS™'and WT melanoma. These patients are often treated with
immune checkpoint inhibitors or, as a second option with off-label with MEK inhibitors. However,
these therapies typically offer only short progression-free intervals, with frequent relapses
occurring shortly after treatment initiation. The scarcity of more effective therapies may partly
result from a lack of highly physiological pre-clinical human cancer models. To address this gap, our
project aims to develop advanced 3D in vitro melanoma models that better mimic physiological
conditions and to use these models to identify and validate new therapeutic compounds for

treating NRAS™*melanoma.

5.1. The importance of advanced pre-clinical 3D in vitro models

Cancer research has traditionally relied on two model systems to conduct studies: in vitro 2D
culture models, where cancer cells adhere to plastic surfaces, and in vivo models, predominantly
using various strains of mice. However, both model systems exhibit significant limitations. 2D
models fail to replicate the tumor-like architecture and lack interactions between cancer cells, non-
cancerous cells comprising the tumor microenvironment (TME), and the extracellular matrix (ECM).
On the other hand, in vivo models, particularly those involving advanced mammalian species such
as mice, lack human-specific cells and microenvironmental interactions and raise substantial
ethical concerns regarding their use. Over the past decade, the emergence of 3D cancer models
has provided a promising alternative, bridging the gap between traditional 2D in vitro and in vivo
models. These 3D models can replicate the three-dimensional structure and architecture of actual
tumors, offering the flexibility to construct various models, such as spheroids, organoids, or
microfluidic chips, with or without the use of scaffolds, typically derived from ECM components or
synthetic matrices (265,296,314). A key application of these models lies in their use as pre-clinical
systems for evaluating novel anticancer agents by better mimicking real solid tumors, where
important features such as drug penetration and nutrient exchanges are represented. On the other
hand, this increases variability, consequently reducing reproducibility in certain cases. Additionally,

3D models allow for the identification of new mechanisms under more physiologically reliable
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conditions. Moreover, 3D models allow for the integration of non-cancerous human cells, enabling
the co-culture of cancer cells with their tissue-specific TME counterparts (264,354), fostering their
use in melanoma research (260,355-357). Notable studies have utilized advanced 3D models
incorporating melanoma cells co-cultured with TME cells. For instance, Votanopoulos et al.
developed an immune-enhanced patient tumor organoid platform for personalized drug testing by
co-culturing patient-derived matched melanoma cells with lymph node cells embedded in hydrogel
(297). Similarly, Klicks et al. established a triple co-culture model comprising fibroblasts,
keratinocytes, and melanoma cells in a spheroid-based system to investigate melanoma cell
progression (270). Additionally, melanoma-TME co-culture models have been employed to explore
melanoma-acquired resistance arising from interactions with stromal cells and ECM components
(257,269,358,359). To date, most melanoma-TME 3D models primarily focus on co-cultures
involving immune cells or skin-associated cells, such as dermal fibroblasts, keratinocytes, and
endothelial cells. However, scalable platforms that concurrently mimic multiple melanoma

metastatic environments beyond the skin, such as the lung and liver, remain underdeveloped.

In this context, we have established two 3D melanoma-TME co-culture models utilizing distinct
3D architectures: scaffold-free and matrix-embedded (scaffold-based) systems. The features of
these models are discussed in detail in Chapter 1.7. The scaffold-free model is characterized by
the formation of 3D melanoma spheroids cultured in a melanoma-specific medium using ultra-low
attachment surfaces. Given the critical role of melanoma cell interactions with the TME in drug
resistance and tumor progression, we incorporated non-cancerous cells in the models. Notably,
endothelial cells were included in the models due to their ubiquitous presence in tissues as
components of blood vessels. These are recognized as critical promoters of melanoma cell
proliferation, survival, and drug resistance, primarily through various angiogenic sprouting and
vasculogenic mechanisms, such as the de novo formation of blood vessels through the
differentiation of progenitor cells leading to melanoma cells to reorganize and mimic the formation
of blood vessels when stimulated by angiogenetic factors such as a hypoxic environment, a process
named vascular mimicry (360,361). Melanoma is a highly metastatic cancer with a preference for
sites such as the brain, lungs, liver, and skin. Among these, brain metastases are associated with
particularly poor prognoses, followed by those in the lungs and liver (37,362—364). To replicate the
microenvironments of metastatic sites, we incorporated major tissue-specific cellular components
into the models, focusing on the skin, lung, and liver, as the brain metastatic model requires the
reconstruction of a functional blood-brain-barrier to be effectively used as pre-clinical drug testing

tools.
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Specifically, normal human dermal fibroblasts (NHDF) were incorporated to mimic the
interactions between melanoma cells and dermal fibroblasts in the skin. Multiple studies have
demonstrated that these interactions, either by direct cell-cell contact or indirectly via the
secretion of specific cytokines or secreted ECM components, can enhance melanoma progression
and resistance to therapeutic agents (359,365—-367). An interesting pleiotropic mechanism involves
TGF-B, which has been identified as being produced by melanoma cells following BRAF inhibitor
treatment. TGF-B directly promotes fibroblast activation, leading to ECM remodeling (see Chapter
1.6.1). Conversely, recent work by Loos et al. described a dose-dependent effect of TGF-B, where
high doses increased sensitivity to MAPKi in MEK-resistant melanoma cells (368). To model
interactions in specific environments, MRC-5 cells were utilized to represent lung fibroblasts in the
pulmonary microenvironment, while LX-2 cells were included to replicate the interplay between
melanoma cells and hepatic stellate cells (HSCs), which are predominantly located in the liver’s
perisinusoidal space between endothelial cells and hepatocytes (369). Notable research by Fane et
al. demonstrated that aged mice injected with mCherry overexpressing melanoma cells compared
to young mice, presented higher rates lung metastasis due to the reactivated dormant melanoma
cells by the secretion of sFRP1 by aged fibroblasts, a natural antagonist of WNT5, which otherwise
maintains melanoma cells in a dormant state (370). Interestingly, an opposite effect was observed
in aged skin where young fibroblasts were driving proliferation of primary melanoma cells, while
aged fibroblasts foster melanoma phenotypic switch into more metastatic phenotype (371).
Studies on melanoma-HSC interactions have primarily focused on uveal melanoma, where the liver
represents the primary metastatic site (372). In contrast, fewer studies have examined these
interactions in cutaneous melanoma. Of note, a study by Olaso et al. reported in hepatic
metastasis, melanoma cells secreted factors and hypoxia stimulate HSC activation and subsequent
VEGF production, a process further amplified under hypoxic conditions, ultimately promoting

angiogenesis and tumor progression (373).

Key features for the establishment of these co-culture models include the methodologies and cell
ratios used to achieve representative interactions (see Chapters 4.1.1 to 4.1.3). We systematically
tested various approaches and cellular ratios for co-culturing these cell types in spheroid models,
drawing on existing literature (268,374—379). We concluded that the sequential seeding method
(268), which involves initially establishing a tumor mass consisting of melanoma and endothelial
cells followed by the addition of fibroblasts or HSC the next day, worked the best. This approach
was particularly effective in achieving uniform fibroblast distribution and maintaining survival of
all cell types over time. No significant differences were observed among the tested ratios in terms

of cell growth and proliferation, with all the ratios displaying comparable profiles. Consequently,
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we selected a reference ratio consisting of one part of melanoma cells to three parts of endothelial
cell and fibroblasts or HSCs as the standard for subsequent experiments. During the development
of these models, only three melanoma cell lines were used, which presents a potential limitation.
Specifically, using different melanoma cell lines, particularly primary cell lines, may necessitate
additional optimization of cellular ratios to ensure the optimal growth of all cell types within the
co-culture. Thanks to the constitutive expression of distinct fluorescent proteins, the temporal
evolution of each cell type within these Multicomponent Melanoma Spheroid (MMS) models
could be monitored. Melanoma cells exhibited efficient growth over time across all models and,
owing to their highly proliferative and aggressive nature, ultimately overgrowing the non-
cancerous cells. This observation aligns with clinical findings, where melanoma metastases are
predominantly composed of melanoma cells, as observed in several formalin-fixed paraffin-
embedded (FFPE) sections of melanoma metastasis (The Human Protein Atlas). Hence representing
a versatile toolbox for different melanoma stages. Using sequential seeding, NHDF and MRC-5 cells
infiltrated the tumor core, achieving a more uniform MMS distribution. In contrast, LX-2 cells
localized outside the core, forming an encapsulating layer, likely due to their pericyte-like
phenotype. Endothelial cells remained mainly within the spheroid’s inner core. These 3D MMS
models were used to investigate cell-type-specific markers viaimmunofluorescent staining of FFPE
sections. To demonstrate this technique, we assessed classical markers like S100A for melanoma
cells, a-SMA for fibroblasts, and CD31 (PECAM-1) for endothelial cells (see Chapter 4.1.2).
However, a broader marker panel is needed for deeper characterization of cell activation states

and phenotypes.

MMS models were developed as preclinical tools to evaluate anti-melanoma compounds. Efficacy
was assessed using time-lapse microscopy for proliferation, ATP-luciferase assays for viability, and
flow cytometry for cell death and apoptosis. These methods estimate the compounds' impact on
the entire cellular system (see Chapter 4.1.4). However, further optimization or new assays are
needed to better assess melanoma-specific effects and the response of non-cancerous cells during

treatment.

Another key population of TME cells is represented by immune cells, which are particularly
important in assessing the effect of ICl immunotherapies (142). In this context, we established a
co-culture system combining our MMS models with peripheral blood mononuclear cells (PBMCs)
isolated from healthy donors. A crucial step in this process was the identification of the specific
PBMC populations capable of interacting with or infiltrating the MMSs. To achieve this, we built a
panel of specific antibodies to identify immune cell subpopulations and utilized flow cytometry to

distinguish between interacting/infiltrating and non-infiltrating immune cells (see Chapter 4.1.3).
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Our results demonstrated varying levels of CD45-positive cells within the MMS models, with the
“liver” MMS model exhibiting the highest degree of immunogenicity, likely given by the
inflammatory phenotype that activated HSsC assume in a pathological environment (380). Notably,
the majority of CD45-positive cells were CD3-positive lymphocytes, including a significant
proportion of infiltrating CD8-positive cytotoxic T cells and CD4-positive T helper cells, both of
which are critical for effective immunotherapies (381,382). This characterization highlights the
successful co-culture of immune cells with our MMS models, which can now be employed to
evaluate the efficacy of anti-melanoma compounds including targeted and immunotherapeutic

agents.

It is worth noting that the PBMCs used in this study were isolated from healthy donors with no or
minimal HLA matching. The use of patient-derived PBMCs, matched to the melanoma cells in the
MMS model, would likely enhance the degree of immune cell infiltration and better reflect patient-
specific immune interactions. Limitation of this model lies in the cultivation medium. Currently,
RPMI medium is used, which primarily supports the growth of melanoma cells, while the other
TME cells have been adapted to grow in different media. Additional studies are required to
optimize the medium composition to better support the growth and viability of all cell types
involved in the MMS models. In this context, a senior scientist in our group (Dr. Claude Haan) has
extensively worked on the formulation of a more physiological medium, which better mimics the
composition of human plasma (currently published in BioRxiv, DOI:

https://doi.org/10.1101/2024.08.12.607529). Several melanoma cell lines are in the process to be

adapted to this medium; in a next step, we will adapt MMSs to grow in a more physiological

medium.

Recent studies have increasingly shifted their focus toward not only the interactions between
melanoma cells and the cellular components of the TME but also the interplay between melanoma
cells and the extracellular matrix (ECM). It is well established that solid tumors, including
melanoma, are characterized by an altered and stiffer ECM, which promotes invasion and
resistance to therapies (see Chapter 1.6.4) (250). A study conducted by Miskolczi et al.
demonstrated how variations in collagen abundance influence the differentiation state of
melanoma cells, with a stiffer matrix promoting differentiation and a softer matrix inducing de-
differentiation. This effect is mediated by TGF- secreted by cancer-associated fibroblasts (CAFs),
which suppress PAX3 and, subsequently, MITF in the differentiated phenotype, thereby driving
melanoma cells into a dedifferentiated, slow-proliferative, drug resistance state (255). In contrast,
research by Dilshat et al. revealed that the absence of MITF leads to an upregulation of ECM and

focal adhesion gene expression (383), highlighting the critical role of ECM in the regulation of
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melanoma cell behavior. In this context, | aimed to develop a more advanced 3D melanoma-TME
co-culture model that incorporates an ECM, as a scaffold-based approach (263). Among the most
commonly used ECM types in in vitro culture are animal-derived ECMs, such as type | Collagen and
Matrigel. Matrigel, in particular, resembles the basement membrane and is primarily composed of
laminin. These ECMs are foundational to 3D culture systems, such as organoids. However, they
present several significant limitations, including high batch-to-batch variability, the presence of
cytokines and growth factors, lack of tunability, ethical issues related to their animal derivation,
and their non-inert nature (272,384). To enhance the models and overcome the limitations
associated with animal-derived matrices, we selected an inert polyethylene glycol (PEG)-based
hydrogel. This hydrogel polymerizes through the action of a transglutaminase enzyme (Factor XlII)
and is temperature-independent, offering greater experimental flexibility than other
temperature-dependent matrices such as Collagen and Matrigel. However, unmodified PEG lacks
essential features such as focal adhesion domains and degradation sites necessary for ECM
remodeling by embedded cells. To address this, the hydrogel was functionalized with RGD (arginyl-
glycyl-aspartic acid), a key cell adhesion motif found in fibronectin and recognized by integrins
(324). Additionally, matrix metalloproteinase (MMP)-cleavable sites were incorporated to enable
embedded cells to degrade the PEG-based matrix and replace it with their own ECM production
(282-284,324,385,386). This hydrogel effectively supported the culture of various commercially
available and primary melanoma cell lines, which exhibited distinct phenotypes and growth
patterns after 10 days of culture. Additionally, it accommodated the growth of different TME cell
types used to model melanoma-metastatic-like sites, including NHDF (“dermal”), MRC-5 (“lung”),
and LX-2 (“liver”), which were also employed in the MMS models. NHDF and MRC-5 cells displayed
the characteristic elongated spindle morphology, whereas LX-2 cells assumed a more rounded
shape, consistent with their distinct cellular nature as previously observed in the MMS models (see
Chapter 4.1.2 and 4.3). The endothelial cell population, represented by HMEC-1, did not seem to
have the same proliferation capacity as the other cells and did not show sprouting behavior,
instead, it exhibited a more cytostatic behavior. This was mitigated to some extent by the addition
of VEGF, a key cytokine critical for endothelial cell survival, proliferation, and sprouting (325).
These findings align with previous studies indicating that in the absence of essential basal
membrane ECM components such as laminin and collagen IV, as well as key cytokines like FGF-2
and SDF-1 and supportive mesenchymal stem cells (MSCs), endothelial cells struggle to sprout and
form functional vessels within synthetic matrices (273,276,277,298). An interesting study by
Taubenberger et al. developed a functional and vascularized PEG-based hydrogel system

encapsulating a co-culture of breast cancer cells, mesenchymal stem cells (MSCs), and endothelial
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cells (HUVEC). The PEG hydrogel was functionalized with RGD and MMP-cleavable peptides, along
with collagen- and laminin-mimetic adhesion peptides. Additionally, key angiogenic cytokines,
including VEGF, FGF-2, and SDF-1, were incorporated into the system, resulting in a fully functional
3D in vitro model. This model facilitates the study of cancer cell-TME interactions (280). However,
angiogenesis and vascularization utilizing synthetic matrices remains one of the principal

challenges in developing fully functional vascularized 3D cancer models (276).

As the primary objective of establishing these advanced 3D melanoma models was to use them as
pre-clinical tools for drug testing, we also evaluated the hydrogel-based co-culture models for this
purpose. Similar to the MMS models, the response of melanoma cell growth to anti-melanoma
compounds could be tracked over time due to their fluorescent protein expression. Additionally,
the overall viability of the entire cellular mass was assessed at the conclusion of the assay. In
contrast to the MMS models, the hydrogel-based co-culture models allowed for more efficient and
reliable tracking of the growth of labeled TME cells (see Chapter 4.3). This provided a unique
opportunity to evaluate not only the response of melanoma cells but also the effects of the tested
compounds on non-cancerous cells. Consequently, this approach enables an estimation of the
potential toxicity of the compounds on the TME cells, thereby offering a more comprehensive
evaluation of drug efficacy and safety. In summary, we developed an advanced 3D melanoma-TME
co-culture model that incorporates ECM components, serving as a pre-clinical tool for evaluating
the anti-melanoma efficacy of drugs while concurrently providing an estimation of the compound’s

toxicity to non-cancerous cells.

Importantly, as the models are intended for use in personalized drug testing, we also incorporated
melanoma cells freshly isolated from a patient’s melanoma metastasis (see Chapter 4.2) into the
hydrogel co-culture system. Preliminary results demonstrated that these patient-derived
melanoma cells successfully co-cultured with dermal fibroblasts and endothelial cells, highlighting
the feasibility of utilizing these models for personalized drug testing applications. Notably, we
observed the production of collagen | within the hydrogel, indicating that the cells embedded in
the model were actively degrading the PEG matrix through MMP-cleavable sites and replacing it
with their own synthesized ECM. This process enhanced the physiological relevance of the model
by creating a microenvironment that more closely mimics native tissue conditions. Further
investigations are planned to fully characterize these hydrogel models. These studies should
include the identification of additional ECM components and an analysis of the matrix’s physical
properties (for instance through rheometric studies) after cellular remodeling to assess whether
its stiffness aligns with that observed in human tissues. Figure 65 provides a graphical summary of

this project part.
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Figure 65: Established in vitro 3D co-culture models aim to mimic the melanoma metastatic niches
found in three of the principal melanoma metastatic sites such as skin/dermal, Lung, and Liver.
Two 3D model culture systems were established: a scaffold-free spheroid-based system
(Melanoma Multicomponent Spheroid), and a scaffold-based hydrogel-based system (Xeno-free
hydrogel embedded melanoma-TME co-culture). These models are mainly employed as platforms
for pre-clinical drug tests, but they can also be employed for characterizations and investigations
of melanoma molecular mechanisms.

5.2. Discovering novel compounds for NRAS™ and WT melanoma through high-
throughput drug screening using 3D in vitro models

Systemic therapy for melanoma has undergone a remarkable evolution over the past decades,
marked by the approval of highly effective targeted and immune therapies, as outlined in Chapter
1.3. These therapies are primarily approved for the treatment of BRAF™! melanoma.
Unfortunately, and as | mentioned before, similar improvements in progression-free survival (PFS)
and overall survival (OS) have not been observed in patients with other genomic subtypes, such as
NRAS™ and WT melanoma which are currently treated with immune checkpoint inhibitors (ICls)

as first-line therapy (116,146,387).
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The NEMO clinical trial established the basis for the use of MEKi in patients with NRAS™ melanoma
(125). This approach was further supported by findings from Salzmann et al., who demonstrated
that MEKi administration in NRAS™! patients pre-treated with ICls, aids in stabilizing the disease,
whether subsequent or parallel initiation of alternative treatments (388). Recently, a phase Il
clinical trial evaluated Trametinib (MEKi) in patients with BRAFY®®°/NRAS®! wild-type melanoma
who were refractory to ICls. Trametinib was also combined with a low dose of dabrafenib to
mitigate trametinib-induced skin toxicity. While the combination successfully reduced skin toxicity,
it did not result in significant improvements in overall survival (389). Being the MEKi the only
targeted drugs used in NRAS™*' and WT patients, Trametinib (MEKi) was selected as the reference

drug for comparisons with other tested compounds throughout this project.

Given the urgent need for novel therapeutic options for melanoma patients with NRAS™tand WT
genotypes, we aimed to perform a high-throughput screening (HTS) to evaluate several
compounds using the semi-automated Disease Modelling and Screening Platform (DMSP, LCSB).
Traditional HTS is typically performed on cancer cells cultured on adherent surfaces, which fail to
account for the influence of a 3D tumor structure on drug response, thus lacking the physiological
relevance necessary to mimic the real patient tumor (390). To enhance the physiological accuracy
of drug responses in our HTS, we cultured melanoma cells as 3D spheroids. It is important to note
that as the complexity of the culture models increases, the complexity of the screening process
also escalates (261,391). The use of 3D spheroids as a culture model for HTS is not entirely a novel
approach (312,392-395), but it still represents a rarer approach than using adherent cell culture
methods. This method has also been applied to melanoma research, as demonstrated in a recent
study by Jordan et al., who successfully established 3D spheroids cultures utilizing a ULA 1536-well
plate format. In this model, patient-derived melanoma cells and CAFs were cultured to form

spheroids, enabling the testing of more than a hundred drugs (396).

Prior to conducting the screening, extensive testing and optimization were performed to establish
a robust and reliable pipeline (see Chapter 4.4.1). This included determining the optimal cell
number, volumes, and time points for each melanoma cell line used in the HTS. Additionally,
various readout methods were evaluated to assess the drug effect, with Calcein AM emerging as
the most suitable option. This led to the development of a high-content imaging-based analysis,
utilizing high-resolution confocal microscopy to capture Calcein AM-emitted fluorescent signals,
which are exclusively emitted by live cells. The technique provides a significant advantage, as it
allows for the exploration of phenotypic and morphological changes in spheroids following drug

treatment (397). However, it is important to note that fluorescent image-based analysis can be
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influenced by the intrinsic fluorescence emitted by the drugs themselves, which might create false

positive results (398).

Drug repurposing involves identifying new therapeutic applications for existing, often approved,
compounds originally developed for other diseases. This strategy has gained increasing attention
in recent years due to its potential to expedite the development process and reduce costs (see
Chapter 1.8). In this context, we selected two drug libraries for HTS: The Prestwick Chemical Library
(PCL®) and the in-house Melanoma Drug Library (MDL), together counting for 1328 compounds.
These two libraries, particularly the PCL, consist of compounds and small-molecule inhibitors that
have been extensively used in clinical settings for various diseases or different cancer types, with
well-characterized mechanisms of action. We initially selected these libraries to repurpose existing
treatments, as they could be translated into clinical applications more rapidly than entirely novel
molecules, many of which have already undergone extensive clinical trials. However, numerous
other libraries containing chemical or biological compounds exist, potentially revealing entirely
new therapeutic options for advanced NRAS™* and WT melanoma. Many public and private
companies have developed valuable chemical libraries for drug discovery. Notably, one of the most
significant efforts in building a comprehensive repository of novel compounds is the European Lead
Factory (ELF), which currently contains over 500,000 unique compounds for HTS campaigns
(399,400). This should be considered in the future for conducting HTS campaigns to identify novel

compounds targeting NRAS™* and WT melanoma.

We conducted HTS on two melanoma cell lines with high spheroid formation capacity and efficient
growth as spheroids, SKmel147 and WM3918, representing NRAS™* and WT genomic melanoma
subtypes, respectively. While standard drug concentration employed by the DMSP platform was
10 uM, we also included an additional screening at a lower concentration of 1 uM. This decision
was based on the general principle that lower drug concentrations off-target effects (401). Key
control metrics, including the Z’-factor and the coefficient of variation (CV), indicated high quality
for each plate screened, with values exceeding 0.5 and remaining below 15% (see Chapter 4.4.2),

respectively. These parameters are critical for ensuring the reliability of the screening (309,326).

Hit drugs were identified through a multi-step process to maximize efficacy selection as described
in Chapter 4.4.2. First, the raw Calcein AM area was analyzed using the three-sigma rule, setting a
97% confidence cut-off (uDMSO - 30) (309,310,402). Compounds below this threshold progressed
to the next step. Second, data were normalized to plate-specific DMSO controls to minimize
variability, selecting compounds with cell viability below 50%. Two biological replicates ensured

reliability, with only consistent hits advancing. The final step involved comparing quantitative data
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with spheroid images to eliminate false positives, often caused by reduced Calcein AM
fluorescence from plate edge effects. Extensive literature research then assessed each compound’s
melanoma targets, resistance mechanisms, and clinical trial outcomes. Compounds withdrawn due

to toxicity were flagged, while those with strong clinical potential were prioritized.

We observed a generally weak response of the two melanoma cell lines to the tested libraries,
reflecting the inherent challenge of identifying effective targeted therapies for these two
melanoma genomic subtypes. One limitation of this study is the small number of cell lines used to
discover new drugs. However, considering the increased complexity of the 3D culture model, the
use of a single melanoma cell line to represent each genomic subtype provided a reasonable
starting point for the identification of potential candidate compounds. Additionally, a BRAF™!
melanoma cell line was included in the screening, demonstrating generally higher sensitivity to the
libraries. However, given the primary focus of this study on NRAS™* and WT melanoma genomic
subtypes, further investigation of the BRAF™* melanoma cell line was not pursued at this stage. A
total of 20 hit compounds were selected for validation through the generation of drug response
curves in SKmel147 (NRAS™*) and WM3918 (WT) melanoma cell lines. Given our primary focus on
identifying effective compounds against NRAS™! melanoma, the majority of the selected hits were
specific to SKmell47. Nonetheless, all 20 compounds were tested across both cell lines,
irrespective of their initial cell line specificity, to evaluate whether these drugs exhibit plasticity in
targeting different melanoma genomic subtypes. The drug selection process proved efficient, as
only a limited number of compounds failed to yield IC50 values, and only a small subset exhibited
IC50 exceeding 1 uM. Notably, the majority of drugs targeting DNA replication demonstrated high
efficacy in both cell lines. For instance, Daunorubicin HCI, a Topoisomerase Il poison (350), showed
strong effect, consistent with the high proliferative capacity of the cell lines. Both cell lines harbor
mutations in the CDKN2A/B gene (a familiar mutation in melanoma), resulting in the loss of
expression of critical cell cycle inhibitors such as p16™%* and p142%. These inhibitors naturally
suppress CDK4/6, key kinases that drive the cell cycle progression through the G1 phase and

toward the S phase, where DNA replication occurs (86).

In melanoma, deregulation of the cell cycle is frequent, and therapeutic approaches targeting
CDK4/6 inhibition have been investigated also in our laboratory in combination with MEKi, yielding
promising results (403,404). However, the emergence of resistance to these combinations has also
been reported by studies conducted in our laboratory (405,406). Furthermore, CHIR-124, despite
its role in inhibiting CHK1, which is a key regulator of the cell cycle and the main downstream target
of ATR following DNA damage (407), did not demonstrate effectiveness. Interestingly, a study by

Zay Yar Oo et al. revealed that melanoma cells exhibit endogenous high levels of replicative stress,
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both in vitro and in vivo (408). This finding may explain the heightened sensitivity of SKmel147 cells
to the ATR inhibitor AZD6738, further suggesting the potential involvement of alternative
downstream targets of ATR distinct from CHK1. The internal control, Trametinib (MEKi),
demonstrated high efficacy in both cell lines. Surprisingly, other MAPK inhibitors, such as TAK-733
(MEKi) and Ulixertinib (ERKi), exhibited limited efficacy in both cell lines, whereas PD0O325901
showed effectiveness exclusively in SKmel147. This reflects the intrinsic resistance of NRAS™" and
WT melanoma to MAPKi. This resistance underscores the need for these inhibitors to be used
predominantly in combination with other therapeutic agents rather than as monotherapies

(76,118).

An interesting class of compounds with pronounced inhibitory effect in both cell lines was
represented by the cardiac glycosides: Lanatoside C and Proscillaridin A, which have demonstrated
strong anti-cancer activity across various cancer types (409-421). These compounds target the
Na*/K* ATPase pump, specifically binding to its al-subunit (ATP1A1) (333,422). Interestingly,
melanoma cells have been reported to exhibit high levels of ATP1A1 (338). In line with this, Soumoy
et al. recently highlighted ATP1A1 as a promising target for the application of cardiac glycosides in
melanoma therapy (337). Furthermore, digoxin, another cardiac glycoside, was tested in
combination with Trametinib in BRAF wild-type melanoma patients, demonstrating favorable
disease control and tolerability (423). A recent study by Kurzeder et al., conducted in injected
mouse models alongside a prospective, open-label, proof-of-concept clinical study, demonstrated
that digoxin significantly reduces the metastatic potential of breast cancer cells by decreasing the

number of clustered circulating tumor cells (424).

Additional compounds targeting hallmark pathways implicated in melanoma drug resistance
showed remarkable sensitivity with low IC50 values. These included those acting on epigenetic
mechanisms, such as Entinostat (HDACi) and XL888 (HSP90i), and inhibitors of critical structural
and signaling molecules, such as Albendazole (B-tubulin inhibitor). These compounds have
previously demonstrated inhibitory effects when used in combination with MAPK inhibitors in
melanoma cells (425-428). Obatoclax (BCL2i), a drug targeting anti-apoptotic pathway, was also

presenting a relatively low IC50 value.

Moreover, it has been already evaluated in a clinical trial in combination with the
chemotherapeutic agent Temozolomide in metastatic melanoma patients (NCT00724841), and
unfortunately, terminated due to financial constraints. Pyrvinium Pamoate, a compound known
to inhibit B-catenin signaling and cellular respiratory complexes | and Il (351), exhibited significant

sensitivity in both cell lines. Dopamine receptor antagonists, such as Itopride and Thioridazine
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hydrochloride, demonstrated remarkable efficacy in both melanoma cell lines, irrespective of their
mutational background. These compounds are recognized as effective against drug-resistant

cancer cells (339,340). However, their mechanism of action in melanoma remains unknown.

Overall, we successfully identified a group of drugs capable of efficiently inhibiting the growth of
NRAS™* and WT melanoma cells cultured as 3D spheroids. These compounds warrant further
investigation as potential candidates for novel melanoma therapies used as monotreatment or in
combination with other compounds. We acknowledge the overall low impact of the tested
compound libraries on the screened melanoma cell lines, as only 1.5% of the tested drugs were
selected during the primary screening, with further reductions following the generation of dose-
response curves (DRCs) (see Chapter 4.4.3). We hypothesize that this outcome may be attributed
to three factors. First, the semi-automated high-throughput screening (HTS) protocol requires
further optimization, with the most notable issue being the pronounced plate edge effect, which

led to an increased number of false positives in the quantitative analysis.

Second, the three-dimensional (3D) spheroid architecture may have enhanced drug resistance by
limiting drug penetration or creating a microenvironment more conducive to melanoma cell

survival, thereby mimicking in vivo conditions.

Third, the intrinsic drug resistance of the two melanoma cell lines under investigation highlights

the overall difficulties associated with targeting these melanoma subtypes efficiently.

A graphic Summary is provided in Fig. 66.
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Figure 66: 3D High-throughput drug screening and hit drug identification. Melanoma cells were
cultured as 3D spheroids in ultra-low attachment surface plates and after 3 days of sphere
formation and growth, drugs were dispensed. After 5 days of incubation, spheroids were stained
with Calcein AM. Using high-throughput confocal imaging and high-content imaging analysis, cell
viability of spheroids was evaluated by the area covered by the Calcein AM signal. 20 hit drugs were
selected through a multi-step analysis, and further validated by the generation of drug response
curves.

5.3. Repurposing novel compounds for the treatment of NRAS™ melanoma.

As described in the previous paragraphs, Daunorubicin HCI (DH) and Pyrvinium Pamoate (PP) were

selected for further validation.

Daunorubicin HCI, an anthracycline antibiotic isolated from a strain of Streptomyces (429), is
currently approved for the treatment of acute myeloid leukemia (AML) (350,430). Its main
mechanism of action involves the intercalation into the major groove of DNA and binding to the
minor groove, with a preference for GC base pairs. This process induces torsional stress on the DNA
structure. DNA topoisomerases, enzymatic complexes responsible for maintaining the DNA
topology, play critical roles in essential cellular processes such as DNA replication and RNA
transcription. These enzymes operate by binding to DNA, introducing strand breaks to release
torsional tension, and subsequently relegating the strands. Two types of topoisomerases have
been identified: Topoisomerase | (TOP1), which induces single-strand breaks (SSNs) without ATP
consumption, and Topoisomerase Il (TOP2), which creates double-strand breaks (DSBs) through
ATP utilization (431). Daunorubicin exerts its cytotoxic effects by intercalating into DNA and
acting as a TOP2 poison. This intercalation stabilizes the covalent TOP2-DNA complex, preventing
the enzyme from relegating the DNA strands. Consequently, DNA damage accumulates, ultimately
leading to apoptosis (328,350,432). TOP2 is predominantly expressed in highly proliferative cells,
including cancer cells (433—435). In melanoma, Mu et al. demonstrated that TOP2a, one of the
most extensively studied isoforms of TOP2, is significantly more expressed in melanoma tissues

compared to benign nevi (436).

Existing studies have primarily focused on its action when conjugated to peptides (437,438),
incorporated into liposomes (438,439) or co-delivered via PEG-based micelles (439), rather than as
a free drug. A liposomal formulation of Daunorubicin, DaunoXome® (a non-PEGylated liposomal
formulation of Daunorubicin), has demonstrated improved cancer cell uptake, thereby enhancing

the therapeutic index of Daunorubicin. This formulation reduces drug uptake by normal tissues,
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consequently lowering toxicity and, more specifically, decreasing the conversion of Daunorubicin
into its cardiotoxic metabolite, Daunorubicinol (440-442). A similar anthracycline antibiotic,
Doxorubicin, which has been approved by the FDA for the treatment of acute leukemias and other
solid tumors, has previously been tested in its liposomal formulation for the treatment of advanced
melanoma, demonstrating limited efficacy (443). However, the effect of Daunorubicin on
melanoma cells remains underexplored and there are no specific studies assessing the efficacy of

this compound in NRAS™* melanoma.

Pyrvinium Pamoate, a cyanine dye approved as an anthelmintic drug (351), has a mechanism of
action that is not yet fully elucidated. A study by Tomitsuka et al. suggested that PP inhibits the
mitochondrial electron transport chain (ETC) in both parasitic and cancer mitochondria (444).
Specifically, it blocks respiratory Complex | under normoxic conditions and inhibits Complex | and
Il under hypoxic conditions, a finding also observed in pancreatic cancer cells (445). Notably,
Aminzadeh-Gohari et al. showed that 24-hour treatment with PP exerts a cytotoxic effect on a
panel of melanoma cell lines representing various genomic subtypes. The effect is mediated by a
significant reduction in mitochondrial respiration, with PP acting as an uncoupler (446).
Additionally, PP serves as an agonist of Casein Kinase 1a (CK1a), a component of the “destruction
complex” that phosphorylates B-Catenin. This phosphorylation promotes B-Catenin proteasomal
degradation, thereby reducing its nuclear translocation and transcription activity (351,447). This
mechanism was also observed in uveal melanoma treated with PP (448). Although this specific
mechanism has not been thoroughly characterized in cutaneous melanoma, we hypothesized it as
a potential mode of action in our cell model and pursued further investigation. The detailed
mechanisms by which DH and PP exert their effect on melanoma remain incompletely understood,

warranting further exploration.

Daunorubicin HCI (DH) and Pyrvinium Pamoate (PP) were evaluated in dose-response assays on a
panel of NRAS™* melanoma cell lines (see Chapter 4.5.1). This panel included two commercially
available cell lines (SKmel147 and SKmel30) and two primary metastatic melanoma cell lines
(M160915 and M161022). Both compounds demonstrated high efficacy across all four melanoma
cell lines cultured as 3D spheroids. When tested on a panel of non-cancerous cell lines, they
exhibited a relatively good safety profile, particularly PP, consistent with their FDA approval status.
In addition, DH and PP were assessed for their ability to kinetically inhibit the proliferation (see
Chapter 4.5.2) of melanoma cells cultured as 3D spheroids and to reduce cell viability significantly.
For comparison, Trametinib (T), a potent MEK inhibitor (MEKi), was employed as a reference. MEK
inhibitors are used off-label in clinical practice in or to stabilize disease in NRAS™' and WT

melanoma patients awaiting re-challenge with immune checkpoint inhibitors (ICls) (116,388).
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Overall, despite the significant reduction in cell viability observed at the respective IC50 values
(see Chapter 4.5.2), we hypothesized the observed effects were predominantly cytostatic. This
hypothesis is supported by the dramatic reduction in spheroids cell proliferation compared to the

untreated control, although proliferation did not drop below baseline levels after normalization.

All compounds demonstrated comparable effects across the three melanoma cell lines, with the
exception of SKmel30, which exhibited higher resistance to DH. We speculate that this increased
resistance to DH may be attributed to the TP53 gene deletion present in SKmel30 (Cellosaurus.org).
Dysfunctional p53 has been associated with increased resistance to Doxorubicin treatment due to
the upregulation of key drug transporters, such as ABCB1 (449). In melanoma, Rudolf et al.
observed that a combination of the TOP1 inhibitor Camptothecin and the TOP2 inhibitor Etoposide
showed reduced efficacy in melanoma cells with mutant p53 compared to wt p53 cells. They
suggested that apoptosis in p53-mutant cells was driven by p53-independent mechanisms, such as
mitochondrial dysfunction and the activation of stress-sensitive kinases, including (450).
Furthermore, | had the opportunity to contribute to an intriguing project led by Prof. Kulms
(University of Dresden, Germany), in which we demonstrated that a rare TP53 mutation (R285K)
confers increased resistance to cisplatin treatment in metastatic melanoma cells. This resistance

can be overcome through ferroptosis induction (91).

The time-lapse microscopy assay, which kinetically measures the proliferation of melanoma cells
cultured as 3D spheroids, serves as a valuable tool for identifying the time points at which drugs
begin to significantly inhibit cell proliferation. Based on this, we determined day 3 and/or day 5 as

the key time points for subsequent assay.

To confirm that the observed effects were cytostatic or cytotoxic, we assessed cell death and
apoptosis levels after 5 days of treatment by detecting nucleic acid of impaired cells and the
activation of effector caspase 3 and 7 (see Chapter 4.5.2). PP induced significant apoptosis and
cellular death in all the tested cell lines, highlighting its potential as an attractive candidate for
first-line therapy in NRAS™' melanoma patients. We observed lower apoptosis induction upon T
and DH treatment in the primary cell lines M160915 and M161022, particularly in SKmel30, which
exhibited general resistance to apoptosis. This resistance was further evidenced by its lower
cytotoxic response to Staurosporine compared to the other cell lines. This observation aligns with
the fact that melanoma patients treated with anthracycline and other chemotherapeutic agents
may develop resistance to these treatments through the upregulation of ABC transporters, such as
ABCB5 and ABCBS8, in doxorubicin-treated melanoma cells, or by the upregulation of TOP2a

following Etoposide treatment (451,452).
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Although DH and T induced lower levels of apoptosis than PP in the primary cell lines, a significantly
higher induction of cell death was observed upon DH and T treatment. This led us to hypothesize
that a higher level of apoptosis may have occurred earlier than 5 days of treatment, warranting
further assessment at earlier time points. Alternatively, other programmed cell death mechanisms,

such as necroptosis, may have been activated instead of apoptosis.

Necroptosis is an immunogenic form of cell death characterized by the phosphorylation of RIPK1/3
and MLKL, which leads to the formation of micropores in the cell membrane, driving the cell to
death while releasing damage-associated molecular patterns (DAMPs) into the TME. These DAMPs
subsequently trigger an immune response. Doxorubicin, a modified version of Daunorubicin, has
also been extensively studied for its ability to induce immunogenic cell death able to boost the
immune response (453,454). Therefore, further investigations into alternative cell death

mechanisms should be considered.

Melanoma is a highly migratory and invasive cancer, where tumor cells exhibit vertical growth,
migrating toward deeper tissues such as the dermis and subcutaneous layers by breaching the
basement membrane. This process enables melanoma cells to intravasate into lymphatic and blood
vessels, circulate, and extravasate into lymph nodes and distant organs, thereby metastasizing
(13,455-458). To assess the potential of DH and PP in inhibiting melanoma cell motility, we tested
their effects on cells cultured as spheroids and embedded in a type | collagen matrix. T inhibited
invasion and migration in both melanoma cell lines, which was noteworthy given a study by Vultur
et al. that showed an increase in migration and invasion potential in metastatic melanoma cell
limes, but no tin non-metastatic lines, upon treatment with MEKi, using a similar 3D collagen assay
(458). Interestingly, DH and PP significantly inhibited the motility of only the primary metastatic
melanoma cell line (M160915). This suggests that these compounds may have selective inhibitory
effects on motility in certain NRAS™* melanoma phenotypes but not for all. However, to confirm
the inhibitory potential of these drugs, additional melanoma cell lines should be tested, as SKmel30
lacks motility within the Collagen matrix, and M161022 did not form sufficiently compact spheroids
to withstand the experimental procedure for this assay. Furthermore, since melanoma invasion
involves breaching the basement membrane, which consists of approximately 60% Laminin, 30%
type IV Collagen, and 10% other glycans and proteins, the exclusive use of Collagen I, which is the
main ECM component of stromal connective tissue (281,459), may not fully replicate the invasive
process. Therefore, DH and PP should also be tested in melanoma cells embedded in a matrix that
more closely resembles the basement membrane, as different interactions with adhesion and
mechanoreceptors can activate distinct signaling pathways, potentially altering melanoma cell

behavior (251,252,460).
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Deregulation of drug-specific molecular targets was assessed through immunoblotting (see
Chapter 4.5.2). Specifically, TOP2a was selected as a target for DH, given its ability to form
complexes with TOP2, thereby inhibiting its function. Similarly, B-catenin was chosen for PP, as PP
acts as CK1a, which phosphorylates B-catenin, leading to its degradation. Unfortunately, none of
the selected drug-related proteins exhibited significant deregulation in all the treated melanoma
cell lines, reinforcing the idea that DH and PP may act on alternative targets in these cell lines,
which require further investigation. Only M160915 showed an increased level of TOP2a upon DH
treatment. Additionally, CK1a expression was analyzed in spheroids treated with PP, but technical

issues with antibody detection prevented reliable results (data not shown).

