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Abstract 
 

Mutations in the KRAS gene are associated with approximately 15% of all human cancers. 

This makes it one of the most frequently mutated oncogenes known. Whilst recent 

breakthroughs in Ras drug discovery have led to the FDA approval of the first direct and 

covalent inhibitor of the KRAS-G12C mutant, the majority of KRAS driven cancers are not 

G12C mutated. Furthermore, recent studies have identified resistance mechanisms against 

the new inhibitors. Consequently, research into other direct and indirect Ras inhibition 

strategies, as well as synergistic drug combination efforts are being vigorously pursued. 

In the first part of this thesis, I describe my contributions to the development and 

characterization of novel PDE6D inhibitors with activity against KRAS driven cancers. PDE6D 

is a trafficking chaperone of K-Ras that facilitates its dynamic localization to the plasma 

membrane. Although some progress had been made in identifying lead drug candidates 

against this protein, an Arl2 dependent PDE6D cargo ejection mechanism continues to 

hamper progress. We describe the development of Deltaflexin 1 and Deltaflexin 2, into 

which we engineered a ‘molecular spring’ to improve resilience to Arl2 ejection of PDE6D 

cargo. We show that these compounds selectively inhibit K-Ras membrane organization and 

exhibited K-Ras selective anti-proliferative effects against cancer cell lines from colon and 

breast tissues whilst blocking the 3D spheroid growth of lung and breast cancer cell lines.  

In the second part, I describe my main project, the identification of a novel covalent inhibitor 

of calmodulin (CaM) with anti-cancer activity in K-Ras mutated cancers named 

Calmirasone1. A relevance of the K-Ras/ CaM interaction for the promotion of cancer cell 

stemness has been previously suggested. We previously showed that the natural product 

Ophiobolin A (OphA) blocked K-Ras membrane organization in a CaM dependent manner 

and cancer cell spheroid formation. However, because of the broad toxicity of OphA, its 

suitability as a tool compound to further study this K-Ras/CaM associated stemness properties 

is limited. We have therefore characterized a set of benzazulenones with distant chemical 

similarity to OphA in a battery of assays. We identified Calmirasone1 which exhibits improved 

CaM affinity and a significantly lower unspecific toxicity relative to OphA. Furthermore, 

Calmirasone1 selectively blocked K-Ras membrane organization and inhibited the 3D 

spheroid growth of K-Ras dependent cancer cell lines. 

In the third part of this thesis, I assessed the synergistic potential of targeting CaM and protein 

phosphatase 2A (PP2A) in Ras-MAPK dependent cancer cell lines. PP2A is a tumor 

suppressor that catalyze the dephosphorylation of multiple targets in the cell. Using specific 
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CaM inhibitors and PP2A agonists as well as the already clinically approved phenothiazines 

(PTZs), our results from this study suggests that synergistic targeting of CaM and PP2A 

improves anti-cancer effects and that PTZs combine CaM inhibitory and PP2A re-activating 

properties in their cancer killing activity. 
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1. INTRODUCTION 
 

Cancer is the second leading cause of death globally, in 2020, 19.3 million new cases and almost 

10 million deaths were estimated for the disease (Sung et al., 2021). The global burden of cancer 

is projected to continue to increase due to factors such as lifestyle changes, increased life 

expectancy and an increasingly aging population (Sung et al., 2021). With over 70% of cancer 

mortalities occurring in developing countries whose healthcare systems are often overstretched, 

the need for innovative approaches to cancer treatment is without question.  

Half a century of research in molecular oncology has led researchers to identify many of the 

genetic alterations that are implicated in cancer development, chief among these being the 

transformation of proto-onocogenes into onocogenes and the blockade of tumor suppressor gene 

activity. Several hallmark features of cancer have been extensively characterized (Hanahan and 

Weinberg, 2011). This deeper understanding of the disease has led to a surge in the development 

of targeted therapeutics aimed at the onco-proteins such as the BCR-Abl oncofusion Kinase 

(Gleevec), B-Raf (Sorafenib, Zelboraf), EGFR (Erlotinib) etc. Unfortunately, some oncogenic 

proteins such as Ras have remained elusive to direct therapeutic intervention.  

Ras proteins were among the earliest identified oncogenes. These proteins have been implicated 

in approximately 19% of all human solid tumors thus making them the most frequently mutated 

oncogenes in cancer (Prior et al., 2020). After almost 40 years of intense research, recent 

breakthroughs have led to the clinical development of the first direct and covalent inhibitors of the 

K-RasG12C mutant of which Amgen’s molecule, sotorasib recently received FDA approval 

(Moore et al., 2020, Amgen, 2021). Importantly, whilst this represents a major breakthrough in 

Ras drug development, the majority of K-Ras driven cancers are not G12C mutated. Furthermore, 

recent studies have identified resistance mechanisms against these new inhibitors (Tanaka et al., 

2021). Hence, research into other direct and indirect Ras inhibition strategies as well as 

synergistic drug combinations are being vigorously pursued. 

In the first part of this thesis, we developed and characterized novel PDE6D inhibitors with activity 

against K-Ras driven cancers. PDE6D is a trafficking chaperone of K-Ras that facilitates its 

dynamic localization to the plasma membrane (Chandra et al., 2011). Although some progress 

had been made in identifying early leads against this protein, an Arl2 dependent PDE6D cargo 

ejection mechanism continues to hamper progress in efforts to develop viable drug candidates 

(Martin-Gago et al., 2017). To this end, we developed and evaluated novel PDE6D inhibitors with 

a different design principle across a number of cellular and biochemical assays for their K-Ras 

mediated anti-cancer activities. 
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In the second part of this thesis, we characterized novel covalent inhibitors of CaM that are able 

to disrupt the K-Ras/CaM interaction in cells. Recent evidence suggests that K-Ras interacts with 

CaM to promote cancer cell stemness by suppressing non canonical frizzled-8 mediated Wnt 

signaling (Wang et al., 2015b). Indeed, CaM has been recently identified as a bona fide chaperone 

protein able to facilitate the dynamic distribution of K-Ras alongside PDE6D (Grant et al., 2020b, 

Agamasu et al., 2019, Chandra et al., 2011). Ser181 of K-Ras plays an important role in this 

interaction since phosphorylation of this residue by treatment with prostratin compromises K-Ras 

binding to CaM and suppressed K-Ras mediated tumorigenicity (Wang et al., 2015b). Also, 

Ophiobolin A (OphA), a covalent inhibitor of CaM was shown to block K-Ras nanoclustering and 

sphere formation in K-Ras mutated cancer cell lines (Najumudeen et al., 2016). However, OphA 

exhibits unspecific toxicity against numerous targets. Hence, our goal here was to develop OphA-

like compounds with improves CaM specific activity and cellular activity against K-Ras driven 

cancers.  

In the third part of this thesis, we assessed the synergistic potential of targeting Ras mediated 

pathways through the combination of CaM inhibitors and Protein phosphatase 2α (PP2A) 

reactivation. PP2A is a tumor suppressor that catalyze the dephosphorylation of multiple targets 

in cells, the activity of PP2A is down-regulated in many cancers (Sangodkar et al., 2016). Previous 

reports have indicated that PP2A reactivation blocks the growth of Ras driven cancers (Kauko et 

al., 2018). To this end, we explore the synergistic potential of blocking both CaM and re-activing 

PP2A. We assessed phenothiazines, a class of antipsychotic drugs as well as single agent CaM 

inhibitors and PP2A agonists in a panel of cells lines within this study. 

Conclusively, the findings of our PDE6D study have formed the basis for the development of third 

generation PDE6D inhibitors. From the CaM study, a new tool compound Calmirasone1 has been 

identified which can be applied in unravelling K-Ras/CaM associated cancer stemness 

characteristics in subsequent studies. Furthermore, our results from the synergism study suggest 

that phenothiazines can integrate the synergistic activities of CaM inhibition and PP2A activation. 

Importantly, during the course of this thesis, we developed a new highly sensitive live-cell BRET 

based compound screening assay for the identification and characterization of Ras isoform 

specific protein-protein interaction (PPI) disrupting small molecules.
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1.1 Ras Small GTPases 
 
Small guanosine triphosphatases (GTPases) are a group of proteins defined by their ability to 

bind GTP and hydrolyze it into GDP, the so-called GTP/GDP cycle (Bourne et al., 1991). 

Whilst small GTPases are biochemically and functionally similar to the α-subunit of 

heterotrimeric G proteins, they differ from G-proteins due to their ability to function as 

monomeric units (Claing, 2013). A total of 167 members of the small GTPase family have 

been identified in humans till date (Figure 1), these proteins are subdivided on the basis of 

sequence and functional similarities into five families consisting of 39 Ras proteins, 30 Arf 

proteins, 22 Rho proteins, 65 Rab proteins, 1 Ran protein and 7 unclassified proteins (Figure 
1) (Rojas et al., 2012, Liu et al., 2017). 

 
Figure 1. Phylogeny of the Ras Small GTPase Super-family. Adapted from (Qu et al., 2019) 

 
The Ras family members were the first to be identified in this superfamily. They function primarily 

as signaling nodes that mediate cellular responses to many extracellular stimuli and are known 

to regulate cellular differentiation, proliferation, morphology and apoptosis through interactions 

with a variety of downstream effectors, some of the best known proteins in the Ras family are K-

Ras, H-Ras and N-Ras (Karnoub and Weinberg, 2008). Rho family members are known for their 

central role in actin cytoskeletal remodeling and cell polarity. Some well-known and extensively 

studied members of the Rho family include RhoA, Rac1 and Cdc42 (Etienne-Manneville and Hall, 

2002, Hall, 1998). The Rab family is the largest in the Ras superfamily in humans, they are best 
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known for their role in vesicle formation, movement and fusion as well as vesicular cargo 

trafficking (Pereira-Leal and Seabra, 2001, Segev, 2001). The 30 member-strong Arf family in 

addition to facilitating the bi-directional vesicular trafficking of cargo also modulate lipid membrane 

composition, ciliogenesis, energy metabolism and transcriptional regulation (Donaldson and 

Jackson, 2011, Sztul et al., 2019). The Ran protein is the only member of its family, this protein 

is present in all eukaryotes and plays a key role in nuclear transport (Weis, 2003). Importantly, 

Ran acts as a positional marker of the genome to regulate multiple aspects of the eukaryotic cell 

cycle (Weis, 2003). 

1.1.1 Ras protein structure 
Four (4) ubiquitously expressed Ras isoforms derive from three (3) distinct Ras genes in humans. 

The HRAS gene encodes H-Ras protein, NRAS encodes N-Ras protein and the KRAS gene 

encodes two alternative splice variant proteins K-Ras4a and K-Ras4b (Ahearn et al., 2018). 

These proteins show a high degree of sequence identity (between 82-90% amino acid sequence 

homology). However, only the first 82 amino acids of all 4 Ras isoforms exhibit 100% sequence 

homology (Ahearn et al., 2018). This structural region contains the G – domain which is involved 

in GTP binding/hydrolysis as well as the switch I (residues 32-38) and switch II (residues 60-75) 

regions that serve as allosteric determinants of Ras effector binding (Vetter and Wittinghofer, 

2001). Whilst the majority of the sequence divergence of Ras proteins reside in the hypervariable 

region (HVR), a second level of sequence variation exists from amino acids 86-166 (Zhou et al., 

2016). This region which has a 78% sequence identity has been shown to contain the allosteric 

functionality that plays an important role in S II conformation, membrane orientation and the 

formation of nanoclusters which in turn regulates effector utilization (Parker and Mattos, 2015, 

Abankwa et al., 2010). Indeed, a third previously unknown switch region (Switch III) which 

comprises of the β2-β3-loop and helix α5 was identified by Abankwa et al., (Abankwa et al., 

2008b).` This novel region was also found to play a role in defining the membrane orientation of 

Ras proteins (Abankwa and Gorfe, 2020). Upon GTP-binding, Switch III undergoes structural 

rearrangements that leads to an alternative engagement of the helix α4, two basic residues on 

helix α4 then contact membrane lipids leading to the reorientation of the G-domain (Abankwa et 

al., 2008b). Finally, the HVR consist of roughly 20 amino acids that vary significantly across all 

Ras isoforms (Figure 2). The HVR is essential for the membrane targeting and prenylation of the 

various Ras proteins (Hobbs et al., 2016). Indeed the sequence variation on the HVR of Ras 

proteins defines differential post-translational modification and lipidation (Ahearn et al., 2018). 