The only remarkable deregulation that we noted was AKT protein levels and its activation upon
PP treatment in SKmel147 and the two primary cell lines, posing PP as a regulator of AKT in our
melanoma cells. AKT is a well-established downstream target of mutated NRAS in melanoma and
is known to be upregulated upon MAPKi treatment, contributing to resistance against targeted
therapies (96). The role of PP in AKT inhibition has been previously described in cancer (461-464).
Moreover, Zheng et al. demonstrated a dose-dependent effect of PP in uveal melanoma cells,
where a marked reduction in pAKT/AKT led to increased GSK3pB activity (a natural target of
activated AKT), which subsequently promoted phosphorylation and degradation of B-catenin (448).
However, this mechanism was not observed in our models, as B-catenin levels remained
unchanged following PP treatment. Given the levels of apoptosis and cell death induced by PP, we
hypothesize that the observed reduction in pAKT/AKT and total AKT upon PP exposure may
contribute to apoptosis induction, as activated AKT is known to regulate key anti-apoptotic
molecules such as BCL-2 and BCL-xL, stabilize mitochondria by reducing cytochrome-c release, and
drive metabolic shifts toward oxidative metabolism (96,465). The response of SKmel30 to PP
treatment remains puzzling, as we observed an increase in pAKT, which likely led to the
upregulation of B-catenin. This effect may be attributed to the inhibition of GSK3B, which becomes
phosphorylated by activated AKT (pAKT)This cell line exhibited strong resistance to T, DH, and even
the positive control, Staurosporine, yet it was extremely sensitive to PP, which repeatedly induced
pronounced apoptosis and cell death. Notably, SKmel30 showed reductions in pERK and ERK
following T treatment, which resulted in minimal cytotoxicity, whereas PP treatment led to an
increase in pERK/ERK and pAKT/AKT ratios while still triggering a remarkably strong cytotoxic
effect. This suggests that PP may induce cell death through alternative mechanisms, potentially
related to its ability to inhibit oxidative respiration and drive melanoma cells into apoptosis (446).
To investigate this hypothesis, we assessed changes in mitochondrial membrane potential (MMP)

in these cell lines using Tetramethylrhodamine, methyl ester (TMRM), A dye that emits a red
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fluorescent signal upon protonation in mitochondria with functional MMP. Once the MMP is
impaired due to inhibition, disruption, or uncoupling of the respiratory complexes, the signal tends
to dim or disappear. The signal can then be quantified using microscopy. However, due to the
spectral similarity of the reagent with PP, nonspecific signal levels increased exponentially (data

not shown). Therefore, further studies are required to elucidate the underlying mechanisms.

The primary mechanism of DH is to induce DNA damage, particularly double-strand breaks (DSBs),
by poisoning or inhibiting topoisomerase |l activity. To assess DNA damage levels, we evaluated
YH2AX expression. Phosphorylated Histone 2AX (yH2AX) is one of the most commonly used
markers for detecting DNA damage in cells. Upon DNA damage, H2AX is phosphorylated by DNA-
PKs (DNA protein kinases) and ATM, two key DNA damage sensors, initiating a signaling cascade
that activates DNA repair mechanisms (466) However, none of the cell lines exhibited detectable
yH2AX levels following DH exposure, nor after treatment with T or PP. Initially, we speculated that
DH might be causing histone eviction in our melanoma cells, leading to a dramatic reduction in
YH2AX levels. This hypothesis aligns with findings from a study by Pang et al., which demonstrated
that Doxorubicin and Daunorubicin, but not Etoposide, evict histone H2AX, thereby increasing
exposure to DNA damage (467). Additionally, further evaluation of antibody specificity and
performance is required. This could be achieved by testing yH2AX levels in DNA damage-sensitive
cell lines and employing a strong DNA damage inducer, such as radiation, to activate the yH2AX

signal robustly.

Combinatorial therapies have emerged as one of the most effective strategies to overcome drug
resistance mechanisms that melanoma cells acquire against single agents. For instance, the
combination of BRAFi and MEKi has been employed to overcome BRAFi resistance, while the
combination of anti-PD-1 and anti-CTLA-4 antibodies are used in immunotherapy to address
resistance mechanisms against single-agent treatments, despite concerns regarding an increased
incidence of adverse events compared to monotherapy (see Chapter 1.3). Following this approach,
we tested DH and PP in combination with T to explore the potential for synergistic effects between
the compounds. Unfortunately, both combinations exhibited only a strong additive effect but not
a synergistic, as further confirmed by 3D melanoma spheroids proliferation and cell viability assay
(see Chapter 4.5.3). In these assays, the combinations showed only a slight reduction, or similar
inhibitory effects compared to the respective single compound. Surprisingly, the low concentration
of T exhibited an antagonistic effect, increasing both proliferation and cell viability in melanoma
spheroids, which is puzzling and needs to be investigated in more cell lines. Based on these results,
we decided to proceed with further testing of the individual treatments using their respective IC50

values. The lack of significant efficacy observed with the tested combinations in this study does not
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exclude the possibility that other combinations may be more effective. For instance, the
combination between DH and PP, or their combination with other MAPK inhibitors (MAPKi) or
immune checkpoint inhibitors (ICls), could be explored. Notably, triple combinations of BRAFi,
MEKi, and ICIs have already been tested in clinical settings, leading to the FDA approval in 2020 for
the treatment of BRAF™! unresectable and metastatic melanoma with the combination of

Vemurafenib (BRAFi), Cobimetinib (MEKi), and Atezolizumab (anti-PD-L1) (468).

The role of the TME has become increasingly critical in accurately assessing the effects of anti-
cancer compounds, as extensively discussed in Chapter 1.6. Therefore, we decided to investigate
the effect of DH and PP on melanoma cells co-cultured with key stromal cells to better mimic the
main metastatic niches of melanoma. We employed the previously established Melanoma
Multicomponent Spheroid (MMS) (315) and the hydrogel melanoma-TME co-culture system. First,
the three mCherry-labeled NRAS™" melanoma cell lines were cultured in MMS models, co-cultured
with endothelial cell sand either NHDF (Dermal/Skin), MRC-5 (Lung), or LX-2 (Liver) fibroblasts.
These models were then treated with T, DH, and PP at cell line-specific IC50 concentrations. The
decision to co-culture NRAS™* melanoma cells within 3D models designed to mimic dermal/skin,
lung, and liver metastatic niches proved to be highly translational. This approach is supported by
the extensive prospective study conducted by Adler et al., which demonstrated that NRAS™!
melanoma, in addition to skin, preferentially metastasizes to the lung, liver, and brain (469).
SKmel147 and SKmel30, when cultured in the Skin/Dermal and Lung models, exhibited a similar
kinetic response to treatments as observed in spheroids composed solely of melanoma cells. When
co-cultured in the Liver model, SKmel30 exhibited increased resistance to the proliferation-
inhibitory effects of PP. This resistance was further confirmed by evaluating spheroid cell viability.
Confocal images gave us important information because we could observe that non-cancerous cells
were still present upon treatment (see Chapter 4.5.4, Fig. 60). The viability of the entire spheroid
mass was assessed. However, questions may arise concerning the cell type specificity of the
measured viability. While we acknowledge the necessity of optimizing alternative assays to
specifically evaluate melanoma cell viability, we regarded the observed reduction in spheroid
viability as representative of the 'entire tumor mass,' which includes contributions from both
cancerous and non-cancerous cells. This approach aligns with the outcomes observed in in vivo

assays.

We then transitioned to a more complex 3D in vitro system based on melanoma co-cultures
embedded in a xeno-free, inert, PEG-based matrix. The interaction between the ECM and
melanoma cells is a crucial factor that drives melanoma progression and contributes to drug

resistance, as discussed in earlier chapters of this thesis. Utilizing this advanced hydrogel-based 3D
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model system, DH and PP demonstrated notable specificity in inhibiting the growth of both
melanoma cell lines, with minimal impact on non-cancerous cells across all three models (Dermal,
Lung, and Liver) compared to the melanoma population. This inhibitory effect was even more
pronounced than that of T in the M161022 model. Interestingly, SKmel147 displayed a differential
response to the drugs when cultured in the Liver model compared to the other models (see Chapter
4.5.4, Fig. 61). The observed differences in the response to treatments of melanoma cells co-
cultured with TME cells across two in vitro 3D model systems used in this study are particularly
intriguing. These differences reflect the fact that melanoma patients can respond differently to the
same treatment depending on the metastatic site, thereby contributing to variation in patient
outcomes. This concept is supported by a recent study conducted by Forschner et al., which
identified a negative correlation between the response to targeted therapies (TT) or ICls and the
metastatic site in patients with metastatic melanoma. Specifically, patients with skin metastases
demonstrated better responses to TT, whereas patients with visceral metastasis exhibited better
responses to ICls (470). Furthermore, studies have shown that melanoma metastasis to the liver is
associated with a poorer response to anti-PD-1 therapy and a lower level of CD8+ T-lymphocyte
infiltration compared to other metastatic sites (471-473). Mechanistically, a study by Schmidt et
al. described that liver metastases of cutaneous melanoma were characterized by high expression
of RICTOR (a key subunit of mTORC2) which phosphorylates AKT and increases tumorigenicity and
invasiveness of melanoma cells in vitro and in vivo utilizing a syngeneic murine splenic injection
model. Interestingly, these highly motile melanoma liver metastasis cells presented activated AKT
(phosphorylated in both Ser473 and Thr308 residues), which was also stimulated by HGF secreted
by hepatic stellate cells (HSCs) conditioned media. These findings suggest a melanoma-promoting
role of HSC. In vivo studies further confirmed this, showing that melanoma cells with RICTOR

knockdown developed fewer liver metastases after 10 days following injections in mice (474).

Taken together, we demonstrated that Daunorubicin HCl and Pyrvinium Pamoate are capable of
efficiently inhibiting the growth of NRAS™* melanoma cells co-cultured with non-cancerous cells
that mimic various metastatic melanoma niches in different in vitro 3D systems. Both compounds
showed comparable, and in some cases, even greater effects on melanoma growth inhibition than
Trametinib, with minimal impact on non-cancerous cells, similar to the low toxicity observed with
Trametinib. Notably, while DH and T exhibited lower cytotoxic effects across all the cell lines, PP
demonstrated a more pronounced cytotoxic effect on melanoma cells likely driven by an
inhibition of AKT activity, positioning it as a potentially more effective candidate for first-line

treatment of NRAS™* melanoma.
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Melanoma is a solid cancer that inherently and progressively acquires resistance to treatments,
including targeted therapies, which often leads to patient relapse (see Chapter 1.4). Currently,
NRAS™' melanoma patients are preferably treated with ICls as first-line therapy, which
unfortunately, almost 50% progress only after 6 months of therapy (116,475). A recent 10-year
follow-up of melanoma patients treated with a combination of anti-PD-1 and anti-CTLA-4 revealed
that only 59% of patients without a BRAF mutation survived three years after initiating treatment
(476). Therefore, novel second-line therapeutic options for drug-resistant melanoma patients are
urgently needed. We previously demonstrated that DH and, in particular, PP, exhibit comparable
or even greater cytotoxic effects on NRAS™" melanoma cells than the currently clinically off-label
used MEKi as a targeted therapy. It is important to highlight that while melanoma cells are known
to develop resistance against MEKi, it remains to be shown whether they can develop resistance
against DH and PP. Studies have shown that melanoma can acquire resistance to chemotherapy
agents (452). Given that DH is a chemotherapeutic agent inducing lower levels of apoptosis than
PP, melanoma cells may have a higher potential to develop resistance to DH compared to PP.
Unfortunately, there are no studies looking into this hypothesis, and further research is needed to

explore this possibility.

However, we chose to evaluate DH and PP effectiveness against an NRAS™*' MEKi-resistant
melanoma cell line (SKmel30), as well as a MEKi-resistant BRAFwt/NRASwt melanoma cell line
(WM3918). We acknowledge that the ideal experimental conditions would have involved
assessing the efficacy of DH and PP on ICls-resistant NRAS™' melanoma cells, given the
preferential use of ICls as first-line therapies, also highlighted by the recent ESMO report for
melanoma clinical practices (146) . However, we are currently in the process of establishing
experimental models that will allow the generation of melanoma cells resistant to ICls. Here, we
opted to generate melanoma cell lines resistant to MEK inhibitors (MEKi) instead. Interestingly,
Pyrvinium Pamoate was able to effectively inhibit the growth of MEKi-resistant melanoma cell
lines. While DH exhibited even greater sensitivity compared to their respective sensitive melanoma
cell line counterparts. This was also in line with the potent cytotoxic effect measured in 3D
spheroids (see Chapter 4.5.5). These experiments lay the foundation for the potential use of DH
and PP as second- or third-line treatments in melanoma patients who have developed resistance
to MEK inhibitors or possibly other MAPK-targeted therapies. However, further investigations are
necessary to confirm this effect, particularly by including additional MEKi- or MAPKi-resistant
NRAS™* melanoma cell lines. A more translational approach would involve testing DH and PP in
melanoma cell lines resistant to immune checkpoint inhibitors (ICls) to better assess their clinical

relevance.
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5. Discussion

By leveraging advanced in vitro co-culture 3D models that mimic different metastatic melanoma
niches, we demonstrated the efficacy of Daunorubicin HCI (DH) and Pyrvinium Pamoate (PP) in
targeting NRAS™melanoma cells. These findings were further validated in zebrafish larvae in vivo
models, where both compounds exhibited great tumor reduction (see Chapter 4.5.6). Given the
lower cytotoxic effect of DH compared to PP, along with its innate chemotherapeutic potential to
enhance immune responses, DH may serve as an alternative therapeutic option for disease control.
Notably, it could be used in NRAS™ " patients as a bridging therapy while awaiting rechallenge with
other treatments. As previously mentioned, the use of chemotherapeutic agents such as DH in
refractory ICl melanoma patients might serve as a viable strategy to resensitize melanoma patients
to immunotherapies, given the immunogenic properties of chemotherapy (477). Supporting this
approach, Haggerty et al. demonstrated that short-term treatment with Daunorubicin increased
the expression of tumor antigens in melanoma cells, leading to enhanced secretion of
immunogenic cytokines such as IL-2 and IFN-y by co-cultured T-cells (478). On the contrary, PP
demonstrated notable efficiency in specifically targeting melanoma cells, inducing significant
levels of apoptosis and showing inhibitory effects on migratory and invasive melanoma cells, all
while maintaining a relatively safety profile in non-cancerous human cells, while a toxic effect was

observed in zebrafish larvae, warranting further investigation.

These characteristics establish PP as a promising candidate for first-line therapy in NRAS™"
melanoma patients. Moreover, PP displayed strong efficacy in MEKi-resistant cell lines, suggesting
its potential application in treating targeted therapy-resistant melanoma. One key consideration is
PP's current formulation as tablets, which primarily acts locally in the gut due to its limited systemic
absorption. However, Esumi et al. reported that PP can be absorbed intestinally, leading to a
significant reduction in pancreatic tumor sizes in mice (479). While no studies have evaluated
alternative administration routes in humans, gradual intraperitoneal administration of PP in mice
demonstrated strong efficacy in tumor reduction with low toxicity (480). In this context, PP is
currently being evaluated in a Phase | clinical trial (NCT05055323) to assess its safety and

tolerability for the treatment of pancreatic ductal adenocarcinoma (PDAC) (481).

Overall, we successfully established a semi-automated high-throughput drug screening workflow
in which cells were cultured as 3D spheroids, enhancing the translational relevance of drug
responses compared to traditional 2D approaches, and identifying a small percentage of the more
than 1,300 compounds tested that exhibited promising effects. While DH and PP emerged as two
of the most effective drugs during the dose-response curve (DRC) validation step showing
melanoma inhibitory effects in advanced 3D model systems, further evaluations are needed to

reveal their clinical potential.
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5. Discussion

Despite the use of advanced human melanoma 3D in vitro models and melanoma zebrafish larvae
in vivo models, a crucial step in evaluating the clinical potential of DH and PP would be to test these
compounds in mammalian models, such as mice bearing NRAS-mutant melanoma (482).
Nevertheless, it was encouraging to observe that PP induced a remarkable cytotoxic effect on
treatment naive NRAS™' melanoma cells. These findings highlight the significant challenges
associated with identifying novel first- and second-line therapies for WT and NRAS™* melanoma

patients.

A key strength and novelty of this study lies in the development and implementation of advanced
human melanoma 3D co-culture systems, which uniquely integrate multiple tumor
microenvironment components. These in vitro platforms better mimic the in vivo architecture and
key interactions between melanoma cells and crucial TME elements, including extracellular
matrices from three of the major metastatic sites of melanoma. This approach provided a more
physiologically relevant context for drug testing, further reinforced by subsequent validation in a

non-mammalian in vivo system (zebrafish larvae).

e =

Monocomponent
Spheroid

NRAS™*
treatment naive

NRAS™*
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Figure 67: Characterization of Daunorubicin HCI (DH) and Pyrvinium Pamoate (PP) effects in advanced 3D
melanoma co-culture models. DH and PP demonstrated potent inhibitory effects on NRAS™ melanoma cells
cultured as spheroids, with PP inducing significant levels of apoptosis. 3D co-culture systems that mimic key
melanoma metastatic sites showed that both DH and PP exert strong melanoma-specific effects, with
minimal or reduced inhibitory effects on non-cancerous cells. Furthermore, the in vivo zebrafish larvae model
corroborated the melanoma-specific action of DH and PP, revealing low toxicity. The next steps involve
testing DH and PP on ICl-resistant melanoma cells and evaluating their effects in NRAS-mutant melanoma
mouse models.
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6. Conclusions and Perspectives

This thesis represents a comprehensive effort to establish advanced pre-clinical in vitro 3D
melanoma models, which are suitable to explore novel therapeutic options. Here, we focused on
WT and in particular NRAS™* melanoma, leveraging advanced 3D co-culture models to enhance
the physiological relevance of preclinical drug testing for these difficult-to-treat genotypes.
Through a systematic high-throughput drug screening approach, Daunorubicin HCI (DH) and
Pyrvinium Pamoate (PP) emerged as promising candidates for further evaluation. These
compounds demonstrated significant anti-melanoma effects in both in vitro 3D models and in vivo
zebrafish larvae assays, highlighting their potential clinical relevance. PP exhibited particularly
strong cytotoxic activity, efficiently targeting both naive and MEK inhibitor (MEKi)-resistant
NRAS™* melanoma cells while also displaying a favorable safety profile. Its ability to induce
significant cytotoxic effects and inhibit melanoma cell migration and invasion positions it as a
potential first-line therapeutic option. In contrast, DH showed a more moderate cytotoxic effect,
suggesting its potential use as a disease control agent. Despite these promising findings, several
challenges remain before these compounds can be translated into clinical applications. The limited
systemic absorption of PP in its current formulation raises the need for alternative delivery
strategies, and further studies are necessary to confirm its efficacy in ICl-resistant melanoma.
Moreover, DH might present relevant adverse effects in patients such as cardiotoxicity, which can

be mitigated utilizing different drug-delivery systems.
The future perspectives and planned activities are the following:

1. Enhancing melanoma hydrogel co-culture models by inducing vascularization and
incorporating immune cells.

2. Assessing the efficacy of DH and PP in additional primary melanoma cell lines and
expanding the investigation to WT melanoma cells.

3. Elucidating the mechanisms of action of DH and PP in NRAS™" melanoma using multi-omic
and metabolism-related approaches, which are currently being explored in our laboratory.

4. Generating ICls-resistant NRAS™! and WT melanoma cell lines and assessing the efficacy
of DH and PP in these cell lines.

5. Exploring additional drug combinations, such as DH plus PP, and testing them alongside
other compounds such as MAPK inhibitors and alternative ICls in both sensitive and ICls-
resistant NRAS™" and WT melanoma cells.

6. Testing novel drug delivery systems for DH and PP, including exosomes.
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7. Evaluating the efficacy and toxicity of DH and PP in NRAS™ melanoma mouse models.
8. Testing additional promising hit compounds that demonstrated high efficacy in the HTS

campaign.

This study highlights the possibilities, opportunities but also the challenges of advanced 3D co-
culture models in preclinical drug discovery. The models can enhance translational relevance while
reducing reliance on animal experiments. 3D models may serve as versatile platforms for advanced
preclinical studies in both academia and industry, albeit at a higher cost and requiring more
complex optimization protocols than traditional 2D in vitro tissue culture. Additionally, they may
be integrated into semi-automated high-throughput drug-screening (HTS), providing more
physiologically relevant drug responses and thus potentially increasing the success rate of
compounds progressing to clinical studies. Currently, less than 10% of compounds tested through

HTS advance to preclinical studies, and less than 5% enter clinical trials (314).

Beyond drug discovery, 3D models also have important applications in basic research, offering
human cancer-like characteristics that could help uncover molecular mechanisms underlying key

processes that are rewired in cancer versus normal cells.

In this thesis we provide the results for 2 repurposed drugs, showing efficacy against NRAS™"and
WT melanoma, two melanoma genomic subtypes that currently lack approved targeted therapies.
By utilizing this approach, the effects of DH and PP on melanoma and various non-cancerous cells
were thoroughly examined. Notably, PP exhibited promising effects, warranting further
investigation in combination with other drugs targeting the MAPK signaling pathway, metabolic
rewiring, epigenetic mechanisms, and other classes of inhibitors, and ultimately with ICls, to
further improve and prolong the effects ofimmunotherapies. Moreover, the strategic combination
of repurposed, clinically approved drugs with testing them in advanced 3D human models has the
potential to significantly enhance drug approval rates while at the same time accelerating the drug

discovery process.
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Suppl. Figure 1: A) Panel of BRAFmut, NRASmut, and WT commercially available melanoma cell
lines tested for their sphere formation capacity and growth. Widefield pictures were acquired on
days 3, 7, 10, and 14. B) Panel of BRAFmut, NRASmut, and WT primary metastatic melanoma cell
lines tested for their sphere formation capacity and growth. Widefield pictures were acquired on

days 3, 7, 10 and 14. NRAS be-1 is M160915, and NRAS be-2 is M161022.
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Suppl. Figure 2: Specific melanoma cell proliferation co-cultured with HMEC-1, and either NHDF
(skin), MRC-5 (lung), or LX-2 (liver) at different cellular ratios. Melanoma cells were transduced to
constitutively express fluorescent proteins, exploited to track their proliferation over time. A)

624mel, B) SKmel147, and C) WM3918.
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B
624mel 624mel 624mel WM3918 WmM3918 WM3918
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Suppl. Figure 3: Live-cell imaging of MMSs. (A) Cell lines constitutively expressing fluorescent
proteins were used. Fluorescently labeled 624mel (orange-mCherry, (blue-BFP) HMEC-1, and
either (green-GFP) NHDF, or MRC-5 or LX-2. Confocal images were taken at maximum intensity
projections of multiple z-stacks. Objective 10x. Scale bar = 200 um. (B) Cell lines constitutively
expressing fluorescent proteins were used. Fluorescently labeled WM3918I (orange-mCherry,
(blue-BFP) HMEC-1, and either (green-GFP) NHDF, or MRC-5 or LX-2. Confocal images were taken
at maximum intensity projections of multiple z-stacks. Objective 10x. Scale bar =200 um.
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Suppl. Figure 4: MMSs viability measured after 96 hours from the beginning of the treatment. A)
MMSs-Skin, -Lung, and —Liver using WM3918 as melanoma cells. B) MMSs-Skin, -Lung, and —Liver

using 624mel as melanoma cells.
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Suppl. Figure 5: Pearson’s correlation between the two biological replicates for each condition
results to be positively moderate-strong for SKmel147 and moderate for WM3918. A) libraries
tested at 10 uM concentration and B) at 1 uM concentration, for SKmel147. A) libraries tested at
10 uM concentration and B) at 1 uM concentration, for WM3918.
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Suppl. Figure 6: Drug response curves of selected hit drugs validate on SKmel147 spheroids using

DMSP platform.
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Suppl. Figure 7: Drug response curves of selected hit drugs validate on WM3918 spheroids using
DMSP platform.

180



Appendix

Dermal Lung Liver
259 o 259 o 257 o uUT
e T =3 T o T
S0 ok £ 20 DH 2 20 DH
& I « PP &
PP
S: o PP 5 Staurosporine 5. ¢ Staurosporine
= 15 Staurosporine = 1.54 = 1.54
3 s 3
510 510 s 5104 : 1 3
£ E E 2
© © ©
205 205 2 0.5
< < <
0.0+ T T T T T T T T T 1 0. T T T T T T T T T " 0.0 T T T —T T T —T "
0 12 24 36 48 60 72 84 96 108 120 0 12 24 36 48 60 72 84 96 108 120 0 12 24 36 48 60 72 84 96 108 120
Hours Hours Hours
o~ o™ o~
8 8 8
s & e
- - -
= = =
w 2
s} S
g = 5
z =
o1 - Ky
O o O
w w w
= = =
o T =

(o]

120
100
80
60
40
20

% Cell Viability

Dermal Lung Liver

Suppl. Figure 8: Preliminary data (N=1) of the drug efficacy tested in M161022 cultured into the
Melanoma Multicomponents Spheroid (MMS) models. A) Line graphs represent kinetic responses
to 5-day drug of M161022-mCherry co-cultured into three Melanoma Multicomponent Spheroid
(MMS) models: “Dermal”, “Lung”, and Liver”. Fluorescent images exciting mCherry fluorescence
were acquired every 12 hours. B) Bar plots represent the cell viability of the three M161022-MMS
models after 5 days of drug treatment. Data are normalized by the untreated control.
Staurosporine was used as positive control at 200 nM. Confocal pictures (objective 20x) of the
different cell populations composing the different MMS models after 5 days of drug stimulations
are shown; M161022-mCherry (red), NHDF/MRC-5/LX-2 (green), HMEC-1 (blue). Scale bar = 200
pum.
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Suppl. Figure 9:Effect of Daunorubicin HCl and Pyrvinium Pamoate on drug-specific targets and key
melanoma survival and proliferation kinases. A) Representative Western blots of M160915 treated
for 3 and 5 days with cell-line specific IC50 values of T, DH, and PP. B) Quantification of the protein
levels in M160915, normalized to the untreated control. C) pERK/ERK ratio analyzed as quotient of
PERK versus ERK, in M160915. D) pAKT/AKT ratio analyzed as quotient of pAKT versus AKT, in
M160915. E) Representative Western blots of M161022 treated for 3 and 5 days with cell-line
specific IC50 values of T, DH, and PP. F) Quantification of the protein levelsin M161022, normalized
to the untreated control. G) pERK/ERK ratio analyzed as quotient of pERK versus ERK, in M161022.
D) pAKT/AKT ratio analyzed as quotient of pAKT versus AKT, in M161022. yH2AX was excluded from
the analysis. GAPDH was used as loading control; representative blots of three biological replicates
are shown. (n=3. meanzSD).
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2. Manuscript 1: Protocol to generate scaffold-free, multicomponent 3D melanoma
spheroid models for preclinical drug testing (DOI: 10.1016/j.xpro.2024.103058)
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Three-dimensional (3D) models play an increasingly important role in preclinical drug testing as
they faithfully mimic interactions between cancer cells and the tumor microenvironment (TME).
Here, we present a protocol for generating scaffold-free 3D multicomponent human melanoma
spheroids. We describe steps for characterizing models using live-cell imaging and histology,
followed by drug testing and assessment of cell death through various techniques such as
imaging, luminescence-based assays, and flow cytometry. Finally, we demonstrate the models’
adaptability for co-cultures with immune cells.
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SUMMARY

Three-dimensional (3D) models play an increasingly important role in preclinical
drug testing as they faithfully mimic interactions between cancer cells and the tu-
mor microenvironment (TME). Here, we present a protocol for generating scaf-
fold-free 3D multicomponent human melanoma spheroids. We describe steps
for characterizing models using live-cell imaging and histology, followed by
drug testing and assessment of cell death through various techniques such as im-
aging, luminescence-based assays, and flow cytometry. Finally, we demonstrate
the models’ adaptability for co-cultures with immune cells.

BEFORE YOU BEGIN

Inthe past, two-dimensional (2D) cultures of cancer cells have been the main pre-clinical model for the
evaluation of drug efficacy. However, the absence of a correct three-dimensional (3D) tumor architec-
ture, which influences the complex interplay of different cell types and their exchange of nutrients and
metabolites has resulted in gross misinterpretations of in vivo drug effects. 3D cultures better mimic
physiological properties of tumor cells allowing for more reliable in vitro drug testing,”” especially
when different cell types of the tumor microenvironment (TME) are incorporated in multicomponent
3D spheroid models. ** Their high reproducibility allows upscaling to high-throughput drug screening
for drug discovery as well as studies investigating the mechanisms of drug responses.” "’

In this protocol, we describe the generation of scaffold-free 3D spheroid models in which melanoma
cells are co-cultured with endothelial cells, and different types of fibroblasts derived from skin, lung,
and liver, representing the sites of common melanoma metastasis. Furthermore, peripheral blood
mononuclear cells (PBMCs) were introduced to mimic involvement of the immune system. Detailed
sequential seeding protocols were adapted to melanoma cells (Figure 1) allowing for versatile com-
bination of different cell types of choice as has previously been reported for other cancer types.'*
Our advanced Melanoma Multicomponent Spheroid (MMS) models support a more rational assess-
ment of drug effectiveness than standard 2D tissue cultures on plastic surfaces resulting in strikingly
different responses to certain drugs. Moreover, compatibility with histological staining methods
(immunofluorescence, IF) and cellular assays such as flow cytometry makes these 3D models useful
surrogates for the examination of cancer cells specific traits and drug pharmacodynamics. The use of
either fluorescently labeled or unlabeled cell lines (Table 1) depends on the planned read-out assay
and should be decided beforehand. We recommend using unlabeled cell lines for immunocyto-
chemical staining and flow cytometry-based assays, while labeled cell lines are perfectly suited for
microscopy-based imaging and fluorescence-based drug response assays.

® STAR Protocols 5, 103058, June 21, 2024
This is an open access article uncler the CC BY-NC-ND license (hitp

|
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Protocol to generate scaffold-free, multicomponent 3D
melanoma spheroid models for preclinical drug testing
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Figure 1. Sequential seeding protacol for Melanoma Multicomponent Spheroid (MMS) generation

DAY 6

Day —1, melanoma and endothelial cells are seeded at a 1:3 ratio in a U-bottom ULA microplate (384- or 96-wells). One day later (Day 0), 3 parts of
fibroblasts or hepatic stellate cells are added atop (final ratio: 1:3:3). After 3 days of culture, MMSs can be co-cultured with PEMCs at a 1:10 ratio. Anti-
CD28 antibody added for co-stimulatary signals for activation of immune cells. MMSs seeding can be performed in 384- or 96-well plates according to

the chosen assays. Created with BioRende

com

Institutional permissions

Appropriate precautions must be taken when handling human isolated PBMCs and cell lines trans-
duced with lentiviral vectors (Table 1). All experiments involving the use of such material should be
performed in accordance with biosafety level 2 (BSL2) guidelines, with dedicated class 2 biosafety
cabinets and wearing appropriate protective equipment. Leukopaks for PBMC isolation were ob-
tained from the Croix Rouge Luxembourg under the ethical agreement UNILUX-2023-001.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Purified anti-human CD28 (mouse IgG1) 5 pg/mL BioLegend 302902
Anti-human CD45 (mouse IgG1) 4 plL/100 pL of FACS buffer Biolegend 368507
Anti-human CD8a {mouse IgG1) 1.7 ul/100 pL of FACS buffer Biolegend 301014
Anti-human CD4 (mouse IgG1) 5 ul/100 uL of FACS buffer Biolegend 300555
Anti-human CD56 (mouse IgG1) 5 pnl/100 uL of FACS buffer Biolegend 392409
Anti-human CD3 (mouse IgG1) 4 plL/100 pL of FACS buffer Biolegend 300429
Anti-human CD11b (mouse IgG1) 5 pL/100 pL of FACS buffer BioLegend 301345
Anti-human CD16 (mouse IgG1) 0.6 nL/100 pL of FACS buffer Biolegend 302043
Anti-human €D 14 {mouse IgG1) 5 nL/100 pL of FACS buffer BioLegend 367111
Anti-human CD206 (mouse IgG1) 5 ul/100 uL of FACS buffer BiolLegend 321125
Anti-human CD163 (mouse IgG1) 5 ul/100 pL of FACS buffer Biolegend 333605
Anti-Ki67 (rabbit IgG) 1:200 Abcam ab16667
Anti-CD31 (mouse IgG1) 1:200 Cell Signaling Technology 35285
Anti-2SMA (rabbit IgG) 1:200 Cell Sigrialing Technology 19245
Anti-$100Ad (rabbit IgG) 1:250 Cell Signaling Technology 130188
Alexa Fluor 488, geat anti-mouse 1gG, IgM, IgA (H + 1) 1:1,000 Life Technologies A10687
Alexa Fluor 647, donkey anti-rabbit IgG, IgM, IgA (H + L) 1:1,000 Life Technologies A-31573
Chemicals, peptides, and recombinant proteins

RPMI 1640 + GlutaMAX Gibeo (Themmo Fisher Scientific) 61870036
FBS Gibeo (Themo Fisher Scientific) 10270106
100x Penicillin/Streptomycin Gibeo (Themo Fisher Scientific) 15140122

2 STAR Protocols 5, 103058, June 21, 2024
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REAGENT or RESOURCE SOURCE IDENTIFIER
DMEM + GlutaMAX Gibco (Themo Fisher Scientific) 31966021
MCDB131 Gibco (Themo Fisher Scientific) 10372019
Hydrocortisone Sigma-Aldrich (Merck) H0888-1G
L-glutamine (200 mM) Gibco (Themo Fisher Scientific) 25030024
Animal-free recombinant human EGF PeproTech AF-100-15-100UG
PBS tablets Life Technologies 18912014
Trypsin-EDTA (0.05%) Gibco (Themo Fisher Scientific) 25300054
Benzonase Nuclease Merck E1014-25KU
DAPI Invitragen (Thermo Fisher Scientific) D1306
Mayer's hemataxylin Merck MHS32-1L
Eosin Y-solution 0.5% aqueous Merck 1098441000
Acetic acid Carl Roth 7332.1
NeoClear Merck 109843
Eukitt Quick-hardening mounting medium Merck 03989-100mL
Fluoromount-G mounting medium Life Technologies 00-4958-02
ROTI Histofix Carl Roth P.087.3
Agarcse Carl Roth 2267.3
Trametinib Selleckchem 52673
Staurosporine Cayman Chemical 81590-10
Propidium iodide Sigma-Aldrich 81845-25MG
Triton %-100 Carl Roth 3051.3

Tris Carl Roth 4855.3
EDTA Carl Roth 8040.3
Tween 20 Carl Roth 9127.2

Citric acid monohydrate Carl Roth 5110.5
Sodium hydroxide Carl Roth 6771.1
TrypLE Express enzyme 1x, phenol red Life Technologies 12605010
Accutase solution Merck Ab6964-500mL
Critical commercial assays

CellEvent Caspase-3/7 detection reagent Thermo Fisher Scientific 10433
CellTiter-Glo 3D cell viability assay Promega G682
LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit Invitrogen 134975
Experimental models: Cell lines

SKmel147 thuman) Prof. Dr. Jochen Utikal N/A

NHDF (human) PromoCell C-12300
MRC-5 (hurman) ATCC CCL-171
LX-2 (human) Merck SCCo64
HMEC-1 (human) ATCC CRL-3243
Buffy Coat of healthy human donors Croix Rouge Luxembourg N/A
Software and algorithms

CellPathfinder software Yokogawa CellPathFinder

GraphPad Prism version 10.0.0

GraphPad Software

GraphPad Prism

Gen5 Agilent BioTek N/A
BioRender BioRender.com BioRender
FlowJo version 10.10.0 BD Biosciences FlowJo
Other
CellVoyager CVB000 Yokogawa NA
Cytation 10 Agilent BioTek N/A
BioSpa8 robotic arm and automated incubator Agilent BioTek N/A
Cytation 5 Agilent BioTek NA
96-well plate U bottomn ULA clear faCellitate faCellitate GmbH F202003
384-well black/clear round bottom ultra-low Corning 4516
attachment spheroid microplate

(Continued on next page)
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REAGENT or RESOURCE SOURCE

PrimeSurface Ultra-low attachment plates: S-BIO

384 well, U bottom, clear plates

Coverslips 24 x 60 mm Carl Roth

Epredia slides Superfrost PLUS Fisher Scientific

Nunc Lab-Tek Il Chamber Slide System Thermo Fisher Scientific
CellTrics 50 pm cell strainer Sysmex

MATERIALS AND EQUIPMENT

CellVoyager CV8000 (Yokogawa) configuration

The CellVoyager CV8000 high content imaging system with spinning disk technology was used to
acquire confocal pictures of live MMSs over time. The instrument is equipped with solid lasers
with the following excitation wavelengths: 405/488/561 nm and emission filters: 445/45 nm, 525/
50 nm, 600/37 nm. Set the incubation temperature to 37°C.

Cytation 10 (Agilent BioTek) configuration

To robustly assess the efficacy of drugs, assays measurements are executed using automated micro-
plate readers. The Cytation 10 confocal and wide-field microscopy with multimode plate reading
with spinning disk technology for confocal images acquisition was used to acquire pictures of IF.
The instrument is equipped with a 590 nm LED and Texas Red filter cube (Excitation 586/15 nm,
Emission 647/57 nm) and was employed for tracking melanoma fluorescence changes over time.
Moreover, the instrument is equipped with a laser combiner (spectral range 398-643 nm) and a
DAPI filter cube (Excitation 390/40 nm, Emission 442/42 nm), a GFP filter cube (Excitation 472/
30 nm, Emission 520/35 nm), and a TRITC filter cube (Excitation 556/20 nm, Emission 600/37 nm).
The instrument is also equipped with a BioSpa8 robotic arm and automated incubator (Agilent
BioTek).

Cytation 5 (Agilent BioTek) configuration
The Cytation 5 automated microplate reader is equipped with a luminescence detector and was
used to acquire the luminescence signals emitted by 3D Cell Titer Glo

BD LSRFortessa cell analyzer configuration

All flow cytometry-based assays were acquired on the 4-laser BD LSRFortessa cell analyzer with the
BD FACSDiva software and analyzed using the FlowJo v10.10 software. The specific laser/detector
setup is presented in the table below.

Laser Filter Dye
Violet (405 nm) 780/60 BV785
710/50 BV711
610/20 BV605
450/50 BV421
Green (488 nm) 530/30 FITC
670LP PerCP Cy5.5
Yellow-Green (561 nm) 582/15 PE
780/60 PE Cy7
610/20 PE Dazzle 594
58215 PE
Red (640 nm) 670/20 APC
780/60 APC Cy7

4 STAR Protocols 5, 103058, June 21, 2024
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Table 1. Cell lines

Cell line Source Reporter
SKmel147° Prof. Dr. Jochen Utikal' unlabeled/mCherry”
NHDF* PromoCell unlabeled/GFPY
MRC-5" ATCC (CCL-171) unlabeled/GFP”
X2 Merck unlabeled/GFP?
HMEC-1* ATCC (CRL-3243) unlabeled/BFP

*Metastatic Melanoma cell line.

“Normal Human Dermal Fibroblasts.

“Human Fetal Lung Fibroblasts.

IHepatic Stellate Cells.

“Human Microvascular Endethelial Cells-1.

"University Medical Center Mannheim, Germany.

9Depending on the readout method for assay, either unlabeled or mCheny labeled cells were used. Please refer to descrip-
tion of cells lines used in particular steps of the protocal

1% agarose solution
* Weigh 1 g of agarose and transfer to a bottle.
s Add 100 mL of PBS 1x.

o Boil in microwave to dissolve, the agarose should appear transparent
e Store at 21°C-25°C up to 6 months.

CellEvent Caspase-3/7 detection reagent

¢ Reconstitute each vial of lyophilized reagent with 100 pL cell culture grade DMSO to obtain a
500 uM stock solution. Aliquoted solution can be stored in —20°C for several months

Propidium iodide

o Reconstitute lyophilized powder with 25 mL of cell culture grade H,0 to obtain a 1 mg/mL stock
solution. Aliquoted solution can be stored in 4°C for several months.