Both K-Ras splice variants have polybasic sequences which in addition to farnesylation (K-Ras4b) 

and a further palmitoylation (K-Ras4a) facilitates membrane 
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anchorage (Gelabert-Baldrich et al., 2014). In the case of H-Ras and N-Ras, two and one 

palmitoyl groups are respectively acquired in addition to the farnesylation at the HVR (Ahearn et 

al., 2018).  

 

 
Figure 2. Ras protein structural diversity 

Ras proteins have an 82-90% sequence homology in the sequence of the first 165 amino acids. 
This so called G-domain is responsible for their nucleotide binding and effector engagement 
functionalities. Ras isoforms differ mostly in the amino acid sequence of their hypervariable 
region (HVR). This stretch of 24-25 amino acids directs Ras membrane targeting and post 
translational lipidation.  

 
1.1.2 Ras post-translational modification 
Upon cytosolic biosynthesis, Ras proteins and indeed all GTPases containing the CAAX motif are 

processed by three enzymes; first farnesyl transferase (FTase) catalyses the irreversible 

farnesylation of the cysteine of the CAAX motif. In the case of K-Ras and N-Ras, an alternative 

prenylation by genarylgenaryl transferase-1 (GGTase 1) is possible (Whyte et al., 1997). Once 

prenylated, Ras proteins are targeted to the surface of the endoplasmic reticulum where the Ras-

converting enzyme 1 (RCE1) and isoprenylcysteine carboxylmethyltransferase (ICMT) catalyzes 

respectively the cleavage of AAX and carboxymethylation of the cysteine residue (Ahearn et al., 

2018, Boyartchuk et al., 1997, Gutierrez et al., 1989). At this point, the CAAX processing and the 

polybasic lysine residues on the HVR of K-Ras4b is sufficient for membrane targeting by active 

transport with the support of trafficking  chaperone (Hancock et al., 1990).
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N-Ras, H-Ras and K-Ras4a undergoes additional processing by the palmitoylation of additional 

cysteine residues upstream of the CAAX cysteine; Cys181 for N-Ras, Cys181 and 184 for H-Ras 

and Cys180 of K-Ras4a (Apolloni et al., 2000, Laude and Prior, 2008). This reversible process is 

catalyzed by the DHHC family of palmitoyl acyl transferases (PATs), palmitoylation of Cys181 of 

N-Ras and H-Ras directs sorting from the Golgi apparatus to the recycling endosomes, a 

necessity for subsequent trafficking to exocytic vesicles destined for the plasma membrane 

(Figure 3) (Apolloni et al., 2000, Laude and Prior, 2008). 

 
Figure 3. Differential Ras post-translational modification dictates membrane targeting 
Newly synthesized Ras proteins undergo a series of enzymatic processing at various 
subcellular locations including the cytosol, endoplasmic reticulum, and Golgi before membrane 
localization. Farnesyl transferase, Ras converting enzyme and isoprenylcysteine 
carboxylmethyltransferase respectively catalyse the farnesylation, AAX cleavage and carboxy 
methylation of Ras proteins. Carboxymethylated and farnesylated K-Ras4b is actively 
transported to the plasma membrane via the recycling endosomes, the trafficking chaperones 
PDE6D and CaM are known to play a role in modulating K-Ras membrane localization and 
dynamic distribution. Further processing of the other Ras isoforms N-ras, K-Ras4A and H-Ras 
on the Golgi enhance their respective membrane targeting via the vesicular transport system. 

In addition to the differential palmitoylation of Ras proteins due to their HVR structural variation, 

Ras proteins undergo a series of additional post-translational modifications on the G-domain 

(Glucosylation, Sumolyation, ADP-Ribosylation, Acetylation, Ubiquitination and Nitrosylation) 

(Baker et al., 2013, Yang et al., 2012, Williams et al., 2003, Herrmann et al., 1998). 
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Phosphorylation of the G-domain has also been reported (e.g Y32 Y64 and Y137) (Bunda et al., 

2014). Whilst the HVR can undergo phosphorylation and cis-trans isomerization (Ahearn et al., 

2018). Ubiquitination have also been found to be another level of differential Ras protein post-

translational modification (Hobbs et al., 2016). The mono and/or di-ubiquitination of H-Ras was 

shown to facilitate its internalization into endo-membranes thus limiting H-Ras mediated Raf 

effector engagement (Jura et al., 2006). Importantly, H-Ras ubiquitination on K117 accelerates 

nucleotide exchange and activation (Baker et al., 2013). N-Ras as well as K-Ras4b are also 

mono/di-ubiquitinated whilst the mono-ubiquitination of K-Ras4b at K147 was shown to increase 

effector engagement without enhancing K-Ras4b subcellular localization, the ubiquitination 

deficient K-RasG12V exhibited reduced oncogenic activity (Sasaki et al., 2011). Following the 

present evidence, it is plausible to posit that the differential ubiquitination of Ras proteins distinctly 

affect the Ras isoforms which may result in unique functional consequences. Finally, acetylation 

is another PTM that occurs at K104 of K-Ras4b, this modification is proposed to disrupt SII 

conformation, GEF-mediated activation and the reduction of effector activation and oncogenic 

potential (Yang et al., 2012). So far, acetylation has only been documented for K-Ras (Yang et 

al., 2012). It therefore remains to be seen if a similar process occurs with the other Ras isoforms.  

1.1.3 Ras membrane interaction and cellular localization 
The presence of polybasic groups and palmitoyl lipid groups on Ras proteins enables reversible 

interactions with the plasma membrane and facilitates dynamic associations with a number of 

subcellular compartments (Prior and Hancock, 2012). K-Ras exhibits a short residency on the PM 

(a few minutes) and the net negative charge of the PM is responsible for the accumulation of K-

Ras on its surface (Prior and Hancock, 2012). A consequence of this short residency is the 

apparent absence of an intrinsic capacity for K-Ras to be trafficked by classic membrane carriers 

(Misaki et al., 2010). Palmtoylated Ras proteins on the other hand associate more stably with the 

PM and are thus trafficked post-Golgi association via membrane carriers like the recycling 

endosomes to the PM (Misaki et al., 2010).  

In addition to plasma membrane and ER/Golgi complex localization, a number of other subcellular 

compartments accessible to Ras proteins have been identified (Prior and Hancock, 2012, Bivona 

et al., 2006). The recycling endosomes which plays a critical role in endocytosis and growth factor 

signaling as well as mitochondrial localization of K-Ras which triggers apoptosis upon PKC 

mediated S181 phosphorylation are well established alternative point of K-Ras localization (Prior 

and Hancock, 2012, Bivona et al., 2006). Importantly, recent studies have established the central 

role of Ras chaperone proteins particularly the delta subunit of phosphodiesterase 6 (PDE6D) 

and the master calcium signal regulatory protein CaM in promoting K-Ras reversible translocation 
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between the subcellular space and plasma membrane (Chandra et al., 2011, Sperlich et al., 2016, 

Agamasu et al., 2019, Grant et al., 2020b).  

1.1.4 Ras nanoclustering 
Ras anchorage to the plasma membrane is pre-requisite for effector engagement and 

downstream signaling. The HVR is responsible for directing this membrane localization (Abankwa 

et al., 2008a). Ras proteins form distinct non-random proteo-lipid clusters on the PM called 

nanoclusters (Figure 4) (Prior et al., 2003). The membrane raft hypothesis evidenced by the work 

of the Hancock group established some critical hallmark features of Ras nanoclusters namely 

that; (1) Ras isoforms segregate laterally into distinct dynamic nanoclusters potentiated by their 

intrinsic HVR differences. (2) The nanoclusters have a 9nm radius containing up to 7 Ras proteins 

per cluster. (3) Ras nanoclusters have an average lifetime that vary between 0.1 s and 1 s in its 

inactive and active states respectively and that (4) approximately 40% of Ras proteins are 

immobilized nanoclusters whilst the remaining proteins freely diffuse as monomeric units 

(Abankwa and Gorfe, 2020).  

 
Figure 4. Ras proteins form distinct nanoclusters.  
Ras isoforms form distinct proteo-lipid nanoclusters which facilitates isoform specific 
downstream signaling. Various proteins such as galectin-3 and galectin-1 have been reported 
to facilitate the K-Raf/Raf and H-Ras/Raf interface respectively. 

 

Ras nanoclusters are required for the recruitment and activation of Ras effectors such as Raf 

proteins. In fact, previous studies showed that Ras monomeric units fail to activate Raf and 

various Ras dependent signaling networks (Plowman et al., 2008). Thus, proteins such as 

galectin-3 and galectin-1 which are known to be important for the respective nanoclustering of K-
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RasG12V and H-RasG12V have emerged as attractive drug targeting strategies in Ras driven 

cancers (Shalom-Feuerstein et al., 2008, Blazevits et al., 2016, Abankwa and Gorfe, 2020). 
1.1.5 Cellular Ras activation, signaling and effector engagement 
Ras proteins signal downstream of the receptor tyrosine kinases (RTKs) to facilitate key signaling 

pathways such as the Ras-MAPK-ERK pathway, the PI3K-AKT-mTORC1 pathway as well as the 

less characterized RalGDS signaling pathway (Figure 6). In normal cells, these pathways are 

important in controlling critical functions such as growth, proliferation and survival (Downward, 

2003, Neel et al., 2011).  

The first step in “normal” Ras signaling involves the binding of extracellular growth ligands to a 

group of transmembrane RTKs e.g the epidermal growth factor receptor (EGFR), fibroblast growth 

factor receptors (FGFR) or platelet derived growth factor receptors (PDGR). Binding of RTKs to 

these ligands induces receptor dimerization and phosphorylation (Downward, 2003). The 

autophosphorylated intracellular domain of the RTKs then binds to the SH2 domain of an adaptor 

protein called growth-factor-receptor-bound protein 2 (GRB2). GRB2 through its SH3 domain 

recruits the guanine nucleotide exchange factor (GEF) son of sevenless (SOS) (Downward, 

2003). Because Ras small GTPases can only elicit downstream signaling in their GTP bound 

form, the replacement of GDP with GTP serves as a binary switching mechanism for the 

regulation of cellular growth signals (Hennig et al., 2015). Upon binding to GTP, Ras proteins 

undergo significant conformational changes that facilitates effector recruitment for subsequent 

downstream signaling (Wennerberg et al., 2005). Importantly, after effector recruitment, GTP is 

hydrolysed by Ras proteins via their intrinsic GTPase activity and the action of GTPase activating 

proteins (GAPs) that enhances the intrinsic GTPase activity of Ras proteins (e.g neurofibromin 1 

aka NF1). By this means, Ras proteins are able to cycle between an “on” and “off” state dictated 

by its nucleotide binding status (Figure 5) (Hennig et al., 2015). 

 

1.1.5.1 RAS/MAPK signaling pathway 
Canonical MAPK signaling (also called the Ras-Raf-MEK-ERK signaling pathway) is central to 

cellular processes such as proliferation, differentiation, apoptosis, angiogenesis etc. (Guo et al., 

2020). In this cascade of events involving several mitogen activated protein kinases (MAPKs), 

GTP-bound Ras promotes Raf dimerization and phosphorylation, this induces Raf kinase activity 

which is crucial for the phosphorylation of Raf substrates MEK1 and MEK2 (Nussinov et al., 2020). 

Raf kinase domain dimerization is pre-requisite for full activation of Raf (Zhang et al., 2021, 

Rajakulendran et al., 2009). Like most other kinases, wild-type Raf proteins remain mostly in a 

guarded auto-inhibitory state via a mechanism that protects against unregulated activation, 
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signaling and even degradation of Raf proteins by shielding the Raf kinase dimerization surface 

(Nussinov et al., 2020). 14-3-3 proteins are universally expressed regulatory scaffold proteins 

known to be critical for the autoinhibition of Raf proteins (Liau et al., 2020, Zhang et al., 2021). 

Raf proteins contains two 14-3-3 recognition motifs (Kohler and Brummer, 2016). Phosphorylation 

of Ser729 (B-Raf), Ser621 (C-Raf) and Ser582 (A-Raf) on the C-terminal tail is known to promote 

Raf activation (Chong and Guan, 2003, Zhang et al., 2021). Conversely, phosphorylation of 

Ser365 of the B-Raf CR2 loop, Ser259 (C-Raf) and Ser214 (A-Raf) inhibits Raf activation (Chong 

and Guan, 2003, Zhang et al., 2021). Recent evidence from a cryoelectron microscopy study 

confirm that the interaction of 14-3-3 dimers with the two phosphorylation sites keep Raf proteins 

in the auto-inhibited state (Park et al., 2019). 

Following Raf activation, the cascade proceeds with MEK-mediated activation of ERK1 and ERK2 

(Park et al., 2019). ERK serine/threonine kinase activity both phosphorylates a range of nuclear 

transcriptional factors to modulate cellular growth and participate in the negative feedback 

regulation of the entire cascade by phosphorylating upstream components such as SOS or C-Raf 

and by altering transcription of dual specific phosphatase (DUSP) family as well as the sprouty 

(SPRY) family of proteins (Owens and Keyse, 2007, Lake et al., 2016).  

 

 
Figure 5. Ras binary switching through GEFs and GAPs activity. 

1.1.5.2 The PI3K/AKT signaling pathway 
Another pathway downstream of Ras relevant in the regulation of cell proliferation, differentiation, 

metabolism, migration, mobility and apoptosis is the PI3K/AKT/mTOR signaling pathway. 
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Dysfunctional PI3K/AKT signaling is generally considered a hallmark cancer feature (Thorpe et 

al., 2015). Through the activity of phosphatidylinositol-4-5-bisphophate-3-kinases (PI3Ks), protein 

kinase B (AKT) and eventually the mechanistic target of rapamycin (mTOR) is activated via a 

series of phosphorylation events. Upon activation, PI3K phosphorylates membrane bound PIP2, 

converting it to PIP3 to activate the signaling cascade. PIP3 acts as a secondary lipid messenger 

that recruits both AKT and its serine/threonine kinase activator PDK1 to the plasma membrane 

through direct binding to their PH domains resulting in the consequent downstream signaling 

pathway (Zhang et al., 2019, Castellano and Downward, 2011). The phosphatase tumor 

suppressor and tensin homolog (PTEN) dephosphorylates PIP3 to PIP2 thus terminating the 

signal and completing the cycle (Castellano and Downward, 2011). PI3K-AKT signaling promotes 

growth and survival via many mechanisms including the inhibition of pro-apoptotic Bcl-2 family 

members BAD and BAX as well as the negative regulation of the transcriptional factor NF-kB 

which results in transcription of pro-survival and anti-apoptotic genes (Engelman et al., 2006, 

Duronio, 2008). AKT also phosphorylates TSC2 thus inhibiting the TSC1/TSC2-mediated 

inhibition of Rheb GTPases which are essential for the activation of the mammalian target of 

rapamycin (mTOR). The mTORC1/mTORC2 protein complexes are important in regulation 

various anabolic processes such as ribosome biogenesis, protein biosynthesis, nutrient uptake 

and autophagy. Importantly, mTOR signaling plays a significant role in the development of age-

related diseases such as neuropathies and cancer (Cornu et al., 2013). 

 

1.1.5.3 The RalGDS pathway 
The least understood Ras effector signaling pathway is the Ras-like (Ral) guanine dissociation 

stimulus (RalGDS) pathway (Figure 6). Similar to Ras proteins (46-51% sequence homology), 

the two Ral proteins (RalA and RalB) can interact with multiple downstream effectors when GTP-

bound (Neel et al., 2011). Ral proteins through the 2 components of the octameric exocyst 

complex Sec5 and Exo84 regulate cellular exocytosis (Wu et al., 2008). This exocyst function 

facilitates movement and tethering of post-Golgi secretory vesicles to the plasma membrane 

before exocytic fusion. Indeed, this exocytic function has been implicated in a number of cancer 

associated cellular processes such as cell migration and tumor cell invasion (Spiczka and 

Yeaman, 2008). 

Additionally, RalGDS and/or Ral activation is involved in Ras-mediated activation of various 

transcriptional factors including the phosphorylation and activation of c-Jun through JNK MAPK 

activation, ATF2 and STAT3 through Src tyrosine kinase activation (de Ruiter et al., 2000, Okan 

et al., 2001, Goi et al., 2000). 
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Figure 6. Ras signaling and effector engagement. 

Schematic diagram showing 3 major signaling pathways downstream of Ras activation. 
Membrane bound Ras-GTP facilitates the recruitment of downstream effectors Raf, PI3K and 
RalGDS for the respective activation of the MAPK, PI3K/AKT and RalGDS signaling cascades 
that collectively regulate cellular functions like proliferation, differentiation, growth, survival and 
exocytosis. 
 

 

Although the Ral-mediated effector signals that regulates these transcriptional factor activation 

remains sparsely known, Ral-mediated activation of NF-kB has been sufficiently investigated and 

was shown to be regulated by Sec5 and not Ral binding protein 1 (RalBP1) (Henry et al., 2000). 

Activated RalB facilitates the interaction of Sec5 with the TANK-binding Kinase 1 (TBK1), an 

atypical IkappaB Kinase (IKK) (Chien et al., 2006). The recruitment of TBK1 then results in an 

increase in TBK1 catalytic activity including the direct phosphorylation and promotion of the 

nuclear localization and activation of NF-kB (Harris et al., 2006).
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1.2 K-Ras in Human Disease 
1.2.1 The role of Ras proteins in dysfunctional development 
Due to the extensive amount of research data collected in over 4 decades, the relevance of normal 

Ras functioning for healthy embryonic development and the avoidance of a range of malignancies 

in adult life is now clearly established. Whilst somatic Ras mutations and/or other Ras pathway 

protein mutations lead to a wide range of cancers (Figure 7). Germline mutations in critical  

 
Figure 7. Dysfunctional Ras signaling in Cancer. 

components of the Ras-MAPK pathway often result in a number of inherited developmental 

disease called RASopathies (Rauen, 2013). Although each RASopathy consist of unique 

phenotypic elements, these syndromes bear many overlapping physiological characteristics 

including; craniofacial dysmorphia, cardiovascular abnormalities, cutaneous lesions, cognitive 

and neurological impairments, cardiovascular abnormalities, musculoskeletal abnormalities and 

a greatly elevated risk of developing malignancies (Rauen, 2013). These diseases (Figure 8) 
include; (1) neurofibromatosis type-1 (NF1) syndrome caused by the haplo-insufficiency of 
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neurofibromin, a Ras GAP protein central to inactivation of Ras signaling (Cimino and Gutmann, 

2018); (2) Noonan syndrome (NS) which can be caused by germline mutations in PTPN11, 

SOS1,RAF1, KRAS, BRAF, NRAS, MAP2K1, RIT1, SOS2, LZTR1 and A2ML1(El Bouchikhi et 

al., 2016); (3) Costello syndrome caused by HRAS activating mutations (Aoki et al., 2016); (4) 

Craniofaciocutaneous (CFC) syndromes which is caused by BRAF, MAP2K1/2 and KRAS 

mutations (Aoki et al., 2016); (5) NF1-like syndrome aka Legius syndrome caused by 

haploinsufficiency of SPRED1 (Brems et al., 2007); (6) Noonan-like syndrome caused by Leucine-

rich repeat protein (SHOC-2), a protein that enhances MAP kinase activity by binding and forming 

a complex with Raf-Ras (Li et al., 2000). Noonan-like syndrome can also be caused by CBL 

mutations (Cordeddu et al., 2009, Martinelli et al., 2010); (7) Capillary malformation-arteriovenous 

malformation (CM-AVM) caused by haploinsufficiency of p120 Ras-GAP (RASA1) (Eerola et al., 

2003) and (8) Noonan syndrome with multiple lentigines (NSML) caused by PTPN11 and RAF1 

mutations (Aoki et al., 2016). 

 

 
Figure 8. Rasopathies. 

Schematic illustration depicting the Ras/MAPK signaling pathway and various effector germline 
mutations associated with the development of Rasopathies.  
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Figure 9. Epidemiology of Ras mutations in cancer. 

According to GLOBOCAN, over 18 million cancer cases are reported annually, Ras mutations 
make up about 19% of these cancers with K-Ras, H-Ras and N-Ras mutations having a 76.6%, 
7% and 16.6% of the total Ras mutated cancer burden of 3.4 million (Prior et al., 2020).  

 

The majority of Ras mutated cancers occur in the pancreas (pancreatic ductal adenocarcinomas 

(PDAC)), colon (colorectal cancer (CRC)), lung (lung adenocarcinomas (LUAD)) and skin 

(melanomas) (Moore et al., 2020). Interestingly, various Ras isoforms exhibit tumor tissue-type 

preferences. For instance, PDAC (86%), LUAD (32%) and CRC (41%) are predominantly KRAS 

driven with the G12 mutation also showing a clear prevalence (Figure 10) (Moore et al., 2020). 

NRAS mutations on the other hand accounts for 29% of melanomas with the Q61 codon point 

mutation being the preferred activation mutation in these cancer types (Cancer Genome Atlas, 

2015b). Conversely, H-Ras mutations are more common in head and neck cancers (5%) and 

bladder cancer (4%) albeit at a significantly lower frequency in comparison to K-Ras and N-Ras 

mutation dominated tissue types (Cancer Genome Atlas, 2015a, Robertson et al., 2017).  
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Figure 10. Ras Isoform mutation prevalence and tissue specificity. Adopted from (Moore 
et al., 2020) 

The frequency of Ras isoform mutation and the tissue specificity of the Ras isoform mutation 
prevalence differ across human cancers. The above figure illustrates the tissue distribution and 
mutational frequency of the Ras isoforms in human cancers.  
 

 

For long, evidence of differential and unequal patterns in Ras isoform oncogenicity, patient 

survival data as well as tissue preference has led the Ras research community to posit that Ras 

isoforms exhibit critical differences in their cancer causing abilities (Prior and Hancock, 2012, 

Bournet et al., 2016, Blons et al., 2014, Li et al., 2018). In fact, Prior et al recently proposed that 

the interplay between three main factors determine if conditions are optimal for Ras driven 

oncogenesis and perhaps even explain isoform and tissue specificity namely; (1) Ras gene 

dosage which is defined by relative expression levels and activation states; (2) isoform specific 

signaling and corresponding mutational status and (3) the cellular and tissue context that 

contributes and/or dictates the genetic, epigenetic and proteomic landscape upon which Ras 

networks elicit their signaling effects (Prior et al., 2020). Consistently, unravelling this complex 

interplay will be central in explaining this not fully understood pattern of inequality displayed by 

Ras proteins.  
Evidence for a varied amount of activated Ras protein population (between 30% to 90%) and a 

difference in activation stability depending on the nature of the Ras mutation (i.e whether the 

mutations cause Ras proteins to cycle faster or become GAP-insensitive) coupled with differential 

Ras isoform expression levels (sometimes reaching over 100-fold difference between isoforms 
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and across tissue types), all point to the importance of Ras gene dosage in defining signaling 

capacity difference (Li et al., 2018, Prior et al., 2020, Newlaczyl et al., 2017). These differences 

create a window of permissiveness that is optimal for oncogenic development which may change 

as tumors progress and acquire resistance to therapeutic interventions (Prior et al., 2020). 

Furthermore, the differential localization of Ras proteins within the subcellular space as well as 

their tendencies to form distinct nanoclusters influences their effector engagement patterns (Zhou 

and Hancock, 2015, Abankwa and Gorfe, 2020). For instance, in vitro studies have revealed some 

distinct binding preferences within the Ras-Raf interaction with B-Raf being selective for K-Ras 

engagement whilst C-Raf showed a clear preference for H-Ras binding (Terrell et al., 2019). 

Importantly, Galectin 1 and 3 has been shown to respectively act as accessory proteins within the 

K-Ras/B-Raf and H-Ras/C-Raf interaction interface and therefore plays an important and 

potentially druggable role in the reported isoform specific signaling (Figure 4) (Abankwa and 

Gorfe, 2020). 