Melanoma cell medium

Reagent Final concentration Amount
RPMI 1640 + GlutaMax N/A 500 mL
Fetal Bovine Serum 10% 50 mL
Penicillin/Streptomycin 100x 1% 5mL

Note:Melanoma cell medium can be prepared in advance and can be stored for up to 1 month
at4°C

Fibroblast/Hepatic Stellate Cell medium

Reagent Final concentration Amount
DMEM+ GlutaMax N/A 500 mL
Fetal Bovine Serum 10% 50 mL
Penicillin/Streptomycin 100x 1% 5mL

STAR Protocols 5, 103058, June 21, 2024 5
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Note: Fibroblast/Hepatic Stellate Cell medium can be prepared in advance and can be stored
for up to 1 month at 4°C.

Endothelial cell medium

Reagent Final concentration Amount
MCDB131 N/A 500 mL
Fetal Bavine Serum 10% 50 mL
Penicillin/Streptomycin 100x 1% 5 mL
Hydrocortisone 1 pg/mL 10mL
L-Glutamine (200 mM) 10 mM 25 mL
EGF 10 ng/mL /A

Note: Add EGF freshly and only for the required amount of medium used to culture endothe-
lial cells in the flask of choice.

Note: Endothelial cell medium can be prepared in advance and can be stored for up to
1 month at 4°C.

PBMC thawing medium

Reagent Final concentration Amount
RPMI 1640 + GlutaMax N/A 500 mL
FBS 10% 50 mL
Penicillin/Streptomyein 100x 1% 5mL
Benzonase Nuclease 25KU, >250 Ul/uL 0.1 pl/mL 50 uL

Note: Add Benzonase Nuclease freshly and only for the required amount of medium.

Note: PBMC thawing medium can be prepared in advance and can be stored for up to 1 month
at4°C.

Note: PBMCs have been isolated from blood of healthy donors using Ficoll Paque Plus and a
density gradient centrifugation protocol and stored in liquid nitrogen until used.

FACS Buffer

Reagent Final concentration Amount

PBS 1x 1% Up to 100 mL
Bovine Serum Albumin 1% 1g

Antigen Retrieval solution

Reagent Final concentration Amount
Sodium Citrate 10 mM 1929
Tween-20 0.05% 0.5mL
H20, Type Il 1L
TBST 0.1%

Reagent Final concentration Amount
TBS 10% 1% 100 mL
Triton X-100 0.1% 1mL
H,O, Type Il 900 mL

6 STAR Protocols 5, 103058, June 21, 2024
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Blocking selution

Reagent Final concentration Amount
TBST0.1% N/A N/A
FBS 10% N/A

“Total amount is prepared accordingly for the total number of slides. Use 200 pL to cover cne full slide.

Staining Solution 1

Reagent Final concentration Amount
CellEvent Caspase-3/7 Detection Reagent 500 pM 500 nM 25puL
PBS 1x 1% 2.5mL

Final volume depends on the number of analyzed samples. This example describes preparation of Stining Solution for 10
samples (250 pl per sample).

Staining Solution 2

Reagent Final concentration Amount
Propicium lodide 1 mg/mL 1 pg/mb 2.5pL
PBS 1x 1% 2.5mL

Final volume depends on the number of analyzed samples. This example describes preparation of Staining Selution for 10
samples (250 pl per sample).

STEP-BY-STEP METHOD DETAILS
Generation of melanoma multicomponent spheroids (MMSs)

® Timing: 5-8 days

The first part of the protocol describes the generation of melanoma multicomponent spheroids
(MMSs) by a sequential seeding method to ensure proper distribution of fibroblasts/hepatic stellate
cells within the spheroids. In the first step, only melanoma and endothelial cells are seeded together,
followed by addition of fibroblasts or hepatic stellate cells (HSCs) after 24 h (Figure 1). This protocol
utilizes an optimized 1:3:3 ratio of melanoma cells: endothelial cells: fibroblasts or HSCs. Live cell
imaging (if using fluorescently labeled cells) visualizes the cell type organization within the MMSs
(Figures 2A-2D). Furthermore, this protocol allows the co-culture with PBMCs to recapitulate the im-
mune microenvironment of a tumor.

Note: Before starting this procedure, all cell lines should be about 80% confluent in 2D culture
flasks.

Alternatives: Seeding of melanoma, endothelial cells, fibroblasts or HSCs can be adapted to
96-well U bottom Ultra-Low Attachment (ULA) plates. Cellular ratios are fixed to 1:3:3 (mela-
noma cells: endothelial cells: fibroblasts or HSCs) with 2500 melanoma cells per well.

Dispensed volume/well of cell suspension per step is 100 pL/well for a final total volume of
200 ul/well.

Day —1: Melanoma and endothelial cell seeding

Note: Pre-warm to 37°C Melanoma cell medium, Endothelial cell medium, PBS 1x, Trypsin-
EDTA.

1. Harvest cells and create a single cell suspension for each cell line.
Note: Reported volumes correspond to a T75 flask.

a. Remove the culture medium.

STAR Protocols 5, 103058, June 21, 2024 7
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Figure 2. Live-cell images of MMSs

(A) Bright-field pictures of whole MMSs at day 1, 3 and 7 of culture

(B-D) Cell lines constitutively expressing fluorescent proteins (see Table 1 “reporter”) were used. Fluorescently labeled (orange-mCherry) melanoma
cells, (blue-BFP) endothelial cells, and either (green-GFF) dermal fibroblasts (B}, or lung fibroblasts (C) or hepatic stellate cells (D). In each condition,
melanoma cells proliferate over time. Confocal images were taken at maximum intensity projections of multiple z-stacks. Objective 10%. Scale

bar = 200 pm.

N

8

b
¢
d.
e. Add 12 mL of medium to neutralize Trypsin-EDTA (medium to trypsin-EDTA ratio 4:1) and

g
h

. Wash with 5 mL of pre-warmed PBS 1x.

Incubate with 3 mL of Trypsin-EDTA for up to 5 min to detach the cells.
Visually monitor cell detachment by using a bench-top microscope.

transfer the solution to a 50 mL conical tube.

Note: For Trypsin-EDTA neutralization, use the dedicated medium for each cell type.

f. Centrifuge cells for 3 min at 300 x g.

Remove supernatant, add 10 mL of pre-warmed culture medium and resuspend cells.
Count viable cells with trypan blue staining or an equivalent method

. Preparing the cell culture plates.

Note: To reduce evaporation of medium from wells, avoid using external rows and columns of
plates for spheroid culture. Instead, fill them with PBS 1X to an equal or greater volume than
the medium. Apply the same to all unused wells on the plate.

STAR Protocols 5, 103058, June 21, 2024
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a. 384 well plates: Add 80-90 pL of PBS 1 x in all external wells of the plate (columns 1, 24, and
rows A, P).
b. 96 well plate: Add 200-250 pL of PBS 1x in all external wells of the plate (columns 1, 12, and
rows A, H).
. Seeding of melanoma and endothelial cells in 384-well U-bottom ULA plates.
a. Prepare a cell suspension containing 500 melanoma cells/40 ul and 1500 endothelial cells/
40 pL in a 50 mL conical tube in Melanoma cell medium.

w

b. Centrifuge cells at 300 x g for 3 min and remove the supernatant.

c. Resuspendthe cellpelletin Melanoma cell medium and use appropriate volume for seeding in
the desired number of wells.

d. Pipet gently up and down 3-5 times until the cell pellet is fully resuspended.

e. Seed 40 pl/well of cell suspension

f. Centrifuge the plate at 500 x g for 5 min

g. Incubate at 37°C and 5% CO, for 24 h

Note: To facilitate the seeding and to avoid variability, a multichannel pipette can be used
during the seeding steps.

Day 0: Fibroblast/HSC seeding

Note: Pre-warm to 37°C Melanoma cell medium, Fibroblast/Hepatic Stellate Cells (HSC) me-
dium, PBS 1x, Trypsin-EDTA.

4. Perform enzymatic dissociation of Fibroblasts/HSCs as described for dissociation of melanoma
and endothelial cells (step 1a-h).
. Seeding offibroblasts or HSCs in a 384-well U-bottom ULA plate on top of melanoma-endothelial
cell spheres.
a. Prepare a cell suspension in Fibroblast/HSC medium containing 1500 dermal fibroblasts or
lung fibroblasts or HSCs/well in a 50 mL conical tube.

o

o

. Centrifuge cells at 300 x g for 3 min and remove the supernatant.

o

. Resuspend the cell pellet in Melanoma medium by gently pipetting up and down. The volume
of medium is calculated by multiplying the number of well seeded by 40 ul, plus 20% as death
volume.

. Add 40 pl/well of cell suspension to the of melanoma-endothelial cell spheres

a

Note: To facilitate the seeding and to avoid variability a multichannel pipette can be used dur-
ing the seeding steps.

e. Centrifuge the plate at 500 x g for 5 min.
f. Incubate at 37°C and 5% CO, for 3 days.

Note: Days of culture depend on many factors such as the type of cells, assay and readout. We
decided to culture our MMS for 3 further days after fibroblast/HSC addition to have a final
spheroid size of >250-300 um diameter (Figure 2A), which mimics the proliferative (outer
layer) and apoptotic/quiescent (inner layer) of the tumor in vivo,'* as well as the perfusion
of molecules and drugs.” If the spheroids are out of suggested range, we suggest testing
different number of melanoma cells while maintaining the same cellular ratio.

o

Live cell imaging of MMSs over time with a high-resolution confocal microscope (CellVoyager

CVv8000).

a. Select the 10% objective.

b. Apply z-stack acquisition (ascending/descending distance and slicing intervals are set accord-
ing to the spheroid sizes).

STAR Protocols 5, 103058, June 21, 2024
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Figure 3. CellPathfinder Software
Overview of the main control board of the CellPathfinder software for visualization and analysis of MMSs pictures acquired using the CellVoyager
CVB00Q (Yokogawa) confocal microscope.

Note: We suggest applying slicing intervals ranging between 5 and 10 pm to have higher im-
age resolution after Maximum Intensity Projection.

Note: Images are sequentially acquired using bright-field and fluorescence channels at pre-
defined time points (see Figure 2).

c. Apply Maximum Intensity Projection (MIP) using the CellPathfinder Software (f

Note: The generated MMSs can be used directly for histological characterization and drug
testing or alternatively, co-culturing with PBMCs followed by flow-cytometry based character-
ization can be added.

Day 3: PBMC seeding

Note: PBMCs are addedin a 1:10ratio (1:10 ratio of MMSs to PBMCs) to pre-formed MMSs in
384-well or 96-well plates by adjusting the cell quantity and volume of the culture medium. For
the subsequent steps, MMSs were generated in 94-well U-bottom ULA plates to facilitate sub-
sequent flow cytometric analyses.

Note: Pre-warm to 37°C Melanoma cell medium and PBMC thawing medium.
7. Quickly thaw a cryotube containing PBMCs in a water bath at 37°C by gently swaying.
8. Add 500 plL of pre-warmed PBMC thawing medium dropwise into the cryovial.

9. Transfer the cell suspension dropwise to a 15 mL conical tube containing 5 mL of pre-warmed
PBMC thawing medium.

10 STAR Protocols 5, 103058, June 21, 2024
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10. Fill up the conical tube to 10 mL with PBMC thawing medium.
11. Centrifuge cells 300 x g for 8 min at 21°C-25°C.
12. Resuspend the cell pelletin 5 mL of PBMC thawing medium and incubate for 5-10 min at 37°C.

4 CRITICAL: Addition of Benzonase Nuclease to PBMC thawing medium will prevent clump-
ing caused by DNA released from dead cells and increases PBMC recovery.

13. Add further 10 mL of PBMC thawing medium and centrifuge at 300 x g for 8 minat 21°C-25°C.

14. Remove the supernatant and resuspend the cell pellet in 10 mL Melanoma cell medium.

15. Adding PBMCs to a 96-well plate with pre-established melanoma-endothelial-fibroblast/HSC

MMSs:

a. Count the viable PBMCs using trypan blue staining or an equivalent method.

b. Add the PBMC suspension to a 50 mL conical tube with a volume containing ten times the
total cell number than that was used to generate MMSs (175000 PBMCs/well).

. Centrifuge cells 300 x g for 8 min at 21°C-25°C.

d. Remove the supernatant and resuspend the cell pellet in an appropriate volume of Mela-
noma cell medium containing anti-CD28 antibody at final concentration of 5 pg/mL. The vol-
ume of medium is caleulated by multiplying the number of well seeded by 100 pL, plus 20%
as death volurme.

2]

Note: Add anti-CD28 antibody to ensure necessary co-stimulatory signals for activation of
immune cells.

e. Remove 100 pl/well of medium from the 9é-well plate.

f. Add 100 ulL/well of PBMC cell solution to reach a volume of 200 ul/well.
g. Incubate at 37°C and 5% CO; for 3 days in an incubator.

Histological characterization of MMS

® Timing: 3 days
Below, we describe the procedure for formalin-fixation and paraffin embedding (FFPE) of MMSs
for histological analysis. We apply hematoxylin/eosin staining for structural evaluation, and
immunofluorescence (IF) to visualize different cell populations by using antibodies listed in

Table 2.

Note:MMSs were generated in a 96-well plate to augment the quantity of spheroids for down-
stream readouts

16. MMSs collection.
a. Begin from step 5f.

A CRITICAL: To transfer spheroids without damaging them, use wide orifice tips.

b. Using a multichannel pipet, collect the spheroids from the plates and transfer them to a re-
agent reservoir.

A CRITICAL: Double-check the plate to ensure that all spheroids have been collected.
c. Transfer the spheroids to a 15 mL conical tube and wait 5 min until spheroids sink to the bot-

tom of the tube.
d. Remove the supernatant and wash with 5 mL PBS 1x.

STAR Protocols 5, 103058, June 21,2024 11
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Table 2. Antibodies for i escence

Antibody Source Isotype Dilution
Ki-67 Rabbit 1gG 1:200
PECAM-1/CD31 Mouse IgG1 1:200
S100A4 Rabbit lgG 1:200
a-SMA Rabbit 19G 1:250
Alexa 647 Rabbit IgG 1:1000
Alexa 488 Mouse IgG 1:1000

Note: Either aspirator with glass Pasteur pipet or plastic serological pipet can be used to re-
move the supernatant.

e. Add 5 mL of HISTOFIX and incubate for 30 min at 21°C-25°C.
f. Remove HISTOFIX and wash with 5 mL PBS 1x.
g. Repeat the wash once more.

I1Pause point: Fixed spheroids can be stored in PBS 1x at 4°C for several days. However, itis
advisable to proceed with the next steps as soon as possible to minimize the loss of antigen
signal.

17. Embedding and cutting.
a. Heat the agarose 1% solution in a microwave until the melting pointis reached and letitcool
down for 5 minat 21°C-25°C

b. Remove PBS 1x from the conical tube completely by making sure not to touch the

spheroids.
. Add 300 ul of agarose 1% solution to the spheroids.
Transfer the spheroids in a chamber of a Lab-Tek Il Chamber Slide.
Place the p-Slide 8 well on ice and |et the agarose solidify for 5 min.
Carefully transfer the agarose block into a 50 mL conical tube

@ 0o o0

at4°C.
Note: In one agarose block, up to 96 MMSs can be pooled together.

h. Remove HISTOFIX solution and wash with 5 mL PBS 1x.
i. Remove PBS 1x and add 20 mL of 70% Ethanol to the conical tube.

I0Pause point: Agarose blocks can be stored at 4°C in 70% Ethanol for several weeks. How-
ever, it is recommended to proceed as soon as possible with paraffin embedding.

j. Remove the 70% Ethanol.

k. Transfer the block into an embedding cassette and transfer the cassette to a containerwith a
magnetic stirrer.

|. Add 500 mL 100% Ethanol and incubate for 2 h with continuous stirring
Repeat previous step once by removing and replacing with fresh 100% Ethanol.

=1

stirring.
o. Remove NeoClear solution.

p. Transfer the agarose block into an embedding mold, cover with liquid paraffin and incubate

for 2 h at 60°C
q. Exchange the paraffin inside the embedding mold.
r. Let the paraffin solidify on a cooling plate or on ice.

12 STAR Protocols 5, 103058, June 21, 2024
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Note: Solidified FFPE blocks are stored at 21°C-25°C long term until needed for sectioning.
s. Cut 4-5 um thick sections with a microtome slicer and place them on a microscope slide.

A CRITICAL: If paraffin sections were cut more than a month before staining is performed,
incubate the slides at 40°C-42°C from 16 to 20 h.

. Rehydration of paraffin sections.

Note: Rehydration of paraffin sections steps must be performed inside r a fume hood or a
ventilated staining table.

Note: Use Coplin jars for rehydration and dehydration steps. Prepare jars with appropriate
volumes of descending percentages of Ethanol, TBST, hematoxylin and eosin solutions.

a. Place the slides in a slide holder and immerse the slides in NeoClear solution for 10 min,
repeat once
Transfer slide and immerse in 100% Ethanol for 5 min

. Transfer slide and immerse in 95% Ethanol for 5 min

. Transfer slide and immerse in 70% Ethanol for 5 min.

. Transfer slide and immerse in 50% Ethanol for 5 min.

. Transfer slide and rinse with TBST for 5 min

Faal B o e T o g

. Hematoxylin and eosin staining.

. Rinse with TBS.

. Incubate in Mayer's hematoxylin for 30-40 s.

. Rinse with TBS.

. Incubate in Eosin solution for 30 s.

. Rinse with TBS.

Immerse in 95% Ethanol for 2 min.

. Immerse in 100% Ethanol for 2 min.

. Immerse in NeoClear solution for 2 min.
Leave the slides to dry at 21°C-25°C .
Mount the slices by adding 1-2 drops of mounting medium (like Eukitt) per slide and cover
with coverslips.

P (o T I R o Y « W o Y -1

Immunofluorescence (IF): Begin from step 18f.
a. Wash with TBST in a coplin jar.
b. Transfer slides in a coplin jar filled with the appropriate antigen retrieval solution (ARS).

Note: Depending on the antibody used, different antigen retrieval solution (ARS) needs to
be employed for heat-mediated antigen retrieval.

c. Perform heat-mediated antigen retrieval in a microwave. Start on 100% power until boiling
point (up to several minutes). Assure that the slides are covered with the ARS.

d. Incubate in a microwave for a further 10-15 min on 10-20% power at sub-boiling tempera-
ture (95°C-98°C).

Alternatives: A water bath at 96°C~100°C can be used, place slides in a plastic jar with ARS
and incubate for 30 min.

A CRITICAL: During antigen retrieval the solution may evaporate. Make sure that the level
of the solution is always above the level of the slides as the tissue may dry out. Keep a sec-

ond coplin jar with the same antigen retrieval solution in the microwave or water bath in
case the volume in the jar with the slides is dropping

STAR Protocols 5, 103058, June 21, 2024 13
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e. Leave at 21°C-25°C for 30 min to cool down.

f. Rinse 3 times with TBST in a coplin jar for 5 min each.

g. Place the slides in a staining tray and add 200 uL per slide of blocking selution and incubate
at 21°C-25°C for 30 min.

A CRITICAL: Place the slides in a humidified chamber to avoid evaporation during blocking,
primary and secondary antibodies incubation steps.

h. Remove blocking solution by tilting the slides on paper towels and add 200 ul per slide of
primary antibody, diluted in blocking solution.

i. Incubate at 4°C from 16 to 20 h in a humidified chamber.

j. Rinse 3 times with TBST in a coplin jar for 5 min each.

k. Add 200 pL per slide of conjugated secondary antibody solution and DAP!| diluted in block-
ing solution and incubate at 21°C-25°C for 1 h.

|. Mount the slides by adding 2-3 drops of Fluoromount per slide and cover with coverslips.

Note: Use clear nail polish to seal the edges of the coverslip, to prevent dehydration
Mounted slides can be stored in the dark at 4°C for up to 1 month. It is recommended to im-
age slides immediately due to the decay of fluorescent signals.

21. Image acquisition (Cytation 10).
a. Forimaging H&E staining, use a wide field 20x objective and colored bright field.
b. For IF, use a confocal (spinning disk) microscope and a 20% objective.

MMS characterization: FACS analysis for PBMC interaction with MMSs
® Timing: 3 h

This part of the protocol describes the detection of infiltrating and non-infiltrating immune cells co-
cultured with MMSs by flow cytometry. To identify the subpopulations of immune cells (lympho-
cytes, monocytes, macrophages and Natural killer cells) we composed a panel of specific antibodies
as listed in Table 3. MMSs are co-cultured with healthy donor PBMCs for 3 days with a ratio of 1:10
(1:10 ratio of MMSs to PBMCs). One 96-well plate of MMSs co-cultured with PBMCs is used for each
specific composition of MMS (MMS-Skin, MMS-lung, MMS-Liver).

Note: MMSs were generated in a 96-well plate to augment the quantity of spheroids for the
downstream readouts.

Table 3. Antibody panel for PEMCs

Antibody target Conjugate Volume (uL)*
CD45 FITC 4
CD8a APC 17
D4 BV605 5
CD5& PE-5%4 5
CcD3 PerCP 5.5 4
CD11b BV785 5
CD1& BV711 0.6
CcD14 PE-Cy7 5
CD206 Bv421 5
CD163 PE 5

"The specific volume of antibodies was validated per 1 million of PBMCs in 100 uL FACS buffer.

14 STAR Protocols 5, 103058, June 21, 2024
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Note: It is necessary to generate a compensation matrix for all fluorophores usedin the assay,
to prevent fluorescent signals to spill over between channels. Compensation can be done us-
ing mono-stained compensation beads or cells.

22. Begin from step 15g.
23. Dissociation of MMSs co-cultured with PBMCs.

24.

da.

Using a multichannel pipet, collect the spheroids and medium from 96-well plates and trans-
fer them into a reagent reservoir.

A CRITICAL: Collect all the medium in the wells to ensure the collection of all non-infil-
trating PBMCs.

b

To ~0o o

Transfer all the reagent reservoir’s content (spheroid and supernatant) in a 50 mL conical
tube and wait approximately 5 min until spheroids sink to the bottom of the tube

Remove the supernatant, which contains non-infiltrating immune cells into another 50 mL
conical tube and leave it at 21°C-25°C until further use

Wash MMSs with 10 mL PBS 1x

. Centrifuge 300 x g for 3 min at 21°C-25°C.

Transfer supernatant into the conical tube containing the non-infiltrating immune cells.

. Add 5 mL of a pre-warmed TrypLE Express and Accutase mix (1:1) to the MMSs.

Mix well and incubate for 10 min at 37°C.

A CRITICAL: To minimize dissociation-induced cell death, avoid prolonged incubation with
the enzyme mix and vortexing MMSs. Proper dissociation of spheroids is ensured by the
pipetting described below (Figure 4).

]

0.

To dissociate the MMSs, use a small tip (10 ul) on top of a bigger tip (1 mL) (Figure 4) and
pipet up and down until a single cell solution is obtained.

Add 10 mL PBS 1 x to the dissociated MMSs.

Centrifuge both infiltrated PBMCs (dissociated spheroids) and non-infiltrated cells at 300 x
g for 8 min at 21°C-25°C.

Remove supernatant and resuspend cells in 4 mL PBS 1x.

Using a pipet, pass the whole volume of cell solution through a 50 um strainer.

Divide each sample into two and transfer to two FACS tubes: 1 mL (or: '/, of the sample) for
the unstained control and 3 mL (or: %/, of the sample) for staining with antibodies.
Centrifuge at 300 x g for 8 min at 4°C.

Flow cytometry staining and analysis.

a.
b.

Twa e an

Prepare antibody mix in FACS buffer, keep on ice and in the dark until use.

Remove supernatant from both tubes and add 100 pL of antibody panel for PBMCs (volumes
per antibody reported in Table 2) to the cells. Add 100 uL FACS buffer for the unstained con-
trol tube.

. Incubate for 30 min at 4°C in the dark.
. Add 1 mL of FACS buffer to each tube and centrifuge at 300 x g for 8 min at 4°C.
. Remove supernatant and add 300 uL of FACS buffer.

Keep on ice in the dark until acquisition.

. Run samples on BD LSRFortessa Cell Analyzer (or equivalent).
. Use a gating strategy as represented in Figure SA.

Drug dispensation in MMSs

©® Timing: 4 days

STAR Protocols 5, 103058, June 21,2024 15
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Figure 4. Double plastic tip to enhance MMS dissociation
Using a 100-1000 uL micropipette, a 10 pL plastic tip is inserted on top of a 1000 L plastic tip.

The fourth part of the protocol describes the drug testing procedure. Depending on the nature of
the selected compound and targeted cell types, the drug concentration varies. Here, we use a
MEK 1/2 inhibitor (Trametinib) at a concentration of 500 nM. For evaluating the drug sffect, vehicle
(DMSO 0.1%) and positive controls are included in each experiment. The selected positive control
compound and its concentration may vary depending on the experimental criteria. In this protocol,
Staurosporine is used as positive control.

25:
26.

271,

28.

Note: The following procedure reports volumes adapted for a 384-well U-bottom plate. How-
ever, the same protocol can be implemented in 96-well U-bottom plates by multiplying all vol-
umes by a factor of 2.5.

Note: Pre-warm to 37°C Melanoma cell medium.

Begin from step 5f.

Check underthe microscope that MMSs have an appropriate size (>250-300 um) and a compact
morphology (Figure 2A).

Prepare a 2% concentration of the compound to be tested and DMSO solution in Melanoma cell
medium. The volume of medium is calculated by multiplying the number of well seeded by
40 L, plus 20% as death volume.

Remove 40 pl/well of medium from the wells assigned to contain the vehicle control and tested
compound.

STAR Protocols 5, 103058, June 21, 2024
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Figure 5. Flow-cytometry for identification of PEMC components

(A) Flow-cytometry gating strategy for identification of different immune cell populations using a specific panel of
antibodies (Table 2). Arrows indicated in which order the gating was performed.

(B and C) Quantification of PBMC populations able to interact/infiltrate the MMSs (INSIDE, gray bars) ar remaining in
the supematant (OUTSIDE, white bars). Data are mean + SD of n = 3 independent biclogical replicates. The PEMC
populations in the supernatantremain stable across the three MMS types (skin, lung and liver), while the interacting/
infiltrating fractions show heterogeneity across the MMS types. (B) MMSs-liver present higher immunogenicity
compared to -skin and -lung depicted by CD45+, with slightly higher lymphocyte infiltration (CD3+, CD8+, CD4+,
CD56+) but lower monocyte infiltration (CD14+ and CD16+). (C) Median Fluorescence Intensity or MFl is depicted ta
assess tumor-associated macrophages (CD163 and CD206).

29. Add 40 ul/well of 2x concentrated compound and DMSO solution to the dedicated wells.
Note: Solutions are prepared 2% concentrated to be in a final volume of 80 ul/well.

30. Incubate at 37°C and 5% CO; for 3 days.
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31. Prepare a 2% concentrated solution for the positive control. Calculate extra solution as dead
volume.

Note: Given the strong apoptotic effect of Staurosporine, for endpointassays (such as 3D Cell
Titer Glo) 1 uM Staurosporine can be added 24 h before the end of the assay, while for kinetic
assay (such as tracking fluorescence signal emitted by melanoma cells) 200 nM Staurosporine
is dispensed at the same time with compound of interest and DMSO solution (step 29).

32. Remove 40 pl/well of medium only from wells assigned to positive controls.
33. Add 40 pl/well of positive control solution to these wells.
34. Incubate at 37°C and 5% CO; for 1 day.
Readout assays to evaluate drug efficacy

® Timing: 2 h to 4 days
In the last section of the protocol, different assays are described for the evaluation of cell viability
and cell death. Viability is assessed through two methods: kinetically, by following the fluorescence
intensity of melanoma cells (Table 1) over time and by endpoint measurements using an assay (3D
CellTiter-Glo) based on luciferin-ATP-luciferase. Alternatively, a combined staining with propidium
iodide (Pl) and a DEVD-conjugated dye (CellEvent Caspase-3/7) is applied to detect necrotic and
apoptotic cells by flow cytometry.

35. Tracking melanoma fluorescence changes over time

Note: Melanoma cell proliferation in response to drugs is followed by kinetic measurements of
the fluorescent signals emitted by fluorescently labeled melanoma cells (Table 1).

a. Begin from step 29.
b. Place the microplate in an automated microplate reader (Cytation 10) with a fluorescence

signal acquisition option.

Note: Set the live-cell incubation (37°C) during the plate reading phase to maintain the plates’
temperature and prevent water condensation on the lid

¢. Monitor intensity of the fluorescent signal every 4 h (Figures 6A-6C) assisted by an auto-
mated robetic station equipped with an integrated incubator (37°C and 5% CO5).

Note: The detailed Cytation 10 configuration is reported in materials and equipment.
Note: Acquire bright-field pictures (wide field, 4x objective) as a quality control.
36. Cell viability assay: 3D Cell Titer Glo

Note: Reagent preparation is performed according to the manufacturer’s guidelines (3D Cell
Titer Glo_TechicalManual)

Note: The specified working volumes are intended for a 384-well plate, adjustments can be
made to accommodate various types of multi-well plates while maintaining the same volume
proportions. According to the manufacturer, a 1:1 ratio between medium and reagent is

recommended

a. Remove 40 ul/well of medium from all wells of a 384-well plate containing MMSs

18  STAR Protocols 5, 103058, June 21, 2024
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Figure 6. Kinetic assay

The fluarescent signal emitted by labeled melanoma cells is captured every 4 h for the kinetic evaluation of drug
efficacy. Plotted is the kinetic profile of MMSs-skin (A), -lung (B} and -liver (C) treated for 94 h with Trametinib 500 nM,
DMSO 0.1% and Staurosporine 200 nM. Data are mean + SD of n = 3 independent biclogical replicates.

b. Remove the whole content of 3-6 wells containing PBS 1 % (edge wells) and add 40 ul/well of
Melanoma cell medium (these wells will be dedicated to the Blank).

A CRITICAL: Depending on the compound to be tested, cellular connections may be
impaired, leading to the formation of fragmented MMSs that can be accidentally aspi-
rated during pipetting. To avoid it remove the medium very slowly without disturbing

the cells on the bottom of the wells.

c. Add 40 ul/well of 3D Cell Titer Glo

d. Incubate at 37°C while shaking (orbital) at 400 rpm for 30 min.

e. Read luminescence signal.
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37. Cell death assay: apoptosis and necrosis
This flow cytometry-based assay allows to determine the ratio of apoptotic and necrotic cells by
double staining with a green fluorogenic substrate for activated Caspase 3/7 for apoptosis
detection and propidium iodide for necrotic cell death.

Note: MMSs were generated in a 96-well plate to augment the quantity of spheroids for the
downstream readouts.

Note: Reagent preparation is performed according to the manufacturer's guidelines. Staining
Solutions 1 and 2 are prepared as described in materials and equipment.

A CRITICAL: To minimize dissociation-induced cell death, avoid prolanged incubation with
the enzyme mix and vortexing MMSs. Proper dissociation of MMSs is ensured by the pipet-
ting described below.

Note: Pre-warm to 37°C PBS 1x and TrypLE Express and Accutase mix

a. Dissociation of MMSs.
i.  Using a multichannel pipet, collect the spheroids from 96-well plates and transfer them
into a reagent reservoir.
ii.  Transfer the MMSs to a 50 mL conical tube and fill up to 50 mLwith pre-warmed PBS 1 x.
iii. Centrifuge at 300 x g for 5 min at 21°C-25°C.
iv. Remove supematant carefully, avoid touching the pellet.
v. Wash MMSs again with 10 mL PBS 1x and remove the supernatant.
vi. Add5mLofapre-warmed TrypLE Express and Accutase mix (1:1) to the pelleted MMSs.
vii. Mix well by pipetting up and down and incubate for 10 min at 37°C.
viii. To dissociate the MMS, use a small tip (10 uL) on top of a bigger tip (1 mL) (Figure 4) and
pipet up and down until no cell dumps are visible anymore.
ix. Fill up the tube with PBS 1x and centrifuge at 300 X g for 5 min at 21°C-25°C.
x. Remove supernatant and resuspend cells in 2 mL PBS 1x.
xi. Using a pipet pass the 2 mL cells suspension through a 50 um strainer to obtain a single
cell solution.
xii. Divide each sample into two FACS tubes: 0.5 mL for unstained control and 1.5 mL for
stained sample
xiii. Centrifuge at 300 X g for 5 min at 4°C
b. Flow-cytometry staining and analysis.
i. Prepare Staining Solution 1 (see Table Staining Selution 1) in PBS 1x, keep in the dark
until use.
ii. Remove supernatant and add 250 uL of Staining Selution 1 to the samples. Add 500 ul of
PBS 1x to the unstained control tube.
iii. Incubate for 30 min at 37°Cin the dark.
iv. Add 250 ul of Staining Solution 2 to the sample. Do not add anything to the unstained
control tube.
v. Immediately after adding Staining Solution 2 analyze samples on a BD LSRFortessa Cell
Analyzer (or equivalent).

vi. Use a gating strategy as represented in Figure 7A.

EXPECTED OUTCOMES

With the present protocol, we have established an in vitro 3D scaffold-free melanoma spheroid
model that allows efficient evaluation of drugs in a physiologically meaningful context. These 3D
spheroid models can be flexibly adapted to various microwell plate formats, ranging from low to
medium-throughput (96-well plate) to high-throughput (several 384-well plates) drug screening
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Figure 7. Flow-cytometry apoptosis assay

(A) Gating strategy for flow cytometry apoptosis assays, including a doublet discrimination step. Arrows indicated in
which order the gating was performed.

(B) Representative dot plots of an apoptosis assay. Cells were treated with 500 nM Trametinib for 4 days or 1 M
Staurosporine (positive control) for 24 h.0.1% DMSO was used as a vehicle control. Double staining with Caspase 3-7
and propidium iodide allows to determine the ratio of early apoptotic (positive for Caspase), late apoptotic (positive
for both markers) and necrotic cells (positive for propidium iodide)

Sequential seeding (Figure 1) of different co-cultured cells results in 3D structures that far better
resemble a tumor in its distinct microenvironment. Dermal and lung fibroblasts display similar
growth behavior in MMSs with a tendency to migrate towards the core of the spheres (Figure 2B
showing MMS-Skin and 2C showing MMS-lung), while HSCs remain on the outer layer of MMSs (Fig-
ure 2D). Histological assays are employed to determine proper cellular morphology and 3D archi-
tecture (Figure &) together with staining of cell-specific markers (Figures 9A-9D). The inclusion of
distinct cell types from metastatic target organs can mimic distinct TMEs while the different growth
and migration behavior of certain cell types may give important clues to explain drug responses in
3D MMSs, which are more closely reflecting in vivo scenarios.

Establishment of co-cultures with PBMCs further increases the level of biclogical complexity of our
model. A panel of antibodies (Table 2) permits the characterization of different PBMC populations
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A MMSs - Skin MMSs - Lung MMSs - Liver

H&E

Figure 8. Hematoxylin & Eosin staining of MMSs fixed in formalin and embedded in paraffin (FFPE)

MMSs-skin, -lung, and -liver structure and cellular architecture by Hematoxylin and Eosin (H&E) staining. Objective 20 . Scale bar = 200 pm.

co-cultured with MMSs (Figure 5A). Infiltration of immune cells can be confirmed through flow cy-
tometry of dissociated MMSs (Figures 5B and 5C) providing important information on the involve-
ment of the immune compartment for specific drug responses, including combinations of targeted
drugs with immune checkpoint inhibitors or other immune-modulating treatments.

To further increase the flexibility and usability of our models, we have set up several readout assays
for kinetic (Figures 6A-6C) and endpoint analysis of cell viability (Figures 10A-10C) and the occur-
rence of both apoptosis and necrosis (Figure 7B), enabling a detailed evaluation of drug efficacy.
Of note, all readout assays can also be applied to mono-component spheroids that only consist
of melanoma cells from different genetic backgrounds (such as BRAFmut, NRASmut, and other ge-
netic subtypes) if results need to be obtained faster and only in the cancer cell at hand without the
influence of surrounding cell types. Furthermore, if the effect of extracellular matrix needs to be
considered, MMSs can also be embedded in the appropriate matrix. We have successfully estab-
lished protocols to embed multicomponent 3D models in hydrogel.

In conclusion, MMSs are a cost-effective and versatile 3D in vitro model for evaluating the efficacy of
known or novel drugs or drug combinations. This model incorporates crucial cancer-TME interac-
tions, which influence drug responses, better mirroring the physiological conditions found in
early-stage and late-stage metastatic melanoma

LIMITATIONS

While the application of multicomponent scaffold-free 3D spheroid in vitro models offers the oppor-
tunity to test novel or newly combined compounds for the treatment of melanoma patients in which
cancer cells can interact with cells of the TME, some limitations apply.

For the establishment of this model, commercially available melanoma and stromal cell lines were
used. These cell lines exhibit lower heterogeneity compared to patient-derived cells. Hence, the
model requires further adaptation when melanoma cells isolated from patient-derived tumors are
co-cultured with isolated stromal cells.

For specific readout assays, cells require fluorescent labeling. This mightbe more difficult to achieve
in patient-derived primary melanoma cells compared to established cell lines.

The TME is composed of a vast variety of stromal and immune cells. As a proof of concept, this pro-
tocol includes only few stromal cell types such as endothelial cells, fibroblasts/HSCs and PBMCs
Other cell types of interest can be easily substituted paying attention to a potential need for cell
type specific media. Immune cell compartments are here portrayed by PBMCs isolated from healthy
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Figure 9. Immunoflucrescence staining of MMSs fixed in formalin and embedded in paraffin (FFPE)
Immunofluorescence staining of skin-, lung- and liver-MMSs by (A) Kié7 for cell proliferation, (8) CD31/PECAM-1 for
endothelial cell differentiation, (C) S100A4 for melanoma cells identification and (D) #-Smooth Muscle Actin (e-SMA)
as a marker for fibroblasts/HSCs activation. Objective 20x. Scale bar = 200 pm.

donors, likely not exhibiting matching HLAs with the melanoma cells used for this protocol. When
using patient-derived material, we recommend using PBMCs isolated directly from blood of the
same patient, as this approach would provide matching HLAs, which might be relevant for a phys-
iological immune response against the tumor cells when applying immunotherapy.

For this protocol, a single cellular ratio has been chosen for all three distinct melanoma metastasis
models (1:3:3). However, depending on the stage of the tumor, the anatomical site, the proliferation
rates of TME and cancer cells, these ratios can vary considerably and are expected to dynamically
change over time. Therefore, a chosen ratio can only provide a snapshot of a given in vivo situation

The above protocols evaluate the efficacy of tested compounds, primarily focusing on the effect on
melanoma cells. Highly proliferative melanoma cells tend to overgrow fibroblasts and endothelial
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Figure 10. MMSs cell viability

MMS cell vizhility is assessed using an end-point luminescence-based assay (3D Cell Titer Glo) after 96 h. The tested
compound (Trametinib 500 nM), vehicle (DMSO 0.1%) and positive cantrol (Staurosporine 1 uM) are represented far
MMSs-skin (&), -lung (B) and -liver (C). Data are mean + SEM of n = 3 independent biological replicates.

cells over time, which reflects the physiological behavior of melanoma tumors. Further adaptations
are required to evaluate the effects of test compounds on the TME cells, which would additionally
provide an indication of the toxicity of the drug at hand.

TROUBLESHOOTING
Problem 1
Sphere formation issues (During steps 3-5).

Potential solutions

Use U-bottom ultra-low attachment (ULA) microplates indicated in the Key Research Table.
Batches of plates sometimes differ. Try a different batch or provider if problems persist. We
recommend the use of U-bottom ULA microplates as outlined in the Key Research Table (KRT).

Ensure correct and homogeneous mixing of cell solutions before seeding. This reduces the occur-

rence of incorrect melanoma and endothelial cell ratios per well.

Ensure the correct centrifugation speed. Incorrect centrifugation speed can either impair cell
viability or reduce cell aggregation.

Melanoma cells (established cell lines and patient-derived cells) have various propensities to grow
in 3D displaying lose aggregates to very compact round spheroids. Try different melanoma cells
when 3D morphologies are not satisfactory.

Problem 2
PBMCs low viability after thawing (During steps 7-15).

Potential solutions

o Ensure a correct freezing process of PBMCs.
e Precise and quick thawing process reduces exposition time of PBMCs to freezing medium.
s Test PBMCs from a different donor.

Problem 3
PBMC hyperactivation (During step 15).
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Potential solutions

o Use PBMCs isolated from a different donor.
o Use HLA-matched PBMCs that can be commercially purchased or use blood from same patient, if
patient-derived melanoma cells are used.