1.2.2 K-Ras as a driver of cancer cell stemness 
First proposed over 40 years ago, the cancer stem cell (CSC) theory states that a small subset of 

the tumor population is responsible for fueling the tumor’s growth and that this CSC population 

often evades classic therapeutic intervention (O'Brien et al., 2007). In practice, the CSC theory 

nicely supports clinical observations, particularly the frequently observed resurgence of tumors 

after initial seemingly successful treatments (Figure 11) (Batlle and Clevers, 2017, Chen et al., 

2012). CSCs possess characteristics of normal stemcells including the capacity for self-renewal 

and differentiation in addition to their ability to initiate tumors. A number of cellular markers such 

as CD24, CD44, CD133 etc. are used to identify and enrich for the CSC sub-population (Yu et 

al., 2012). Similarly, a signaling network involving Wnt/β-catenin, Notch, Hedgehog and 

microRNAs is known to control the CSC phenotype (Yu et al., 2012). CSCs have been identified 

in many cancer types including brain, colorectal, breast and hematological malignancies. 

Consequently, CSC targeting has emerged as a major strategy in cancer drug development (Yang 

et al., 2020).  

A significant body of evidence supports K-Ras as an important player in the promotion of cancer 

stemness signaling pathways such as the sonic hedgehog signaling pathway in PDAC and 

canonical Wnt/β catenin signaling pathway (Gu et al., 2016, Hwang et al., 2020). Similarly, 

Oncogenic K-Ras in colon cancer was shown to enhance embryonic stem (ES) cell-like program 

during colon cancer progression from an adenoma to a carcinoma and also activates CSC 

properties in APC-mutated cells through the MAPK signaling pathway (Le Rolle et al., 2016, Moon 

et al., 2014). In fact, the critical role of Ras-MAPK signaling in stemcells is supported by the fact 
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that embryonic stem cell transformation from their naïve to primed pluripotent state is dependent 

on Ras-MAPK signaling as well as their subsequent proliferation and differentiation during 

embryogenesis (Blair et al., 2011).  

 
Figure 11. Schematic illustration of the CSC model. 

(a) CSCs arise from normal/progenitor cells which undergo and acquire special mutational 
changes that bestows stem-like characteristics such as self-renewal, differentiation and de-
differentiation to a small subset of a tumor population. (b) Failure to target the CSCs 
subpopulation with tradition therapeutic interventions have been proposed to ultimately lead to 
tumor relapse. Hence, the need to develop CSCs targeting drugs in addition to conventional 
therapy is likely to improve clinical outcomes. 
 

In addition, induced pluripotent stem cells (iPSCs) derived from patients with K-RasG13C 

mutations possessed a significantly higher level of stemness marker OCT4 in the heterozygous 

G13C/wt cells as compared to the homozygous wt/wt populations (Kubara et al., 2018). 

Interestingly, another study showed that K-Ras (G12D) mutations exclusively caused the increase 

of the neural stemcell pool in in mouse brain models as similar H-Ras and N-Ras mutations failed 

to do so thus suggesting a differential isoform specific potential in driving the CSC phenotype 

(Bender et al., 2015). Importantly, in support of this differential isoform activity, the McCormick 

group in 2015 showed that K-Ras interacts with CaM to promote cancer cell stemness by 

suppressing non canonical frizzled-8 mediated Wnt signaling (Wang et al., 2015b). Whilst the 

underlying mechanisms of K-Ras driven CSC phenotype promotion is still unclear, a growing body 

of evidence have shown that selective targeting of K-Ras/CaM interaction can be a viable 

therapeutic strategy against CSCs (Wang et al., 2015b, Najumudeen et al., 2016).
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1.3 The K-Ras trafficking chaperone PDE6D 
1.3.1 Biochemistry of PDE6D 
Phosphodiesterases (PDEs) are a broad family of enzymes consisting of 11 isoenzyme groups 

and over 50 subunits that catalyse the hydrolysis of cyclic nucleotides and thus play an important 

role in regulating cellular levels of signaling messengers such as cAMP and cGMP (Boswell-Smith 

et al., 2006). Phosphodiesterase-6 (PDE6) is primarily expressed in photoreceptors where it plays 

a critical role in phototransduction, it consists of the catalytic α and β subunits, an inhibitory γ 

subunit and a non-catalytic δ subunit (Zhang et al., 2015). Phosphodiesterase-6 delta subunit 

(PDE6δ; also known as PDEδ, PrBP/δ and PDE6D) is a 17kDa prenyl binding and solubilizing 

factor for Ras and Rab GTPases (Chandra et al., 2011). Originally first identified as a non-catalytic 

subunit of the photoreceptor PDE6, PDE6D has since been found to be expressed in several 

other tissue types where it is implicated in the regulation of the dynamic distribution of prenylated 

proteins (Dharmaiah et al., 2016). PDE6D consists of a hydrophobic prenyl binding pocket located 

between two β sheets (Figure 12). Consistently, prenylated proteins containing either farnesyl 

(15 carbon) or geranylgeranyl (20 carbon) units bind to the hydrophobic pocket of PDE6D with 

the prenylated groups being able to occupy multiple positions inside the hydrophobic pocket of 

PDE6D (Dharmaiah et al., 2016). PDE6D interacts with farnesylated and carboxymethylated K-

Ras with a binding affinity of 2.3 ± 0.3 μM. Absence of the methyl group significantly decreases 

this affinity (Kd of 82 ± 9 μM) emphasizing the importance of both farnesylation and 

carboxymethylation for the K-Ras/PDE6D interaction (Dharmaiah et al., 2016). Indeed, an 

absence of the methyl group resulted in charge repulsion thus diminishing the hydrophobic 

interactions (Dharmaiah et al., 2016). Conversely, Chandra et al showed that diminishing the 

positive charge on the polybasic region of K-Ras by S181 phosphorylating agent bryostatin-1 

enhanced the hydrophobic interaction and the ability of PDE6D to effectively solubilize K-Ras 

(Chandra et al., 2011). 
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Figure 12. Structure of PDE6D in complex with K-Ras4b. adopted from (Dharmaiah et al., 
2016) 

Structure illustrates GDP-bound K-Ras4b-Fme in complex with PDE6D. The PDE6D, GTPase 
domain and HVR of K-Ras4b are shown in green, cyan and red respectively. The farnesyl chain 
is shown as spheres and colored yellow. The carbon and oxygen atoms of the carboxymethyl 
group are colored magenta and red respectively whilst GDP is shown as a stick and colored 
yellow (carbon) and red (oxygen). 

 

1.3.2 The PDE6D/K-Ras interaction and the modulation of K-Ras 
localization 

Lipid modified small GTPases will diffuse and equilibrate randomly across cellular membranes 

driven by entropy, unless specific transport and delivery systems are available to guide their 

unloading (Chandra et al., 2011). Indeed, cytoplasmic prenyl binding factors have been proposed 

to facilitate the cellular trafficking of K/H/ and N-Ras (Chandra et al., 2011). For K-Ras, PDE6D 

has been identified as a major solubilizing factor able to chaperone K-Ras dynamic distribution to 

the plasma membrane.  

Crystal structure studies on the fully processed K-Ras-PDE6D complex show that the protein-

protein interaction may assume two binding modes (Dharmaiah et al., 2016). In the first form, the 

HVR residues as well as the farnesyl and carboxy-methyl group of K-Ras go deep into the 

hydrophobic pocket of PDE6D whereas in the second crystal form, most of the residues present 

in the HVR were not involved in complexation with PDE6D. It has been suggested that the crystal 

form I is more akin to binding of farnesylated K-Ras to PDE6D whilst the second form is assumed 

when PDE6D binds with the 20-carbon geranyl-geranylated K-Ras (Dharmaiah et al., 2016). 
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Although the carboxymethyl and farnesyl groups of K-Ras are critical to the PDE6D-K-Ras 

interaction, no specific interactions between PDE6D and the G-domain of K-Ras have been 

observed thus indicating that the nucleotide binding state of K-Ras is irrelevant to this interaction 

(Dharmaiah et al., 2016). Because the hydrophobic pocket on PDE6D is too small to 

accommodate additional lipid chains, PDE6D selectively chaperones K-Ras and other mono-

prenylated GTPases trafficking over H-Ras and other GTPase with additional lipid chains 

(Dharmaiah et al., 2016, Schmick et al., 2014, Chandra et al., 2011). This property may explain 

why PDE6D inhibitors selectively disrupt K-Ras nanoclustering and kill K-Ras driven cancers 

(Siddiqui et al., 2020).  

Mechanistically, mislocalized K-Ras and presumably newly synthesized K-Ras proteins are 

sequestered from the endomembranes by PDE6D (Schmick et al., 2014). The solubilized K-Ras 

proteins are then pushed out of the hydrophobic pocket of PDE6D upon GTP- Arl2 mediated 

allosteric changes on PDE6D at the perinuclear area (Ozdemir et al., 2018). Arl-2, actively 

facilitates the release of K-Ras on the perinuclear membranes (Ismail et al., 2011). Upon release 

from PDE6D, the recycling endosomes traps K-Ras into the vesicular transport system mediated 

trafficking to the plasma membranes (Figure 13). Importantly, the Arl2-dependent ejection 

mechanism of PDE6D cargo is also responsible for the rapid ejection of most small molecule 

inhibitors developed against PDE6D including deltarasin and deltazinone (Martin-Gago et al., 

2017). This explains why despite having compounds with remarkable nanomolar in vitro binding 

affinity to PDE6D, the cellular anti-cancer effects of the early generation of PDE6D inhibitors are 

almost a thousand folds lesser (Zimmermann et al., 2013, Papke et al., 2016). Though a new 

generation of PDE6D inhibitors including deltasonamides and Deltaflexins have been developed 

that appear to show improved resistance to the Arl2-mediated ejection, efforts towards developing 

potential clinical candidates for PDE6D inhibition is still in the early stages (Martin-Gago et al., 

2017, Siddiqui et al., 2020). 

 

1.3.3 Drug targeting of PDE6D 
Recent studies have shown that PDE6D is significantly upregulated in hepatocellular carcinoma 

and that this overexpression correlated with an enhanced tumor state (Dietrich et al., 2019). It 

was also found that depletion of PDE6D resulted in a significant reduction in HCC proliferation 

migration and clonogenicity (Dietrich et al., 2019). In a similar vein another study assessing the 

expression patterns of PDE6 subunits in breast cancer cell lines found PDE6D to be highly 

expressed across four breast cancer cell lines irrespective of their estrogen receptor expression 

status (Dong et al., 2013). As K-Ras is a client of PDE6D chaperone activity, it is plausible to 
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suggest that PDE6D may facilitate K-Ras mediated oncogenesis. Indeed, a number of drug 

discovery efforts assessing novel PDE6D inhibitors have consistently shown that inhibition of the 

protein in cancers harboring K-Ras mutations such as colorectal, pancreatic and lung is a valid 

strategy (Klein et al., 2019, Martin-Gago et al., 2017, Papke et al., 2016, Siddiqui et al., 2020, 

Zimmermann et al., 2013). Taken together, current evidence supports PDE6D as a relevant 

protein in cancer progression either independently or in conjunction with its K-Ras modulating 

cellular functions.  

 

 
Figure 13. Mechanistic model of PDE6D trafficking of K-Ras. 

Mislocalized and potentially newly synthesized K-Ras proteins are sequestered from the 
endomembranes by PDE6D. The K-Ras cargo on PDE6D is ejected through the action of Arl2-
GTP in the perinuclear area. Once released, the recycling endosomes trap K-Ras and facilitates 
its membrane localization via the vesicular transport system. 

 
The first PDE6D inhibitor is named Deltarasin (Zimmermann et al., 2013). Deltarasin is a 

benzimidazole small molecule inhibitor that binds at low nanomolar concentrations (KD = 38 nM) 

to the prenyl binding hydrophobic pocket of PDE6D (Zimmermann et al., 2013). This compound 

was found to cause the mislocalization of K-Ras and blocked the growth of K-Ras driven 

pancreatic cancer in cells as well as in pancreatic cancer xenograft models (Zimmermann et al., 
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2013). However, this compound in addition to exhibiting unspecific toxicity also suffers from the 

Arl2-mediated ejection mechanism previously discussed. A second generation compound 

deltazinone was developed (Papke et al., 2016). This compound showed improved in vitro affinity 

for PDE6D (KD = 8 nM) and better selectivity for inhibiting K-Ras driven cancer cell proliferation. 

However, this compound in addition to being ejected by Arl2 was found to be unsuitable for animal 

studies as it is rapidly metabolized in mice (Papke et al., 2016). To counter the challenges of 

bioavailability and Arl2 ejection, third generation PDE6D inhibitors deltasonamide 1 and 2 with 

picomolar in vitro affinity to PDE6D (KD deltasonamide 1 = 203 ± 31 pM; KD deltasonamide 2 = 

385 ± 52 pM) where developed (Martin-Gago et al., 2017). The improved affinity of the 

deltasonamides was rationalized by their ability to form up to 7 hydrogen bonds with the 

hydrophobic pocket for PDE6D (Martin-Gago et al., 2017). Importantly, these compounds showed 

improved cellular activity in addition to selectively inhibiting the growth of K-ras dependent cell 

lines. Deltasonamides also showed an improved resistance to Arl2 unloading primarily due to the 

improved binding affinity to the hydrophobic pocket potentiated by its ability to form up to 7 

hydrogen bonds with critical amino acid residues within the pocket (Martin-Gago et al., 2017).  

A different strategy involving the innovative proteolysis targeting chimera system (PROTACs) has 

been recently adopted in PDE6D drug development. PROTACs are hetero bifunctional molecules 

that links a protein of interest (POI) ligand to an E3 ubiquitin ligase thus facilitating the proteosomal 

degradation of the POI via the ubiquitin proteasome system (UPS) (Sun et al., 2019). The 

Waldmann group recently developed a PDE6D PROTAC using the deltasonamides as the 

PDE6D ligand due to their picomolar affinity to PDE6D. Indeed, the PROTACs selectively 

depleted PDE6D protein levels but surprising revealed a previously unknown role of PDE6D in 

the regulation of lipid metabolism (Winzker et al., 2020). They specifically showed that the PDE6D 

inhibitor PROTAC increased the sterol regulatory binding protein (SREBP)-mediated gene 

expression of lipid metabolism enzymes which was accompanied by an increase in the level of 

cholesterol biosynthesis precursors (Winzker et al., 2020). Another study that recently assessed 

potentially unidentified targets of the clinical multikinase inhibitor sorafenib using the PROTAC 

approach showed that PDE6D is indeed a target of sorafenib as evidenced by the proteosomal 

degradation of PDE6D in several cell lines treated with the sorafenib based PROTAC (Yang Li, 

2020).
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1.4 The K-Ras trafficking chaperone calmodulin 
1.4.1 Molecular structure and biology of CaM 
CaM is a 16.7 KDa, acidic, ubiquitously expressed, master calcium regulator protein that has been 

implicated in many cellular processes including cell cycle regulation, Muscular contraction, 

apoptosis as well as cell proliferation (Tidow and Nissen, 2013). Structurally, CaM possess two 

fairly symmetrical globular lobes separated by a flexible linker (the N and C lobes). Each lobe 

contains a pair of EF hands each capable of coordinating a calcium ion (4 Ca2+ in total) (Figure 
14) (Tidow and Nissen, 2013). Each lobe of CaM can independently bind protein targets either in 

the calcium bound holo-enzyme and/or calcium free apo-enzyme states (Marshall et al., 2015). 

The C lobe of CaM exhibits a 3-fold higher binding affinity for calcium and this binding of calcium 

to CaM induces conformational changes that results in the exposure of a methionine rich 

hydrophobic pocket on each lobe (Yang et al., 2003, Crivici and Ikura, 1995, Cox, 1988). Whilst 

CaM traditionally binds to helical, basic peptides harboring two hydrophobic side chains spaced 

by 2 to 18 residues, a number of non-canonical binding partners possessing a mono-lipidated 

polybasic N- or C terminus have been identified (Tidow and Nissen, 2013, Grant et al., 2020c). 

CaM’s exceptional protein target binding spectrum is exemplified by its ability to bind well over 

400 proteins in humans and mice including proteins such as cell surface receptors, kinases, 

phosphatases, ion channels, small GTPases etc. (Tebar et al., 2020). This property is enabled by 

the protein’s flexibility conferred by its linker region and the fact that CaM’s N and C lobe are able 

to assume open and closed conformational cycles depending on their calcium-bound states 

(Chou et al., 2001). 

The protein sequence of CaM is identical across all vertebrate species making it one of the most 

highly conserved proteins known (Toutenhoofd and Strehler, 2000). Importantly, this ubiquitously 

expressed protein is also encoded for by 3 identical non-allelic genes which creates a highly 

debated conundrum of genetic redundancy (Toutenhoofd and Strehler, 2000). It has been 

suggested that this seemingly redundant evolutionary event is meant to ensure the availability of 

“back-up” copies of CaM. However, Toutenhoofd and Strehler hypothesize that the three gene 

copies may not be redundant copies but rather suggest that vertebrate cells exploit this multigene 

nature of CaM to regulate the local, spatial and temporary availability of CaM (Toutenhoofd and 

Strehler, 2000). CaM is able to undergo a number of post-translation modifications including 

carboxymethylation, phosphorylation at Thr26, Thr29, Thr79, Ser81, Tyr138, Tyr99, Ser101 and 

Thr117 as well as tri-methylation at Lys115 (Murtaugh et al., 1980, Benaim and Villalobo, 2002, 
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Magnani et al., 2010). Indeed, these differential PTMs may facilitate its selective interaction with 

various proteins spatio-temporarily.  

 

 
Figure 14. Protein Structure of CaM. 

3D structure of fully loaded calmodulin in complex with four (4) calcium ions (green balls). CaM 
is a 148 amino acid long protein consisting of two fairly symmetrical N and C lobes joined by a 
flexible linker region. The 3D structure was rendered with Pymol (PDB 4DJC). 
 

 

1.4.2 The Role of CaM in the cell cycle and MAPK signaling 
Cell proliferation is amongst the many processes regulated by Ca2+/CaM (Kahl and Means, 2003). 

Actively dividing eukaryotic cells undergo proliferation through a series of stages termed the “cell 

cycle”. The cell cycle consist primarily of; an initial gap phase (G1), a synthesis phase (S) where 

DNA is replicated, a second gap phase (G2) and a mitosis phase (M) in which cytoplasmic and 

chromosomal components are divided into two daughter cells (Otto and Sicinski, 2017). The 

transition through the phases of the cell cycle is tightly regulated by a number of proteins including 

the cyclin-dependent serine/threonine kinases (CDKs) (Otto and Sicinski, 2017). CaM is required 

for normal cell cycle progression notably during; re-entry from quiescence (G0), upon mitogenic 

stimulation, during the G1/S boundary, during G2/M transition, M phase progression as well as 

during mitotic exit (Kahl and Means, 2003). Studies have shown that CaM binds to the carboxyl 

terminal of cyclin-dependent kinase inhibitor 1 (p21CIP1) (Rodriguez-Vilarrupla et al., 2005). p21CIP1 

in addition to its CDK inhibitory role, acts as a bridge molecule in the CDK4/ cyclin D1 complex 

(LaBaer et al., 1997). Similarly, CaM has been shown to bind directly to cyclin E (Choi et al., 

2006). Consistently, it was this significant body of evidence implicating CaM in the cell cycle that 

inspired initial interests in targeting CaM in cancer several decades ago. 
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The epidermal growth factor receptor, a major upstream regulator of the Ras/MAPK signaling 

pathway is a CaM binding protein (Li and Villalobo, 2002, Tebar et al., 2002). Murine EGFR was 

isolated by Ca2+ dependent CaM-affinity chromatography (Li and Villalobo, 2002, Tebar et al., 

2002). Similarly, a Ca2+ dependent direct binding of CaM to the juxtamembrane region of the 

receptor (amino acids 645-660) was shown (Martin-Nieto and Villalobo, 1998). Taken together, 

these studies established a relevance of CaM interaction with a critical upstream components of 

Ras signaling. CaM was first shown to bind exclusively to K-Ras among the major Ras isoforms 

in affinity chromatography studies by the Neus Agell Group (Villalonga et al., 2001). Their study 

suggested that the interaction between K-Ras and CaM was direct and that this interaction 

modulates the Ras-MAPK signaling pathway (Villalonga et al., 2001). Likewise, they showed that 

binding of CaM to K-Ras prevents the phosphorylation of Ser181 by PKC in vivo (Alvarez-Moya 

et al., 2010). Their data suggested that the inability of K-Ras to be phosphorylated causes a 

markedly decreased ability of K-Ras to stimulate proliferation in saturated serum conditions 

(Alvarez-Moya et al., 2010). Furthermore, they demonstrated that the phosphorylation of K-Ras 

also regulates oncogenic K-Ras function such as focus formation capacity, apoptosis resistance 

upon Adriamycin treatment as well as tumor cell mobility (Alvarez-Moya et al., 2010). However, 

recent studies on the role of Ser181 phosphorylation in modulating the K-Ras/CaM interaction 

appears to sharply contrast this view (Wang et al., 2015b). It was suggested that PKC mediated 

phosphorylation of Ser181 of K-Ras compromises its binding to CaM and suppresses 

tumorigenicity (Wang et al., 2015b).  

 

1.4.3 The K-Ras4b/CaM interaction and the modulation of K-Ras 
localization 

Of the 4 Ras isoforms, CaM interacts exclusively with K-Ras4b (Villalonga et al., 2001). Although 

some contradictions exist regarding the specific details of the K-Ras/CaM interaction, a significant 

and robust body of evidence indicates that the interaction is calcium dependent, nucleotide 

independent , farnesylation dependent , and G-domain independent (Grant et al., 2020b, Sperlich 

et al., 2016, Agamasu et al., 2019, Jang et al., 2019, Villalonga et al., 2001).  

Structurally, the hydrophobic pockets of the N and C lobes of Ca2+ CaM can potentially bind to 

farnesylated K-Ras in a 1:2 stoichiometry involving 1 CaM and 2 K-Ras molecules (Agamasu et 

al., 2019). The C-lobe was shown to exhibit a 10 fold higher affinity for K-Ras (C lobe KD = 0.4 

µM; N lobe KD = 4.0 µM) (Agamasu et al., 2019) . Similarly, another group showed using chemical 
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shift perturbations NMR that farnesylation was absolutely required for specific interactions of K-

Ras with CaM (Grant et al., 2020b). Crystal structure of CaM in complex with farnesylated and 

carboxymethylated K-Ras reveals that the methionine rich hydrophobic pocket on CaM 

sequesters the farnesyl moiety (Grant et al., 2020b). Importantly, electrostatic interactions 

between the acidic flexible linker of CaM and the polybasic HVR of K-Ras (KSKTKC) have also 

been suggested as a significant contributor to this interaction (Wu et al., 2011, Grant et al., 2020b, 

Agamasu et al., 2019). In addition to C185 farnesylation, Ser181 of K-Ras has also been identified 

as a critical residue for the interaction with calmodulin (Alvarez-Moya et al., 2010, Wang et al., 

2015b). Binding of CaM to K-Ras prevents the phosphorylation of Ser181 and the phosphorylation 

of this residue by PKC has been shown to compromise the K-Ras/CaM interaction (Alvarez-Moya 

et al., 2010, Wang et al., 2015b). 

 
Figure 15. Proposed mechanism of K-Ras trafficking by CaM. 

Ca2+/CaM facilitates the reversible translocation of K-Ras from the plasma membrane into the 
cytoplasmic space. A calcium dependent release mechanism of K-Ras is initiated at subcellular 
regions with lower Ca2+ gradients. Released K-Ras may then be trapped by the recycling 
endosomes in areas near the recycling endosome. In such a system, the RE subsequently aids 
plasma membrane enrichment of K-Ras via vesicular transportation. 
 