Problem 4

A fraction of MMSs can be lost ar damaged during the collection for histological and cellular analysis
for two main reasons. First, spheroids can stick to the wall of the plastic tips and serclogical pipets
during pipetting. Second, vigorous pipetting might damage the spheroids, which makes them unfit
for histological assays (During steps 16, 23, and 37)

Potential solutions

Pre-wash with PBS 1 X the tips used for collecting and transferring the spheroids, which reduces
the occurrence of sticky spheroids.

Pre-coat the tips with pipetting up and down 1 mL of FBS. FBS coating minimizes adhesion of
spheroids to plastic surfaces.

Wash the tips with PBS 1x by pipetting up and down to remove sticky spheroids from the wall of
the tips.

Perform all pipetting steps carefully and with constant movements and treat 3D spheroids gently
to avoid damage.

Problem 5

Several problems can be encountered during the embedding and cutting of MMSs. Specifically,
breakage of agarose blocks might occur during transferring steps due to their soft consistency.
Moreover, incorrect placement of spheroids in agarose and the embedding of agarose blocks
into a paraffin cassette may result in unevenly sectioned MMSs (During step 17).

Potential solutions

» Adopt proper and standard procedures for histology staining practices.

o Gently transfer agarose blocks ensuring that all material is prepared and close by

o Ensure an optimal positioning of spheres in the agarose by gently moving the MMSs with a fine
needle

» Ensure an optimal pesitioning of the agarose blocks into the paraffin cassettes.

Problem 6
Lack of signal from immunofluorescence staining (During steps 18, 20, and 21).

Potential solutions

Ensure correct and complete deparaffinization using proper clearing solution. We recormmend the
use of xylene substitute (see KRT), which has a lower evaporation point than xylene and a less dis-
turbing smell.

Ensure to use the correct ARS specific for the antibodies used.

Ensure antibodies have been stored correctly. Possibly, change primary antibodies trying another
provider or a different antibody and/or lower dilutions.

Using different cells and different antibodies, ensure that the antigens/markers of choice are pre-
sent on the cells.

Use the appropriate secondary conjugated antibodies ensuring the correct species-specificity and
avoid overlapping the conjugate fluorophores emission wavelengths in case of multiplex
immunofluorescence.
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s Setup proper lasers and filters for confocal microscopy and ensure that settings match the chosen
fluorophores.

Problem 7
Low MMS dissociation efficacy for the generation of single cell solutions for flow cytometry analysis
(During steps 23 and 37).

Potential solutions

o Efficacy of spheroids dissociation into single cells is affected by cell types and experimental con-
ditions. Under different conditions, cells might produce higher amounts of ECM, such as collagen.
In that case, we suggest adding specific ECM-proteases (i.e., collagenase) to increase the efficacy
of MMS dissociation or by optimizing the ratio of TrypLE Express and Accutase mix.

o Pay attention to excessive exposition of MMSs to dissociation solution, which might reduce cell
viability.

Problem 8

Clogging of the flow cytometer's sample line due to poor dissociation of MMSs or low quantity of

single cell events after the doublet exclusion step in data acquisition. (During steps 24 and 37)

Potential solutions

Ensure proper dissociation of MMSs. In case of using cells preducing large amounts of extracel-
lular matrix, collagenase IV at a concentration of 1 mg/mL can be used to improve MMS
dissociation.

Do not skip the straining step, it is crucial to obtain a proper single cell suspension.

Problem 9
No signal detected from conjugated antibodies in FACS (During step 24).

Potential solutions

o Ensure use of proper, flow cytometry validated antibodies. Titration of antibodies is necessary in
case of using different antibodies/flow cytometer than suggested in this protocol.

o Re-do the compensation matrix and adjust the lasers’ voltage.

Problem 10

Spillover of 3D Cell Titer Glo and medium mix solution from the wells during orbital shaking (During

step 36).

Potential solution

» Optimize a proper orbital shaking force for the type of plate, volume dispensed per well and type
of MMSs to have optimal sphere lysis and to prevent solution spillover from well to well.

Problem 11
High background staining in confocal microscopy images (During step 21).

Potential solution
e Optimize antibody concentrations and incubation times.

o Useanegative control with only secondary antibody to detect unspecific binding and optimize the
concentration of the secondary antibody.

26  STAR Protocols 5, 103058, June 21, 2024

209



Appendix

STAR Protocols

s Decrease the setting of the laser or/and the detector (laser power, gain).
e Extend the washing times or increase stringency of washing buffers by adding detergent (for
instance Triton X-100, Tween 20).

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-
filled by the lead contact, Prof. Stephanie Kreis (stephanie.kreis@uni.lu).

Technical contact

Further technical information and requests should be directed to and will be fulfilled by the tech-
nical contacts, Cristian Angeli (cristian.angeli@unilu), Dr. Joanna Patrycja Wroblewska (joanna.
wroblewska@uni.lu), and Eliane Klein (eliane. klein@uni.lu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate/analyze [datasets/code].
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3. Manuscript 2: A cytosolic mutp53 (E285K) variant confers chemoresistance of
malignant melanoma (DOI: 10.1038/s41419-023-06360-4).

In this study, my contribution involved generating the data and the images presented in Figure 2D.
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Malignant melanoma (MM) is known to be intrinsically chemoresistant, even though only ~20% of MM carry mutations of the
tumor suppressor p53. Despite improvement of systemic therapy the mortality rate of patients suffering from metastatic MM is still
~70%, highlighting the need for alternative treatment options or for the re-establishment of conventional therapeutic approaches,
including chemotherapy. Screening the p53 mutation status in a cohort of 19 patient-derived melanoma samples, we identified one
rarely described missense mutation of p53 leading to E285K amino acid exchange (mutp53(E285K)). Employing structural and
computational analysis we revealed a major role of E285 residue in maintaining stable conformation of wild-type p53 (wtp53).
E285K mutation was predicted to cause interruption of a salt-bridge network affecting the conformation of the C-terminal helix of
the DNA-binding domain (DBD) thereby preventing DNA interaction. In this context, a cluster of frequently mutated amino acid
residues in cancer was identified to putatively lead to similar structural effects as E285K substitution (E285 cluster). Functional
analysis, including knockdown of endogenous p53 and reconstitution with diverse p53 missense mutants confirmed
mutp53(E285K) to have lost transcriptional activity, to be localized in the cytosol of cancer cells, by both means conferring
chemoresistance. Re-sensitization to cisplatin-induced cell death was achieved using clinically approved compounds aiming to
restore p53 wild-type function (PRIMA1-Met), or inhibition of AKT-driven MAPK survival pathways (afuresertib), in both cases being
partially due to ferroptosis induction. Consequently, active ferroptosis induction using the GPX4 inhibitor RSL3 proved superior in
tumorselectively fighting MM cells. Due to high prevalence of the E285-cluster mutations in MM as well as in a variety of other

tumor types, we conclude this cluster to serve an important function in tumor development and therapy and suggest new
implications for ferroptosis induction in therapeutic applications fighting MM in particular and cancer in general.

Cell Death and Disease (2023)14:831; https://doi.org/10.1038/541419-023-06360-4

INTRODUCTION
MM is considered to be widely chemoresistant due to multiple
molecular mechanisms including modulation of the apoptotic
machinery [1, 2]. Activating mutations of the serine-threonine
kinases NRAS (mutNRAS) or BRAF (mutBRAF) are key drivers of
uncontrolled MM growth through constitutive activation of
Mitogen-Activated Protein Kinase (MAPK) pathways RAF-MEK-
ERK and PI3K-AKT-mTOR [3-5]. Inhibitors targeting mutBRAF and/
or downstream MEK have proven high response rates in patients
[6, 7], however, the vast majority acquire resistance resulting in
tumor relapse. Due to enhanced progression responses of
relapsed metastases to immune checkpoint inhibition remain
very low [8, 9]. Consequently, MM remains fatal, and demands for
alternative treatment options or the reinvention of conventional
treatment options, including chemotherapy [10, 111.

Mutation of the tumor suppressor p53 is found in ~50% of all
human tumors leading to cancer cell resistance against p53-
dependent cell cycle checkpoints and intrinsic apoptosis in

response to chemotherapy [12]. In unstressed cells, wtp53 is kept
at low expression due to MDM2-driven proteasomal turnover.
Upon activation wtp53 initiates MDM2 transcription in a self-
regulatory negative feedback loop [13]. Due to either loss-of-
function or gain-of-function missense mutations, p53 remains
strongly expressed in tumor cells, because mutants lose recogni-
tion of wtp53 transcription consensus sequences [14]. In particular
missense mutations R175% (*=H), R248% (*=Q, W, G), R249*
(*=T), R273* (* =C, L, H, G), R282* (* =W), and G245* (*=S§, D)
have been identified as hotspots for p53 gain-of-function. They
encompass contact mutants that have lost the ability to bind DNA,
and conformational mutants which are unable to fold properly
showing significantly diminished and/or altered DNA-binding
activity [15, 16], in both cases fostering tumor progression and
therapy resistance [17]. Hence, restoration of wrp53 transcriptional
activity [18-20] has become of major interest involving com-
pounds that bind to and convert mutp53 into the native form of
wip53 (PRIMA1-Met/APR-246) [21], as well as compounds that act
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as Zn?' chelators intending to inhibit misfolding of mutp53 (COTI-

2, PEITG; [22, 23]).

Interestingly, only about 20% of MM carry p53 mutations [24],
but still present with pronounced chemoresistance. We have
recently identified a molecular mechanism by which MM cells that
express functional wip53 may escape DNA damage-induced and
p53-driven cell death and undergo fast and extensive progression
instead [25].

In the present study we screened the p53 mutation status of 19
patient-derived MM samples and identified one p53 missense
mutation resulting in E285K conversion [26-28]. Investigating
structural as well as functional properties of mutp53(E285K) we
conclude that it serves a loss-of-function, as it lacks transcription
of designated target genes, and confers chemoresistance. We
provide evidence that sensitization of patient-derived mut-
p53(E285K)-expressing MM cells to cisplatin via restoration of
wip53 function and MAPK inhibition, respectively, involves
ferroptosis induction. Hence, we show ferroptosis induction
through glutathione peroxidase 4 (GPX4) inhibition to tumorse-
lectively eliminate mutp53- as well as wtp53-expressing MM cells,
paving new avenues for improved MM treatment.

MATERIALS AND METHODS

Cells and reagents

Human melanoma cells were isolated from patients metastasis [M#10 =m
(63); M#18/M#20 = m (87); M#31 =m (56); M#34 =m (70); M#35=f (81);
M#40 = m (75); M#45 = m (39); M#46/M#51_1/M#51_2/M#53 =m (72/73);
M#47_1/M#47_2=m (72); Mit48 = m (52); M#54 =m (74); M#58 =m (82);
M#59 = m (48); M#70 = m (51)], through incubation in HBBS (w/o ca’* and
Mg?*) containing 0.05% collagenase; 0.1% hyaluronidase; 1.25 U/ml
dispase; 20mM HEPES, 100 g/ml gentamycin; 100 U/ml penicillin and
100 g/ml streptomycin for 60 min at 37 °C in a humified atmosphere of 5%
CO,, and maintained in RPMI + 10% FCS (Invitrogen, Karlsruhe, Germany).
The usage of patient-derived melanoma samples was approved by the
ethics committee of the TU-Dresden (SR-EK230052020) and informed
consent was obtained from all patients. Human melanoma cell lines
WM1552C and SkMel29 were maintained in RPMI 1640 with 10% FCS.
Primary human fibroblasts and melanocytes were purchased from Cell
Systems (Troisdorf, Germany) and maintained in DMEM + 10% FCS or
Melanocyte Growth Medium (M2, Promocell, Heidelberg, Germany).

All cell samples and cell lines were tested every other month to be
mycoplasma-negative as judged by the MycoAlert Mycoplasma Detection
Kit (LT-07, Lonza, Visp, Switzerland).

For stimulation of cells, Cisplatin (GRY-Pharma, Kirchzarten, Germany)
was added at 15 uM, dabrafenib (#52807; Selleckchem, Munich, Germany)
at 10 uM, trametinib (#52673; Selleckchem) at 10 nM, QVD (#IMI-2309-1;
Novus Biologicals, Littleton, CO, USA) at 5puM, Necls (#2236; BioVision,
Hannover, Germany) at 15 uM, alpelisip (#HY-15244; MedChemExpress,
Monmouth Junction, NJ, USA) at 10 uM, afuresertib (#57521; Selleckchem)
at 10 uM, PRIMA1-Met (#HY-19980; MedChemExpress) at 5-40 uM, COTI-2
(#HY-19896; MedChemExpress) at 0.5-10 pM, PEITC (#253731; Sigma-
Aldrich, Taufkirchen, Germany) at 1-15uM, MG132 (Merck Millipore,
Darmstadt, Germany) at 10pM, ferrostatin-1 at 15uM, and RSL3 at
1.13uM (kindly provided by Andreas Linkermann, TU-Dresden) to cell
culture media.

RT-PCR, plasmids, cloning and transfection

RNA was extracted from 2 x 10° cells, reverse transcribed using First Strand
cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA) and subjected
to PCR amplification using primers directed against p21 and MDM2
(#HP200369; #HP206085, OriGene Technologies, Inc. Rockville, MD, USA).
GAPDH (forward: 5'-GCCTCCTGCACCACCAACTGC-3' and reverse primer: 5'-
CCCTCCQACGCCTGCTTCAC-3) served as housekeeping expression control.
For cloning and sequencing p53 was reverse transcribed and amplified via
PCR using forward: 5'-CTAGCTAGCATGGAGGAGCCGCAG-3' and reverse
primer: 5-GCATCTAGAGTCTGACTGAGGCCCTTC-3'. ¢cDNA was cloned via
Nhel/Xbal restriction into pcDNA3.1(+) and subjected to sequence analysis
(GATC, Konstanz, Germany) using pcDNA3.1-FP 5-CTCTGGCTAACTAGA-
GAAC-3' and pcDNA3.1-RP 5-CAAACAACAGATGGCTGGC-3" primer within
the vector, and p53for 5-ATGACGGAGGTTGTGAG-3' and p53rev 5'-
ACTCGGATAAGATGCTGAGG-3' primers designed to match with the p53

SPRINGER NATURE

cDNA. Sequences were subjected to BLAST analysis compared to wtp53
transcript variant 1 (https://www.ncbinlm.nih.gov/nuccore/NM_000546 4).
pRetroSuper-blasto-p53i plasmid was used to stably knock down p53 in
the presence of 5pg/ml blasticidin (Thermo Scientific) [29]. Ectopic re-
expression of p53 was facilitated by electroporating 65 x 10° cells with
25 pg of pCMV-neo-Bam-based p53 variants encoding plasmids containing
silent mismatches [29] in 600 pl RPMI + 10% FCS + 1.25% DIMSO. Based on
the pCMV-neo-Bam-wtp53 plasmid site directed mutagenesis was
performed to gain p53-E285K, p53-E285R, p53-K132E, p53-R175H, and
p53-R248W mutants. Pfu-ultra polymerase (Promega, Madison, VC, USA)
followed by Dpni digestion (Thermo Scientific) was used according to the
manufacturer's instruction.

3D melanoma spheroids

#3171 and M#54 cells were transfected with pEGFP-N1 and stable clones
selected by sorting (FACSAria Ill, BD-Biosciences, Heidelberg, Germany).
Spheroids were generated using the “hanging drop” method as described
before using 20x10* cells per drop [30]. After 12 days, individual
spheroids were embedded into 30l of a dextran-based gel-matrices
containing 4 nMol/L of thiol-reactive groups (3-D Life Dextran-CD Hydrogel
SG, #G93-1; Cellendes, Reutlingen, Germany), according to the manufac-
turer's protocol [30] and incubated at 37 °C for 30 min. Subsequently, gels
were covered with medium. Cell death of spheroids was visualized by
addition of 6.7 pg/ml propidium iodide (Pl, #3566, Thermo Scientific) in PBS
for 20min at RT. Confocal images were taken using an LSM 780/FCS
inverse confocal fluorescence microscope (Zeiss, Marburg, Germany).
Green fluorescence emission peak was 488nm (emission filter
499-597 nm), 561 nm for red fluorescence (emission filter 606-686 nm).

Determination of cell death

Cell death was quantified in a 96-well format by determining PI (1 pg/ml)
uptake every 4h for 24h using automated image-based IncuCyte®
(Satorius, Goettingen, Germany) screening technology. High red intensity
was quantified using the “cell-by-cellmodule”.

TUBE assay

Cells were lysed in TUBE lysis buffer (50 mM Tris-HCl, pH 7.5; 150 mM NadCl;
1% NP-40, 1mM EDTA 10% glycerol) supplemented with Complete®
(Roche, Mannheim, Germany), 10 uM PR-619 and 1 x 1,10-phenoanthro-
line. TUBE-Agarose pull down was performed according to the manufac-
turer's instructions (UM401, Life Sensors, Philadelphia, PN, USA), and
protein extracts analyzed by Western-blotting.

Western-blot analysis

For whole cell lysates, cells were lysed in lysis buffer (50 mM HEPES, pH 7.5;
150 mM Nacl; 10% glycerol; 1% Triton-X-100; 1.5 mM MgCl;; 1 mM EGTA;
100 mM NaF; 10 mM pyrophosphate; 0.01% NaN; (phosSTOP®; Com-
plete®). For fractionation cytosolic (C: 10 mM HEPES, pH 7.5; 10 mM KdI;
100 pM EDTA; 0.5% NP-40) and nuclear (N: 20 mM HEPES, pH 7.5; 400 mM
NaCl, 1 mM EDTA) extraction buffers were supplemented with phosSTOP®;
Complete®; 1 mM DTT and 1mM PMSF. Protein content was determined
using DC Protein assay kit (BioRad, Hercules, USA). Protein extracts were
subjected to SDS-PAGE (BioRad), blotted onto nitrocellulose membranes
and incubated with antibodies directed against PARP, p53 (#551025,
#554293, BD-Biosciences), caspase-3, cleaved caspase-3, yH2AX, H3, IkBa,
MDM2, p21, p-p53(Ser15), PUMA, Tom20, and ubiquitin (#9665, #9661,
#2577, #4499 #4814, #86934, #2947, #9284, #12450, #42406, #43124, Cell
Signaling, Camebridge, UK), respectively. Equal loading was monitored by
0.1% Ponceau S (#5983.2, Roth, Karlsruhe, Germany) staining, and/or by re-
probing membranes with an antibody against B-actin (#4970, Cell
Signaling). HRP-conjugated secondary antibodies (mouse: #NA931; rabbit:
#NA934) were purchased from GE-Healthcare (Buckinghamshire, UK).
Bands were visualized with chemiluminescense SuperSignal” detection
systems (Thermo Scientific).

Quantification and statistical analysis

Unless stated otherwise, results of cell death analysis are presented as
mean £ 50 of 3 independently performed experiments. Pl intensity of
respective control cells was subtracted from Pl intensity in response
cisplatin treatment to gain net increase in Pl uptake, as shown in graphs.
Western-blot analysis, RT-PCR, and immunofluorescent images represent
one out of 3 independently performed experiments. Statistical analysis was
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performed with unpaired Student t-test using GraphPad PRISM 6 software
(https//www .graphpad.com). Quantification of tumor mass was performed
calculating the area of the green fluorescent spheroid and the red Pl
stained cells using Fiji software (https/fiji.sc).

Bioinformatics and structural modeling

The ranking of solid cancers was deduced from https:/gco.arc.fr/today,
excluding non-solid tumors (Non-Hodgkin lymphoma and leukemia) (Table
$1). 10 pan-cancer studies from https://www.cbioportal.org were used to
determine the frequency of p53 mutations in the selected cancer types.
For analysis of p53-specific mutations in melanoma, data from https:/
www.cbioportal.org/study/summaryZid=msk_met_2021 [31] were evalu-
ated (32, 33]. The TP53 Database https//tp53.isb-cgc.org [34] was used to
analyze the prevalence of p53 mutation in individual cancer types.

The structure of full-length witp53 was derived from the AlphaFold
Database [35]. The structure of mutp53 DNA-binding domain was
predicted with ESMFold model [36]. The structural model of mutp53
bound to DNA was derived by structural alignment and replacing the
wtp53 subunit from wip53/DNA complex [37] by ESMFold-derived models
using PyMOL software (httpsi//pymol.org/2/). Stability changes were
estimated as the per-residue difference in the pLDDT score derived from
ESMFold models between wild-type and mutant proteins. Rosetta energy
of interactions was predicted using RosettaDDG implemented within the
PyRosetta framework [38] and ESMFold-derived model of p53 as an input.
Stability changes using PoPMuSIC [39], PremPS [40], and MAESTRO [41]
were predicted through corresponding web interfaces. The crystal
structure of the p53 DNA-binding domain (PDB ID 2ADY) [42] was used
for predictions.

RESULTS

Malignant melanoma comprises about 20% p53 mutations
MM was recently ranked among the top 15 most prevalent solid
tumors worldwide (https://gco.iarcfr/today; Fig. 1A; Table S1).
While mutation of the tumor suppressor p53 presents with highest
incidence among all cancers (48.3%), MM comprises only 21.5%
p53 mutations (https://www.cbioportal.org; [32, 33] Fig. 1A; Table
S2A, B), despite showing a highly progressive phenotype and
chemoresistance. The spectrum of p53 mutations shows high
diversity, predominantly truncations and missense mutations as
deduced from  httpsy//www.cbioportal.org/study/summary?
id=msk_met_2021 [31] (Fig. 1B). Most missense mutations as
identified by The TP53 Database (https:/tp53.isb-cgc.org; [34]) are
located within the DBD of this transcription factor as indicated by
spheres within the AlphaFold database-derived p53 protein
structure model [35] (Fig. 10).

p53 E285K mutation is localized close to the DNA-binding
domain and renders mel cells resi: to cisplati
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remaining 15 MM samples expressed the p53 P72R point mutation
(c215C>G) considered to be a phenotypically silent single
nucleotide polymorphism (SNP) [43]. Similar to M#10, M#34 and
M#35 did not express the p53 protein, and hence p53
transcription-dependent MDM2 and p21 proteins remained
absent in these loss-of-function variants (Fig. 2A). Mutp53(E285K)
expression in M#31 appeared to be the strongest amongst all MM
samples but also lacked MDM2 and p21 expression implying that
mutp53(E285K) is not transcriptionally active [15, 16]. The structure
of wtp53 bound to DNA suggested E285K mutation to be localized
in a C-terminal helix of the DBD, which is in close proximity but
not part of the DNA recognition site (Fig. 2B). More detailed
structural analysis using Rosetta software [38] revealed E285K
substitution to reduce conformational stability of the DBD, thereby
putatively interfering with its function. Similar impact of E285K
substitution was predicted by Polyphen2 [44], SIFT [45], and REVEL
[46] tools (Table $3).

Responses of all MM samples to targeted mutBRAF inhibitor
dabrafenib, downstream MEK1 inhibitor trametinib, or the
clinically relevant co-inhibition remained very low, 10-20%,
irrespective of the intrinsic BRAF/NRAS or p53 mutation status
(Fig. S1). Upon treatment with the chemotherapeutic drug
cisplatin, however, wtp53-expressing M#59, M#51_1/M51_2,
Mi#46, M#48, M#53, M#54, M#58, and M#70 samples responded
with 45-75% cell death, followed by p53(P72R-SNP)-expressing
M#18, M#20, M#45, M#47_1/47_4, M#40 and M#48 cells (~50%).
Surprisingly, M#10 cells featuring genomic p53 loss, remained
quite sensitive to cisplatin-induced cell death (40%), whereas
somatic p53 loss in M#34 and M#35 reduced cell death to 25-15%.
M#31 stayed most resistant to cisplatin treatment (10%),
suggesting mutp53(E285K) to serve a loss- or gain-of-function
(Fig. 2C). To understand the role of mutp53(E285K) in cisplatin
resistance we examined M#31 brain metastasis along with wtp53-
expressing brain metastasis M#54. Cisplatin resistance of M#31
was confirmed comparing GFP-expressing M#31  and
M#54 spheroids in an in vivo-mimicking 3D setting [30]. Three
days after continuous cisplatin treatment, quantification of tumor
mass (green) versus % Pl-positive (PI', red) revealed significant cell
death induction in M#54 spheroids but had only marginal effects
on M#31 spheroid survival (Fig. 2D). Finally, RT-PCR confirmed
expression of p53-responsive p21 and MDM2 genes to remain
absent in mutp53(E285K)-expressing M#31 cells, while being
present in wtp53-expressing Mi#54 cells (Fig. 2E). Condlusively,
E285K missense mutation appears to interfere with DNA-binding.

Cytosolic localization of mutp53(E285K) protein is
g

induced cell death

To investigate the impact of wtp53 versus mutp53 on therapy
responsiveness we sequenced p53 of 19 melanoma cell samples
isolated from 14 patients with known BRAF/NRAS mutation status,
and therapeutic record. In particular, from three primary tumors
(Table 1, group 1 = light gray), seven systemic metastases (Table 1,
group 2=gray), and nine brain metastases (Table 1, group
3=dark gray). In each group at least one p53 variant was
identified: primary tumor-derived M#34 presented a ¢.237-238
deletion resulting in frame shift and premature stop at codon 147;
skin metastasis-derived M#35 was identified to be a splice variant;
brain metastasis-derived M#10 showed genomic loss of p53, all of
which represent p53 loss-of-function. Brain metastasis-derived
M#31 represented the only c853G>A missense mutation,
resulting in E285K amino acid exchange (Table 1).

To this end, our patient cohort convincingly represented the
frequency (21.05%) and the heterogeneity of p53 mutations in
MM. However, the p53 mutation status neither correlated with the
BRAF/NRAS mutation status nor with MM localization (host tissue)
or therapeutic stage, indicating that p53 mutation happens
independently of these parameters. Moreover, six out of the
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pendent of K285 ubiquitination
According to the p53 structure, E285 takes part in formation of a
salt-bridge network comprising electrostatic interactions of
positively and negatively charged aminoc acid residues: E285,
K132, E271, K164, and R273 (Fig. 3A). The amino acid exchange at
position 285 from E to K causes a switch of charges leading to
structural destabilization of this salt-bridge network entailing
conformational changes of the p53 protein. For validation we
computed the structural models of wtp53 and mutp53(E285K)
using ESMFold [36], allowing to predict the tertiary structure of a
target protein from amino acid sequence information alone, and
providing the model quality metrics (pLDDT) for each amino acid
residue. Indeed, ApLDDT analysis suggested E285K substitution to
decrease stability of the aa281-294 region (Fig. 3A; Table S4),
thereby affecting stability of the DBD itself (Table $3), and the area
that connects the DBD to the tetramerization domain (TET)
(compare Fig. 1C). Performing native-PAGE revealed complex
formation of mutp53(E285K) in response to cisplatin treatment not
to be altered compared to wip53 (Fig. S2), implying that not
tetramerization but rather DNA recognition is predominantly
affected through destabilization of the salt-bridge network.
Importantly, the salt-bridge network includes one hotspot for

SPRINGER NATURE

214



Appendix

L Dunsche et al.

=3
=1

[ cases expressing wip53
W mutant p53 frequency estimates

» 2o = Structural Variant
8 2x108: 52 = Splice Mutation
E 2§ m Missense Mutation (uf )
- g5 m Missense Mutation
2
5. 2 mm Inframe Mutation
% 1x10 g
B8 s& - Truncation
0 0
< melanoma
@‘? 159 é*@ a‘* \%“é"
\/ & 0 (? ()
e “%
u& bc:‘”
B
C

Fig. 1 Malignant melanoma comprises about 20% p53 mutations. A The frequency of p53 mutations taken from https://
www.cbioportal.org was multiplied by the case number of the selected cancers https://gco.arc.fr/today to get the estimated cases of
mutant p53. B Percentage of different p53 alterations in melanoma analyzed from https://www.cbioportal org/study/summary?
id=msk_met_2021. C Full atom p53 structure with positions of mutations. NTD (1-93) = Intrinsically Disordered N-terminal Domain (gray);
CTD (360-393) = C-terminal domain (brown); NES (340-351) = nuclear localization signal (yellow); TET (323-360) = tetramerization domain
(purple); DBD (94-294) = DNA-binding domain (light blue). Spheres indicate the positions of missense mutations observed in tumor samples
according to https//tp53.isb-cgc.org. The radii of spheres correspond to the mutation frequency in cancer.

Table 1. Overview of patient-derived tumor sample analysis.

M# Mutation status Localization Therapy p53 status
M#18 NRASQ61H Primary tumor None/surgery wt (P72R)
M#34 NRASQ61L Primary tumor None Truncated (cod. 147)
M#59 BRAFV600E Primary tumor None wt

M#20 NRASQ61H Lymph node metastasis None/surgery wt (P72R)
M#35 NRASQ61L Skin metastasis None Splice mutation
M#45 BRAFV&00E Muscle metastasis IFNa/ipilimumaby/surgery wt (P72R)
M#47_1 NRASQ61L Skin metastasis None wt (P72R)
M#47_4 NRASQ61L Skin metastasis None wt (P72R)
M#51_1 BRAFV600E Lymph node metastasis Dabrafenib/trametinib wt

M#51_2 BRAFV600E Intestine metastasis Dabrafenib/trametinib wt

M#10 BRAFV600E Brain metastasis IFNo/dabrafenib Genomic loss
M#31 NRASQ61L Brain metastasis IFNot/pembrolizumaby/bevazicumab/IFN e E285K

M#40 wt Brain metastasis Nivolumab wt (P72R)
M#46 BRAFV600E Brain metastasis None wt

M#48 NRASQ61R Brain metastasis Ipilimumab/nivolumab wt (P72R)
M#53 BRAFV600E Brain metastasis Dabrafenib/trametinib wt

M#54 wt Brain metastasis Ipilimumab/nivolumab wt (P72R)
M#58 wt Brain metastasis None wt

M#70 BRAFV600K-NRASQ61R Brain metastasis Vemurafenib/cobimetinib wt (P72R)

P53 mutations status of 19 human melanoma cell samples isolated from primary tumor (light gray), systemic metastases (gray), and brain metastases (dark
gray) of known BRAF/NRAS mutation status, and therapeutic record are summarized.
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p53 gain-of-function mutation (R273), which directly interacts with assay. Addition of the proteasome inhibitor MG132 clearly caused
DNA, and may be affected by structural changes due to E285K overall accumulation of ubiquitinated proteins in the input lysates,
mutation thereby potentially serving an indirect gain-of-function. however, mutp53(E285K) did not become ubiguitinated itself and,

To test if exposure of K285 within this less stable p53 protein thus, remained unbound to the TUBE (Fig. 3B). In contrast,
conformation relies on K285 ubiquitination we performed TUBE ubiquitinated wtp53 in M#54 cells became strongly accumulated
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Fig. 2 p53-E285K mutation is localized close to the DNA-binding domain and renders melanoma cells resistant to cisplatin-induced
cell death. A Expression of p53, MDM2, and p21 of unstimulated melanoma cell samples was assessed by Western-blot analysis with f-actin
and Ponceau S staining as loading controls. B The DBD domain of p53 bound to DNA: The designated hotspot mutations of p53 are shown in
green. E285 residue is depicted in red. C Cell death induction (PI") was monitored 24 h after stimulation of MM cell samples with cisplatin
(15pM) (n = 3; mean = 5D). Red arrows point at cell death responses of mutp53(E285K)-expressing M#31 and wtp53-expressing M#54 cells.
D Individual GFP-expressing M#31 and M#54 spheroids were stimulated with cisplatin (15 uM) for 72 h. Cell death was visualized upon
addition of Pl (6.7 ug/ml). Confocal images of individual spheroids at day one and three as well as the quantification of tumor velume (green)
versus tumor death (red) at day three are shown (1 = 3; mean + SD; **p < 0.01; ns not significant). E Transcription of p21 and MDM2 in M#31
3nd M#54 cells, respectively, was assessed by RT-PCR. GAPDH served as housekeeping expression control.

<

and upon proteasomal inhibition and, hence, was captured by
TUBE pull down (Fig. S3). These data imply that the switch of
charge at position 285 alone is sufficient to cause conformational
changes leading to a complete loss-of-function phenotype in
mutp53(E285K) expressing cells. To confirm this concept, we
reconstituted M#31 cells stably silenced for endogenous p53 with
wip53, as well as with E285K and a E285R p53 variant, which also
provides the positive charge but is incapable of being ubiquiti-
nated. Only wtp53 re-expressing M#31 cells responded to cisplatin
with significant cell death induction, whereas both, mut-
p53(E285K) and mutp53(E285R) re-expression had no effect
(Fig. 3C), confirming that destabilization of the salt-bridge network
- independent of ubiquitination - is sufficient to cause cisplatin
resistance in M#31 cells. Since E285 is in direct contact with K132
within this salt-bridge network (Fig. 3D), RosettaDDG software and
ESMFold predicted K132E conversion to have a similar functional
effect as E285K substitution (Fig. 3D; Table S5).

Accordingly, we investigated the effect of E285K along with
K132E mutation in comparison to designated R175H and R248W
gain-of-function p53 mutants on cisplatin-induced cell death in
M#31 and M#54 cells stably silenced for endogenous p53.
Intriguingly, silencing of wtp53 in M#54 only moderately but
significantly reduced cisplatin-induced cell death, and was fully
restored by re-expression of wip53, implying that the presence
and/or mutation status of p53 may not exclusively decide about
cellular fate in response to DNA damage induction (Fig. 3E; Fig.
S4A, B). Reconstitution of either E285K or K132E - just like R175H
and R248W gain-of-function mutants - reduced cell death
responses to the level of p53-silenced M#54 cells. As predicted,
none of the p53 mutants but only ectopic expression of
wip53 slightly increased cell death in M#31 cells in response to
cisplatin, supporting that affecting the salt-bridge network may
phenotypically cause loss of p53 function. This becomes even
more evident by showing that exclusively reconstitution of wtp53
but neither of E285K and K132E p53 variants, nor R175H and
R248W gain-of-function p53 mutants re-gained p21 and MDM2
expression in M#31 cells (Fig. 3F). Following this line, only
reconstitution of M#10 patient samples harboring genomic loss
of p53 as well as M#34 samples presenting with somatic p53 loss
with wip53 but not with mutp53(E285K) re-gained expression of
p21 and MDM2 RNA and proteins (Fig. S5A-D). To this end, data
allow to condude that E285 missense mutation causes complete
failure of p53 to recognize responsive promoter elements.

Intriguingly, we found mutp53(E285K) to be exdusively
localized in the cytosol of M#31 cells (Fig. 3G), with no significant
recruitment to mitochondria (Fig. S6). While nuclear wtp53 in
M#54 cells becomes upregulated and phosphorylated at Ser15 in
response to cisplatin, cytosolic mutp53(E285K) also becomes
phosphorylated but only a small fraction translocates into the
nucleus, certainly contributing to the lack of transcriptional activity
(MDM2, p21) of mutp53(E285K).

Mutations within the E285 cluster show high prevalence in
melanoma and other cancer types

A more detailed model-based analysis revealed a whole cluster of
amino acids frequently being mutated in p53-expressing cancers
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that may have a similar functional effect on the C-terminal helix of
the DBD domain as E285K (E285 cluster) (Fig. 4A). Database
analysis at https://www.cbioportal.org/study/summary?
id=msk_met_2021 [31] revealed that the percentage of mutations
within the E285 cluster (12%) is almost as high as of gain-of-
function mutations at positions R175% R248* and R273* (18%)
(Fig. 4B). In particular, MM patients carrying missense mutations at
positions $127%, E285%, and K132* within the E285 cluster present
with elevated death rates comparable to patients with R175% or
R273% but clearly higher than R248* or G245* hotspot gain-of-
function p53 mutations (Fig. 4C). Intriguingly, mutations within the
E285 cluster and particularly E285K showed a high prevalence not
only in MM but in a wide range of other cancer types, especially in
those of endocrine glands (https:/tp53.isb-cgc.org; [34]; Fig. 4D).
Providing this global and pronounced prevalence of E285-cluster
mutations, we aimed to identify a strategy to sensitize
mutp53(E285K)-expressing cancer cells to chemotherapy.

Mutp53(E285K) gain-of-function expressing M#31 cells can be
sensitized to cisplatin using PRIMA1-Met and AKT inhibition,
respectively

Restoration of wt-function of mutp53 in human cancers has been a
task for many years, however, most (pre-)clinical studies have been
performed using p53 hotspot mutants [16]. We investigated p53-
dependent (re-)sensitization of mutp53(E285K)-expressing M#31 cells
to cisplatin-induced cell death using three compounds, COTI-2, PEITC,
and PRIMA1-Met which have been included into multiple clinical
trials (https://www.cancer.gov/about-cancer/treatment/clinical-trials/
intervention/mutant-p53-activator-coti-2; https//clinicaltrials gov/ct2/
show/NCT00691132; https://aacrjournals.org/mct/article/12/11/2331/
91591/PRIMA-1Met-APR-246-Displays-High-Antitumor;  [16]). Low
doses of COTI-2 and PEITC had only marginal effects on cisplatin-
induced cell death, but displayed cisplatin-independent cytotoxicity
at higher doses (Fig. 5A). Treatment with PRIMA1-Met instead
pronouncedly enhanced cisplatin-induced cell death, with highest
synergy at 20 uM (Fig. 5A). As expected, none of the respective drugs
further enhanced cisplatin-induced cell death in wtp53-expressing
Mi#54 cells (Fig. S7). In M#31 cells, however, sensitization to cisplatin
by PRIMA1-Met co-treatment neither enhanced nuclear translocation
of mutp53(E285K) compared to cisplatin alone, nor did it cause p53-
dependent upregulation of pro-apoptotic PUMA (Fig. 5B). Hence,
caspase-3 processing and pronounced PARP cleavage, being
indicative for apoptotic cell death, remained absent (Fig. 5B),
questioning whether restoration of p53 wt-function is the primary
mode of action of PRIMA1-Met. Accordingly, cell death in response to
co-treatment with PRIMA1-Met and cisplatin could partially be
rescued by inhibitors for apoptosis (QVD), and also of ferroptosis
(ferrostatin-1), but not necroptosis (Nec1s), indicating a mixed form
of apoptotic and ferroptotic cell death to be induced (Fig. 5C).

An alternative strategy to enhance cell death in MM is
concomitant inhibition of MAPK-dependent survival pathways
[47]. Since inhibition of the MEK-dependent branch of MAPK
signaling proved ineffective in MM samples (compare Fig. S1), we
selected clinically relevant alpelisip (iP13K) and afuresertib (iAKT) to
inhibit PI3K and AKT signaling [30], respectively. Only iAKT but not
iPI3K synergistically sensitized mutp53(E285K)-expressing M#31
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Fig.3 Cytosolic expression of mutp53(E285K) protein is independent of putative K285 ubiquitination. A The effect of the E285K mutation
on 281-294 helix stability was validated compared to wtp53 using ESMFold model. Red color indicates reduction in protein stability according
to changes in pLDDT score from red (destabilizing) to cyan (stabilizing). Mutp53(E285K) is shown in red. Magnifications illustrate the molecular
interaction network involving E285 (left) versus K285 (right). The key residues involved in this network: K132, E271, K164, and R273 are shown
in green. The structure is colored according to changes in protein stability due to mutation as estimated by the ESMFold ApLDDT score from
red (destabilizing) to cyan (stabilizing). B M#31 cells were pretreated or not with MG132 (10 pM) for 2 h and a TUBE assay performed.
C M#31 cells silenced for endogens mutp53(E285K) were reconstituted with wtp53, mutp53(E285K), and mutp53(E285R), respectively, and cell
death (PI") monitored 24 h after stimulation with cisplatin (15pM) using IncuCyte® technology (n=3; mean=SD; *p<0.01; ns not
significant). D Prediction of the effect of K132E mutation on the p53 DBD structure using ESMFold model. The structure is colored according
to changes in protein stability due to mutation as estimated by the ESMFold ApLDDT score from red (destabilizing) to cyan (stabilizing). K132E
and E285K mutations are depicted in yellow and red, respectively. The other residues involved in the salt-bridge network formation (K132,
E271, K164, and R273) are shown in green. E M#31 and M#54 cells stably silenced for endogenous p53 were reconstituted with wtp53, and
mutp53 variants E285K, K132E, R175H, and R248W, respectively, and cell death (PI”) monitored 24 h after stimulation with cisplatin (15 pM)
(n = 3; mean + SD; **p £0.01; ns not significant). F The same M#31 transfectants were used to assess p21 and MDM2 expression by Western-
blot analysis. p-actin served as loading control. G M#31 (E285K) and M#54 (wt) cells were stimulated with cisplatin (15 pM). After 24h
localization of MDM2, p53, p-p53(Ser15), and p21 was monitored in whole cell lysates as well as in cytosdlic and nuclear fractions by Western-
blot analysis. IkBx and histone H3 served as loading/fracticnation controls.
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cells to cisplatin-induced cell death (70%) without showing
cisplatin-independent cytotoxicity. In contrast, iAKT showed some
toxicity in wtp53-expressing M#54 cells, but neither iAKT nor iPI3K
pronouncedly enhanced cisplatin-dependent cell death (Fig. 5D).
However, apoptosis induction was only evident in M#54 cells, due
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to upregulation and phosphorylation of wtp53, followed by p53-
driven upregulation of PUMA and processing of caspase-3 and
PARP, respectively. (Fig. 5E). In M#31 cells, phosphorylation of p53
did not result in transcriptional upregulation of PUMA, and
consecutive apoptotic features, and hence, could only be partially
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Fig. 5 Mutp53(E285K) gain-of-function expressing M#31 cells can be sensitized to cisplatin using PRIMA1-Met and AKT inhibition,
respectively. A M#31 cells were pretreated for 1 h with COTI-2, PEITC, and PRIMA1-Met at the indicated concentrations and cell death (PI")
monitored 24 h after stimulation with cisplatin (15 uM) (n = 3; mean + SD; ****p < 0.0001; **p < 0.01; ns not significant). B The effect of PRIMA1-
Met treatment on the subcellular localization and expression of p53, p-p53(Ser15), yH2AX, Caspase-3, PUMA, and PARP was monitored in
cytosolic/nuclear fractions by Western-blot analysis. Ponceau S staining and IxBa served as loading/fractionation controls. C M#31 cells were
pre-stimulated with QVD (5uM), Nec1s (15 pM), or ferrostatin-1 (15 pM) for 1 h followed by treatment with PRIMA1-Met (20 uM). 24 h after
cisplatin (15 pM) treatment cell death (PI”) was monitored (n= 3; mean + SD; ***p < 0.001; **p < 0.01; ns not significant). D M#31 and M#54
cells were pretreated with alpelisip (iPI3K, 10 uM) and afuresertib (iAKT, 10 uM), respectively, for 1 h and cell death (PI”) in response to cisplatin
(15 uM) determined after 24 h (n = 3; mean + SD; ****p < 0.0001; *p < 0.05; ns not significant). E Changes in expression of p53, p-p53(Ser15),
PUMA, Caspase-3, cleaved Caspase-3 and PARP was assessed by Western-blot analysis with p-actin as loading control. F M#31 cells were pre-
stimulated with QVD (5 uM), Necls (15 pM), or ferrostatin-1 (15 pM) for 1 h followed by treatment with either alpelisip (iPI3K, 10 uM) or
afuresertib (IAKT, 10 pM), and cell death (PI*) monitored after 24 h (n = 3; mean + SD; ***p < 0.001; **p < 0.01; *p <0.05; ns not significant).
G M#31 and M#54 cells, SkMel29 and WNM1552C MM cell lines, and primary human fibroblasts and melanocytes were pretreated or not with
ferrostatin-1 (15 pM) for 1 h and cell death (Pl7) in response to RSL3 (1.13 pM) determined after 24 h (n = 3; mean + SD; **¥*p < 0.000; ns not

significant).
o
<

inhibited with QVD (Fig. 5F). Similar to co-treatment with PRIMA1-
Met, co-treatment with iAKT and cisplatin could partially be
rescued by ferrostatin-1, confirming that M#31 cells were prone to
ferroptosis induction (Fig. 5F). Conclusively, application of RSL3 a
specific inhibitor of GPX4, induced extensive ferroptotic cell death
(~90%) in mutp53(E285K)-expressing M#31, but also in wtp53-
expressing M#54 cells. To estimate the clinical potential of RSL3 in
treating MM we additionally investigated mutp53(E285K)-expres-
sing SkMel29 and mutp53(R248Q) gain-of-function expressing
WM1552C MM cell lines (httpsy//p53.fr/tp53-database/the-tp53-
celHine-compendium), both being largely resistant to cisplatin as
well as to re-sensitization with PRIMA1-Met (Fig. S8). Both cell lines
responded with ~40-50% cell death to RSL3 treatment which was
superior to 25% cell death being induced in primary fibroblasts.
Most importantly, primary melanocytes fully resisted ferroptosis
induction.

Taken together, we have identified an important cluster of p53
mutations, referred to as E285 cluster, being located close to the
DBD indirectly interfering with DNA recognition and transcription
of p53 target genes, presenting with high prevalence in MM but
also in a wide range of other cancers. Our data furthermore
challenge the concept of induding ferroptosis-inducing agents
into the treatment portfolio of MM, and most likely also for other
cancer specimens.

DISCUSSION

To date, intervention strategies for the treatment of MM are
exclusively based on the mutation status of the key drivers of
metastatic progression, BRAF and NRAS oncogenes. Besides these
genetic alterations other pathophysiological modifications, including
the p53 mutation status, may contribute to therapy resistance [48].

Hotspot gain-of-function mutants account for ~28% of all
missense mutations in p53 and have been investigated intensively
[49, 50]. Much less information is available on residual ~72%
missense mutations, most of which are also located within or
adjacent to the DNA-binding domain [51].

Investigating the p53 mutation status in 19 patient-derived
melanoma samples we have identified one p53 missense
mutation E285K, previously described as a rare missense mutation
being endowed with temperature-sensitive properties. At the
permissive temperature of 32 °C this mutant was shown to regain
wild-type properties allowing for profiling of p53-responsive
genes [26]. Our data show mutp53(E285K) to be localized in the
cytosol of M#31 cells and to only partially translocate into the
nucleus in response to DNA damage, thereby conferring extensive
chemoresistance. Cytosolic p53 cluster have recently gained
increased attention, because they were found to correlate with
poor prognosis in serous ovarian carcinoma [52], and to couple
oncogene-driven metabolism to apoptosis in glioblastoma [53].
Restoration of mutp53(E285K), in M#31 and M#54 cells silenced for

SPRINGER NATURE

endogenous p53, as well as in M#10 and M#34 lacking
endogenous p53 protein, prevented p53-driven transcription of
p21, MDM2, and PUMA, and reduced cisplatin responses to the
level of gain-of-function R175H and R248W re-expressing cells. Co-
treatment with PRIMA1-Met (re)sensitized M#31 to cisplatin,
however, this appeared to be independent of restoration of p53
we-function. Multiple clinical trials have been conducted incorpor-
ating PRIMA1-Met (APR-246), showing some promising results
when co-administered with conventional drugs in several
hematologic malignancies and solid tumors. Unfortunately, a
study on melanoma treatment was discontinued in 2019
(reviewed in [16]). All three drugs used in this study aiming to
restore p53 wt-function (COTI-2, PEITC, PRIMA1-Met) have proven
cytotoxic effects on various cancer types beyond p53 reactivation,
mostly due to reactive oxygen (ROS) formation inducing oxidative
stress [18, 54-56], which may contribute to lipid peroxidation, and
thus, to ferroptosis [57]. This may explain partial ferroptosis
induction upon PRIMA1-Met and cisplatin co-treatment. Moreover,
AKT was recently shown to inhibit GPX4 degradation through
creatine kinase B-dependent phosphorylation, thereby mitigating
ferroptosis in hepatocellular carcinoma cell lines [58]. This in turn
may explain how AKT inhibition may contribute to ferroptosis
induction. Since clinical trials involving PI3K [59] or AKT [60]
inhibition, alone or in combination with conventional mutBRAF or
MEK targeting drugs have shown poor benefit for MM patients,
direct ferroptosis induction may provide a promising alternative.
We show GPX4 inhibition by RSL3 to tumorselectively induce
extensive ferroptosis in wild-type and mutant p53-expressing MM
cells while sparing primary cells of the skin, implying ferroptosis
induction to be a viable alternative treatment option for MM
irrespective of the intrinsic p53 mutation status. Accordingly,
increasing effort is currently undertaken to implement ferroptotic
marker identification into diagnostic measures as well as
therapeutic strategies for the treatment of MM [61-63].

Our structural analysis revealed E285K to be part of a cluster of
frequently occurring missense mutations (E285 duster) in MM, but
also in a wide range of other cancers. As a future task, small
molecules that interfere with the destabilization of the C-terminal
helix of the p53 DBD may represent a viable strategy to rescue the
negative impact of E285-cluster mutations, thereby paving the
way for alternative therapeutic options to fight cancer.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY

The datasets used and analyzed during the course of the current study are available
from the corresponding author upon reasonable request. Uncropped Western Blots
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Therapy Induced Senescence (T1S) leads to sustained growth arrest of cancer cells. The associated cytostasis has been shown to be
reversible and cells escaping senescence further enhance the aggressiveness of cancers. Chemicals specifically targeting senescent
cells, so-called senolytics, constitute a promising avenue for improved cancer treatment in combination with targeted therapies.
Understanding how cancer cells evade senescence is needed to optimise the clinical benefits of this therapeutic approach. Here we
characterised the response of three different NRAS mutant melanoma cell lines to a combination of CDK4/6 and MEK inhibitors over
33 days. Transcriptomic data show that all cell lines trigger a senescence programme coupled with strong induction of interferons.
Kinome profiling revealed the activation of Receptor Tyrosine Kinases (RTKs) and enriched downstream signaling of neurotrophin,
ErbB and insulin pathways. Characterisation of the miRNA interactome associates miR-211-5p with resistant phenotypes. Finally,

iCell-based integration of bulk and single-cell RNA-seq data identifies biological processes perturbed during senescence and
predicts 90 new genes involved in its escape. Overall, our data associate insulin signaling with persistence of a senescent
phenotype and suggest a new role for interferon gamma in senescence escape through the induction of EMT and the activation of

ERKS5 signaling.

Cancer Gene Therapy (2023) 30:1330-1345; https//doi.org/10.1038/541417-023-00640-z

INTRODUCTION

Hayflick first observed in 1961 that fibroblasts stop proliferating after
50 passages and display an enlarged and flattened phenotype
characteristic of senescence [1, 2]. This observation was later
explained by the progressive shortening of telomeres upon
replication, which ultimately triggers a DNA Damage Response
(DDR) leading to cell cycle arrest [3, 4]. This process was called
“replicative senescence”. Several cellular events and environmental
conditions induce senescence, and it now emerges as a generic
stress response involved in central biological processes such as
embryonic development, wound healing and aging [2, 4, 5].

Many stressors that induce senescence (e.g, oxidative stress,
radiation), induce DNA damage and activate DDR. This leads to
engagement of the Senescence Associated Secretory Phenotype
(SASP), one of the characteristic features of senescence in which
cells produce and secrete cytokines and growth factors. The SASP
itself can trigger senescence in adjacent cells and contributes to
the emergence of an inflammatory environment as the senescent

cells, which are not eliminated by the immune system, accumulate
in the organism [5]. This accumulation leads to the development
of degenerative and hyperplastic pathologies and carcinogenesis,
linking senescence to aging [6, 71. Research in this field is
challenging due to the heterogeneous and dynamic nature of the
SASP and the lack of a universal marker for senescence.

Focusing on cancer, the activation of known oncogenes results
in a constant proliferative signaling which causes replication forks
to trigger DNA damage and drive primary cells to undergo
Oncogene-Induced Senescence (OIS) [8]. Therefore, senescence
may be considered as an early evolutionary mechanism of
protection against cancer leading to cell cycle arrest of over-
proliferating cells [9]. However, cells can escape this arrest and re-
establish growth, ultimately leading to the development of cancer.
Cancer cells can also undergo senescence when exposed to
therapies, so called Therapy-Induced Senescence (TIS).

Thus, senescence appears as a natural barrier against cancer, but
recent works suggest that senescence may be a reversible process
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[10]. Exit from senescence has been recently linked with the stem-like
properties of cancer cells, reinforcing the idea that aside from the
SASP, senescence itself may be a transient state in carcinogenesis.

Melanoma arises from the deregulated proliferation of mela-
nocytes representing the deadliest type of skin cancer accounting
for about 75% of related deaths. Standard of care involves
targeted therapies and immunotherapies [11]. For the BRAF
mutated subtype, representing half of the cases, specific first line
inhibitors targeting both MEK and BRAF have been developed.
The NRAS mutated subtype, which accounts for a quarter of all
melanoma cases, lacks such a targeted approach but ongoing
clinical trials are assessing the effects of combined MEK and CDK4/
6 inhibitors (NCT01781572; NCT02065063). However, tolerance or
resistance to such targeted treatments inevitably develops.

MicroRNAs have been shown to be involved in resistance to
treatment. miRNAs are 20-22 nucleotides short RNAs, which in
complex with the Argonaute (AGO) protein, act as post-
transcriptional regulators of gene expression [12]. Canonically,
miRNAs destabilise mBNAs by binding to a complementary
sequence within the 3' UTR, this resulting in downregulation of
the mRNA and the encoded protein [13]. Experimental methods
based on immune-precipitation and sequencing have been
developed to profile miRNA-mRNA interactions. The gqCLASH
method has the advantage of capturing direct physical interac-
tions only, through an additional intermolecular ligation step
linking mRNAs to their bound miRNAs [14].

To characterise the response of 3 NRAS mutant melanoma cell
lines to a combination of MEK and CDK4/6 inhibitors, we treated
the cells over 33 days and collected samples at multiple time
points. Samples were analyzed by total RNA-seq, small RNA-seq,
gqCLASH and kinome profiling. Our results recapitulate several
previous observations while displaying an unforeseen interplay
between interferon signalling and senescence. Additionally, we
uncover deregulated processes associated with the onset of
senescence and its exit by adapting a non-negative matrix tri-
factorization (NMTF)-based methodology, "iCell” [15], to integrate
bulk RNA-seq and single-cell data. Moreover, the dimensionality
reduction and the clustering properties of the NMTF allowed us to
associate novel genes to senescence escape.

RESULTS

Experimental design and description of the data sets

To study the effects of MEKi and CDK4/6i, 3 NRAS mutant
melanoma cell-ines: MELJUSO, SKMEL30 and IPC298 were
selected as they showed distinct cellular responses with spindle-
shape (MELUSO), augmented pigmentation (SKMEL30) and
typical melanoma morphology (IPC298) phenotypes (Fig. 1). To
further normalize the effect of treatment across cell lines, we
determined the GI50 (drug concentration at which cell growth is
reduced by half) and opted for a concentration of 110nM, 35nM,
and 16nM of Binimetinib (MEKi) for MELJUSO, SKMEL30 and
IPC298, respectively and 1pM for Palbociclib (CDK4/6i) as this
inhibitor led to incomplete dose-response curves (Supplementary
Table 1). Upon treatment over 33 days, the 3 cell lines showed
different behaviour with IPC298 suffering very little from the
treatment showing constant proliferation and no morphological
change. SKMEL30 on the other hand stopped proliferating and
accumulated pigmentation before restoring proliferation after
around 14 days. Finally, MELJUSO stopped dividing and started to
stretch to acquire a spindle-shape phenotype after 4 days.

As distinct morphological changes were observed at these time
points, we profiled the transcriptome of the cell lines at day 0, 4,
14 and 33 using total RNA-seq. Cellular signaling supporting the
adaptation to the treatment was investigated by profiling the
kinome of the senescent MELJUSO and adaptative SKMEL30 cell
lines using PamGene technology. Next, we characterised the
resistant miRNA interactome of the SKMEL30 and IPC298 at 33
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days by combining small RNA-seq and the qCLASH method.
Finally, by integrating bulk and single cell RNA-seq data,
deregulated pathways and predicted genes associated with
senescence escape were identified.

Cell lines display coherent transcriptomic profiles composed
of interferons, EMT and senescent responses under prolonged
CDK4/6i and MEKi treatment

Distinct cellular responses to treatment were reflected at the
transcriptomic level where the cell lines clustered separately on
the PCA (Fig. 2A). As MELJUSO displayed a different evolution over
time, we decided to analyze each cell line individually. Differential
expression analysis, comparing later time points to day 0, revealed
a greater change in the MEUUSO transcriptome. MELJUSO
corresponds to 9548, 11362 and 10126 significant (p.adj <=
0.05) differentially expressed genes at day 4, day 14 and day 33,
respectively when compared to SKMEL30 and IPC298 (9208, 9749,
6509 and 5436, 7575 and 3217, respectively) (Supplementary
Fig. 1). Interestingly, across all cell lines and for all time points, we
noticed the deregulation of interferon-related genes such as
STAT1, IRF7, MX1, OAS2 and IFl44.

Gene Set Enrichment Analysis (GSEA) was performed on
differentially expressed genes using the "hallmarks” from MSigDB,
which revealed the downregulation of pathways related to prolifera-
tion such as "MYC TARGETS V17, "E2F TARGETY, and "G2M
CHECKPOINT" (Fig. 2B), all affected by our inhibitors. The clustering
of samples on top of the heatmap clearly separates proliferative
samples (left part) comprising the IPC298 cell line and SKMEL30 day
33 from cytostatic samples (right part) with MELJUSO and early time
points for SKMEL30. Interestingly, we noticed across all cell lines an
enrichment in interferon responses and an enrichment in Epithelial-
to-Mesenchymal Transition (EMT) for the cytostatic samples (Fig. 2B).
CDK4/6 inhibitors have been shown to induce cellular senescence in
different cell types [16, 17]. We therefore used a recently published
classifier, “SENESCopedia”, to predict the levels of senescence in our
samples (Fig. 2C) [18]. On day 14, all cell lines display high senescence
scores suggesting that they all engage in a related transcriptional
programme. Of note, all samples with a high senescence score are
also enriched in EMT which is coherent with previous observations of
EMT in different epithelial cell types after induction of senescence
(fibroblasts, colorectal and lung cancer) [19-21].

Altogether, these results suggest that all 3 cell lines trigger the
same type of responses composed of an interferon response, a
senescence and "EMT” programme but with a different intensity
and temporality, which may explain the different phenotypes
observed.

Kinome profiling of adapting cell lines shows reactivation of
RTK pathways and suggests a key role of ERK5

To better understand how the cell lines adapt to the treatment, we
acquired PamGene data (Supplementary Fig. 2) to profile the
kinome of MELJUSO and SKMEL30 cells at day 0, 1, 4 and 33 as
these two cell lines showed persistent cytostasis and adaptation to
treatment. MELJUSO stops proliferating and changes morphology
after about 4 days while SKMEL30 acquires a dark pigmentation
before restoring growth. Kinase activities were inferred from the
levels of peptide phosphorylation at different time points and
compared to day O (summarised in Fig. 3A). A phylogenetic
representation shows that these two cell lines react similarly to the
treatment only at early time points (Supplementary Fig. 3).

To perform pathway enrichment on a reduced set of proteins
such as kinases, we used a network-based approach and obtained
coherent results for the two cell lines (Table 1). Indeed, pathways
like RIG-I or Toll-like receptor signaling (related to innate immunity
and interferon responses) were enriched at early time points for
both SKMEL30 and MELJUSO. Among the enrichment results, RTK
pathways involving ErbB, neurotrophin and insulin appear (Fig. 3B,
C). Some pathways were enriched before the increase in receptor
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activity reached the significance threshold and those were
therefore not represented on the phylogenetic tree (Supplemen-
tary Fig. 3). This signaling seems to persist after the receptor
resumes normal activity (Table 1). It has previously been shown
that the inhibition of ERK1/2 suppresses negative feedback on RTK
expression, which can then be further activated to compensate for
this inhibition [22] (Fig. 3B, Supplementary Fig. 3). Coherent with
the enriched pathways, we observed in both cell lines a significant
increase in the activity of RTKs such as HER3 and NTRK2 as well as
insulin-related receptors (INSR, IGF1R and IRR). Noteworthy,
downstream insulin signaling was enriched in the cytostatic
MELJUSO only (detailed representation of pathways Supplemen-
tary Figs. 4-8). Other RTKs previously related to resistance such
ALK, AXL or c-MET displayed an increased activity (complete list
Supplementary Fig. 9) but those were not associated with
enriched downstream signaling. Within the MAPK pathway, the
decrease in ERKS (MAPK7) activity was partially relieved in
SKMEL30 but not in MELJUSO (Fig. 3B). Along these lines, Tubita
et al. recently showed that knock-down by shRNA or inhibition of
the kinase activity of ERK5 triggers senescence in melanoma [23].

Overall, the kinome data show the reactivation of ErbB,
neurotrophin and insulin pathways and enrichment of their
downstream signaling. Interestingly, ERKS activity was strongly
reduced in the cytostatic cell line MELJUSO (Fig. 3B).

Contribution of miRNAs to the resistant phenotype

To see if miRNAs could participate in the adaptation to treatment
and the proliferative phenotypes, we profiled the miRNome of all
three cell lines by small RNA-seq at day 0 and 33. In line with their
phenotypes, IPC298 showed little deregulation of miRNAs
compared to SKMEL30 and MELJUSO cell lines (Supplementary

Cancer Gene Therapy (2023) 30:1330 - 1345

Fig. 10). Next, we performed qCLASH analysis for the two
proliferative cell lines IPC298 (early adaptation) and SKMEL30
(late adaptation) (summarised in Fig. 4A).

Although qCLASH-based miRNA interactomes do not provide a
complete picture of all interactions, PCA was able to discriminate
between the different cell lines and conditions (Supplementary
Fig. 11). Previous studies reported a correlation between the
number of detected hybrids and the expression levels of its miRNA
and mRNA components [14, 24]. These correlations hold true for
our matching total and the small RNA-seq data when taking the
total count across the replicates (Fig. 4B, left panels). Moreover,
further summing up the hybrids for each miRNA or mRNA
strengthens the comelation between RNA-seq and qCLASH data,
especially for miRNAs (Fig. 4B, right panels). gCLASH data also
contain transient interactions, which are unlikely to be functionally
relevant for the cell and technical replicates are often used to
further select most likely interactions. We explored how the
detection of interactions in one, two or three replicates depends
on their expression level and observed that interactions detected
in triplicates were associated with a greater expression supporting
the rationale of using such thresholds (Supplementary Fig. 12). To
further select the most relevant miRNAs, we constructed a network
with the interactions specific to the resistant phenotype. We first
selected the interactions detected in triplicates, then ensured that
they were present in both resistant IPC298 and SKMEL30 but
absent from their untreated counterparts (Fig. 4C). Finally, we
overlaid the log fold changes from the small and total RNA-seq for
the corresponding miRNAs and mRNAs onto the resulting network
(Fig. 4D). Based on those representations, we selected some
interactions to confirm their deregulation by gPCR. We investi-
gated if those observations could be extended to two BRAF mutant
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cell lines, A375 and 624Mel which underwent the same treatment
and re-established growth (Supplementary Fig. 13). Most of the
selected interactions did not exert a robust inverse expression
between miRNA and mRNA (Supplementary Figs. 14, 15). Among
mRNAs, we observed a robust upregulation of CCND1 which is a
known resistance mechanism to CDK4/6i as well as a strong

SPRINGER NATURE

upregulation of IFN related gene IFI6 (Supplementary Fig. 13).
Except for the amelanotic cell line A375, we observed the
upregulation of LGALS3BP, TXNIP and TYRP1 (Fig. 4E). Among
miRNAs, miR-211-5p was upregulated in all proliferative cell lines
except the amelanotic A375, which is known not to express it
(Fig. 4F) [25], and MEUUSO (Fig. 4G), which has very low levels.
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Network-based enrichment was performed on the significantly deregulated kinases at different time points.
MELJUSO and SKMEL30 cells show at all time points an enrichment in ErbB and neurotrophin pathway. Only MELJUSO cells show an enrichment in insulin

pathway at day 4 and day 33.

Overall, the number of interactions detected by qCLASH
method is influenced by the expression level of the corresponding
miRNA and mRNA. Most of the detected interactions did not exert
the expected inverse expression pattern between miRNA and
mRNA. miRNAs and mRNAs displayed a more robust change in
expression across cell lines. Except for the amelanotic A375,
upregulation of miR-211-5p is associated with resistant and
proliferative cell lines.

iCell integration of bulk and single-cell RNA-seq reveals
perturbed pathways and predicts genes facilitating
senescence escape

To gain further insights into NRAS mutant melanoma cells’
adaptation to treatment, we integrated the bulk RNA-sequencing
data with previous condition-matching single-cell data from our
lab by adapting and applying a Non-negative Matrix Tri-
Factorization (NMTF) approach called iCell [15]. We used the iCell

Cancer Gene Therapy (2023) 30:1330 - 1345

methodology because it is a versatile data fusion framework,
which has previously been used to perform integrative compara-
tive analyses of disease and control tissue data, predicting new
cancer and COVID-19 related genes [15, 26] and suggesting
potential drug re-purposing candidates [26].

For each condition (treated cell line and time point), we
constructed Protein-Protein Interaction (PPl) networks by overlaying
the experimentally validated PPl network for Homo Sapiens from
BioGRID [27] with the condition-specific bulk RNA-sequencing data.
Also, we derived a condition-specific co-expression (COEXP) network
from the corresponding bulk RNA-seq data (see Methods section).
Next, we applied Non-negative Matrix Tri-Factorization (NMTF) on
the corresponding adjacency matrices of the resulting PPI, COEXP
and the single-cell expression data collectively, to ensure data fusion
(Methods and [15]). This resulted in the creation of nine condition-
specific iCell networks, by multiplying the G1 matrix resulting from
the data fusion and its transpose (which is equivalent to computing
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the dot product between gene pairs) and considering as interactions
the 1% highest values in each row and column (Methods and [15]).

As illustrated in Supplementary Fig. 16, resulting condition-
specific iCell networks were investigated by first comparing the
global topology of all resulting iCell networks. Then, these
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topological changes were further characterised by identifying the
genes that change or conserve their local topology between each
pair of conditions. We related the identified most rewired genes and
the least rewired ones to MSigDB hallmarks by performing an Over-
Representation Analysis (ORA) (see Methods for details). Finally, for
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Fig. 4 miRNA-mRNA interactions p ially contributing to r

e. A Summary of the interactions detected through the qCLASH

method. B Top part, correlations between hybrid counts (qCLASH) and miRNA/mRNA counts (RNA-seq). Bottom part, summing hybrid counts
per mRNA or miRNA (qCLASH) further strengthen the correlations with the RNA-seq. € To select candidates, we considered the interactions
detected in three technical replicates (colored circles). Then for the two cell lines, interactions present in the resistant state but absent in the
sensitive state were considered. Finally, interactions common to the two cell lines IPC298 and SKMEL30 were used. D RNA-seq data for
SKMEL30 cell line as log fold changes overlayed onto the resistant miRNA network. Selected interactions for further validation by gPCR are
represented with thick lines and the corresponding mRNAs and miRNAs with bolded borders. E Relative expression of LGALS3BP, TXNIP and
TYRP1 mRNAs assessed by qPCR across three NRAS and two BRAF mutant melanoma cell lines. F Relative expression of miR-211-5p across the
same cell lines as determined by gPCR. G Expression of miR-211-5p in the small RNA-seq.

<

each condition we clustered the genes based on their local topology
in the iCell network and then found the MSigDB hallmarks enriched
in the resulting clusters. We focused on two senescence-escape
related hallmark pathways (IFN gamma and EMT) to predict novel
genes potentially related based on their appearance in the clusters
enriched across all conditions.

We compared the overall topology of iCell networks obtained
for each condition by using thus far the most sensitive measure of
global network topology, the “Graphlet Correlation Distance”
(GCD-11) (see Methods and [28]). The lower the GCD-11 value, the
closer the topologies of the networks [28]. We used Ward's
hierarchical clustering to cluster the resulting heatmap of the
GCD-11s between all iCell networks (all-to-all matrix). In line with
our phenotypic observations, we showed on the heatmap (Fig. 5A)
that for the resistant cell line IPC298, the conditions D4 and D33
have the lowest GCD-11 value (0.26) and hence clustered
together, suggesting early adaptation to treatment of this cell
line. For the two other cell lines, conditions DO and D4 grouped
together (GCD-11 values of 0.71 for SKMEL30 and 0.87 for
MELJUSO), suggesting that these two cell lines adapt later.

Next, the local topology of genes in each condition-specific iCell
networks was analysed to find out if some are rewired between
conditions. To this end, we focused on genes that were expressed in
both conditions (Venn diagrams in Fig. 5B and Supplementary
Fig. 17). Within each iCell network, the local topology around a gene
in the network was quantified by using its "Graphlet Degree Vector”
(GDV). We then measure the rewiring of a gene between two
conditions by comparing its GDVs in the two networks using
"Graphlet Degree Vector Similarity” (GDVS) (detailed in Methods and
in [29]). Between two conditions, genes with high GDVSs have
conserved topologies and are called “stable”, while the genes with
low GDVSs are rewired and are called “perturbed”. We related the top
10% of the most “stable” and the top 10% of the most “perturbed”
genes to MSigDB hallmarks [30] by performing ORA. For each cell
line, the condition-specific iCell networks were compared between
time-points (i.e, D4 vs DO, D33 vs D4, and D33 vs DO). For all cell lines,
we observed that the top 10% of the most “perturbed” genes were
enriched at different contrasts in “ADIPOGENESIS” (also observed in
senescent fibroblasts [31]) and "OXIDATIVE PHOSPHORYLATION"
(OXPHOS) (a pathway commenly dysregulated in senescence which
has been proposed as a targeting strategy [32]) (Fig. 5C). Then,
condition-specific iCell networks were compared between cell lines
at matching time points (eg, MEUUSO_DO vs SKMEL30_DO).
Interestingly, the top 10% of the most “stable” genes were only
found to be enriched when comparing IPC298 vs MELJUSO at day 0
and when comparing MELJUSO vs SKMEL30 at day 4, which suggests
that these cell lines react coherently early on and diverge later
(Supplementary Fig. 17). At day 0, and across all pairwise
comparisons involving IPC298 cell line, the top 10% of the most
“perturbed” genes were enriched for OXPHOS, suggesting a different
initial metabolic state for IPC298. On day 4, when comparing IPC298
and SKMEL30 cells, the top 10% of the most “perturbed” genes were
enriched in "INTERFERON ALPHA/GAMMA RESPONSE". At days 4 and
33, but not across all pairwise comparisons, we found that the top
10% of the most “perturbed” genes are enriched in “EPITHELIAL
MESENCHYMAL TRANSITION”, “ADIPOGENESIS” and “COAGULATION".

Cancer Gene Therapy (2023) 30:1330 - 1345

Further information on the relevance of these enriched pathways can
be found in the Discussion.

Finally, to predict novel genes which could contribute to
senescence escape facilitated by interferons, genes were dustered
based on their GDVs signatures in each condition-specific iCell
network using “Ward's hierarchical clustering” and the “k-
medoids” algorithms. For each condition, we performed ORA to
associate the clusters to hallmarks from MSigDB (results of ORA on
the clusters obtained by using k-medoids clustering in Fig. 5D).
The results for the two algorithms showed limited agreement (Fig.
5E, left), as measured by Adjusted Rand Index for each condition:
0.31, 0.38 and 0.30 for MELJUSO at day 0, day 4 and day 33; 0.32,
0.30 and 0.26 for SKMEL30 at the same time points and 0.27, 031
and 045 for IPC298. Therefore, we considered the results from the
two different clustering methods (hierarchical and k-medoids)
separately. Enriched clusters were filtered to exclude genes that
are already known to be associated with hallmarks in MSigDB. For
the remaining genes, we counted the number of times a gene was
found in the dusters enriched in one of the two senescence
escape-related pathways, EMT and interferon gamma (Fig. 5E
right). Then, based on the distributions of the number of times
genes appeared in these enriched clusters, we predicted genes
that appeared in two or more clusters as related to senescence
escape. To obtain more robust predictions, we only considered
genes predicted by both algorithms. This resulted in a set of 90
predicted genes, among which CCND1, a known regulator of G1
phase. Furthermore, many of our predictions are known to interact
with TP53, further supporting their connection to senescence (Fig.
5F, Supplementary Table 2).

To conclude, the integrated analysis of bulk and single-cell data
by using the iCell methodology further confirms our phenotypic
observations and uncovers the most dysregulated processes
("OXIDATIVE PHOSPHORYLATION", "ADIPOGENESIS", "COAGULA-
TION" and "EPITHELIAL MESENCHYMAL TRANSITION") during
adaptation to the treatment. Furthermore, it allowed us to predict
90 new genes involved in senescence escape.

DISCUSSION

Most cancer cells inevitably develop resistance to targeted therapies.
Anticipating the development of such resistance to a newly tested
combination of CDK4/6i and MEKi, we characterised the transcrip-
tomic responses in 3 NRAS mutant melanoma cell lines over an
extended treatment duration of 33 days. Our RNA-seq data
exhibited a strong enrichment in interferon responses, coherent
with previous observations by Goel et al. [33] following CDK4/6
inhibition. This study showed that CDK4/6 inhibitors downregulate
E2F2 and DNMT1, subsequently leading to a hypomethylation of the
genome (Supplementary Fig. 18). The works of Chiappinelli et al. [34]
and Roulois et al. [35] first showed that hypomethylation brought
about by DNMT inhibitors induce the expression of otherwise
silenced endogenous retroviruses (ERVs). These ERVs then form
dsRNAs in the cytoplasm and trigger an anti-viral immune response
associated with interferon production. Alternatively, ERVs can be
reverse transcribed and produce ssDNA and dsDNA triggering
the cGAS-STING pathway leading to similar responses [36]. The
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“iCell” integration of bulk and single-cell RNA-seq. A Comparison of iCell networks topology using Graphlet Correlation Distances

(GCD). iCELL networks recapitulate phenotypic observations and early adaptation of IPC298. B Venn diagrams representing genes overlap
between conditions. € Comparison of gene local topology using Graphlet Degree Signature Similarity (GDSS). Within all cell lines, the different
time points were compared. ORA was performed on the top 10% most “stable” or “perturbated” genes. D Genes were clustered according to
their Graphlets Degree Signatures. ORA was performed to associate gene clusters with biological function. E Left panel: number of enriched
clusters detected for each gene across all conditions. Right panel, Number of detected clusters for the EMT and iFN gamma pathways (related
to senescence escape) for the two algorithms. F Protein-protein interactions (BioGRID) between P53 and the genes associated with EMT and

IFN gamma.
a4
R |

activation of these two pathways can be concomitant and their
relative importance may be cell-type specific. This phenomenon,
termed “viral mimicry”, has been extended to other types of
retroelements and it has been proposed to be integral part of
carcinogenesis in a rheostat model [37]. It has been reported in
different cancer types and in response to different epigenetic
perturbations (DNMTi, HDACi, HMTi). Bragelmann et al. [38] also
reported the activation of viral mimicry in the case of BRAF mutant
melanoma and MAPK inhibitors (BRAFi + MEKI) further supporting
the E2F2-DNMT1 axis as a mechanism of action. Melanoma cells are
considered very immunogenic [39] and this partially explains why
melanoma respond better to immunotherapy than other cancer
types. IFN signaling is known to upregulate PD-L1, explaining why
many treatments activating viral mimicry have been shown to
synergise with immune checkpoint inhibitors. Here, we confirm the
appearance of an IFN signature following CDK4/6 and MEK
inhibition suggesting a potential induction of viral mimicry.

A “senescence score” predicted from our data with SENESCopedia
[18] suggested induction of a senescent transcriptional programme
in all cell lines. Cytokines composing the SASP can induce features of
EMT [40] and EMT has been recently proposed to inhibit senescence
in Hela cells treated with Doxorubicin [41]. TIS and EMT share
common transcription factors with opposite effects on both
processes (Supplementary Fig. 19) [42] and cancer cells escaping
from TIS have been associated with a mesenchymal phenotype [43].
IFN gamma, by promoting EMT [44-46], could further support escape
from senescence (Supplementary Fig. 20A). To understand the
relationship between IFN gamma and EMT gene sets (from the
hallmarks) and a recent gene set characterizing senescence in cancer
cell lines [47], we looked at changes in expression (log2 fold change)
between those gene sets at day 14 where all cell lines display high
senescence scores. IFN gamma shows an opposite trend in
expression to the EMT and senescence gene sets (Supplementary
Fig. 20B), suggesting that IFN may accelerate the EMT process and
thereby repress senescence. Albeit interferon signaling has earlier on
been linked with senescence [48], only later Katlinskaya and Yu et al.
showed a role of IFNAR1 in the induction of senescence [49].
Recently, the accumulation of double stranded RNA was proposed to
also contribute to the onset of senescence [50, 51]. These findings
suggest a link between senescence and viral mimicry, which can
engage autocrine and paracrine secretion of interferons. Embryonic
stem cells (ESCs) are another cellular model where transposable
elements play an important role, where they are profoundly
repressed during embryogenesis and leakage in their expression
may impair developmental processes. Recent work by Asimi et al. in
mesenchymal ESCs suggests that ERV transcription participates in the
remodeling of epigenetic landscapes by competing with super-
enhancers for the formation of transcriptional condensates, which
may explain the phenomenon of onco-exaptation (oncogene
activation by a TE-derived promoter) [52]. Also recently, Liu et al.
demonstrated a role of ERV expression in the induction of
senescence and attributed the observed paracrine effects to the
production of retrovirus like particles [53]. We propose here that the
IFN gamma signalling programme activated after induction of viral
mimicry may contribute to senescence escape by inducing EMT. This
might represent a general cellular mechanism to cope with different
extrinsic and intrinsic stressors.

Cancer Gene Therapy (2023) 30:1330 - 1345

To identify targetable proteins, which could explain the senescent
phenotype, we profiled the kinase activities of SKMEL30 and
MELJUSO cells upon CDK4/6 and MEK inhibition. We observed the
reactivation of different RTKs due to ERK1/2 inhibition as previously
reported by others [22, 54]. Some of the corresponding pathways
such as ErbB, neurotrophin and insulin were found enriched through
network-based enrichment hinting at an active downstream
signalling. Interestingly, all those pathways have been shown to
activate ERK5. In breast cancer, ERKS contributes to the response to
EGF stimulation [55] and is involved in the resistance to ErbB-2
(HER2) inhibitors by facilitating G1-S transition [56]. In BRAF mutant
melanoma resistant to BRAFi and MEKi, IGF1R activation induces
ERKS phosphorylation [57]. In senescent fibroblasts, BDNF-TrkB has
been shown to activate ERKS and was proposed to form an
autocrine loop further enhancing senescent cell viability [58]. ERKS
activation has also been linked to PDGFR signalling in NRAS mutant
melanoma treated with MEK and ERK1/2 inhibitors [59, 60] (Fig. 3B,
D, E). In other cell types, Src is also known to activate ERK5 and Focal
Adhesion Kinases (FAK1 and FAK2) [61, 62]. Other Src Family Kinases
(SFKs) display an increased activity (Supplementary Fig. 21) and have
been previously linked with EMT [63]. Finally, IFN gamma was
reported to activate ERKS and its activation is necessary for the full
expression of interferon stmulated genes [64]. Linking this
observation with our RNA-seq data (Supplementary Fig. 22) further
supports the idea that IFN gamma could facilitate senescence
escape by activating ERKS.

Investigating the contribution of miRNAs to the establishment
of resistance, we noticed the upregulation of mir-211-5p in all
proliferative cell lines but the amelanctic A375. miR-211-5p is
highly expressed in the melanocytic lineage as well as in the
nervous tissue, as reported by the TissueAtlas2 [65]. Both cell types
derive from the neurectoderm. Interestingly, miR-211-5p is known
to derive from the TRPM1 transcript and both are very lowly
expressed in the senescent cell line MELJUSO (Supplementary Fig.
23). miR-211-5p inhibits DUSP6, which regulates ERK5 kinase
activity, and this axis has been shown to be relevant in vivo in
genetic variants of A375 overexpressing mir-211 or DUSP6 and
treated with BRAF/MEKi [66]. In gPCR validation experiments,
mMRNAs displayed a more robust change in expression with
LGALS3BP, TXNIP and TYRP1 being upregulated in four out of five
cell lines. LGALS3BP and TXNIP are interferon-inducible and
interestingly, LGALS3BP has been reported to promote EMT.

Integrating single-cell and bulk RNA-seq data, we observed the
perturbation of OXPHOS in all cell lines. This is in line with previous
works demonstrating metabolic adaptation after MAPK inhibition or
CDK4/6i in BRAF mutant and uveal melanoma [67, 68]. Moreover,
OXPHOS metabolism has been previously reported as a generic
drug resistance mechanism and as a key decision point between cell
death and survival [69, 70]. Upon comparison of different treatment
time points, differences in processes such as “ADIPOGENESIS” and
"COAGULATION" were observed. Interestingly, those have recently
been associated with replicative senescence [31], cell cycle arrest
caused by CDK4/6i [71] and escape from OIS [72]. EMT has been
reported to inhibit senescence [19, 41]. We therefore clustered the
genes in the networks and enriched those clusters to report novel
associations between genes and the processes of EMT and IFN
gamma response, which could support senescence escape. Our
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Fig. 6 Graphical summary. The phenotypes observed across three different NRAS mutant melanoma cell lines can be summarised as
“senescent” (left) and “resistant” (right). Insulin signalling is associated with the “senescent” phenotype and can be explained by the
mechanism of action of MEKi, which downregulates ERK1/2, suppressing negative feedback on RTKs. Interferon signaling can be explained by
CDK4/6i, which downregulates DNMT1 leading and lead to hypomethylation of the genome and expression of Endogenous Retroviruses
(ERVs). Induced expression of intracellular ERVSs trigger an innate immune response and production of interferons. IFN y can activate ERKS,
inducing EMT. This phenotype is moreover associated with upregulation of miR-211-5p, which indirectly regulates ERK5.

predicted genes are coherent with the results of a genetic screen
aiming to identify genes contributing to senescence bypass after
p16 overexpression in melanoma [73]. Interestingly, the IFN-
inducible gene LGALS3BP, previously reported to contribute to
EMT and identified in our miRNA resistant network, was predicted
by our approach to be assodated with senescence escape. On the
other hand, TXNIP, another IFN-inducible gene from the miRNA
network, recently shown to participate in the induction of
senescence upon IGF1 stimulation, was found associated only once
and therefore not selected [74]. This further suggests that our
approach can relate genes to function beyond their expression
pattern, providing a list of 90 potential targets to overcome
senescence escape in cancer cells (Fig. 5.F). For example, our top-
prediction NEAT1 was shown to be important for the viability of
lung cancer cells [75] while its knock-down triggered interferon
signaling and impaired tumor growth in vivo. Finally, NEAT1 was
shown to physically interact with DNMT1 to epigenetically inhibit
TP53, STING and cGAS. Among the predictions with the lowest
scores, MTDH has been shown to epigenetically regulate TWIST1
and promote stemness in breast cancer [76] while AKAP12 has been
suggested to protect ERKS from PKC{ phosphorylation on residue
S486A which inhibits its transcriptional activity [77].