An earlier study into the effects of CaM interaction on K-Ras localization showed that Ca2+/CaM 

facilitates the reversible translocation of K-Ras from the plasma membrane in hippocampal 

neuronal cells (Fivaz and Meyer, 2005). Recent evidence have suggested that CaM is able to 
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extract K-Ras from the PM (Agamasu et al., 2019, Sperlich et al., 2016). Indeed, in vitro studies 

using nanodiscs, membrane mimetics and anionic monolayers indicate that CaM sufficiently 

outcompetes these artificial membranes for the K-Ras farnesyl moiety (Agamasu et al., 2019, 

Sperlich et al., 2016). Similarly, cellular experiments have shown that CaM is able to sequester 

K-Ras from the plasma membrane (Grant et al., 2020b, Sidhu et al., 2003). Since both CaM and 

the PM bind to the same structural elements on K-Ras, the interaction to either partner is mutually 

exclusive. Using a chimeric CaM-K-Ras fusion protein construct (CaMeRas) in a live cell FRET 

experimental setup, Grant et al demonstrated a Ca2+ and farnesylation dependent reversible K-

Ras membrane detachment process in which the CaMeRas-WT construct was internalized upon 

Ca2+ stimulation whereas, the Ca2+ deficient CaMeRas mutant failed to be internalized (Grant et 

al., 2020b).  

Furthermore, since Ca2+ ion concentrations at different subcellular compartments undergo a 

dynamic flux through activation and inactivation of Ca2+ channels, stores and pumps, K-Ras may 

be released by CaM at low Ca2+ gradient regions within the subcellular space (Figure 15), thus 

potentially allowing for other K-Ras trafficking chaperones like PDE6D to ferry K-Ras unto the 

relevant structures for subsequent localization to the membrane (Sperlich et al., 2016, Capiod, 

2013, Berchtold and Villalobo, 2014). In such a scenario, CaM and PDE6D act as cooperating 

units in modulating K-Ras membrane association and signaling. Such cooperativity may become 

interesting in the context of synergistic targeting of Ras driven cancers.  

Co-localization of interacting proteins in various subcellular structures may be indicative of 

functional activity within such structures. In addition to its plasma membrane localization, K-Ras 

has been found on the ER, Golgi and Mitochondria (Bivona et al., 2006, Prior and Hancock, 2012). 

Interestingly, Ca2+/CaM is also reported to localize on and even regulate protein transport to the 

Mitochondria, ER, Golgi as well as the Nucleus (Berchtold and Villalobo, 2014, Aich and Shaha, 

2013). Therefore, it is reasonable to speculate that K-Ras and CaM may interact to modulate 

other non-canonical cellular functions outside of the PM.  

1.4.4 Role of CaM in cancer development 
Elevated levels of Ca2+/CaM has been reported in multiple human and animal tumors (Liu et al., 

1996, Berchtold and Villalobo, 2014). CaM has been reported to promote cell proliferation, 

migration, autophagy and apoptosis in cancer (Berchtold and Villalobo, 2014). Consistently, early 

studies using the CaM antagonists trifluoperazine and W-7 in combination with tamoxifen, an 

estrogen receptor inhibitor induced apoptosis in breast cancer cell lines indicating the relevance 

of CaM for cancer growth and survival (Frankfurt et al., 1995). Similarly, CaM has been implicated 

in the promotion of tumor-associated angiogenesis, a process whereby tumor cells grow new 
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blood vessels to enhance their oxygen supply (Berchtold and Villalobo, 2014). Hypoxic stress 

occurs in poorly vasculated tumor microenvironments thereby causing an increase in cytosolic 

Ca2+ and the formation of Ca2+/CaM complexes, this promotes the transcriptional activity of the 

hypoxia inducible factor (HIF-1) thus increasing the expression of the vascular endothelial growth 

factor (VEGF) which promotes angiogenesis (Shen et al., 2007). Furthermore, the interaction 

between K-Ras and CaM has been found to influence both MAPK and PI3K/AKT signaling output 

(Nussinov et al., 2015). Indeed, recent evidence have implicated this K-Ras/CaM interaction as a 

promoter of cancer cell stemness by suppressing non-canonical frizzled 8-mediated Wnt signaling 

(Wang et al., 2015b).  

Taken together, the evidence above points to an important role of CaM in the development of the 

malignant phenotype. Indeed, it is clear that the relevance of CaM for the maintenance of normal 

cell division and proliferation coupled with its ability to interact with many proteins, some of which 

are oncogenes (e.g K-Ras) implicates CaM in the development of cancer. 

1.4.5 CaM inhibitors 
A conditional tetracyclin-dependent CaM knockout system in chicken lymphoma DT40 cells 

developed by the Berchtold group in which two CaM genes are deleted and the third gene is 

replaced with an artificially regulated transgene showed that CaM is critical for survival of 

vertebrate cells (Panina et al., 2012). They also showed that overexpression of ectopic wild-type 

CaM or CaM with one fully active Ca2+ binding domain restored cell viability (Panina et al., 2012). 

However, because of the evidence implicating Ca2+/CaM in various malignancies, small 

molecules against this protein have been sort for several years now. Indeed, many inhibitors with 

distinct chemical properties have been assessed for their anti-CaM activity in various tumors.  

CaM inhibitors including CaM antagonist calmidazolium (CMZ), naphtalenesulfonamides such as 

the highly soluble and cell penetrating W-7, W-5 and W-13 as well as the clinically approved 

phenothiazine antipsychotic trifluoperazine have all been shown to reversibly inhibit CaM 

(Sunagawa et al., 1999, Hidaka et al., 1981, Sengupta et al., 2007, Weiss et al., 1980, Huang et 

al., 2019). Similarly, natural product E6 berbamine, the wasp venom peptide polistes mastoparan, 

the small molecule CGS-9343B as well as artemisinin and tehranolide have all been shown to 

inhibit CaM in several cancer cell lines (Hu et al., 1992, Mou et al., 2019, Barnette et al., 1983, 

Hilchie et al., 2016, Neuhaus and Reber, 1992, Noori and Hassan, 2014, Black et al., 1989). A 

group of anti-fungal azole derived compounds including miconazole and econazole have also 

been shown to inhibit CaM activity (Hegemann et al., 1993). Interestingly, a recent study on 

miconazole showed that the compound induced an increase in CaM gene expression suggesting 
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that CaM inhibition by the compound leads to a compensatory protein overexpression in aquatic 

species (Breitholtz et al., 2020). 

1.4.6  CaM covalent inhibitors 
Despite a generally cautious attitude towards covalent inhibitor development by the 

pharmaceutical industry, several covalent compounds have been approved for the treatment of a 

number of clinical conditions including clopidogrel (a covalent modifier of P2Y purinergic receptor 

12), lansoprazole (a H+/K+ ATPase inhibitor) and esomeprazole (also a H+/K+ ATPase inhibitor 

prescribed for heartburns), these inhibitors featured in the top 10 selling drugs in the US in 2009 

(Singh et al., 2011). In oncology, key covalent inhibitors include inhibitors of Aromatase, 

thymidylate synthase and ribonucleotide reductase (Singh et al., 2011). Many covalent inhibitors 

act via cysteine residue modification due to the high intrinsic reactivity of this amino acid and 

structure-guided targeting of non-catalytic cysteine is a widely adopted strategy in drug discovery 

(Cuesta and Taunton, 2019). Lysine residue targeting covalent inhibitors have been mostly 

unexplored even though a large set of potentially targetable lysines have been identified (Cuesta 

and Taunton, 2019). 

Ophiobolin A (OphA) is a lysine reactive covalent inhibitor of CaM (Hait et al., 1987, Leung et al., 

1984). This potent anti-fungal sesterpenoid natural product was shown to covalently modify lysine 

residue 75, 77 and 148 on CaM and block K-Ras mutated cancer spheroid growth (Leung et al., 

1984, Najumudeen et al., 2016). OphA can react with CaM at a 2:1 ratio, similar to covalent 

phenothiazine derivative trifluoromethyl phenothiazine (POS-TP) which also react with Lys148 

(Faust et al., 1987, Leung et al., 1984). In addition to its potency against CaM, OphA appears to 

show activity against several other targets including phosphatidylethanolamine (Chidley et al., 

2016). The phenothiazine antipsychotic fluphenazine-N-2-chloroethane (fluphenazine mustard) 

is also known to irreversibly modify CaM (SI Table 1) (Hwang et al., 2009).  

Due to the critical role CaM plays in many cellular processes, development of inhibitors against 

this target has been met with extreme caution (Villalobo and Berchtold, 2020). However, the 

availability of clinically approved compounds that bind to CaM such as the phenothiazine 

antipsychotics indicates that perhaps, CaM inhibition may be tolerated. Recent studies indicate a 

stemness context specific collaboration of CaM and K-Ras (Wang et al., 2015b). Disruption of this 

interaction through PKC mediated S181 phosphorylation as well as the direct inhibition of CaM 

by OphA demonstrated anti-cancer activity (Wang et al., 2015b, Najumudeen et al., 2016). Taken 

together, the growing body of evidence suggests that targeting CaM in K-Ras driven cancers may 

offer a new window of opportunity for drug development (Najumudeen et al., 2016, Wang et al., 

2015b, Saito et al., 2017). 
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1.5 Targeting oncogenic Ras signaling 
With the exception of the recently approved K-RasG12C covalent inhibitor sotorasib (Lumakras), 

K-Ras remains a largely undrugged oncogenic target (Amgen, 2021). The paucity of drug binding 

pockets on the surface of these proteins has made the prospect of direct inhibition a huge 

challenge that has only been partly resolved a few years ago (Ostrem et al., 2013). Consequently, 

indirect targeting of Ras through both upstream and downstream effector inhibition have been the 

most widely explored and extensively discussed below (Figure 16) (Moore et al., 2020). 

 

1.5.1 Inhibition of signaling upstream of Ras 
For Ras to be activated, several upstream processes are required including; (1) an intact signal 

relay system from growth factors through GEFs and GAPs as well as (2) processes that facilitate 

Ras localization on the plasma membrane. Because these processes consist of several druggable 

protein players, they have been extensively exploited in efforts to block Ras oncogenic signaling.  

The development of clinical EGFR inhibitors (Erlotinib, Afatinib, Osimertinib and Gefitinib) and 

monoclonal antibodies (Cetuximab, nimotuzumab, necitumumab and Panitumumab) are 

excellent examples of how blocking upstream Ras signaling can be exploited (Huang et al., 2020, 

Cai et al., 2020). Also, significant effort has been put into developing inhibitors against the GEF 

SOS1. Indeed, small molecules that interfered with the SOS-Ras interaction were previously 

developed but whilst these molecules showed low nanomolar affinity to SOS, assessment in 

cellular assays yielded poor activity (Sun et al., 2012, Leshchiner et al., 2015, Patgiri et al., 2011). 

Subsequent efforts led to the development of a small molecule Bay-293 which binds to the CDC25 

domain of SOS1 and a region adjacent to switch II on the Ras-SOS1-Ras complex at nanomolar 

concentrations, Bay-293 was more effective against wild-type K-Ras cancer cells relative to the 

previous compounds (Hillig et al., 2019). Currently, a clinical trial to assess an SOS1 inhibitor BI 

701963 as a single agent and in combinations with the MEK inhibitor trametinib is underway for 

patients with different types of advanced cancers harboring K-Ras mutations (NCT04111458). 

SHP2, a non-receptor protein tyrosine phosphatase which acts as a scaffold protein that facilitates 

Ras nucleotide exchange by binding to GRB2 and SOS1 is also another major target currently 

being assessed in the context of blocking Ras driven cancers (Moore et al., 2020). In fact, 3 potent 

allosteric SHP2 inhibitors; RMC 4630, JAB-3068 and TN0155 are undergoing clinical trials (Moore 

et al., 2020). 
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1.5.2 Targeting downstream of Ras GTPase signaling 
 

1.5.2.1 Ras/Raf/MEK/ERK pathway inhibition 
Activated Ras promotes the recruitment and dimerization of Raf proteins which facilitates the 

activation of other downstream nodes of the MAPK pathway as previously detailed. To effectively 

address Ras driven cancers, this pathway needs to be suppressed and many therapeutics have 

been developed to this effect. Clinical BrafV600-mutant kinase inhibitors vemurafenib and 

dabrafenib which induce an outward shift of the αC helix in the kinase domain of Raf effectively 

inhibit Raf monomers (Karoulia et al., 2016). Since BrafV600 mutants signal as monomers, these 

compounds are effective against the mutated target (Karoulia et al., 2016, Moore et al., 2020). 

Unfortunately, Ras mutant cancers that signal via dimerized Raf proteins are insensitive to these 

inhibitors. In fact, these inhibitors even paradoxically activate the MAPK pathway by binding wild-

type Raf (Poulikakos et al., 2010). Whilst some details remain unclear, paradoxical ERK activation 

in the presence of inactive B-Raf depends on enhanced dimerization and transactivation of C-Raf 

(Poulikakos et al., 2010, Holderfield et al., 2014, Rajakulendran et al., 2009). Consequently, Raf 

inhibitors which are able to bind both monomeric and dimeric Raf such as belvarafenib, AZ-628, 

LY3009120 and LXH-254 have been reported to show efficacy against both Ras-mutant and Raf-

mutant tumors although some show minimal paradoxical activation (Peng et al., 2015, Vakana et 

al., 2017, Moore et al., 2020).  

Various inhibitors have been developed for MEK, another major downstream effector of the MAPK 

signaling pathway. The inhibitors cobometinib, trametinib and binimetinib are clinically approved 

MEK drugs that are available for treating B-RafV600 mutant melanoma (Hellmann et al., 2019, 

Hatzivassiliou et al., 2013). Whilst these compounds show benefits against their intended target, 

they too fail to be efficacious against Ras-mutated cancer (Blumenschein et al., 2015, Moore et 

al., 2020). 

Efforts to develop ERK inhibitors have not yet yielded any clinically approved compounds. 

However, some promising agents such as GDC-0994 and ulixertinib have been assessed as 

monotherapeutic agents in various phase I clinical trials (Varga et al., 2020, Sullivan et al., 2018). 

Similarly, KO-947 and LY-3214996 are currently undergoing clinical assessment for their efficacy 

in various cancers (Moore et al., 2020). 
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Figure 16. Schematic representation of various Ras targeting approaches. Figure 
modified from (Moore et al., 2020). 

Several therapeutic strategies have been/being developed to reduce the activation of Ras for 
instance, EGFR small molecule inhibitors and monoclonal antibodies have been developed. 
Inhibition of SOS and SHP2 is another strategy to decrease GDP-GTP nucleotide exchange. 
The inhibition of Ras processing and trafficking chaperones is also widely exploited in efforts to 
mitigate Ras oncogenic signaling. Recent efforts in direct Ras targeting has led to the 
development of the K-RasG12C specific covalent inhibitors as well as a number of other small 
molecules in development. Several clinical and experimental drugs have been developed to 
inhibit Ras downstream effectors of the MAPK and PI3K/AKT signaling pathways including Raf, 
MEK, ERK, p110, AKT and mTOR. 

 

1.5.2.2 Ras-PI3K/Akt pathway inhibition 
Another major alternative downstream pathway modulated by Ras proteins which can be blocked 

is the PI3K/AKT signaling pathway. Class one PI3K protein p110α, a ubiquitously expressed 

isoform and an exclusive client of Ras proteins has been a major subject of research (Fruman et 

al., 2017). Interestingly though, the clinically approved inhibitor alpelisib, a p110α inhibitor is not 

approved for Ras mutated tumors. A combination of multiple redundancies between the MAPK 

and PI3K pathway continues to facilitate the development of resistance mechanisms (Moore et 
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al., 2020). Whilst the use of combinatorial and synergistic drug targeting approaches have been 

employed in many clinical trials, unbearable toxicity issues seem to be widespread with most of 

these strategies (Wang et al., 2018, Algazi et al., 2019, Moore et al., 2020). 

1.5.3 Inhibition of Ras Post-translational processing and trafficking 
Another strategy of Ras upstream inhibition involves the blockade of either Ras post-translational 

processing or the inhibition of key chaperone proteins that facilitate proper localization to the 

plasma. The development of inhibitors against the post-translational prenylation of Ras proteins 

include the farnesyl transferase inhibitors (FTIs) and geranylgeranyl transferase inhibitors 

(GGTIs), inhibitors against the AAX cleavage step i.e Ras-converting enzyme (RCE1) as well as 

inhibitors of the methylation step of Ras processing; the isoprenylcysteine carboxyl 

methyltransferase (ICMT) inhibitors is well documented (Moore et al., 2020). The FTI inhibitor 

tipifarnib shows promise for only patients with H-Ras mutated HNSCC, NSCLC and metastatic 

urothelial carcinoma due to the fact that K-Ras and N-Ras possessed alternative prenylation 

mechanism mediated by the GGTases (Gilardi et al., 2020, Zheng et al., 2010, Lee et al., 2020, 

Whyte et al., 1997). To circumvent the apparent redundancy exhibited by K-Ras and N-Ras 

mutant cell lines, the RCE1 and ICMT steps which are essential in these cells may be exploited 

as mutant selective therapeutic approaches. The compounds cysmethynil and UCM 1336 have 

been developed to block ICMT (Wang et al., 2017).  

The dynamic distribution of processed K-Ras to the plasma membrane is facilitated by chaperone 

proteins notably PDE6D and CaM (Chandra et al., 2011, Dharmaiah et al., 2016, Grant et al., 

2020a, Agamasu et al., 2019). Both chaperones and the various strategies to inhibit them have 

been extensively reviewed in previous sections of this thesis and constitute the majority of the 

original contribution of this thesis to Ras biology.  

1.5.4 Direct K-Ras inhibitors: K-RasG12C inhibitors and beyond 
Kevan Shokat and colleagues pioneered the growing field of Ras covalent inhibitors with their 

seminal work which developed the first series of irreversible covalent compounds capable of 

binding to the cysteine mutant K-Ras protein (K-RasG12C) in the GDP-bound form. These 

compounds trapped the G12C mutant in the GDP form, blocked SOS mediated nucleotide 

exchange and prevented Raf effector engagement of the mutant (Figure 17) (Ostrem et al., 

2013). Their crystal structural studies revealed a previously unknown pocket beneath the effector 

binding switch-II region of K-Ras. Indeed this pocket is available in the other K-Ras G12 mutants 

but because these other mutants have a lower rate of intrinsic GTPase activity, development of 
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covalent inhibitors against their GDP-bounds forms might not be nearly as successful relative to 

G12C-mutated K-Ras (Hunter et al., 2015). 

From the Shokat group’s first generation of G12C inhibitors, the lead compound was optimized 

by modifying its linker and hydrophobic binding pocket to generate a more potent and cellular 

active compound ARS-853 (Patricelli et al., 2016). ARS-853 was further improved by introducing 

a quinazoline-based series with a fluorophenol hydrophobic binding moiety. This significantly 

improved pharmacological properties leading to the development of ARS-1620 (Janes et al., 

2018). 

 
Figure 17. Schematic representation of K-RasG12C inhibition. 

 
Many biopharma companies are developing G12C inhibitors notably Amgen’s Sotorasib (AMG-

510) which has an addition aromatic ring that improves protein-ligand interactions by exploiting 

an alternative orientation of His95 in the switch-II pocket (Canon et al., 2019). Sotorasib has been 

recently granted priority review by the FDA for the treatment of K-RasG12C-mutated locally 

advanced or metastatic NSCL (Healio, 2021). Approval efforts for sotarasib have made similar 

progress in Europe and China thus making it potentially the first K-Ras specific inhibitor on track 

for approval (Biospace, 2021). Mirati’s MRTX849 (Adagrasib) is currently also recruiting for a 

randomized phase 3 clinical trial versus docetaxel in patients with previously treated NSCLC 

harboring the K-RasG12C mutation (NCT04685135). A third compound ARS-3248 (JNJ-

74699157) developed by an exclusive R&D agreement between Wellspring Biosciences, Inc., 
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and Janssen Biotech, completed its phase 1 clinical trials in 2020 in patients with the K-RasG12C 

mutated NSCLC and CRC, the results have not been announced (NCT04006301). 

Since the current K-RasG12C inhibitors require the protein to be bound in the GDP form, 

mutations that facilitate nucleotide exchange and/or prevent GTPase activity will pose a 

mechanism of resistance to these compounds (Moore et al., 2020). Indeed a recent study has 

shown that K-RasG12C mutant cancer cells exhibit heterogeneous response to these inhibitors 

by producing new K-rasG12C proteins in response to reduced MAPK signaling. Importantly, the 

new proteins are maintained in the GTP bound state whilst the contribution of drug resistance 

through EGFR, SHP2 and Aurora Kinase A was implicated (Dunnett-Kane et al., 2021, Xue et al., 

2020). Similarly, another recent study showed that clinically acquired resistance to K-RasG12C 

inhibitors is mediated by a novel switch II pocket mutation (K-RasY96D) (Tanaka et al., 2021). It 

was identified that this mutation results in the interference of key drug-protein interactions and 

conferred resistance to G12C inhibitors in engineered and patient derived K-RasG12C cancer 

models (Tanaka et al., 2021). Coupled with the fact that G12C mutations account for only a small 

proportion of K-Ras mutated cancers, the need to develop inhibitors that can both target other K-

Ras alleles whilst functioning independently of the nucleotide binding state is pertinent. To this 

end, some molecules have been recently discovered that circumvent the nucleotide dependency, 

these molecules (RM-007 and RM-008) are able to bind a newly discovered groove adjacent the 

switch II pocket (Gentile et al., 2017, Moore et al., 2020). Whilst developing inhibitors against 

other alleles such as the G12V and G12D mutants is currently still in early stages, the recent 

identification of the peptide KS-58 as a selective inhibitor of K-RasG12D mutated cancer highlight 

an early promise in this area (Sakamoto et al., 2020).  Other approaches including the targeting 

of all K-Ras alleles with the Pan-K-Ras inhibitor RMC-6236 is  also under development.
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1.6 Protein phosphatase 2A (PP2A) 
1.6.1 Biochemistry and structure of PP2A 
Homeostasis of cellular phosphorylation level is achieved by tightly controlled activities of two 

classes of enzymes- protein kinases, which catalyze transfer of a phosphate group to a specific 

protein residue, and protein phosphatases, which catalyze the reversed reaction. PP2A belongs 

to a large family of serine/ threonine protein phosphatases and is classified as phosphoprotein 

phosphatase (PPP), based on specific sequence motifs in the catalytic site (Nasa and 

Kettenbach, 2018). These sites coordinate two bivalent metal ions (Mn2+, Fe2+, Zn2+), which 

activate water molecule, thereby aiding substrate dephosphorylation (Zhang et al., 2013). PP2A 

is one of best established tumor suppressor phosphatases (Kauko and Westermarck, 2018). 

Structure of PP2A is very complex (Xing et al., 2006). In cells, it functions as a heterotrimer 

(Sangodkar et al., 2016). Each heterotrimer is built of one unit of the scaffolding (A) (also referred 

to as PR65), and catalytic (C) subunits, which together comprise the “core enzyme”. Both, A and 

C subunits, have two different isoforms, α and β, with Aα and Cα accounting for the majority of 

each subunit expression in most cells (Eichhorn et al., 2009). The A subunit contains 15 tandem 

HEAT (Hungtingtin/ Elongation factor 3/ PP2A A /TOR1) repeats, with each repeat consisting of 

a tandem helix connected by a loop (Wlodarchak and Xing, 2016). The core enzyme further 

complexes with only one member of the regulatory (B) subunits. B subunits are split into four 

structurally distinct families and are also referred to as B (B55/ PR55), B´(B56/ PR61), B´´ (PR48/ 

PR72/ PR130) and B´´´(PR93/ PR110)/ Striatin (Figure 18) (Sangodkar et al., 2016). Whilst these 

B subunit families exhibit minimal sequence homology across families, members of the same 

family are structurally similar (Shi, 2009). Each of the regulatory B subunits has 2-5 different 

isoforms and splicing variants, adding to combinatorial complexity of PP2A´s structural 

organization. PP2A in fact comprises over 80 distinct holoenzymes (Sangodkar et al., 2016). The 

identity of the B subunit determines subcellular localization and substrate specificity of the 

holoenzyme (Janssens and Goris, 2001). Activity of PP2A is subject to regulation by post-

translational modifications, in particular methylation and phosphorylation of the catalytic subunit. 