Taken together, our data describe how NRAS mutant melanoma
adapt to CDK4/6 and MEK inhibition by triggering an EMT
programme. This is reminiscent of the Neural Crest Stem Cell
(NCSC)-like state identified in single cell RNA-seq of patient
samples after MAPKi by Rambow and colleagues [78]. This state
was later characterised by FAK-dependent AKT activation [79],
associated with slow or no proliferation and the expression of
EMT-related transcription factors.

In sum, our work sheds new light on the intimate relationships
between three interacting pathways, senescence, interferon and
insulin signalling, with the EMT process (Fig. 6). Our data suggest a
new role of interferon gamma, which, by triggering EMT, can
facilitate senescence escape while insulin signaling is associated
with a robust cytostasis and senescent transcriptome.

METHODS

Cell culture

NRAS-mutant MELJUSO, SKMEL30 and IPC298 (ACC-74, DSMZ; ACC-151,
DSMZ; ACC-74, DSMZ) and BRAF-mutant A375 and 624MEL (CRCL-1619,

SPRINGER NATURE

ATCG kindly provided by Dr. Ruth Halaban, Yale School of Medicine)
melanoma cell lines were grown in RPMI-1640 medium supplemented
with 10% heat-inactivated fetal bovine serum, L-glutamine (2 mM),
streptomycin (100 pg/mL) and penicillin (100 units/mL). The cells were
kept at 37°C, in a humidified atmasphere with 5% CO2 and sub-cultivated
twice a week. Resistance of MELJUSO, SKMEL30, and IPC298 cells to the
MEK and CDK4 inhibitors was induced by treatment with 110nM, 35nM or
16nM of Binimetinib, respectively, and 1uM of Palbociclib for 33 days.

Total RNAseq

Transcriptome sequencing was performed using total RNA. Libraries were
prepared using “TruSeq Stranded Total RNA Library Prep Gold” Kit (lllumina,
USA) and sequenced as 2x75bp on a NextSeq 550 (lllumina, USA). The
sequencing was carried out at Luxgen platform, LNS. Data were aligned to
the reference genome (hg38) using STAR (v 2.7.9a) and differential
expression analysis was performed using R (v 42.2) and DESeq2 (v 1.34.0).
This analysis was automated in a snakemake workflow (v 0.3.2) [80] (https//
gitlablcsb.unilu/aurelien.ginolhac/snakemake-rna-seq) using docker file
(v0.6) (httpsy//hub.docker.com/r/ginolhac/snake-ra-seq/tags). Mixing all cell
linesinto one analysis masked the differences of each time course. Therefore,
a subset per cell line was created and the differential gene expression was
performed independently. To predict senescence scores with SENESCopedia
[18], data were reprocessed and aligned to GENCODE (v 34) using kallisto (v
0.46.2) according to the recommendations of the authors.

Gene-list based pathway enrichment

Over-Representation Analysis (ORA) and Gene Set Enrichment Analysis
(GSEA) were performed using R (v 4.2.2) and the package “clusterProfiler” (v
405). The Hallmark Gene Set Collection from MSigDB were used as
reference. Differentially expressed genes used for GSEA were ranked
according to the m value, which takes into consideration both the statistical
significance and the biclogical relevance through the product of the p-value
and the fold change [81]. The results were represented using the package
“pheatmap” (v 1.0.12) using the default "Ward.D2" clustering algorithm. ORA
results were displayed using the "ggplot2” (v 3.3.6) package.

Kinase activity (PamGene)

To assess the kinase activity within the NRAS mutant melanoma cell lines
MELJUSO and SKMEL30 to a combination of CDK4/6 and MEK inhibitors, cell
samples were collected at day 0, 1, 4and 33. Cell pellets were lysed in Mper
(78501, Thermo Fisher) supplemented with Halt Phosphatase Inhibitor
Cocktail (78428, Thermo Fisher) and Halt Protease Inhibitor Cocktail, EDTA
free (78437, Thermo Fisher), for 15min on ice. The lysate was darified
(10000g, 15 min, 4°C) before aliquoting and freezing at —80 °C. Adopting a
balanced design, three replicates for each condition and cell line were
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assessed for both tyrosine kinase activity on PTK chips (86402, PamGene
International BV, ‘s-Hertogenbosch, the Netherlands) and serine threonine
kinase activity on STK chips (87102, PamGene International BV. 's-
Hertogenbosch, the Netherlands) using the manufacturer's protocol. Each
chip contains a panel of 196 (PTK) and 144 (STK) phorylatable peptides. The
phosphoarylation of these peptides by native kinases in the applied lysate was
quantified by sequence agnostic fluorescently coupled anti phosphorylation
antibodies (Suppl. Fig. 4). Image processing was achieved using the
instrument manufacturer’s Bionavigator software before applying COMBAT
normalization and performing Upstream Kinases Analysis (UKA) using a
multiple hypothesis testing approach. This identified responsible kinases for
the observed phosphorylation status with a median final score for the
likelihood of the kinase being responsible for observed phosphorylation to
which a cutoff of 1.2 was applied and a median kinase statistic indicating the
degree of and direction of kinase activity change between compared
conditions. The results were compiled to construct representative kinome
trees with an adaptation of the CORAL tool [82] in R (v 4.2.0).

Network-based pathway enrichment

To identify biological pathways enriched in a protein list, we applied a
network-based protein set enrichment analysis approach using Enrich-
Net [83]. The inputs are a list of the PamGene protein identifiers and the
database of interest from which reference protein sets will be extracted.
The databases include (KEGG, BioCarta, WikiPathways, Reactome, PID,
and GO. Using a genome-scale molecular interaction network, we map
the target and reference datasets and then perform a network analysis,
which involves two steps: i) the use of a random walk with restart (RWR)
algorithm to score the distance between the mapped target protein set
and reference datasets in the network. ii) the comparison of the
calculated scores against a background model. Extensive information on
how the RWR method for node relevance scoring was developed is
found in [83]. A network similarity score (XD-score) measures how close
the protein set of the PamGene data is to the pathways in the databases.
The XD score is compared to a classical enrichment analysis score (p-
values) which measure the significance of the overlap between
pathways and the protein set. A similarity ranking table of the reference
datasets is generated, including their network-based association scores
(measured using the XD-score). The table ranks the pathways from a
chosen database to the protein set of the PamGene data. Using an
interactive graph-based visualization, we generate interoperable inter-
action networks for each pathway. This network (XML-based) highlights
the proteins that overlap in pathways, illustrating their interactions.

Small RNAseq

Small RNAseq was performed on the same samples used for total
RNAseq. Libraries were prepared using "QIASeq miRNA Library kit
(Qiagen, Germany) and sequenced as 1x75bp on a NextSeq 550
(llumina, USA). The sequencing was carried out at Luxgen platform,
LNS. Data were aligned to the miRBase (v 2.2.2.1) and piRBase
(regulatoryrna.org, v 2.0) using bowtie2 (v 234.1) and differential
expression analysis was performed using R (v 4.22) and DESeq2 (v
1.34.0). This analysis was performed using a snakemake workflow
adapted from a previous workflow designed by httpsy/github.com/
jounikuj/ for this library preparation. Briefly, the snakemake workflow
applies 4 passes of trimming (including UMIs) and map the obtained
reads on miRBase using bowtie2 with the parameter —very-sensitive-
local. Next, the corresponding un-mapped reads are aligned to piRBase
and the successfully mapped read coming from these 2 passes of
alignment are merged in a unique BAM file per sample. Finally reads are
counted, after UMI collapsing (UMI_tools v. 1.0.0) using a combination of
samtools (v 1.9) and bash commands.

qCLASH

gCLASH sample preparations were performed exactly as previously
described by Kozar et al. [16] Briefly, 50 million cells were UV cross-linked
at a wavelength of 250nm and 600J/cm2. AGO protein immunopreci-
pitation was performed using Protein G Dynabeads (Invitrogen), and
10ul 2A8 anti-Ago antibody (Millipore) per sample. qCLASH libraries
were sequenced on a NextSeq500 instrument with a read length of
85bp. The raw sequences were pre-processed and analyzed as previously
described [16] using the bioinformatics pipeline hyb [84], and custom
scripts available at GitHub (https:/github.com/Rennelab/qCLASH-
Analysis).
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miRNA network construction and representation

qCLASH data were analysed using R (v 4.2.2) and the "tidyverse” package.
Interaction lists were converted to “igraph” objects with the corresponding
package (v 1.3.4) and further exported to cytoscape using “RCy3" (v 2.12.4).
Final representations were made using Cytoscape (v 3.8.2) and the plugin
“Legend Creator” (v 1.1.6).

RT-qPCR

RNA was extracted from cell lysates using the Quick-RNA MiniPrep kit with
on-column DNase | treatment (Zymo Research, USA) according to the
manufacturer’s protocol. RNA purity and quality were assessed using the
NanoDrop2000 Spectrophotometer (Thermo Scientific, USA). 500ng of RNA
were used to perform reverse transcription using the miScript RT Il Kit and
HiFlex Buffer Reverse Transcription (Qiagen, Netherlands). Quantitative
polymerase chain reaction (gPCR) was performed in technical triplicates
using the CFX384 Detection System (BioRad, USA) using 5ng and 50ng of
cDNA as a template for subsequent miRNA and mRNA expression
detection, respectively. Primers were purchased from Qiagen (miScript
Primer Assay range) and from Eurogentec (primer list Supplementary
Table 4) to respectively amplify miRNA and mRNA. Amplification curves
were analyzed using CFX software (BioRad, USA) and expression was
normalised using three housekeeping genes (RNU1A, RNU5SA, SCARNA17
for miRNA and HPRT, PPIA, TBP for mRNA). Statistical significance was
calculated for each condition considering biological replicates (n = 3) using
multiple welch's t-test and an FDR of 0.01.

Single cell RNA-seq analysis

Single cell RNA-seq data from [Randic et al,, in revision] were reprocessed
using Seurat (v 4.2.0) and SeuratObject (v 4.1.2). Reads were aligned to
human genome hg38 using STAR aligner. Transcripts were filtered to be
detected in at least 3 cells and to totalise at least 100 counts across cells.
Cells were filtered based on mitochondrial transcripts (<=25%), ribosomal
transcripts (<= 1%), and a cell complexity (log10GenesPerUMI >=80%).
Thresholds for Unique Molecular Identifiers (UMI), genes detected were
different between cells lines (for MELJUSO and SKMEL30: 150 and 100, for
IPC298: 350 and 150). Finally, mitochondrial, ribosomal and hemoglobin
genes were removed, and genes were filtered to have at least 10 counts
across the filtered cells.

iCell data-fusion framework
iCell methodology [15] was applied separately to each of the three cell
lines (MELJUSO, SKMEL30 and IPC298) at day 0, day 4 and day 33, to obtain
integrated networks that encompass the condition-specific (i.e., defined by
a cell line and day) PPI, COEX, and singlecell RNA-seq data from our lab
[Randiic et al., unpublished]. We used the iCell methodology because it i
an intermediate data integration method that uses Non-negative Matrix
Triffactorization (NMTF) to simultaneously decompose multiple relational
matrices through the inference of a single joint model [15, 85]. Therefore, it
does not suffer from information loss of early integration approaches that
combine all datasets into a single dataset before integration, or late
integration methods that first build models for each dataset and then
combine them into an integrated model. Additionally, NMTF-based
methods are co-clustering methods that encode the high-dimensional
input data into three low-dimensional matrix factors [86]. The dustering
information is contained in the so-called cluster indicator matrices that are
easily interpretable (unlike the resulting matrices of other artificial
intelligence algorithms), making them ideal for mining biclogical data.

For each condition (treated cell lines and time points), we constructed
condition-specific Protein-Protein Interaction (PPl) and gene co-
expression (COEXP) networks as follows. We collected the experimen-
tally validated protein-protein interactions of Homo sapiens from
BioGRID (v 4.3.195) [32], from which we excduded genes (nodes in the
network) that are not expressed in our condition-specific bulk RNA-seq
data (zFPKM < —3, [87]). To generate the condition-specific COEXP
networks, we applied Spearman's correlation between the gene
expression profiles from the condition-specific bulk RNA-seq data, using
a 0.9 correlation threshold with a p-value < 0.01. These two condition-
specific networks were further filtered to exclude genes (nodes in the
networks) that are not expressed in any single cell according to the
corresponding condition-specific single cell RNA-seq data.

For each condition, we followed the iCell methodology [15] to integrate the
condition-specific PPl, COEXP, and singlecell expression data together. To this
aim, we used Non-negative Matrix TriFactorization to simultaneously
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decompose the adjacency matrices of the PPl and COEXP networks, A; and A,,
respectively, and the single cell RNAseq expression data, E. More precisely,
the two adjacency matrices, A, and A,, are simultaneously decomposed as the
products of three matrix factors each, A; as the product of matrix factors G,,
S, and G, and A; as the product of matrix factors Gy, S and GI, i
G5 Gf and A; = G,SZGL where G, is interpreted as the cluster indicator
matrix of the genes and matrices §; and S are interpreted as the compressed
representations of the PPl and COEXP networks, respectively. The condition-
specific singlecell RNA-seq expression matrix, £ is decomposed into the
product of three matrix factors G,, S; and G] as: E = G;5G], where S, is
interpreted as the compressed representation of the singlecell expression
data, G is the cluster indicator matrix of single cells, and G, is the cluster
indicator matrix of the genes that is shared across the decompositions of all
input matrices, which facilitates the information flow and allows for learning
from all data.

Furthermore, to ease interpretability, we constrain all matrix factors to
be non-negative. We also impose orthogonality constraint to the G, matrix
factor to obtain less ambiguous functional organization captured by the
clusters [86].

This decomposition is done by minil
function, F:

g the following objective

FIGI. G2, 51.52, %) =

min min
616151 52500 G1.62.51.5: 550

2
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where || ||z denotes the Frobenius norm and [ is the identity matrix.

Because minimizing this objective function is an NP-hard continuous
optimization problem [88], we heuristically solve it by using a fixed point
method that, starting from an initial solution, iteratively applies multi-
plicative update rules [86] to converge towards a locally optimal solution
(described in the next section).

After minimizing F, we used the obtained matrix factors to create an
integrated network that encompasses the condition-specific PP, COEXP,
and single cell RNA-seq data, which we call iCell network Following the
iCell methodology [15], we created this network by computing G, - G] and
thresholding the resulting matrix to preserve only the top 1% of the
strongest relationships in each row and column.

We apply this methodology for each condition separately, resulting in
nine condition-specific iCell networks.

Fixed point solver
Following the iCell methodology [15], first we derive the Karush-Kuhn-
Tucker (KKT) conditions, which are necessary for a solution to be optimal
[38]:

2
;GF‘ = X‘: (—ATG\Si + AG S| + G561 G 5] +G15 G G, 5;)

=

—EGyST + Gi153G1GoST —n, =0,
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% — GG + GGi5EG =0,
% = —GlA:G1 + G]G15:G1 Gy = 0,
% = G/EG + G]G1561G, =0,

M,N3,61,G; 2 0
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N, ®G =0,

G,G] =1,
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where @ is the Hadamard (elementwise) product, | is the identity matrix,
and matrices, 1, and n;, are the dual variables for the primal constraints
G, =0 and G, =0, respectively.

Then, we derive the following multiplicative update rules for all matrix
factors, Gy, Gz, S5, $2 and S, to solve the KKT conditions presented above:

TL1 (AGS]) +EGS]
Y1, (GiSiGIGIST) + G GIEG,S]

G =6

Gomity
S Z\J G,GIETG,S;'

5 =5, CTAG
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In our fixed point approach, we start from initial solutions of the matrix
factors, which we compute using singular value decomposition (SVD) of
the original input matrices [88], and iteratively use the derived update rules
to compute new matrix factors, Gy, Ga, 5, $; and S5, until convergence.
Initializing the matrix factors with SVD reduces the number of iterations
that are needed to achieve convergence and makes our solver
deterministic [89]. To satisfy the non-negativity constraint of NMTF, we
generate the initial solutions by taking the absolute values of the entries
from the matrices computed using SVD.

The iterative process ends when the objective function does not
decrease anymore, which we measure every ten iterations with:
£ 'P F“| <103, where F° is the value of the objective function at the
current iteration, i, and F ' is the value computed at iteration i-70.

Analyzing the topology of iCells

To mine the biological knowledge hidden in the iCell networks, we applied
graphlet-based methods because they are the most sensitive measures of
network topology to date [28, 29]. Graphlets are small, connected,
nonisomorphic, induced subgraphs of a large network that appear at any
frequencies in the network [88]. Within a graphlet, the symmetries between
groups of nodes are called automorphism orbits and are used to characterise
the different topological positions that a node participates in [90]. These
orbits are used to generalise the notion of the node degree (the number of
edges that the node touches in the network): for each orbit, the “graphlet
degree of the node"” in the network is the number of times the node touches
(is found at the position of) the particular orbit [28]. Following the
methadology of Yaveroglu et al. (2014), we characterised the topology of
each node in a network by using the 11 nonredundant orbits of 2- to 4-node
graphlets. Therefore, the topology of every node is captured by an 11-
dimensional vector called “Graphlet Degree Vector” (GDV).

We compared the global topological dissimilarity between two
condition-specific iCell networks by using “Graphlet Correlation Distance”
(GCD-11), because it is the most sensitive network distance measure [28].
To do this, first we characterised the global topology of a network with its
“Graphlet Correlation Matrix" (GCM), which is an 11x 11 symmetric matrix
that contains the Spearman's correlations between GDVs over all nodes of
the network. Then, the GCD-11 between two networks is the Euclidean
distance between the upper triangle values of their GCMs. The lower the
GCD-11 value, the closer the topologies of the networks [28].

Additionally, we measure the change in the wiring of a gene between two
condition-specific iCell networks by using the “Graphlet Degree Vector
Similarity” (GDVS) between the GDVs of the node in the two networks, which
is computed as follows. Given the GDV vector of a gene (node) in one
network, a, and the GDV vector of the same gene (node) in another network,
b, the distance between the i* coordinates of vectors a and b is defined as:

Dab) — w 1091 1) —lglbi+ 1)

log(max{a;. bi} +2)
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where w; is the weight of orbit i that accounts for dependencies between
the orbits [29]. Then, GDVS between vectors a and b is defined as:

n
GDVS(a,b) =1 — M

izt Wi

GDVS is the similarity measure in (0,1] range, such that the similarity
equal to 1 means that the two GDV vectors are identical, and thus, that
the gene has the same local topology in both networks. We use GDVS to
identify the genes whose topology changed between two condition-
specific iCell networks, which we termed “perturbed” (i.e., whose GDVSs
were close to 0), as well as the genes whose local topology did not
change, which we termed “stable” (i.e, whose GDVSs were close to 1).
These comparisons were made between different time points for the
same cell line, as well as between different cell lines for the same
time point.

Clustering

For each cell line and each time point, we performed clustering of the
Graphlet Degree Vectors (GDVs). Prior to clustering, the features were
weighted by using previously defined weights [29] and then log-
transformed. In addition, both the NMTF and GCM matrices were scaled
to a 0 mean and unit variance. For each input matrix, we first computed
the Hopkins statistics to estimate cluster tendency. Then, to identify the
numbers of clusters, we estimate the cluster validity of potential solutions
reporting between 50 and 150 clusters, using 21 different metrics. We rank
all clustering solutions for each metric. Then, for each input matrix, the
number of clusters is selected based on the solution associated with the
minimal median rank across all 21 metrics. We then performed hierarchical
and k-medoids clustering using a Pearson correlation-based distance and
validated the obtained repartitions using silhouette width and the
between/within average distance ratio. All scripts are available on the
associated Git repository.

Network representation of gene predictions

Protein-Protein interactions between TP53, a known regulator of
senescence, and genes associated with “"EMT” and “INTERFERON GAMMA
RESPONSE” which have been linked with senescence escape were
extracted from BioGRID (v 4.4.217). A network representation was created
by using Cytoscape (v 3.9.1). The representation was further refined by
using stringApp (v 2.0.0) and clusterMaker2 app (v 2.3.2) and modified by
using Inkscape (v 1.2.1).

DATA AVAILABILITY

Raw data together with processed files were deposited to: PRIEB59603. Code to
reproduce the results in this manuscript are available via GitLab repository (https://
gitlab.com/Ah med7e mdan/integrative-multi-omics-analysis).
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Appendix

5. Prestwick Chemical Library ® (PCL)

Chemical name CAS number Therapeutic class | Therapeutic effect FDA
approved
(-) -Levobunolol 27912-14-7 Ophthalmology Antiglaucoma Yes
hydrochloride
(-)-Emtricitabine 143491-57-0 Infectiology Antiviral Yes
(-)-Eseroline fumarate salt 104015-29-4 Central Nervous Analgesic
System
(-)-MK 801 hydrogen 77086-19-2 Central Nervous Anticonvulsant
maleate System
(+) -Levobunolol 47141-41-3 Ophthalmology Antiglaucoma Yes
hydrochloride
(+)-Isoproterenol (+)- 14638-70-1 Respiratory Antiasthmatic Yes
bitartrate salt
(+,-)-Octopamine 770-05-8 Cardiovascular
hydrochloride
(+,-)-Synephrine 94-07-5 Cardiovascular Vasoconstrictor
(R) -Naproxen sodium 23979-41-1 Metabolism Anti-inflammatory Yes
salt
(R)-(+)-Atenolol 56715-13-0 Cardiovascular Antianginal Yes
(R)-Duloxetine 116539-60-7 Yes
hydrochloride
(R)-Propranolol 13071-11-9 Cardiovascular Antianginal Yes
hydrochloride
(S)-(-)-Atenolol 93379-54-5 Cardiovascular Antianginal Yes
(S)-(-)-Cycloserine 339-72-0 Infectiology Antibacterial Yes
(S)-propranolol 4199-10-4 Cardiovascular Antianginal Yes
hydrochloride
1,8- 117-10-2 Gastroenterology Laxative
Dihydroxyanthraquinone
2- 3306-62-5 Metabolism Diuretic
Aminobenzenesulfonamid
e
3-alpha-Hydroxy-5-beta- 53-42-9 Endocrinology
androstan-17-one
5-fluorouracil 51-21-8 Oncology Antineoplastic Yes
6-Furfurylaminopurine 525-79-1 Dermatology
Abacavir Sulfate 188062-50-2 Infectiology Antiviral Yes
Acamprosate calcium 77337-73-6 Central Nervous Yes
System
Acarbose 56180-94-0 Endocrinology Antidiabetic Yes
Acebutolol hydrochloride 34381-68-5 Cardiovascular Antianginal Yes
Aceclidine Hydrochloride 6109-70-2 Ophthalmology Antiglaucoma
Aceclofenac 89796-99-6 Central Nervous Analgesic
System
Acefylline 652-37-9 Central Nervous CNS Stimulant
System
Acemetacin 53164-05-9 Metabolism Anti-inflammatory
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Acenocoumarol 152-72-7 Hematology Anticoagulant
Acetaminophen 103-90-2 Central Nervous Analgesic Yes
System
Acetazolamide 59-66-5 Metabolism Anticonvulsant Yes
Acetohexamide 968-81-0 Endocrinology Antidiabetic Yes
Acetopromazine maleate 3598-37-6 Central Nervous Antiemetic
salt System
Acetylcysteine 616-91-1 Metabolism Mucolytic Yes
Acetylsalicylic acid 50-78-2 Central Nervous Analgesic Yes
System
Acetylsalicylsalicylic acid 530-75-6 Central Nervous Analgesic
System
Acipimox 51037-30-0 Metabolism Antilipemic
Acitretin 55079-83-9 Dermatology Antipsoriatic Yes
Actarit 18699-02-0 Immunology Anti-inflammatory
Acyclovir 59277-89-3 Metabolism Antiviral Yes
Adamantamine fumarate 80789-67-9 Infectiology Antiviral Yes
Adapalene 106685-40-9 Dermatology Keratolytic Yes
Adenosine 5'- 18422-05-4 Cardiovascular Antiarrhythmic
monophosphate
monohydrate
Adiphenine hydrochloride 50-42-0 Neuromuscular Antispastic
Adrenosterone 382-45-6 Endocrinology
Albendazole 54965-21-8 Metabolism Antihelmintic Yes
Alclometasone 66734-13-2 Metabolism Anti-inflammatory Yes
dipropionate
Alcuronium chloride 15180-03-7 Neuromuscular Muscle relaxant
Alendronate sodium 121268-17-5 Metabolism Antiosteoporetic Yes
Alexidine dihydrochloride 22573-93-9 Infectiology Antibacterial
Alfacalcidol 41294-56-8 Metabolism Antiosteoporetic Yes
Alfadolone acetate 23930-37-2 Central Nervous Anesthetic
System
Alfaxalone 23930-19-0 Central Nervous Anesthetic
System
Alfuzosin hydrochloride 81403-68-1 Cardiovascular Vasodilator Yes
Algestone acetophenide 24356-94-3 Endocrinology Contraceptive
Alizapride hydrochloride 59338-87-3 Central Nervous Antiemetic
System
Allantoin 97-59-6 Dermatology Antipsoriatic
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Allopurinol 315-30-0 Metabolism Yes
Alosetron hydrochloride 122852-69-1 Central Nervous Antidiarrheal Yes
System
Alprenolol hydrochloride 13707-88-5 Cardiovascular Antianginal
Alprostadil 745-65-3 Cardiovascular Erectile dysfunction Yes
treatment
Althiazide 5588-16-9 Metabolism Antihypertensive
Altrenogest 850-52-2 Endocrinology Progestogen
Altretamine 645-05-6 Oncology Antineoplastic Yes
Alverine citrate salt 5560-59-8 Neuromuscular Antispastic
Ambrisentan 177036-94-1 Cardiovascular Antihypertensive Yes
Ambroxol hydrochloride 23828-92-4 Respiratory Expectorant
Amcinonide 51022-69-6 Metabolism Anti-inflammatory Yes
Amethopterin (R,S) 60388-53-6 Immunology Anti-inflammatory
Amfepramone 90-84-6 Central Nervous
hydrochloride System
Amidopyrine 58-15-1 Central Nervous Analgesic
System
Amifostine 20537-88-6 Diagnostic Yes
Amikacin hydrate 37517-28-5 Infectiology Antibacterial Yes
Amiloride hydrochloride 17440-83-4 Metabolism Antihypertensive Yes
dihydrate
Aminacrine 90-45-9 Infectiology Antiseptic
Aminocaproic acid 60-32-2 Allergology Antifibrinolytic Yes
Aminohippuric acid 61-78-9 Diagnostic
Aminophylline 317-34-0 Cardiovascular Bronchodilator Yes
Aminopurine, 6-benzyl 1214-39-7 Endocrinology
Amiodarone 19774-82-4 Cardiovascular Antianginal Yes
hydrochloride
Amiprilose hydrochloride 60414-06-4 Immunology Immunomodulator
Amisulpride 71675-85-9 Central Nervous Antipsychotic
System
Amitryptiline 549-18-8 Central Nervous Antidepressant Yes
hydrochloride System
Amlexanox 68302-57-8 Allergology Anti-inflammatory Yes
Amlodipine 88150-42-9 Cardiovascular Antihypertensive Yes
Amodiaquin 6398-98-7 Infectiology Anti-inflammatory Yes
dihydrochloride dihydrate
Amorolfine hydrochloride 78613-38-4 Infectiology Antifungal Yes
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Amoxapine 14028-44-5 Central Nervous Antidepressant Yes
System
Amoxicillin 26787-78-0 Metabolism Antibacterial Yes
Amphotericin B 1397-89-3 Infectiology Antibacterial Yes
Ampicillin trihydrate 7177-48-2 Infectiology Antibacterial Yes
Ampiroxicam 99464-64-9 Immunology Anti-inflammatory
Amprolium hydrochloride 137-88-2 Infectiology Anticoccidial
Ampyrone 83-07-8 Central Nervous Analgesic
System
Amrinone 60719-84-8 Cardiovascular Yes
Amyleine hydrochloride 532-59-2 Neuromuscular Local anesthetic
Anagrelide 68475-42-3 Hematology Thrombolytic Yes
Anastrozole 120511-73-1 Oncology Antineoplastic Yes
Androsterone 53-41-8 Endocrinology Anabolic
Anethole-trithione 532-11-6 Metabolism Choleretic
Aniracetam 72432-10-1 Central Nervous Anti-Alzheimer
System
Antazoline hydrochloride 2508-72-7 Allergology Antihistaminic Yes
Anthralin 1143-38-0 Dermatology Antipsoriatic
Antimycin A 1397-94-0 Infectiology Antibacterial
Antipyrine 60-80-0 Central Nervous Analgesic
System
Antipyrine, 4-hydroxy 1672-63-5 Metabolism
Apramycin 37321-09-8 Metabolism Antibacterial
Aprepitant 170729-80-3 Metabolism Antiemetic Yes
Arbutin 497-76-7 Metabolism Antibacterial
Argatroban 74863-84-6 Hematology Anticoagulant Yes
Aripiprazole 129722-12-9 Central Nervous Antipsychotic Yes
System
Artemisinin 63968-64-9 Infectiology Antimalarial
Articaine hydrochloride 23964-57-0 Central Nervous Anesthetic Yes
System
Ascorbic acid 50-81-7 Metabolism Anti-oxidant Yes
Asenapine maleate 85650-56-2 Central Nervous Antipsychotic Yes
System
Astemizole 68844-77-9 Allergology Antihistaminic
Atorvastatin 134523-00-5 Metabolism Yes
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Atovaquone 95233-18-4 Infectiology Antimalarial Yes
Atracurium besylate 64228-81-5 Neuromuscular Curarizing Yes
Atropine sulfate 5908-99-6 Ophthalmology Antispastic Yes
monohydrate
Auranofin 34031-32-8 Metabolism Analgesic Yes
Avermectin B1 71751-41-2 Infectiology Antihelmintic
Avobenzone 70356-09-1 Dermatology Cytoprotectant Yes
Azacyclonol 115-46-8 Central Nervous Antipsychotic
System
Azacytidine-5 320-67-2 Oncology Antineoplastic
Azaguanine-8 134-58-7 Oncology Antineoplastic
Azaperone 1649-18-9 Central Nervous Antipsychotic
System
Azapropazone 13539-59-8 Central Nervous Analgesic
System
Azatadine maleate 3978-86-7 Allergology Antihistaminic Yes
Azathioprine 446-86-6 Oncology Antineoplastic Yes
Azelastine hydrochloride 79307-93-0 Immunology Antihistaminic Yes
Azithromycin 83905-01-5 Infectiology Antibacterial Yes
Azlocillin sodium salt 37091-65-9 Metabolism Antibacterial Yes
Aztreonam 78110-38-0 Infectiology Antibacterial Yes
Bacampicillin 37661-08-8 Infectiology Antibacterial Yes
hydrochloride
Bacitracin 1405-87-4 Metabolism Antibacterial Yes
Baclofen (R,S) 1134-47-0 Central Nervous Antispastic Yes
System
Balsalazide Sodium 80573-04-2 Gastroenterology Anti-inflammatory Yes
Bambuterol hydrochloride 81732-46-9 Neuromuscular Bronchodilator Yes
Beclomethasone 5534-09-8 Metabolism Anti-inflammatory Yes
dipropionate
Bemegride 64-65-3 Central Nervous CNS stimulant
System
Benazepril hydrochloride 86541-74-4 Cardiovascular Antihypertensive Yes
Bendroflumethiazide 73-48-3 Cardiovascular Antihypertensive Yes
Benfluorex 23602-78-0 Central Nervous Anorectic
System
Benfotiamine 22457-89-2 Metabolism
Benidipine hydrochloride 91599-74-5 Cardiovascular Antihypertensive
Benoxinate hydrochloride 5987-82-6 Neuromuscular Local anesthetic Yes
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Benperidol 2062-84-2 Central Nervous Antipsychotic
System
Benserazide 14919-77-8 Central Nervous Antiparkinsonian
hydrochloride System
Benzamil hydrochloride 2898-76-2 Metabolism Antihypertensive
Benzathine 5928-84-7 Metabolism Antibacterial Yes
benzylpenicillin
Benzbromarone 3562-84-3 Cardiovascular Antianginal
Benzethonium chloride 121-54-0 Infectiology Antibacterial
Benzocaine 94-09-7 Neuromuscular Local anesthetic
Benzonatate 104-31-4 Neuromuscular Antitussive Yes
Benzoxiquine 86-75-9 Infectiology Antiseptic
Benzthiazide 91-33-8 Cardiovascular Antihypertensive Yes
Benztropine mesylate 132-17-2 Central Nervous Antiparkinsonian Yes
System
Benzydamine 132-69-4 Central Nervous Analgesic
hydrochloride System
Benzylpenicillin sodium 69-57-8 Infectiology Antibacterial Yes
Bephenium 3818-50-6 Metabolism
hydroxynaphthoate
Bepridil hydrochloride 74764-40-2 Cardiovascular Antianginal Yes
Besifloxacin 141388-76-3 Ophthalmology Antibacterial Yes
hydrochloride
Beta-Escin 11072-93-8 Metabolism Antineoplastic
Betahistine mesylate 54856-23-4 Allergology Vasodilator
Betamethasone 378-44-9 Endocrinology Anti-inflammatory Yes
Betaxolol hydrochloride 63659-19-8 Cardiovascular Antiglaucoma Yes
Betazole hydrochloride 138-92-1 Gastroenterology Diagnostic Yes
Bethanechol chloride 590-63-6 Metabolism Yes
Bezafibrate 41859-67-0 Metabolism Antilipemic
Bicalutamide 90357-06-5 Endocrinology Antineoplastic Yes
Bifonazole 60628-96-8 Infectiology Antifungal
Biotin 58-85-5 Metabolism Yes
Biperiden hydrochloride 1235-82-1 Central Nervous Antiparkinsonian Yes
System
Bisacodyl 603-50-9 Gastroenterology Laxative Yes
Bisoprolol fumarate 104344-23-2 Cardiovascular Antianginal Yes
Bosentan 147536-97-8 Cardiovascular Vasodilator Yes
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Bretylium tosylate 61-75-6 Cardiovascular Anesthetic Yes
Brimonidine L-Tartrate 70359-46-5 Ophthalmology Antiglaucoma Yes
Brinzolamide 138890-62-7 Metabolism Antiglaucoma Yes
Bromhexine 611-75-6 Respiratory Expectorant
hydrochloride
Bromocryptine mesylate 22260-51-1 Central Nervous Antiparkinsonian Yes
System
Bromopride 4093-35-0 Central Nervous Antiemetic
System
Bromperidol 10457-90-6 Central Nervous Antipsychotic
System
Brompheniramine 980-71-2 Allergology Antihistaminic Yes
maleate
Bucladesine sodium salt 16980-89-5 Cardiovascular
Budesonide 51333-22-3 Endocrinology Anti-inflammatory Yes
Bufexamac 2438-72-4 Central Nervous Analgesic
System
Buflomedil hydrochloride 35543-24-9 Cardiovascular Vasodilator
Bumetanide 28395-03-1 Metabolism Diuretic Yes
Bupivacaine 18010-40-7 Neuromuscular Local anesthetic Yes
hydrochloride
Bupropion hydrochloride 31677-93-7 Central Nervous Antidepressant Yes
System
Buspirone hydrochloride 33386-08-2 Central Nervous Yes
System
Busulfan 55-98-1 Oncology Antineoplastic Yes
Butacaine 149-16-6 Dermatology Anesthetic
Butalbital 77-26-9 Central Nervous Hypnotic Yes
System
Butamben 94-25-7 Central Nervous Anesthetic
System
Butenafine Hydrochloride 101828-21-1 Infectiology Antifungal Yes
Butoconazole nitrate 32872-77-1 Infectiology Antibacterial Yes
Butylparaben 94-26-8 Metabolism Antifungal
Butylscopolammonium (n- 149-64-4 Central Nervous Antispastic
) bromide System
Caffeine 58-08-2 Central Nervous CNS Stimulant Yes
System
Calcipotriene 112965-21-6 Dermatology Antipsoriatic Yes
Camptothecine (S,+) 7689-03-4 Oncology Antineoplastic
Camylofine chlorhydrate 54-30-8
Candesartan 139481-59-7 Cardiovascular Antihypertensive Yes
Canrenoic acid potassium 2181-04-6 Endocrinology Antihypertensive

salt
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Canrenone 976-71-6 Endocrinology Diuretic
Captopril 62571-86-2 Cardiovascular Antihypertensive Yes
Carbachol 51-83-2 Cardiovascular Antihypertensive Yes
Carbadox 6804-07-5 Infectiology Antibacterial
Carbamazepine 298-46-4 Central Nervous Analgesic Yes
System
Carbarsone 121-59-5 Infectiology Antiamebic
Carbenoxolorllte disodium 7421-40-1 Metabolism Antiulcer
sa
Carbetapentane citrate 23142-01-0 Central Nervous Antispastic
System
Carbidopa 28860-95-9 Central Nervous Antiparkinsonian Yes
System
Carbimazole 22232-54-8 Metabolism Antihyperthyroid
Carbinoxamilr:e maleate 3505-38-2 Allergology Antihistaminic Yes
sa
Carisoprodol 78-44-4 Central Nervous Analgesic Yes
System
Carmofur 61422-45-5 Metabolism Antineoplastic
Carprofen 53716-49-7 Metabolism Anti-inflammatory Yes
Carteolol hydrochloride 51781-21-6 Cardiovascular Antiglaucoma Yes
Carvedilol 72956-09-3 Cardiovascular Antihypertensive Yes
Catharanthine 2468-21-5 Oncology Antineoplastic
Cefaclor hydrate 70356-03-5 Infectiology Antibacterial Yes
Cefadroxil 50370-12-2 Infectiology Antibacterial Yes
Cefazolin sodium salt 27164-46-1 Metabolism Antibacterial Yes
Cefdinir 91832-40-5 Infectiology Antibacterial Yes
Cefepime hydrochloride 123171-59-5 Infectiology Antibacterial Yes
Cefixime 79350-37-1 Infectiology Antibacterial Yes
Cefmetazole sodium salt 56796-39-5 Infectiology Antibacterial Yes
Cefoperazone dihydrate not available Infectiology Antibacterial Yes
Ceforanide 60925-61-3 Infectiology Antibacterial Yes
Cefotaxime sodium salt 64485-93-4 Infectiology Antibacterial Yes
Cefotetan 69712-56-7 Infectiology Antibacterial Yes
Cefotiam hydrochloride 61622-34-2 Infectiology Antibacterial Yes
Cefoxitin sodium salt 33564-30-6 Metabolism Antibacterial Yes
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Cefpiramide 70797-11-4 Infectiology Antibacterial Yes
Cefpodoxime proxetil 87239-81-4 Infectiology Antibacterial Yes
Cefprozil 121123-17-9 Infectiology Antibacterial Yes
Cefsulodin sodium salt 52152-93-9 Metabolism Antibacterial
Ceftazidime pentahydrate 78439-06-2 Infectiology Antibacterial Yes
Ceftibuten 97519-39-6 Infectiology Antibacterial Yes
Cefuroxime axetil 64544-07-6 Infectiology Antibacterial Yes
Cefuroxime sodium salt 56238-63-2 Infectiology Antibacterial Yes
Celecoxib 169590-42-5 Metabolism Anti-inflammatory Yes
Celiprolol hydrochloride 57470-78-7 Cardiovascular Antianginal
Cephalosporanic acid, 7- 957-68-6 Infectiology Antibacterial
amino
Cephalothin sodium salt 58-71-9 Infectiology Antibacterial Yes
Cetirizine dihydrochloride 83881-52-1 Allergology Antihistaminic Yes
Chenodiol 474-25-9 Gastroenterology Cholagogue Yes
Chicago sky blue 6B 2610-05-1 Central Nervous
System
Chloramphenicol 56-75-7 Infectiology Antibacterial Yes
Chlorcyclizine 1620-21-9 Allergology Antiemetic
hydrochloride
Chlorhexidine 55-56-1 Infectiology Antibacterial Yes
Chlormadinone acetate 302-22-7 Endocrinology Antineoplastic
Chlormezanone 80-77-3 Central Nervous Anxiolytic Yes
System
Chloropyramine 6170-42-9 Allergology Antihistaminic
hydrochloride
Chloroquine diphosphate 50-63-5 Metabolism Anti-inflammatory Yes
Chlorothiazide 58-94-6 Metabolism Antihypertensive Yes
Chlorotrianisene 569-57-3 Endocrinology Antineoplastic Yes
Chloroxine 773-76-2 Dermatology Yes
Chlorpheniramine 113-92-8 Allergology Antihistaminic Yes
maleate
Chlorphensin carbamate 886-74-8 Central Nervous Muscle relaxant Yes
System
Chlorpromazine 69-09-0 Cardiovascular Antiemetic Yes
hydrochloride
Chlorpropamide 94-20-2 Endocrinology Antidiabetic Yes
Chlorprothixene 6469-93-8 Central Nervous Antiemetic Yes

hydrochloride

System
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Chlortetracycline 64-72-2 Infectiology Antiamebic Yes
hydrochloride
Chlorthalidone 77-36-1 Metabolism Antihypertensive Yes
Chlorzoxazone 95-25-0 Central Nervous Anticonvulsant Yes
System
Ciclesonide 126544-47-6 Respiratory Yes
Ciclopirox ethanolamine 41621-49-2 Infectiology Antibacterial Yes
Cilnidipine 132203-70-4 Cardiovascular Antihypertensive
Cilostazol 73963-72-1 Hematology Anticoagulant Yes
Cimetidine 51481-61-9 Gastroenterology Antiulcer Yes
Cinnarizine 298-57-7 Allergology Antihistaminic
Cinoxacin 28657-80-9 Metabolism Antibacterial Yes
Ciprofibrate 52214-84-3 Metabolism Hypocholesterolemi
c
Ciprofloxacin 93107-08-5 Infectiology Antibacterial Yes
hydrochloride
monohydrate
Cisapride 81098-60-4 Gastroenterology Gastroprokinetic Yes
Cisatracurium besylate 64228-79-1 Neuromuscular Muscle relaxant Yes
Citalopram Hydrobromide 59729-32-7 Central Nervous Antidepressant Yes
System
Cladribine 4291-63-8 Oncology Antineoplastic Yes
Clarithromycin 81103-11-9 Infectiology Antibacterial Yes
Clavulanate potassium 58001-44-8 Infectiology Antibacterial Yes
salt
Clebopride maleate 84370-95-6 Central Nervous Antiemetic
System
Clemastine fumarate 14976-57-9 Allergology Antiemetic Yes
Clemizole hydrochloride 1163-36-6 Allergology Antibacterial
Clenbuterol hydrochloride 21898-19-1 Neuromuscular Antiasthmatic
Clidinium bromide 3485-62-9 Neuromuscular Antispastic Yes
Clinafloxacin 105956-97-6 Infectiology Antibacterial
Clindamycin 21462-39-5 Infectiology Antibacterial Yes
hydrochloride
Clioquinol 130-26-7 Metabolism Antiamebic Yes
Clobetasol propionate 25122-46-7 Metabolism Anti-inflammatory Yes
Clobutinol hydrochloride 1215-83-4 Central Nervous Antitussive
System
Clocortolone pivalate 34097-16-0 Endocrinology Anti-inflammatory Yes
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Clofazimine 2030-63-9 Infectiology Antibacterial Yes
Clofibrate 637-07-0 Metabolism Antilipemic Yes
Clofibric acid 882-09-7 Metabolism Antilipemic Yes
Clofilium tosylate 92953-10-1 Cardiovascular Antiarrhythmic
Clomiphene citrate (Z,E) 50-41-9 Endocrinology Yes
Clomipramine 17321-77-6 Central Nervous Antidepressant Yes
hydrochloride System
Clonidine hydrochloride 4205-91-8 Cardiovascular Analgesic Yes
Clopamide 636-54-4 Metabolism Antihypertensive
Cloperastine 14984-68-0 Respiratory Antitussive
hydrochloride
Clopidogrel 113665-84-2 Cardiovascular Antiplatelet Yes
Clorgyline hydrochloride 17780-75-5 Central Nervous Antidepressant
System
Clorsulon 60200-06-8 Infectiology Antihelmintic
Closantel 57808-65-8 Infectiology Antihelmintic
Clotrimazole 23593-75-1 Infectiology Antibacterial Yes
Cloxacillin sodium salt 642-78-4 Infectiology Antibacterial Yes
Clozapine 5786-21-0 Central Nervous Antiparkinsonian Yes
System
Colchicine 64-86-8 Metabolism Antigout Yes
Colistin sulfate 1264-72-8 Infectiology Antibacterial Yes
Corticosterone 50-22-6 Endocrinology Anti-inflammatory
Cortisol acetate 50-03-3 Metabolism Anti-inflammatory Yes
Cortisone 53-06-5 Endocrinology Anti-inflammatory Yes
Cromolyn disodium salt 15826-37-6 Allergology Antiasthmatic Yes
Crotamiton 483-63-6 Dermatology Antipruritic Yes
Cyanocobalamin 68-19-9 Metabolism Analgesic Yes
Cyclizine hydrochloride 303-25-3 Allergology Antiemetic Yes
Cyclobenzaprine 6202-23-9 Neuromuscular Muscle relaxant Yes
hydrochloride
Cycloheximide 66-81-9 Infectiology Antibacterial
Cyclopenthiazide 742-20-1 Cardiovascular Antihypertensive
Cyclopentolate 5870-29-1 Metabolism Yes
hydrochloride
Cyclophosphamide 50-18-0 Immunology Antineoplastic Yes
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Cyclosporin A 59865-13-3 Immunology Immunosuppressan Yes
t
Cyproheptadine 969-33-5 Allergology Antihistaminic Yes
hydrochloride
Cyproterone acetate 427-51-0 Endocrinology Antineoplastic
Cytarabine 147-94-4 Oncology Antineoplastic Yes
D,L-Penicillamine 52-66-4 Central Nervous Analgesic Yes
System
Dacarbazine 4342-03-4 Oncology Antineoplastic Yes
Danazol 17230-88-5 Endocrinology Anabolic Yes
Dantrolene sodium salt 14663-23-1 Neuromuscular Muscle relaxant Yes
Dapsone 80-08-0 Infectiology Antibacterial Yes
Darifenacin hydrobromide 133099-07-7 Neuromuscular Yes
Darunavir 635728-49-3 Infectiology Yes
Daunorubicin 23541-50-6 Infectiology Antibacterial Yes
hydrochloride
D-cycloserine 68-41-7 Infectiology Antibacterial Yes
Debrisoquin sulfate 581-88-4 Cardiovascular Antihypertensive
Decamethonium bromide 541-22-0 Neuromuscular Muscle relaxant Yes
Deferoxamine mesylate 138-14-7 Diagnostic Chelating Yes
Deflazacort 14484-47-0 Immunology Anti-inflammatory
Dehydrocholic acid 81-23-2 Gastroenterology Choleretic
Dehydroisoandosterone 853-23-6 Endocrinology
3-acetate
Delavirdine 136817-59-9 Infectiology Yes
Demecarium bromide 56-94-0 Ophthalmology Antiglaucoma Yes
Demeclocycline 64-73-3 Metabolism Antibacterial Yes
hydrochloride
Denatonium benzoate 3734-33-6 Neuromuscular
Deoxycorticosterone 64-85-7 Endocrinology Anti-inflammatory
Deptropine citrate 2169-75-7 Allergology Antihistaminic
Dequalinium dichloride 522-51-0 Infectiology Antibacterial
Desipramine 58-28-6 Central Nervous Antidepressant Yes
hydrochloride System
Desloratadine 100643-71-8 Allergology Antihistaminic Yes
Desonide 638-94-8 Dermatology Antipsoriatic Yes
Dexamethasone acetate 1177-87-3 Endocrinology Anti-inflammatory Yes
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Dexfenfluramine 3239-45-0 Central Nervous Anorectic
hydrochloride System
Dextromethorphan 6700-34-1 Central Nervous Antitussive Yes
hydrobromide System
monohydrate
Diacerein 13739-02-1 Immunology Antiarthritic
Diatrizoic acid dihydrate 50978-11-5 Diagnostic Contrastant Yes
Diazoxide 364-98-7 Cardiovascular Antidiuretic Yes
Dibenzepine 315-80-0 Central Nervous Antidepressant
hydrochloride System
Dibucaine 85-79-0 Neuromuscular Local anesthetic Yes
Dichlorphenamide 120-97-8 Ophthalmology Antiglaucoma Yes
Diclazuril 101831-37-2 Metabolism
Diclofenac sodium 15307-79-6 Central Nervous Anti-inflammatory Yes
System
Dicloxacillin sodium salt 13412-64-1 Infectiology Antibacterial Yes
hydrate
Dicumarol 66-76-2 Hematology Anticoagulant Yes
Dicyclomine 67-92-5 Gastroenterology Antispastic Yes
hydrochloride
Didanosine 69655-05-6 Infectiology Antiviral Yes
Dienestrol 84-17-3 Endocrinology Yes
Diethylcarbamazine 1642-54-2 Infectiology Antihelmintic Yes
citrate
Diethylstilbestrol 56-53-1 Endocrinology Yes
Diflorasone Diacetate 33564-31-7 Endocrinology Anti-inflammatory
Diflunisal 22494-42-4 Central Nervous Analgesic Yes
System
Digitoxigenin 143-62-4 Cardiovascular Cardiotonic
Digoxigenin 1672-46-4 Diagnostic
Digoxin 20830-75-5 Cardiovascular Cardiotonic Yes
Dihydroergotamine 5989-77-5 Central Nervous Antimigraine Yes
tartrate System
Dihydrostreptomycin 5490-27-7 Infectiology Antibacterial Yes
sulfate
Dilazep dihydrochloride 20153-98-4 Cardiovascular Antiplatelet
Diloxanide furoate 3736-81-0 Metabolism Antiamebic
Diltiazem hydrochloride 33286-22-5 Cardiovascular Antianginal Yes
Dimaprit dihydrochloride 23256-33-9 Metabolism
Dimenhydrinate 523-87-5 Allergology Antiemetic Yes
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Dimethadione 695-53-4 Central Nervous Anticonvulsant
System
Dimethisoquin 2773-92-4 Neuromuscular Antipruritic
hydrochloride
Dinoprost trometamol 38362-01-5 Endocrinology Oxytocic Yes
Diosmin 520-27-4 Cardiovascular
Dioxybenzone 131-53-3 Dermatology
Diperodon hydrochloride 537-12-2 Neuromuscular Local anesthetic
Diphemanil methylsulfate 62-97-5 Gastroenterology Antispastic Yes
Diphenhydramine 147-24-0 Allergology Antiemetic Yes
hydrochloride
Diphenidol hydrochloride 3254-89-5 Central Nervous Antiemetic Yes
System
Diphenylpyraline 132-18-3 Allergology Antihistaminic
hydrochloride
Dipivefrin hydrochloride 64019-93-8 Ophthalmology Antiglaucoma Yes
Diprophylline 479-18-5 Cardiovascular Analeptic
Dipyridamole 58-32-2 Cardiovascular Anticoagulant Yes
Dipyrone 5907-38-0 Central Nervous Analgesic
System
Dirithromycin 62013-04-1 Infectiology Antibacterial Yes
Disopyramide 3737-09-5 Cardiovascular Antiarrhythmic Yes
Disulfiram 97-77-8 Metabolism Antabuse effect Yes
Dizocilpine maleate 77086-22-7 Central Nervous Anticonvulsant
System
DO 897/99 not available Central Nervous Antidepressant
System
Dobutamine 49745-95-1 Cardiovascular Analeptic Yes
hydrochloride
Docetaxel 114977-28-5 Oncology Antineoplastic Yes
Dofetilide 115256-11-6 Cardiovascular Antiarrhythmic Yes
Dolasetron mesilate 115956-13-3 Central Nervous Antiemetic Yes
System
Domperidone 57808-66-9 Central Nervous Antiemetic
System
Donepezil hydrochloride 120011-70-3 Central Nervous Anti-Alzheimer Yes
System
Dopamine hydrochloride 62-31-7 Cardiovascular Antihypertensive Yes
Dorzolamide 130693-82-2 Cardiovascular Antiglaucoma Yes
hydrochloride
Dosulepin hydrochloride 897-15-4 Central Nervous Antidepressant
System
Doxapram hydrochloride 7081-53-0 Respiratory Analeptic Yes
Doxazosin mesylate 77883-43-3 Cardiovascular Antihypertensive Yes
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Doxepin hydrochloride 1229-29-4 Allergology Anticonvulsant Yes
Doxofylline 69975-86-6 Respiratory Bronchodilator
Doxorubicin hydrochloride 25316-40-9 Infectiology Antibacterial Yes
Doxycycline 10592-13-9 Metabolism Antibacterial Yes
hydrochloride
Doxylamine succinate 562-10-7 Allergology Anti-anorectic Yes
Drofenine hydrochloride 548-66-3 Neuromuscular Antispastic
Droperidol 548-73-2 Central Nervous Antipsychotic Yes
System
Dropropizine (R,S) 17692-31-8 Respiratory Antitussive
Dyclonine hydrochloride 536-43-6 Neuromuscular Local anesthetic Yes
Dydrogesterone 152-62-5 Endocrinology Progestogen Yes
Ebselen 60940-34-3 Metabolism Anti-inflammatory
Eburnamonine (-) 4880-88-0 Central Nervous Vasodilator
System
Econazole nitrate 24169-02-6 Infectiology Antifungal Yes
Edrophonium chloride 116-38-1 Diagnostic Anti-fatigue Yes
Efavirenz 154598-52-4 Infectiology Antiviral Yes
Emedastine 87233-61-2 Allergology Antihistaminic Yes
Enalapril maleate 76095-16-4 Cardiovascular Antihypertensive Yes
Enalaprilat dihydrate 84680-54-6 Cardiovascular Antihypertensive Yes
Enilconazole 35554-44-0 Metabolism Antifungal Yes
Enoxacin 84294-96-2 Infectiology Antibacterial Yes
Enrofloxacin 93106-60-6 Infectiology Antibacterial
Entacapone 130929-57-6 Central Nervous Antiparkinsonian Yes
System
Epiandrosterone 481-29-8 Endocrinology Anabolic
Epirizole 18694-40-1 Central Nervous Analgesic Japan
System approved
Epirubicin hydrochloride 56390-09-1 Oncology Antineoplastic Yes
Equilin 474-86-2 Endocrinology
Erlotinib 183321-74-6 Oncology Antineoplastic Yes
Erythromycin 114-07-8 Infectiology Antibacterial Yes
Escitalopram oxalate 128196-01-0 Central Nervous Antidepressant Yes
System
Eserine hemisulfate salt 64-47-1 Central Nervous Antiglaucoma
System
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Esmolol hydrochloride 81161-17-3 Cardiovascular Antiarrhythmic Yes
Estradiol Valerate 979-32-8 Endocrinology Contraceptive Yes
Estradiol-17 beta 50-28-2 Endocrinology Antigonadotropin Yes

Estramustine 2998-57-4 Oncology Antineoplastic Yes
Estrone 53-16-7 Endocrinology Yes
Estropipate 7280-37-7 Endocrinology Yes
Etanidazole 22668-01-5 Oncology Antineoplastic
Ethacrynic acid 58-54-8 Metabolism Diuretic Yes
Ethambutol 1070-11-7 Infectiology Antibacterial Yes
dihydrochloride
Ethamivan 304-84-7 Central Nervous Analeptic
System
Ethamsylate 2624-44-4 Cardiovascular Antiplatelet
Ethaverine hydrochloride 985-13-7 Central Nervous Antispastic
System
Ethinylestradiol 57-63-6 Endocrinology Contraceptive Yes
Ethionamide 536-33-4 Infectiology Antibacterial Yes
Ethisterone 434-03-7 Endocrinology Contraceptive
Ethopropazine 1094-08-2 Central Nervous Antiparkinsonian Yes
hydrochloride System
Ethosuximide 77-67-8 Central Nervous Anticonvulsant Yes
System
Ethotoin 86-35-1 Central Nervous Anticonvulsant Yes
System
Ethoxyquin 91-53-2 Metabolism Antifungal
Ethoxzolamide 452-35-7 Ophthalmology Antiglaucoma Yes
Ethynodiol diacetate 297-76-7 Endocrinology Contraceptive Yes
Ethynylestradiol 3-methyl 72-33-3 Endocrinology Yes
ether
Etifenin 63245-28-3 Diagnostic Chemosensitizer
Etilefrine hydrochloride 534-87-2 Cardiovascular Vasoconstrictor
Etodolac 41340-25-4 Central Nervous Analgesic Yes
System
Etofenamate 30544-47-9 Metabolism Anti-inflammatory
Etofylline 519-37-9 Cardiovascular Antispastic
Etomidate 33125-97-2 Central Nervous Anesthetic Yes
System
Etoposide 33419-42-0 Oncology Antineoplastic Yes
Etoricoxib 202409-33-4 Central Nervous Analgesic

System
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Etretinate 54350-48-0 Dermatology Antipsoriatic Yes
Eucatropine 536-93-6 Neuromuscular Antiglaucoma
hydrochloride
Exemestane 107868-30-4 Endocrinology Antineoplastic Yes
Ezetimibe 163222-33-1 Metabolism Hypocholesterolemi Yes
c
Famciclovir 104227-87-4 Infectiology Antiviral Yes
Famotidine 76824-35-6 Gastroenterology Antiulcer Yes
Famprofazone 22881-35-2 Central Nervous Analgesic
System
Felbamate 25451-15-4 Central Nervous Antiepileptic Yes
System
Felbinac 5728-52-9 Central Nervous Analgesic
System
Felodipine 72509-76-3 Neuromuscular Antianginal Yes
Fenbendazole 43210-67-9 Infectiology Antihelmintic
Fenbufen 36330-85-5 Central Nervous Analgesic
System
Fendiline hydrochloride 13636-18-5 Cardiovascular Antianginal
Fenipentol 583-03-9 Metabolism Choleretic
Fenofibrate 49562-28-9 Metabolism Hypocholesterolemi Yes
c
Fenoldopam 67227-56-9 Cardiovascular Antihypertensive Yes
Fenoprofen calcium salt 53746-45-5 Metabolism Anti-inflammatory Yes
dihydrate
Fenoterol hydrobromide 1944-12-3 Neuromuscular Bronchodilator
Fenspiride hydrochloride 5053-08-7 Respiratory Antitussive
Fentiazac 18046-21-4 Metabolism Anti-inflammatory
Finasteride 98319-26-7 Endocrinology Anti-alopecia Yes
Fipexide hydrochloride 34161-23-4 Central Nervous Anti-fatigue
System
Flavoxate hydrochloride 3717-88-2 Metabolism Antispastic Yes
Flecainide acetate 54143-56-5 Cardiovascular Antiarrhythmic Yes
Fleroxacin 79660-72-3 Infectiology Antibacterial
Florfenicol 73231-34-2 Metabolism Antibacterial
Floxuridine 50-91-9 Oncology Antineoplastic Yes
Flubendazol 31430-15-6 Metabolism
Flucloxacillin sodium 1847-24-1 Metabolism Antibacterial
Fluconazole 86386-73-4 Metabolism Antifungal Yes
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Flucytosine 2022-85-7 Metabolism Antifungal Yes
Fludarabine 21679-14-1 Oncology Antineoplastic Yes
Fludrocortisone acetate 514-36-3 Dermatology Anti-inflammatory Yes
Flufenamic acid 530-78-9 Central Nervous Analgesic
System
Flumequine 42835-25-6 Infectiology Antibacterial
Flumethasone 2135-17-3 Metabolism Anti-inflammatory Yes
Flumethasone pivalate 2002-29-1 Dermatology Anti-inflammatory Yes
Flunarizine 30484-77-6 Central Nervous Anticonvulsant
dihydrochloride System
Flunisolide 3385-03-3 Endocrinology Anti-inflammatory Yes
Flunixin meglumine 42461-84-7 Central Nervous Analgesic
System
Fluocinolone acetonide 67-73-2 Metabolism Anti-inflammatory Yes
Fluocinonide 356-12-7 Metabolism Anti-inflammatory Yes
Fluorometholone 426-13-1 Endocrinology Anti-inflammatory Yes
Fluoxetine hydrochloride 59333-67-4 Central Nervous Antidepressant Yes
System
Fluphenazine 146-56-5 Central Nervous Antipsychotic Yes
dihydrochloride System
Flurandrenolide 1524-88-5 Dermatology Anti-inflammatory Yes
Flurbiprofen 5104-49-4 Central Nervous Analgesic Yes
System
Fluspirilen 1841-19-6 Central Nervous Antipsychotic
System
Flutamide 13311-84-7 Oncology Antineoplastic Yes
Fluticasone propionate 80474-14-2 Cardiovascular Anti-inflammatory Yes
Fluvastatin sodium salt 93957-55-2 Cardiovascular Antilipemic Yes
Fluvoxamine maleate 61718-82-9 Central Nervous Antidepressant Yes
System
Folic acid 59-30-3 Metabolism Yes
Folinic acid calcium salt 6035-45-6 Hematology Antianemic Yes
Fomepizole 7554-65-6 Metabolism Yes
Formestane 566-48-3 Endocrinology Antineoplastic
Formoterol fumarate 43229-80-7 Respiratory Antiasthmatic Yes
Fosfosal 6064-83-1 Central Nervous Analgesic
System
Fosinopril 98048-97-6 Cardiovascular Antihypertensive Yes
Fulvestrant 129453-61-8 Endocrinology Antineoplastic Yes
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Furaltadone 3759-92-0 Infectiology Antibacterial Yes
hydrochloride
Furazolidone 67-45-8 Metabolism Yes
Furosemide 54-31-9 Metabolism Antihypertensive Yes
Fursultiamine 2105-43-3 Metabolism Anti-Alzheimer
Hydrochloride
Fusidic acid sodium salt 751-94-0 Infectiology Antibacterial
Gabapentin 60142-96-3 Central Nervous Anticonvulsant Yes
System
Gabazine bromide 105538-73-6 Central Nervous CNS Stimulant
System
Gabexate mesilate 56974-61-9 Hematology Anticoagulant
Galanthamine 1953-04-4 Central Nervous Analgesic Yes
hydrobromide System
Gallamine triethiodide 65-29-2 Neuromuscular Muscle relaxant Yes
Ganciclovir 82410-32-0 Metabolism Antiviral Yes
Gatifloxacin 112811-59-3 Infectiology Antibacterial Yes
GBR 12909 67469-78-7 Central Nervous Antidepressant
dihydrochloride System
Gefitinib 184475-35-2 Oncology Antineoplastic Yes
Gemcitabine 95058-81-4 Oncology Antineoplastic Yes
Gemfibrozil 25812-30-0 Metabolism Hypocholesterolemi Yes
c
Gentamicine sulfate 1405-41-0 Infectiology Antibacterial Yes
Gestrinone 16320-04-0 Endocrinology Contraceptive
Glafenine hydrochloride 65513-72-6 Metabolism Analgesic
Glibenclamide 10238-21-8 Endocrinology Antidiabetic Yes
Gliclazide 21187-98-4 Metabolism Anticoagulant
Glimepiride 93479-97-1 Endocrinology Antidiabetic Yes
Glipizide 29094-61-9 Endocrinology Antidiabetic Yes
Gliquidone 33342-05-1 Endocrinology Antidiabetic
Glutethimide, para-amino 125-84-8 Oncology Antineoplastic Yes
Glycopyrrolate 596-51-0 Gastroenterology Antispastic Yes
Granisetron 109889-09-0 Endocrinology Antiemetic Yes
Grepafloxacin 146863-02-7 Infectiology Yes
Griseofulvin 126-07-8 Infectiology Antifungal Yes
Guaiacol 90-05-1 Respiratory Expectorant
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Guaifenesin 93-14-1 Respiratory Bronchodilator Yes
Guanabenz acetate 23256-50-0 Central Nervous Antihypertensive Yes
System
Guanadrel sulfate 22195-34-2 Cardiovascular Antihypertensive Yes
Guanethidine sulfate 60-02-6 Central Nervous Antihypertensive Yes
System
Guanfacine hydrochloride 29110-48-3 Cardiovascular Antihypertensive Yes
Halcinonide 3093-35-4 Dermatology Anti-inflammatory Yes
Halofantrine 36167-63-2 Metabolism Antimalarial Yes
hydrochloride
Haloperidol 52-86-8 Central Nervous Antiemetic Yes
System
Haloprogin 777-11-7 Infectiology Antifungal Yes
Hemicholinium bromide 312-45-8 Neuromuscular Curarizing
Heptaminol hydrochloride 543-15-7 Cardiovascular Analeptic
Hesperidin 520-26-3 Oncology Anti-haemorrhoids
Hexachlorophene 70-30-4 Infectiology Antiseptic Yes
Hexamethonium 55-97-0 Cardiovascular Antihypertensive
dibromide dihydrate
Hexestrol 84-16-2 Endocrinology Antineoplastic
Hexetidine 141-94-6 Infectiology Antifungal
Hexylcaine hydrochloride 532-76-3 Dermatology Anesthetic Yes
Histamine dihydrochloride 56-92-8 Oncology Antineoplastic Yes
Homatropine 51-56-9 Diagnostic Antispastic Yes
hydrobromide (R,S)
Homochlorcyclizine 1982-36-1 Allergology Antihistaminic
dihydrochloride
Homosalate 118-56-9 Dermatology Radioprotectant
Homoveratrylamine 120-20-7 Cardiovascular Antihypertensive
Hycanthone 3105-97-3 Infectiology Antihelmintic
Hydralazine hydrochloride 304-20-1 Cardiovascular Antihypertensive Yes
Hydrochlorothiazide 58-93-5 Metabolism Antihypertensive Yes
Hydrocortisone base 50-23-7 Endocrinology Anti-inflammatory Yes
Hydroflumethiazide 135-09-1 Metabolism Antihypertensive Yes
Hydroxychloroquine 747-36-4 Metabolism Antimalarial Yes
sulfate
Hydroxytacrine maleate 118909-22-1 Central Nervous Anti-Alzheimer
(R,S) System
Hydroxyzine 2192-20-3 Allergology Antiemetic Yes
dihydrochloride
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Hymecromone 90-33-5 Metabolism Muscle relaxant
Hyoscyamine (L) 101-31-5 Central Nervous Antiemetic
System
Ibandronate sodium 114084-78-5 Metabolism Antiosteoporetic Yes
Ibudilast 50847-11-5 Metabolism Anti-inflammatory Japan
approved
Ibutilide fumarate 122647-32-9 Cardiovascular Antiarrhythmic Yes
Idazoxan hydrochloride 79944-56-2 Central Nervous Antiparkinsonian
System
Idebenone 58186-27-9 Oncology Antineoplastic
Idoxuridine 54-42-2 Infectiology Antiviral Yes
Ifenprodil tartrate 23210-58-4 Cardiovascular Vasodilator
Ifosfamide 3778-73-2 Oncology Antineoplastic Yes
Imatinib 152459-95-5 Oncology Antineoplastic Yes
Imidurea 39236-46-9 Infectiology Antifungal
Imipenem 74431-23-5 Infectiology Antibacterial Yes
Imipramine hydrochloride 113-52-0 Central Nervous Antidepressant Yes
System
Imiquimod 99011-02-6 Dermatology Antiviral Yes
Indapamide 26807-65-8 Metabolism Antihypertensive Yes
Indatraline hydrochloride 86939-10-8 Central Nervous Antidepressant
System
Indinavir sulfate 157810-81-6 Infectiology Antiviral Yes
Indomethacin 53-86-1 Central Nervous Analgesic Yes
System
Indoprofen 31842-01-0 Central Nervous Analgesic
System
lobenguane sulfate 103346-16-3 Oncology Antineoplastic Yes
locetamic acid 16034-77-8 Diagnostic Contrastant Yes
lodipamide 606-17-7 Diagnostic Contrastant Yes
lodixanol 92339-11-2 Diagnostic Contrastant Yes
lohexol 66108-95-0 Diagnostic Contrastant Yes
lopamidol 60166-93-0 Diagnostic Contrastant Yes
lopanoic acid 96-83-3 Diagnostic Contrastant Yes
lopromide 73334-07-3 Diagnostic Contrastant Yes
loversol 87771-40-2 Diagnostic Contrastant Yes
loxaglic acid 59017-64-0 Diagnostic Contrastant Yes
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Ipriflavone 35212-22-7 Metabolism Antiosteoporetic
Iproniazide phosphate 305-33-9 Cardiovascular Antidepressant
Ipsapirone 95847-70-4 Central Nervous
System
Irbesartan 138402-11-6 Cardiovascular Antihypertensive Yes
Irinotecan hydrochloride 136572-09-3 Oncology Antineoplastic Yes
trihydrate
Irsogladine maleate 84504-69-8 Metabolism Antiulcer
Isocarboxazid 59-63-2 Central Nervous Antidepressant Yes
System
Isoconazole 27523-40-6 Infectiology Antibacterial
Isoetharine mesylate salt 7279-75-6 Respiratory Bronchodilator Yes
Isoflupredone acetate 338-98-7 Endocrinology Anti-inflammatory
Isometheptene mucate 7492-31-1 Cardiovascular Antimigraine
Isoniazid 54-85-3 Infectiology Antibacterial Yes
Isopropamide iodide 71-81-8 Metabolism Antiulcer Yes
Isopyrin hydrochloride 18342-39-7 Central Nervous Analgesic
System
Isosorbide dinitrate 87-33-2 Cardiovascular Antianginal Yes
Isosorbide mononitrate 16051-77-7 Cardiovascular Antianginal Yes
Isotretinoin 4759-48-2 Dermatology Keratolytic Yes
Isoxicam 34552-84-6 Central Nervous Analgesic
System
Isoxsuprine hydrochloride 579-56-6 Cardiovascular Vasodilator
Isradipine 75695-93-1 Cardiovascular Antianginal Yes
Itopride 122898-67-3 Metabolism
Itraconazole 84625-61-6 Infectiology Antifungal Yes
Ivermectin 70288-86-7 Infectiology Antihelmintic Yes
Josamycin 16846-24-5 Infectiology Antibacterial
Kanamycin A sulfate 25389-94-0 Infectiology Antibacterial Yes
Ketanserin tartrate 83846-83-7 Cardiovascular Antihypertensive
hydrate
Ketoconazole 65277-42-1 Infectiology Antifungal Yes
Ketoprofen 22071-15-4 Central Nervous Analgesic Yes
System
Ketorolac tromethamine 74103-07-4 Central Nervous Analgesic Yes
System
Ketotifen fumarate 34580-14-8 Allergology Antihistaminic Yes
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Khellin 82-02-0 Cardiovascular Antispastic
L(-)-vesamicol 112709-59-8 Neuromuscular
hydrochloride
Labetalol hydrochloride 32780-64-6 Cardiovascular Antihypotensive Yes
Lacidipine 103890-78-4 Cardiovascular Antihypertensive
Lamivudine 134678-17-4 Infectiology Antiviral Yes
Lamotrigine 84057-84-1 Central Nervous Anticonvulsant Yes
System
Lanatoside C 17575-22-3 Cardiovascular Cardiotonic
Lansoprazole 103577-45-3 Metabolism Antiulcer Yes
Latanoprost 145773-22-4 Ophthalmology Antiglaucoma Yes
Leflunomide 75706-12-6 Immunology Immunosuppressan Yes
t
Letrozole 112809-51-5 Oncology Antineoplastic Yes
Levalbuterol 50293-90-8 Respiratory Antiasthmatic Yes
hydrochloride
Levamisole hydrochloride 16595-80-5 Immunology Antihelmintic Yes
Levetiracetam 102767-28-2 Central Nervous Anticonvulsant Yes
System
Levocabastine 79547-78-7 Allergology Antihistaminic Yes
hydrochloride
Levodopa 59-92-7 Central Nervous Antiparkinsonian Yes
System
Levonordefrin 829-74-3 Cardiovascular Vasoconstrictor Yes
Levopropoxyphene 5714-90-9 Central Nervous Analgesic Yes
napsylate System
Lidocaine hydrochloride 73-78-9 Cardiovascular Antiarrhythmic Yes
Lidoflazine 3416-26-0 Cardiovascular Antianginal
Lincomycin hydrochloride 859-18-7 Infectiology Antibacterial Yes
Linezolid 165800-03-3 Infectiology Antibacterial Yes
Liothyronine 6893-02-3 Endocrinology Yes
Liranaftate 88678-31-3 Infectiology Antifungal
Lisinopril 83915-83-7 Cardiovascular Antihypertensive Yes
Lithocholic acid 434-13-9 Metabolism Cholagogue
Lodoxamide 53882-12-5 Allergology Antihistaminic Yes
Lofepramine 23047-25-8 Central Nervous Antidepressant
System
Lofexidine 31036-80-3 Cardiovascular Antihypertensive
Lomefloxacin 98079-52-8 Infectiology Antibacterial Yes

hydrochloride
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Lomerizine hydrochloride 101477-54-7 Central Nervous Antimigraine
System
Loperamide hydrochloride 34552-83-5 Gastroenterology Antidiarrheal Yes
Loracarbef 121961-22-6 Infectiology Antibacterial Yes
Loratadine 79794-75-5 Allergology Antihistaminic Yes
Lorglumide sodium salt 97964-56-2 Metabolism Antiulcer
Losartan 114798-26-4 Cardiovascular Antihypertensive Yes
Loteprednol etabonate 82034-46-6 Ophthalmology Anti-inflammatory Yes
Lovastatin 75330-75-5 Metabolism Hypocholesterolemi Yes
c
Loxapine succinate 27833-64-3 Central Nervous Antipsychotic Yes
System
Luteolin 491-70-3 Respiratory Expectorant
Lymecycline 992-21-2 Metabolism Antibacterial
Lynestrenol 52-76-6 Endocrinology Contraceptive
Mafenide hydrochloride 138-37-4 Infectiology Antibacterial Yes
Maprotiline hydrochloride 10347-81-6 Central Nervous Antidepressant Yes
System
Mebendazole 31431-39-7 Infectiology Antihelmintic Yes
Mebeverine hydrochloride 2753-45-9 Neuromuscular Antispastic
Mebhydroline 1,5- 6153-33-9 Allergology Antihistaminic
naphtalenedisulfonate
Mecamylamine 826-39-1 Cardiovascular Antihypertensive Yes
hydrochloride
Meclocycline 73816-42-9 Infectiology Antibacterial Yes
sulfosalicylate
Meclofenamic acid 6385-02-0 Central Nervous Anti-inflammatory Yes
sodium salt monohydrate System
Meclofenoxate 3685-84-5 Central Nervous CNS Stimulant Yes
hydrochloride System
Meclozine dihydrochloride 1104-22-9 Allergology Antiemetic Yes
Medrysone 2668-66-8 Metabolism Anti-inflammatory Yes
Mefenamic acid 61-68-7 Central Nervous Analgesic Yes
System
Mefexamide 3413-64-7 Central Nervous CNS Stimulant
hydrochloride System
Mefloquine hydrochloride 51773-92-3 Infectiology Antimalarial Yes
Megestrol acetate 595-33-5 Endocrinology Antineoplastic Yes
Meglumine 6284-40-8 Metabolism Antileishmanial Yes
Melatonin 73-31-4 Central Nervous Anticonvulsant
System
Melengestrol acetate 2919-66-6 Endocrinology
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Meloxicam 71125-38-7 Metabolism Anti-inflammatory Yes
Memantine Hydrochloride 41100-52-1 Central Nervous Anti-Alzheimer Yes
System
Mepenzolate bromide 76-90-4 Neuromuscular Antispastic Yes
Mephenesin 59-47-2 Central Nervous Anticonvulsant
System
Mephentermine 1212-72-2 Cardiovascular Antihypotensive Yes
hemisulfate
Mepivacaine 1722-62-9 Neuromuscular Local anesthetic Yes
hydrochloride
Meprylcaine 956-03-6 Neuromuscular Local anesthetic
hydrochloride
Meptazinol hydrochloride 59263-76-2 Central Nervous Analgesic
System
Merbromin 129-16-8 Infectiology Antibacterial
Mercaptopurine 50-44-2 Immunology Immunosuppressan Yes
t
Meropenem 96036-03-2 Infectiology Antibacterial Yes
Mesalamine 89-57-6 Metabolism Anti-inflammatory Yes
Mesna 19767-45-4 Oncology Chemoprotectant Yes
Mesoridazine besylate 32672-69-8 Central Nervous Antipsychotic Yes
System
Metaproterenol sulfate, 5874-97-5 Respiratory Bronchodilator Yes
orciprenaline sulfate
Metaraminol bitartrate 33402-03-8 Cardiovascular Antihypotensive Yes
Metergoline 17692-51-2 Central Nervous Antiprolactin
System
Metformin hydrochloride 1115-70-4 Endocrinology Anorectic Yes
Methacholine chloride 62-51-1 Diagnostic Yes
Methacycline 3963-95-9 Metabolism Antibacterial Yes
hydrochloride
Methantheline bromide 53-46-3 Neuromuscular Antispastic Yes
Methapyrilene 135-23-9 Allergology Antihistaminic
hydrochloride
Methazolamide 554-57-4 Metabolism Antiglaucoma Yes
Methenamine 100-97-0 Infectiology Antibacterial Yes
Methiazole 108579-67-5 Infectiology Antihelmintic
Methicillin sodium 7246-14-2 Oncology Yes
Methimazole 60-56-0 Endocrinology Yes
Methiothepin maleate 19728-88-2 Central Nervous Antipsychotic
System
Methocarbamol 532-03-6 Central Nervous Analgesic Yes
System
Methotrexate 59-05-2 Oncology Antineoplastic Yes
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Methotrimeprazine maleat 7104-38-3 Central Nervous Analgesic Yes
salt System
Methoxamine 61-16-5 Cardiovascular Antihypotensive Yes
hydrochloride
Methyl benzethonium 25155-18-4 Infectiology Antibacterial
chloride
Methylatropine nitrate 52-88-0 Neuromuscular Antispastic
Methyldopa (L,-) 555-30-6 Cardiovascular Antihypertensive Yes
Methyldopate 2508-79-4 Cardiovascular Antihypertensive Yes
hydrochloride
Methylergometrine 57432-61-8 Neuromuscular Hemostatic
maleate
Methylhydantoin-5-(D) 55147-68-7
Methylhydantoin-5-(L) 40856-73-3 Central Nervous Anticonvulsant
System
Methylprednisolone, 6- 83-43-2 Endocrinology Anti-inflammatory Yes
alpha
Meticrane 1084-65-7 Metabolism Antihypertensive
Metixene hydrochloride 1553-34-0 Central Nervous Antiparkinsonian
System
Metoclopramide 7232-21-5 Central Nervous Antiemetic Yes
monohydrochloride System
Metolazone 17560-51-9 Cardiovascular Antihypertensive Yes
Metoprolol-(+,-) (+)- 56392-17-7 Cardiovascular Antiarrhythmic Yes
tartrate salt
Metrizamide 31112-62-6 Diagnostic Contrastant Yes
Metronidazole 443-48-1 Infectiology Antiamebic Yes
Metyrapone 54-36-4 Endocrinology Yes
Mevalonic-D, L acid 674-26-0 Cardiovascular Antilipemic
lactone
Mevastatin 73573-88-3 Cardiovascular Hypocholesterolemi
c
Mexiletine hydrochloride 5370-01-4 Cardiovascular Antiarrhythmic Yes
Mianserine hydrochloride 21535-47-7 Cardiovascular Antidepressant
Miconazole 22916-47-8 Infectiology Antifungal Yes
Midodrine hydrochloride 3092-17-9 Cardiovascular Antihypertensive Yes
Mifepristone 84371-65-3 Endocrinology Abortifacient Yes
Miglitol 72432-03-2 Endocrinology Antidiabetic Yes
Milnacipran hydrochloride 101152-94-7 Central Nervous Antidepressant Yes
System
Milrinone 78415-72-2 Cardiovascular Vasodilator Yes
Minaprine dihydrochloride 25953-17-7 Central Nervous Anti-Alzheimer
System
Minocycline hydrochloride 13614-98-7 Infectiology Antibacterial Yes
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Minoxidil 38304-91-5 Cardiovascular Anti-alopecia Yes
Mirabegron 223673-61-8 Neuromuscular Yes
Mirtazapine 61337-67-5 Central Nervous Antidepressant Yes

System
Misoprostol 59122-46-2 Metabolism Antiulcer Yes
Mitotane 53-19-0 Endocrinology Antineoplastic Yes
Mitoxantrone 70476-82-3 Oncology Antineoplastic Yes
dihydrochloride
Mizolastine 108612-45-9 Allergology
Moclobemide 71320-77-9 Central Nervous Antidepressant
System
Modafinil 68693-11-8 Central Nervous CNS Stimulant Yes
System
Molindone hydrochloride 15622-65-8 Central Nervous Antipsychotic Yes
System
Molsidomine 25717-80-0 Cardiovascular Antianginal
Mometasone furoate 83919-23-7 Endocrinology Anti-inflammatory Yes
Monensin sodium salt 22373-78-0 Infectiology Antibacterial
Monobenzone 103-16-2 Dermatology Yes
Montelukast 158966-92-8 Respiratory Antiasthmatic Yes
Morantel tartrate 26155-31-7 Infectiology Antihelmintic
Moricizine hydrochloride 31883-05-3 Cardiovascular Antiarrhythmic Yes
Moroxidine hydrochloride 3160-91-6 Infectiology Antiviral
Moxalactam disodium salt 64953-12-4 Metabolism Antibacterial Yes
Moxifloxacin 151096-09-2 Infectiology Antibacterial Yes
Moxisylyte hydrochoride 964-52-3 Cardiovascular Erectile dysfunction
treatment
Moxonidine 75438-57-2 Cardiovascular Antihypertensive
Mupirocin 12650-69-0 Infectiology Yes
N6-methyladenosine 1867-73-8 Oncology Antineoplastic
Nabumetone 42924-53-8 Central Nervous Analgesic Yes
System
N-Acetyl-DL- 1195-16-0 Respiratory Expectorant
homocysteine
Thiolactone
N-Acetyl-L-leucine 1188-21-2 Central Nervous Antivertigo
System
Nadide 53-84-9 Metabolism
Nadifloxacin 124858-35-1 Infectiology Antibacterial
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Nadolol 42200-33-9 Cardiovascular Antianginal Yes
Nafcillin sodium salt 7177-50-6 Metabolism Antibacterial Yes
monohydrate
Nafronyl oxalate 3200-06-4 Cardiovascular Anti-ischemic
Naftifine hydrochloride 65473-14-5 Infectiology Antifungal Yes
Naftopidil dihydrochloride 57149-08-3 Cardiovascular Antihypertensive
Nalbuphine hydrochloride 23277-43-2 Central Nervous Analgesic Yes
System
Nalidixic acid sodium salt 3374-05-8 Infectiology Antibacterial Yes
Nalmefene hydrochloride 58895-64-0 Central Nervous Yes
System
Naloxone hydrochloride 357-08-4 Central Nervous Opioate antidote Yes
System
Naltrexone hydrochloride 16676-29-2 Central Nervous Analgesic Yes
dihydrate System
Nandrolone 434-22-0 Endocrinology Antianemic Yes
Naphazoline 550-99-2 Cardiovascular Nasal Yes
hydrochloride Decongestant
Naproxen 22204-53-1 Central Nervous Analgesic Yes
System
Nateglinide 105816-04-4 Endocrinology Antidiabetic Yes
Nefazodone 82752-99-6 Central Nervous Antidepressant Yes
hydrochloride System
Nefopam hydrochloride 23327-57-3 Central Nervous Analgesic
System
Nelarabine 121032-29-9 Infectiology Yes
Nelfinavir mesylate 159989-65-8 Infectiology Antiviral Yes
Neomycin sulfate 1405-10-3 Infectiology Antibacterial Yes
Neostigmine bromide 114-80-7 Diagnostic Anti-fatigue Yes
Nevirapine 129618-40-2 Infectiology Antiviral Yes
Niacin 59-67-6 Cardiovascular Antilipemic Yes
Nicardipine hydrochloride 54527-84-3 Cardiovascular Antianginal Yes
Nicergoline not available Cardiovascular Anti-ischemic
Niclosamide 50-65-7 Infectiology Antihelmintic Yes
Nicorandil 65141-46-0 Cardiovascular Antianginal
Nicotinamide 98-92-0 Dermatology
Nifedipine 21829-25-4 Cardiovascular Antianginal Yes
Nifekalant 130636-43-0 Cardiovascular Antiarrhythmic
Nifenazone 2139-47-1 Central Nervous Analgesic

System
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Niflumic acid 4394-00-7 Central Nervous Analgesic
System
Nifuroxazide 965-52-6 Infectiology Antibacterial
Nifurtimox 23256-30-6 Metabolism
Nilutamide 63612-50-0 Oncology Antineoplastic Yes
Nilvadipine 75530-68-6 Cardiovascular Antianginal
Nimesulide 51803-78-2 Metabolism Anti-inflammatory
Nimodipine 66085-59-4 Cardiovascular Vasodilator Yes
Niridazole 61-57-4 Infectiology Antihelmintic
Nisoldipine 63675-72-9 Cardiovascular Antianginal Yes
Nisoxetine hydrochloride 57754-86-6 Central Nervous Antidepressant
System
Nitazoxanide 55981-09-4 Infectiology Antiprotozoal Yes
Nitrendipine 39562-70-4 Cardiovascular Antihypertensive
Nitrocaramiphen 98636-73-8 Central Nervous
hydrochloride System
Nitrofural 59-87-0 Infectiology Antibacterial
Nitrofurantoin 67-20-9 Infectiology Antibacterial Yes
Nizatidine 76963-41-2 Metabolism Antiulcer Yes
Nocodazole 31430-18-9 Oncology Antineoplastic
Nomegestrol acetate 58652-20-3 Endocrinology Contraceptive
Nomifensine maleate 32795-47-4 Central Nervous Antidepressant
System
Norcyclobenzaprine 303-50-4 Gastroenterology Antiulcer
Norethindrone 68-22-4 Endocrinology Contraceptive Yes
Norethynodrel 68-23-5 Endocrinology Contraceptive Yes
Norfloxacin 70458-96-7 Infectiology Antibacterial Yes
Norgestimate 35189-28-7 Endocrinology Yes
Norgestrel-(-)-D 797-63-7 Endocrinology Contraceptive Yes
Nortriptyline 894-71-3 Central Nervous Antidepressant Yes
hydrochloride System
Novobiocin sodium salt 1476-53-5 Metabolism Antibacterial Yes
Nylidrin 447-41-6 Cardiovascular Vasodilator
Nystatine 1400-61-9 Infectiology Antifungal Yes
Ofloxacin 82419-36-1 Infectiology Antibacterial Yes
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Olanzapine 132539-06-1 Central Nervous Antipsychotic Yes
System
Olmesartan 144689-63-4 Cardiovascular Antihypertensive Yes
Olopatadine 140462-76-6 Allergology Antihistaminic Yes
hydrochloride
Omeprazole 73590-58-6 Gastroenterology Antiulcer Yes
Ondansetron 103639-04-9 Central Nervous Antianemic Yes
Hydrochloride System
Opipramol 909-39-7 Central Nervous Antidepressant
dihydrochloride System
Ornidazole 16773-42-5 Infectiology Antibacterial
Orphenadrine 341-69-5 Allergology Antihistaminic Yes
hydrochloride
Oxacillin sodium 1173-88-2 Infectiology Antibacterial Yes
Oxalamine citrate salt 1949-20-8 Central Nervous Anti-inflammatory
System
Oxandrolone 53-39-4 Endocrinology Yes
Oxantel pamoate 68813-55-8 Infectiology Antihelmintic
Oxaprozin 21256-18-8 Central Nervous Analgesic Yes
System
Oxcarbazepine 28721-07-5 Central Nervous Anticonvulsant Yes
System
Oxethazaine 126-27-2 Neuromuscular Local anesthetic
Oxfendazol 53716-50-0 Metabolism
Oxibendazol 20559-55-1 Metabolism
Oxiconazole Nitrate 64211-46-7 Infectiology Antifungal Yes
Oxolinic acid 14698-29-4 Metabolism Antibacterial
Oxprenolol hydrochloride 6452-73-9 Cardiovascular Antianginal Yes
Oxybenzone 131-57-7 Dermatology Yes
Oxybutynin chloride 1508-65-2 Neuromuscular Antispastic Yes
Oxymetazoline 2315-02-8 Respiratory Nasal Yes
hydrochloride Decongestant
Oxymetholone 434-07-1 Endocrinology Anabolic Yes
Oxyphenbutazone 129-20-4 Metabolism Anti-inflammatory Yes
Oxytetracycline dihydrate 6153-64-6 Infectiology Antibacterial Yes
Ozagrel hydrochloride 78712-43-3 Cardiovascular Antianginal
Paclitaxel 33069-62-4 Oncology Antineoplastic Yes
Palonosetron 135729-62-3 Central Nervous Antiemetic Yes
hydrochloride System
Pancuronium bromide 15500-66-0 Neuromuscular Muscle relaxant Yes
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Panthenol (D) 81-13-0 Metabolism Anti-alopecia Yes
Pantoprazole sodium 138786-67-1 Metabolism Antiulcer Yes
Papaverine hydrochloride 61-25-6 Cardiovascular Antispastic
Parbendazole 14255-87-9 Infectiology
Pargyline hydrochloride 306-07-0 Cardiovascular Antidepressant Yes
Paromomycin sulfate 1263-89-4 Metabolism Antiamebic Yes
Paroxetine Hydrochloride 110429-35-1 Central Nervous Antidepressant Yes
System
Parthenolide 20554-84-1 Metabolism Anti-inflammatory
Pefloxacine 70458-92-3 Infectiology Antibacterial
Pemetrexed disodium 357166-30-4 Oncology Antineoplastic Yes
Pemirolast potassium 100299-08-9 Ophthalmology Anti-inflammatory Yes
Pempidine tartrate 546-48-5 Cardiovascular Antihypotensive
Penbutolol sulfate 38363-32-5 Cardiovascular Antianginal Yes
Penciclovir 39809-25-1 Infectiology Antiviral Yes
Pentamidine isethionate 140-64-7 Infectiology Antifungal Yes
Pentetic acid 67-43-6 Oncology Chelating Yes
Pentobarbital 76-74-4 Central Nervous Anesthetic Yes
System
Pentolinium bitartrate 52-62-0 Cardiovascular Antihypertensive Yes
Pentoxifylline 6493-05-6 Cardiovascular Bronchodilator Yes
Pentylenetetrazole 54-95-5 Central Nervous Analeptic
System
Pepstatin A 26305-03-3 Infectiology Antiviral
Pergolide mesylate 66104-23-2 Central Nervous Antiparkinsonian Yes
System
Perhexiline maleate 6724-53-4 Cardiovascular Antianginal
Perospirone 150915-41-6 Central Nervous Antipsychotic
System
Perphenazine 58-39-9 Central Nervous Antiemetic Yes
System
Phenacetin 62-44-2 Central Nervous Analgesic
System
Phenazopyridine 136-40-3 Central Nervous Analgesic Yes
hydrochloride System
Phenelzine sulfate 156-51-4 Central Nervous Antidepressant Yes
System
Phenethicillin potassium 132-93-4 Infectiology Antibacterial
salt
Phenformin hydrochloride 834-28-6 Endocrinology Antidiabetic
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Phenindione 83-12-5 Hematology Anticoagulant Yes
Pheniramine maleate 132-20-7 Allergology Antihistaminic Yes
Phenothiazine 92-84-2 Central Nervous Antipsychotic
System
Phenoxybenzamine 63-92-3 Cardiovascular Antihypertensive Yes
hydrochloride
Phenprobamate 673-31-4 Central Nervous Muscle relaxant
System
Phensuximide 86-34-0 Central Nervous Anticonvulsant Yes
System
Phentermine 1197-21-3 Central Nervous Yes
hydrochloride System
Phentolamine 73-05-2 Cardiovascular Antihypertensive Yes
hydrochloride
Phenylbutazone 50-33-9 Metabolism Anti-inflammatory Yes
Phenylpropanolamine 154-41-6 Respiratory Antihypotensive Yes
hydrochloride
Phthalylsulfathiazole 85-73-4 Metabolism Antibacterial
Picotamide monohydrate 80530-63-8 Hematology Anticoagulant
Picrotoxinin 17617-45-7 Central Nervous Analeptic
System
Pidotimod 121808-62-6 Immunology Immunostimulant
Pilocarpine nitrate 148-72-1 Ophthalmology Antiglaucoma Yes
Pimethixene maleate 13187-06-9 Allergology Antihistaminic
Pimozide 2062-78-4 Central Nervous Antipsychotic Yes
System
Pinacidil 85371-64-8 Cardiovascular Antihypertensive Yes
Pinaverium bromide 53251-94-8 Neuromuscular Antispastic
Pindolol 13523-86-9 Cardiovascular Antianginal Yes
Pioglitazone 111025-46-8 Endocrinology Yes
Pipemidic acid 51940-44-4 Metabolism Antibacterial
Pipenzolate bromide 125-51-9 Gastroenterology Antispastic
Piperacetazine 3819-00-9 Central Nervous Antipsychotic Yes
System
Piperacillin sodium salt 59703-84-3 Metabolism Antibacterial Yes
Piperidolate hydrochloride 129-77-1 Neuromuscular Antispastic
Piracetam 7491-74-9 Central Nervous CNS Stimulant
System
Pirenperone 75444-65-4 Central Nervous
System
Pirenzepine 29868-97-1 Gastroenterology Antiulcer
dihydrochloride
Piretanide 55837-27-9 Cardiovascular Antihypertensive

271



Appendix

Piribedil hydrochloride 78213-63-5 Cardiovascular Antiparkinsonian
Pirlindole mesylate 60762-57-4 Central Nervous Antidepressant
System
Piromidic acid 19562-30-2 Metabolism Antibacterial
Piroxicam 36322-90-4 Central Nervous Analgesic Yes
System
Pivampicillin 33817-20-8 Metabolism Antibacterial
Pizotifen malate 5189-11-7 Allergology Antihistaminic
Podophyllotoxin 518-28-5 Metabolism Antiviral
Practolol 6673-35-4 Cardiovascular Antianginal
Pralidoxime chloride 51-15-0 Neuromuscular Yes
Pramipexole 104632-25-9 Central Nervous Antiparkinsonian Yes
dihydrochloride System
Pramoxine hydrochloride 637-58-1 Neuromuscular Local anesthetic Yes
Pranlukast 103177-37-3 Respiratory Antiasthmatic
Pranoprofen 52549-17-4 Metabolism Anti-inflammatory
Pravastatin 81093-37-0 Metabolism Antilipemic Yes
Praziquantel 55268-74-1 Infectiology Antihelmintic Yes
Prazosin hydrochloride 19237-84-4 Cardiovascular Antihypertensive Yes
Prednicarbate 73771-04-7 Metabolism Anti-Inflammatory Yes
Prednisolone 50-24-8 Endocrinology Anti-inflammatory Yes
Prednisone 53-03-2 Dermatology Anti-inflammatory Yes
Pregabalin 148553-50-8 Central Nervous Anticonvulsant Yes
System
Pregnenolone 145-13-1 Endocrinology Anabolic
Prenylamine lactate 69-43-2 Cardiovascular Antianginal
Pridinol methanesulfonate 6856-31-1 Central Nervous Antiparkinsonian
salt System
Prilocaine hydrochloride 1786-81-8 Neuromuscular Local anesthetic Yes
Primaquine diphosphate 63-45-6 Infectiology Antimalarial Yes
Primidone 125-33-7 Central Nervous Anticonvulsant Yes
System
Proadifen hydrochloride 62-68-0 Neuromuscular Local anesthetic
Probenecid 57-66-9 Metabolism Antigout Yes
Probucol 23288-49-5 Metabolism Antilipemic Yes
Procainamide 614-39-1 Cardiovascular Antiarrhythmic Yes

hydrochloride
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Procaine hydrochloride 51-05-8 Neuromuscular Local anesthetic Yes
Procarbazine 366-70-1 Oncology Antineoplastic Yes
hydrochloride

Prochlorperazine 84-02-6 Central Nervous Antiemetic Yes
dimaleate System
Procyclidine 1508-76-5 Central Nervous Antiparkinsonian Yes
hydrochloride System
Progesterone 57-83-0 Endocrinology Progestogen Yes
Proglumide 6620-60-6 Gastroenterology Antiulcer
Proguanil hydrochloride 637-32-1 Metabolism Antimalarial Yes
Promazine hydrochloride 53-60-1 Central Nervous Antipsychotic Yes
System
Promethazine 58-33-3 Allergology Antihistaminic Yes
hydrochloride
Pronethalol hydrochloride 51-02-5 Cardiovascular Antianginal
Propafenone 34183-22-7 Cardiovascular Antiarrhythmic Yes
hydrochloride

Propantheline bromide 50-34-0 Neuromuscular Antispastic Yes
Proparacaine 5875-06-9 Central Nervous Anesthetic Yes
hydrochloride System

Propidium iodide 25535-16-4 Infectiology Antibacterial
Propofol 2078-54-8 Central Nervous Anesthetic Yes
System
Propoxycaine 550-83-4 Central Nervous Anesthetic Yes
hydrochloride System
Propylthiouracil 51-52-5 Metabolism Antihyperthyroid Yes
Proscillaridin A 466-06-8 Cardiovascular
Prothionamide 14222-60-7 Infectiology Antibacterial
Protriptyline hydrochloride 1225-55-4 Central Nervous Antidepressant Yes
System
Pyrantel tartrate 33401-94-4 Infectiology Antihelmintic
Pyrazinamide 98-96-4 Infectiology Antibacterial Yes
Pyridostigmine iodide 4685-03-4 Central Nervous Yes
System
Pyridoxine hydrochloride 58-56-0 Metabolism Yes
Pyrilamine maleate 59-33-6 Allergology Antihistaminic Yes
Pyrimethamine 58-14-0 Infectiology Antimalarial Yes
Pyrithyldione 77-04-3 Central Nervous Hypnotic
System
Pyrvinium pamoate 3546-41-6 Metabolism Yes
Quetiapine hemifumarate 111974-72-2 Central Nervous Antipsychotic Yes
System
Quinacrine 69-05-6 Infectiology Antihelmintic

dihydrochloride hydrate
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Quinapril hydrochloride 82586-55-8 Cardiovascular Antihypertensive Yes
Quinethazone 73-49-4 Cardiovascular Antihypertensive Yes
Quinidine hydrochloride 6151-40-2 Cardiovascular Antiarrhythmic Yes
monohydrate
Quipazine dimaleate salt 150323-78-7 Central Nervous Antiemetic
System
R(-) Apomorphine 41372-20-7 Central Nervous Antiparkinsonian Yes
hydrochloride System
hemihydrate
Rabeprazole Sodium salt 117976-89-3 Metabolism Antiulcer Yes
Racecadotril 81110-73-8 Gastroenterology Antidiarrheal
Racepinephrine 329-63-5 Cardiovascular Bronchodilator Yes
hydrochloride
Raclopride 84225-95-6 Central Nervous
System
Raloxifene hydrochloride 82640-04-8 Endocrinology Yes
Raltitrexed 112887-68-0 Oncology Antineoplastic
Ranitidine hydrochloride 66357-59-3 Gastroenterology Antiulcer Yes
Ranolazine 95635-55-5 Cardiovascular Antianginal Yes
Rasagiline 136236-51-6 Central Nervous Antiparkinsonian Yes
System
Rebamipide 90098-04-7 Metabolism Antiulcer
Reboxetine mesylate 98769-81-4 Central Nervous Antidepressant
System
Remoxipride 73220-03-8 Central Nervous Antipsychotic
Hydrochloride System
Repaglinide 135062-02-1 Endocrinology Antidiabetic Yes
Reserpine 50-55-5 Central Nervous Antipsychotic Yes
System
Retinoic acid 302-79-4 Dermatology Keratolytic
Ribavirin 36791-04-5 Metabolism Antiviral Yes
Ribostamycin sulfate salt 53797-35-6 Metabolism Antibacterial
Rifabutin 72559-06-9 Infectiology Antibacterial Yes
Rifampicin 13292-46-1 Infectiology Antibacterial Yes
Rifapentine 61379-65-5 Infectiology Antibacterial Yes
Rifaximin 80621-81-4 Infectiology Antibacterial Yes
Riluzole hydrochloride not available Central Nervous Antispastic Yes
System
Rimantadine 13392-28-4 Infectiology Antiviral Yes
Hydrochloride
Rimexolone 49697-38-3 Metabolism Anti-inflammatory Yes
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Risedronic acid 105462-24-6 Metabolism Antiosteoporetic Yes
monohydrate
Risperidone 106266-06-2 Central Nervous Antipsychotic Yes
System
Ritodrine hydrochloride 23239-51-2 Neuromuscular Tocolytic Yes
Ritonavir 155213-67-5 Infectiology Antiviral Yes
Rivastigmine 123441-03-2 Central Nervous Yes
System
Rizatriptan benzoate 145202-66-0 Central Nervous Antimigraine Yes
System
Rofecoxib 162011-90-7 Metabolism Anti-inflammatory Yes
Rolipram 61413-54-5 Central Nervous Antidepressant
System
Ronidazole 7681-76-7 Infectiology Antibacterial
Ropinirole hydrochloride 91374-20-8 Central Nervous Antiparkinsonian Yes
System
Rosiglitazone 122320-73-4 Metabolism Antidiabetic Yes
Hydrochloride
Roxatidine Acetate 93793-83-0 Gastroenterology Antiulcer
hydrochloride
Roxithromycin 80214-83-1 Metabolism Antibacterial
Rufloxacin 101363-10-4 Infectiology Antibacterial
S(-)Eticlopride 97612-24-3 Central Nervous
hydrochloride System
S-(+)-ibuprofen 51146-56-6 Central Nervous Analgesic Yes
System
Salbutamol 18559-94-9 Neuromuscular Bronchodilator
Salmeterol 89365-50-4 Respiratory Bronchodilator Yes
Saquinavir mesylate 149845-06-7 Immunology Antiviral Yes
Scopolamine 55-16-3 Central Nervous Antiemetic Yes
hydrochloride System
Scopolamin-N-oxide 6106-81-6 Neuromuscular Antispastic Yes
hydrobromide
Secnidazole 3366-95-8 Infectiology Antiamebic
Selegiline hydrochloride 14611-52-0 Central Nervous Antiparkinsonian Yes
System
Serotonin hydrochloride 153-98-0 Central Nervous CNS Stimulant
System
Sertaconazole nitrate 99592-39-9 Metabolism Antibacterial Yes
Sertindole 106516-24-9 Central Nervous Antipsychotic
System
Sertraline 79617-96-2 Central Nervous Antidepressant Yes
System
Sibutramine 125494-59-9 Central Nervous Yes
hydrochloride System
Sildenafil 139755-83-2 Cardiovascular Antihypertensive Yes
Silodosin 160970-54-7 Cardiovascular Antihypertensive Yes
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Simvastatin 79902-63-9 Cardiovascular Antilipemic Yes
Sisomicin sulfate 53179-09-2 Infectiology Antibacterial
Sotalol hydrochloride 959-24-0 Cardiovascular Antianginal Yes
Spaglumic acid 4910-46-7 Allergology Antiallergic
Sparfloxacin 110871-86-8 Infectiology Antibacterial Yes
Spectinomycin 21736-83-4 Metabolism Antibacterial Yes
dihydrochloride
Spiperone 749-02-0 Central Nervous Antipsychotic Japan
System approved
Spiramycin 8025-81-8 Metabolism Antibacterial
Spironolactone 52-01-7 Endocrinology Diuretic Yes
Stanozolol 10418-03-8 Endocrinology Yes
Stavudine 3056-17-5 Infectiology Antiviral Yes
Streptomycin sulfate 3810-74-0 Infectiology Antibacterial Yes
Streptozotocin 18883-66-4 Oncology Antineoplastic Yes
Succinylsulfathiazole 116-43-8 Infectiology Antibacterial
Sulbactam 68373-14-8 Infectiology Antibacterial Yes
Sulconazole nitrate 61318-91-0 Metabolism Antifungal Yes
Sulfabenzamide 127-71-9 Infectiology Antibacterial Yes
Sulfacetamide sodic 6209-17-2 Dermatology Antibacterial Yes
hydrate
Sulfachloropyridazine 80-32-0 Infectiology Antibacterial
Sulfadiazine 68-35-9 Infectiology Antibacterial Yes
Sulfadimethoxine 122-11-2 Infectiology Antibacterial
Sulfadoxine 2447-57-6 Infectiology Antibacterial Yes
Sulfaguanidine 57-67-0 Infectiology Antibacterial
Sulfamerazine 127-79-7 Infectiology Antibacterial Yes
Sulfameter 651-06-9 Metabolism Antibacterial Yes
Sulfamethazlitne sodium 1981-58-4 Metabolism Antibacterial Yes
sa
Sulfamethizole 144-82-1 Metabolism Antibacterial Yes
Sulfamethoxazole 723-46-6 Infectiology Antibacterial Yes
Sulfamethoxypyridazine 80-35-3 Infectiology Antibacterial
Sulfamonomethoxine 1220-83-3 Metabolism Antibacterial
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Sulfanilamide 63-74-1 Infectiology Antibacterial Yes
Sulfaphenazole 526-08-9 Infectiology Antibacterial Yes
Sulfapyridine 144-83-2 Metabolism Antibacterial Yes
Sulfaquinoxaline sodium 967-80-6 Infectiology Antibacterial
salt
Sulfasalazine 599-79-1 Infectiology Antibacterial Yes
Sulfathiazole 72-14-0 Infectiology Antibacterial Yes
Sulfinpyrazone 57-96-5 Hematology Antiplatelet Yes
Sulfisoxazole 127-69-5 Infectiology Antibacterial Yes
Sulindac 38194-50-2 Central Nervous Analgesic Yes
System
Sulmazole 73384-60-8 Cardiovascular Cardiotonic
Suloctidil 54063-56-8 Neuromuscular Antiplatelet
Sulpiride 15676-16-1 Central Nervous Antidepressant
System
Sumatriptan succinate 103628-48-4 Central Nervous Antimigraine Yes
System
Suprofen 40828-46-4 Central Nervous Analgesic Yes
System
Suxibuzone 27470-51-5 Central Nervous Analgesic
System
Tacrine hydrochloride 1684-40-8 Central Nervous CNS Stimulant Yes
System
Tamoxifen citrate 54965-24-1 Endocrinology Antineoplastic Yes
Tazobactam 89786-04-9 Infectiology Antibacterial Yes
Tegafur 17902-23-7 Oncology Antineoplastic
Tegaserod maleate 189188-57-6 Gastroenterology Gastroprokinetic Yes
Telenzepine 147416-96-4 Gastroenterology Antiulcer
dihydrochloride
Telmisartan 144701-48-4 Cardiovascular Antihypertensive Yes
Temozolomide 85622-93-1 Oncology Antineoplastic Yes
Tenatoprazole 113712-98-4 Metabolism Antiulcer
Tenoxicam 59804-37-4 Central Nervous Analgesic
System
Terazosin hydrochloride 63590-64-7 Cardiovascular Antihypertensive Yes
Terbinafine 91161-71-6 Infectiology Antifungal Yes
Terbutaline hemisulfate 23031-32-5 Respiratory Antiasthmatic Yes
Terconazole 67915-31-5 Infectiology Antifungal Yes
Terfenadine 50679-08-8 Allergology Antihistaminic
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Testosterone propionate 57-85-2 Endocrinology Anabolic Yes
Tetracaine hydrochloride 136-47-0 Neuromuscular Yes
Tetracycline 64-75-5 Infectiology Antibacterial Yes
hydrochloride
Tetraethylenepentamine 4961-41-5 Metabolism Antilipemic
pentahydrochloride
Tetrahydrozoline 522-48-5 Cardiovascular Nasal Yes
hydrochloride Decongestant
Tetramisole hydrochloride 5086-74-8 Immunology Antihelmintic
Thalidomide 50-35-1 Central Nervous Hypnotic Yes
System
Theobromine 83-67-0 Cardiovascular Bronchodilator
Theophylline 5967-84-0 Cardiovascular Bronchodilator Yes
monohydrate
Thiamine hydrochloride 67-03-8 Immunology Immunostimulant Yes
Thiamphenicol 15318-45-3 Infectiology Antibacterial
Thiethylperazine dimalate 52239-63-1 Central Nervous Antiemetic Yes
System
Thiocolchicoside 602-41-5 Central Nervous Antispastic
System
Thioguanosine 85-31-4 Metabolism Antineoplastic
Thioperamide maleate 106243-16-7 Central Nervous Antiemetic
System
Thioproperazine 2347-80-0 Central Nervous Antiemetic
dimesylate System
Thioridazine 130-61-0 Central Nervous Antipsychotic Yes
hydrochloride System
Thiorphan 76721-89-6 Gastroenterology Antidiarrheal
Thiostrepton 1393-48-2 Infectiology Antibacterial
THIP Hydrochloride 85118-33-8 Central Nervous Sedative
System
Thonzonium bromide 553-08-2 Dermatology Antiseptic Yes
Thyroxine (L) 51-48-9 Endocrinology Antihypothyroid Yes
Tiabendazole 148-79-8 Infectiology Antifungal
Tiapride hydrochloride 51012-33-0 Central Nervous Antiemetic
System
Tiaprofenic acid 33005-95-7 Central Nervous Analgesic
System
Tibolone 5630-53-5 Endocrinology
Ticarcillin sodium 74682-62-5 Infectiology Antibacterial Yes
Ticlopidine hydrochloride 53885-35-1 Hematology Anticoagulant Yes
Tigecycline 220620-09-7 Infectiology Yes
Timolol maleate salt 26921-17-5 Cardiovascular Antianginal Yes
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Tinidazole 19387-91-8 Infectiology Antiamebic Yes
Tioconazole 65899-73-2 Infectiology Antifungal Yes
Tiratricol, 3,3',5- 51-24-1 Endocrinology Antihypothyroid
triiodothyroacetic acid
Tizanidine hydrochloride 51322-75-9 Metabolism Muscle relaxant Yes
Tobramycin 32986-56-4 Infectiology Antibacterial Yes
Tocainide hydrochloride 71395-14-7 Cardiovascular Anesthetic Yes
Todralazine hydrochloride 3778-76-5 Cardiovascular Antihypertensive
Tolazamide 1156-19-0 Metabolism Antidiabetic Yes
Tolazoline hydrochloride 59-97-2 Cardiovascular Vasodilator Yes
Tolbutamide 64-77-7 Endocrinology Antidiabetic Yes
Tolcapone 134308-13-7 Central Nervous Antiparkinsonian Yes
System
Tolfenamic acid 13710-19-5 Central Nervous Analgesic
System
Tolmetin sodium salt 64490-92-2 Metabolism Anti-inflammatory Yes
dihydrate
Tolnaftate 2398-96-1 Infectiology Antifungal
Tolterodine tartrate 209747-05-7 Neuromuscular Muscle relaxant Yes
Tomoxetine hydrochloride 82248-59-7 Central Nervous Yes
System
Topiramate 97240-79-4 Central Nervous Anticonvulsant Yes
System
Topotecan 123948-87-8 Oncology Antineoplastic Yes
Toremifene 89778-26-7 Endocrinology Antineoplastic Yes
Torsemide 56211-40-6 Cardiovascular Antihypertensive Yes
Tosufloxacin 100490-36-6 Infectiology Antibacterial
hydrochloride
Tracazolate hydrochloride 41094-88-6 Central Nervous Anticonvulsant
System
Tramadol hydrochloride 27203-92-5 Central Nervous Analgesic Yes
System
Tranexamic acid 1197-18-8 Hematology Hemostatic Yes
Tranilast 53902-12-8 Allergology Antiallergic
Tranylcypromine 1986-47-6 Central Nervous Antidepressant Yes
hydrochloride System
Trapidil 15421-84-8 Cardiovascular Vasodilator
Trazodone hydrochloride 25332-39-2 Central Nervous Antidepressant Yes
System
Tremorine 51-73-0 Central Nervous CNS Stimulant
dihydrochloride System
Triamcinolone 124-94-7 Endocrinology Anti-inflammatory Yes
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Triamterene 396-01-0 Metabolism Antihypertensive Yes
Tribenoside 10310-32-4 Cardiovascular
Trichlormethiazide 133-67-5 Cardiovascular Antihypertensive Yes
Triclabendazole 68786-66-3 Infectiology Antihelmintic
Triclosan 3380-34-5 Infectiology Antibacterial Yes
Tridihexethyl chloride 4310-35-4 Neuromuscular Antispastic Yes
Trifluoperazine 440-17-5 Central Nervous Antiemetic Yes
dihydrochloride System
Triflupromazine 1098-60-8 Central Nervous Antiemetic Yes
hydrochloride System
Trifluridine 70-00-8 Metabolism Antiviral Yes
Triflusal 322-79-2 Hematology Anticoagulant
Trihexyphenidyl-D,L 58947-95-8 Central Nervous Antiparkinsonian Yes
Hydrochloride System
Trimebutine 39133-31-8 Neuromuscular Antispastic
Trimeprazine tartrate 4330-99-8 Allergology Antihistaminic Yes
Trimetazidine 13171-25-0 Cardiovascular Antianginal
dihydrochloride
Trimethadione 127-48-0 Central Nervous Anticonvulsant Yes
System
Trimethobenzamide 554-92-7 Central Nervous Antiemetic Yes
hydrochloride System
Trimethoprim 738-70-5 Infectiology Antibacterial Yes
Trimetozine 635-41-6 Central Nervous Sedative
System
Trimipramine maleate salt 521-78-8 Central Nervous Antidepressant Yes
System
Trioxsalen 3902-71-4 Dermatology Yes
Tripelennamine 154-69-8 Allergology Antihistaminic Yes
hydrochloride
Triprolidine hydrochloride 550-70-9 Allergology Antihistaminic Yes
Troglitazone 97322-87-7 Metabolism Antidiabetic Yes
Troleandomycin 2751-09-9 Infectiology Antibacterial Yes
Trolox 53188-07-1 Metabolism Anti-oxidant
Tropicamide 1508-75-4 Neuromuscular Mydriatic Yes
Tropisetron hydrochloride 105826-92-4 Central Nervous Antiemetic
System
Troxipide 99777-81-8 Metabolism Antiulcer
Tulobuterol 41570-61-0 Respiratory Bronchodilator
Tylosin 1401-69-0 Infectiology Antibacterial
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Tyloxapol 25301-02-4 Respiratory Mucolytic Yes
Ubenimex 58970-76-6 Oncology Antineoplastic
Urapidil hydrochloride 64887-14-5 Cardiovascular Antihypertensive
Urosiol 128-13-2 Metabolism
Valacyclovir 124832-27-5 Infectiology Antiviral Yes
hydrochloride
Valdecoxib 181695-72-7 Metabolism Antiarthritic Yes
Valproic acid 99-66-1 Central Nervous Anticonvulsant Yes
System
Valsartan 137862-53-4 Cardiovascular Vasodilator Yes
Vancomycin 1404-93-9 Infectiology Antibacterial Yes
hydrochloride
Vardenafil 224785-90-4 Cardiovascular Erectile dysfunction Yes
treatment
Vatalanib 212141-54-3 Oncology Antineoplastic
Vecuronium bromide 50700-72-6 Metabolism Muscle relaxant Yes
Venlafaxine 93413-69-5 Central Nervous Antidepressant Yes
System
Verapamil hydrochloride 152-11-4 Cardiovascular Antihypertensive Yes
Vidarabine 5536-17-4 Metabolism Antiviral Yes
Vigabatrin hydrochloride 1391054-02-6 Central Nervous Anticonvulsant Yes
System
Viloxazine hydrochloride 35604-67-2 Central Nervous Antidepressant
System
Vincamine 1617-90-9 Central Nervous CNS Stimulant
System
Vinpocetine 42971-09-5 Cardiovascular CNS Stimulant
Viomycin sulfate 37883-00-4 Infectiology Antibacterial Yes
Voriconazole 137234-62-9 Infectiology Antifungal Yes
Vorinostat 149647-78-9 Oncology Antineoplastic Yes
Warfarin 81-81-2 Hematology Anticoagulant Yes
Xamoterol hemifumarate 73210-73-8 Cardiovascular
Xylazine 7361-61-7 Central Nervous Analgesic
System
Xylometazoline 1218-35-5 Cardiovascular Nasal
hydrochloride Decongestant
Yohimbine hydrochloride 65-19-0 Cardiovascular Erectile dysfunction
treatment
Zafirlukast 107753-78-6 Respiratory Antiasthmatic Yes
Zalcitabine 7481-89-2 Metabolism Antiviral Yes
Zaleplon 151319-34-5 Central Nervous Hypnotic Yes

System
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Zaprinast 37762-06-4 Cardiovascular Erectile dysfunction
treatment
Zardaverine 101975-10-4 Respiratory Bronchodilator
Zidovudine, AZT 30516-87-1 Infectiology Antiviral Yes
Zileuton 111406-87-2 Respiratory Antiasthmatic Yes
Zimelidine 61129-30-4 Central Nervous Antidepressant
dihydrochloride System
monohydrate
Ziprasidone 138982-67-9 Central Nervous Antipsychotic Yes
Hydrochloride System
Zoledronic acid hydrate 165800-06-6 Oncology Antiosteoporetic Yes
Zolmitriptan 139264-17-8 Central Nervous Yes
System
Zomepirac sodium salt 64092-48-4 Metabolism Anti-inflammatory
Zonisamide 68291-97-4 Central Nervous Anticonvulsant Yes
System
Zopiclone 43200-80-2 Central Nervous Hypnotic Yes
System
Zotepine 26615-21-4 Central Nervous Antipsychotic
System
Zoxazolamine 61-80-3 Metabolism Antigout
Zuclopenthixol 633-59-0 Central Nervous Antipsychotic

dihydrochloride

System
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6. Melanoma Drug Library (MDL)

Name Target Pathway
Selumetinib (AZD6244) MEK MAPK
Panobinostat (LBH589) HDAC Epigenetics

PD0325901 MEK MAPK
Vorinostat (SAHA, MK0683) Autophagy,HDAC Epigenetics
Entinostat (MS-275) HDAC Epigenetics
Crizotinib (PF-02341066) ALK,c-Met Protein Tyrosine Kinase
Belinostat (PXD101) HDAC Epigenetics
Danusertib (PHA-739358) Aurora Kinase,Bcr-Abl,c- Cell Cycle
RET,FGFR
Mocetinostat (MGCDO0103) HDAC Epigenetics
PLX-4720 Raf MAPK
BX-795 IkB/IKK,PDK PI3K/Akt/mTOR
Ruxolitinib (INCB018424) JAK JAK/STAT
Adavosertib  (MK-1775) Wee1 Cell Cycle
AZD7762 Chk Cell Cycle
Fasudil (HA-1077) HCI Autophagy,ROCK Cell Cycle

Verteporfin VDA, Hippo pathway Angiogenesis
RAF265 (CHIR-265) Raf VEGFR MAPK
BGJ398 (NVP-BGJ398|Infigratinib) FGFR Angiogenesis
Volasertib (Bl 6727) PLK Cell Cycle
Buparlisib (BKM120, NVP-BKM120) PI3K PI3K/Akt/mTOR
Imatinib (STI571) PDGFR Protein Tyrosine Kinase
TAK-733 MEK MAPK
CHIR-124 Chk Cell Cycle
Tofacitinib (CP-690550,Tasocitinib) JAK JAK/STAT
TAE226 (NVP-TAE226) FAK Angiogenesis
PF-562271 FAK Angiogenesis
Abemaciclib CDK Cell Cycle
Ceritinib (LDK378) ALK Protein Tyrosine Kinase
(+)-JQ1 Epigenetic Reader Epigenetics
Domain
MLN2480 Raf MAPK
XL888 HSP (e.g. HSP90) Cytoskeletal Signaling
TAK-632 Raf MAPK
EHop-016 Rho Cell Cycle
OTX015 Epigenetic Reader Epigenetics
Domain
Sorafenib Raf MAPK
Ribociclib (LEE011) CDK Cell Cycle
EHT 1864 2HCI Rho Cell Cycle
Uprosertib (GSK2141795) Akt PI3K/Akt/mTOR
GSK269962A HCI ROCK Cell Cycle
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AZD6738 ATM/ATR PI3K/Akt/mTOR
CCT196969 Raf,Src MAPK
Itacitinib (INCB39110) JAK JAK/ISTAT
Ulixertinib (BVD-523, VRT752271) ERK MAPK

Entrectinib (RXDX-101)

Trk receptor, ALK

Protein Tyrosine Kinase

NSC 23766 Rho Cell Cycle
ASP3026 ALK Protein Tyrosine Kinase
Tucidinostat (Chidamide) HDAC Epigenetics
LXH254 Raf MAPK
Belvarafenib(GDC5573, HM95573, Raf MAPK
RG6185)
CCG-222740 Rho Cell Cycle
9-ing-41 GSK-3 PI3K/Akt/mTOR
UNC2025 FLT3 Protein Tyrosine Kinase

Larotrectinib

Trk receptor

Protein Tyrosine Kinase

Obatoclax (GX15-070)

Bcl-2

Apoptosis
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