Catalytic subunit can be phosphorylated at Thr304 and Tyr307, with the latter one preventing 

formation of B55 complexes by inhibiting methylation of Leu309 by Leucine Carboxyl Methyl 

Transferase 1 (LCMT-1) (Perrotti and Neviani, 2013).  
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Figure 18. Structural components of the PP2A heterotrimeric complex. Adopted from 
(Sangodkar et al., 2016) 

 

 

1.6.2 Role of PP2A in the regulation of Ras signaling pathways 
Due to its critical function as a master regulator of cellular phosphorylation events capable of 

regulating up to 70% of pSer/ pThr sites, PP2A is inadvertently implicated in the control of 

downstream oncogenic signaling events such as Ras-MAPK pathways and the PI3K/AKT/mTOR 

pathways (Wlodarchak and Xing, 2016). PP2A has been shown to facilitate the negative 

regulation of the Ras-MAPK pathway through its binding to the phospho-tyrosine domain of SHC, 

an important member of the growth factor binding complex of GRB2, SOS and SHC that mediates 

Ras activations (Ugi et al., 2002). Also, PP2A-B56 have been reported to Downregulate 

phosphorylation of ERK (Letourneux et al., 2006). Importantly, this PP2A-mediated 

dephosphorylation is reversed in the presence of the immediate early response gene X-1 (IEX-1) 

(Letourneux et al., 2006). Similarly, PP2A promotes the dephosphorylation and consequent 

activation of Sprouty2, a negative regulator of MAPK signaling (Lao et al., 2007). Sprouty2, when 

phosphorylated, cannot bind to GRB2. However, the dephosphorylation of Sprouty2 by PP2A 

exposes the GRB2 binding motif on the C-terminus, thus resulting in the inhibition of Ras-MAPK 

signaling (Figure 19) (Lao et al., 2007, Wlodarchak and Xing, 2016). 

PP2A is also implicated in the regulation of the PI3K/AKT/mTOR pathway (Kuo et al., 2008). 

PP2A B56 holoenzyme inhibits AKT by dephosphorylating both T308 and S473 residues (Kuo et 

al., 2008). Similarly, PP2A has been reported to dephosphorylate S6K, a downstream effector of 

the mTOR signaling pathway, which promotes cell growth and proliferation (Figure 19) (Peterson 
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et al., 1999). Furthermore, PP2A has been shown to inhibit the mTOR pathway by 

dephosphorylating the insulin receptor substrate 1 (IRS1) in the insulin signaling pathway or 

MAP4K3 in the amino acid pathway (Yan et al., 2010, Hartley and Cooper, 2002).  

1.6.3 Role of PP2A in cancer development 
Downregulation of PP2A´s activity is not just implicated in oncogenic development, but also in 

neurodegenerative and intellectual disorders as well as cardiovascular disease (Mazhar et al., 

2019). Cancer remains the primary research focus of PP2A and a number of studies have 

highlighted the important role of PP2A as a tumor suppressor and indicate that the disruption of 

the PP2A holoenzyme activity contributes to carcinogenesis (Perrotti and Neviani, 2013). PP2A 

inactivation can occur through several mechanisms, including low-frequency somatic mutations 

of its subunits and methylation and/or phosphorylation of the C-terminal tail of the catalytic subunit 

(Perrotti and Neviani, 2013). The major mechanism of PP2A´s inactivation across different 

pathological states is over-expression of its endogenous inhibitory proteins, such as SET (Suvar/ 

Enhancer of zeste/ Trithorax), CIP2A (Cancerous inhibitor of PP2A) or PME-1 (PP2A 

methylesterase-1), which opposes activity of LCMT-1 (Reynhout and Janssens, 2019).  

Inhibitory proteins are structurally and functionally diverse (Kauko and Westermarck, 2018). For 

example, SET binds directly to the catalytic subunit, CIP2A associates with B56 family members 

and PME-1 demethylates L309 of the catalytic subunit, since L309 is the C-terminal residue 

important for carboxymethylation and enzyme activation, this PME-1 mediated demethylation 

leads to expulsion of the metal ions and loss of enzyme activity (Li et al., 1996, Clark and 

Ohlmeyer, 2019). Overexpression of PP2A inhibitory proteins such as CIP2A and SET is a 

prognostic indicator for poor patient survival in cancer (Cristobal et al., 2012, Cristobal et al., 

2015). CIP2A over-expression also drives cancer resistance to kinase or epigenetic inhibitors 

(Kauko et al., 2018). Therefore, PP2A reactivation strategies could be applicable in addressing 

various malignancies. 
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Figure 19. Mechanism of PP2A mediated regulation of Ras downstream signaling 

1.6.4 Therapeutic strategies to re-activate PP2A in cancer 
Therapeutic efforts aimed at re-activating PP2A in various malignancies are primarily focused on 

inhibition of the endogenous inhibitors of PP2A and development of small molecules modulators 

of PP2A activity (Mazhar et al., 2019). For the first strategy, FTY720, the sphingosine analog, has 

been shown to inhibit SET (Rahman et al., 2016, Neviani et al., 2007). Similarly, SET targeting 

peptide OP449 is known to reactivate PP2A and was shown to enhance the efficacy of tyrosine 

kinase inhibitors in myeloid leukemia (Agarwal et al., 2014). Several natural compounds 

downregulating CIP2A have been reported, for instance ellagic acid contained in red wine was 
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reported to suppress CIP2A levels in lung cancer although convincing profiling of direct 

engagement of the target by the compounds is still lacking (Duan et al., 2019). The natural product 

celastrol induced degradation of CIP2A via CHIP E3 ubiquitin ligase, while its biotinylated 

derivative was shown to bind to CIP2A in cell lysate (Liu et al., 2014). 

PP2A reactivating approach by so-called small molecule activators of PP2A (SMAPs) was 

pioneered by the Narla group, by re-purposing tricyclic neuroleptics such as phenothiazines, for 

which potent on and off target effect was known (Kastrinsky et al., 2015). Phenothiazines are 

antagonists of dopamine D2 receptor with anti-cancer activity (Westermarck and Neel, 2020). 

Therefore, chemical optimization efforts aimed at improving anti-cancer properties whilst 

engineering out neuroleptic effects was pursued (Kastrinsky et al., 2015). SMAPs were shown to 

trigger cell death of K-Ras mutant lung cancer cell lines and to also inhibit tumor growth in a 

xenograft model (Sangodkar et al., 2017). SMAPs were shown to elicit their anti-cancer effects 

via PP2A, as presence of a small T antigen from simian virus (SV) 40, a well-established PP2A-

binding viral protein, rendered cells resistant to SMAP effect (Sangodkar et al., 2017, Sablina and 

Hahn, 2008). Recently, crystal structure of the SMAP DT-061 in complex with PP2A-B56α 

holoenzyme was resolved (Leonard et al., 2020). DT-061 was shown to act as a “molecular glue” 

able to stabilize B56α-containing PP2A heterotrimers. The binding site for the compound was 

shown to be at the interface of all three PP2A subunits (Leonard et al., 2020). This demonstrated 

that in spite of high similarity between different subunits of the same B regulatory family, isoform-

specific compounds can be designed (Leonard et al., 2020). Furthermore, high-throughput drug 

screen using 230 kinase inhibitors across two K-Ras mutated lung cancer cell lines showed that 

PP2A activation status determines response to MEK inhibitors (Kauko et al., 2018). Inhibition of 

PP2A by siRNA against the A subunit led to an increase in the activation of PI3K/AKT pathway 

and rendered resistance to MEK and ERK inhibitors (Kauko et al., 2018). Subsequently, activation 

of PP2A by siRNA against its inhibitory protein CIP2A sensitized cells to these inhibitors, with 

synergistic effects observed in the co-treatment with SMAPs (Kauko et al., 2018).
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2. AIMS AND OBJECTIVES 
 

 

The development of therapeutics that directly target K-Ras has been largely unsuccessful until 

recently with the advent of the G12C inhibitors (Ostrem et al., 2013, Moore et al., 2020, Janes et 

al., 2018). Still, the majority of K-Ras mutations are not G12C mutated thus not amenable to 

covalent modification (Moore et al., 2020). Furthermore, the development of resistance 

mechanisms against these covalent inhibitors have already been report (Dunnett-Kane et al., 

2021, Xue et al., 2020, Tanaka et al., 2021). Hence, the need to explore alternative approaches 

including targeting of Ras membrane trafficking chaperones as well as the adoption of multiple 

synergistic therapeutic strategies that may effectively block Ras mediated signaling output remain 

relevant.  

In this thesis work, I contribute to the development and characterization of novel inhibitors of K-

Ras trafficking chaperones PDE6D and CaM respectively Deltaflexins and Calmirasone1. I also 

show that the synergistic inhibition of CaM and re-activation of the tumor suppressor PP2A with 

small molecules improved anti-cancer effects on Ras-MAPK dependent cancer cell lines and 

show that the phenothiazine fluphenazine mustard may act via this mechanism. 

Therefore, the 3 main aims of this thesis work are: 

1. The development and characterization of novel PDE6D inhibitors with improved resilience 

to Arl2 ejection and cell penetration. 

2. The development and characterization of novel covalent CaM inhibitors with reduced 

unspecific cytotoxicity and improved K-Ras mediated anti-cancer effects. 

3. The evaluation of the potential of phenothiazines to synergistically block CaM and 

reactivate PP2A in cancer cells.  
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3.0 MATERIALS AND METHODS 
3.1 MATERIALS 
3.1.1 Cell lines 
Table 1. List of cell lines used in thesis 

Cell line Tissue Tumor type Ras/MAPK Mutation Project  

MDA-MB-231 Breast Metastatic 
adenocarcinoma K-RasG13D 

1, 2, 3 

Hs 578T Breast Primary Carcinoma H-RasG12D 1, 2 

NCI-H358 Lung Primary Carcinoma K-RasG12C 1, 2, 3 

MIA PaCa-2 Pancreas Primary Carcinoma K-RasG12C 2, 3 

A375 Skin Primary Melanoma B-RafV600E 1, 2, 3 

T24 Bladder Primary Carcinoma H-RasG12V 2, 3 
HEK-293 
EBNA 

Human embryonic 
kidney N/A N/A 1, 2, 3 

HeLa Cervix Primary 
Adenocarcinoma N/A 2, 3 

MDCK Kidney (dog) N/A N/A 2 

 
3.1.2 Plasmids, siRNAs & Primers 
 
Table 2. Plasmids, siRNAs & Primers 

Plasmid / siRNAs / Primers Project 
pDest305-CMV-Rluc8-K-RasG12V 2, 3 
pDest305-CMV-Rluc8-H-RasG12V 2, 3 

pDest305-CMV-GFP2-K-RasG12V 2, 3 
pDest305-CMV-Rluc8-K-RasG12C 2 
pDest305-CMV-Rluc8-K-RasG13D 2 
pDest305-CMV-Rluc8-K-RasQ61H 2 
pDest305-CMV-Rluc8-K-Ras 2 
pDest305-CMV-Rluc8 2 
pDest305-CMV-GFP2-H-RasG12V 2, 3 
pDest312-CMV-CaMwt-GFP2 2, 3 
pDest527-His-wtCaM 2 
pDest527-His-mtCaM 2 
pmGFP-K-RasG12V and pmCherry-K-RasG12V 1 
pmGFP-H-RasG12V and pmCherry-H-RasG12V 1 
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mCit-Rheb and mCherryPDE6D 1 
siRNA-CALM1 2 
siRNA-KRAS 2 
siRNA-HRAS 2 
KRAS, forward 5’- tacagtgcaatgagggacca-3’, reverse 5’- tcctgagcctgttttgtgtct-3’ 2 

HRAS, forward 5’- ctgaccatccagctgatcca-3’, reverse 5’-
tggcaaacacacacaggaag-3’ 

2 

CALM1, forward 5’- gctcgcaccatggctgat-3’ , reverse 5’- tgttgggttctgacccagtg-3’ 2 

ACTB , forward 5’-ggggtgttgaaggtctcaaa-3’; reverse 5’- ggcatcctcaccctgaagta-
3’ 

2 

 
3.1.3 Reagents 
Table 3. Reagents 

Reagent Application Project 

RPMI Cell Culture 1, 2, 3 

DMEM Cell Culture 1, 2, 3 

FBS Cell Culture 1, 2, 3 

L-Glutamate Cell Culture 1, 2, 3 

DMSO Cell Culture, Compound Profiling 1, 2, 3 

B27 Cell Culture 1, 2, 3 

EGF Cell Culture, Western Blotting 1, 2, 3 

PFA FLIM-FRET, Confocal Microscopy 1, 2, 3 

JetPRIME FLIM-FRET, BRET 1, 2, 3 

MethoCult H4100 2D Monolayers, 3D Spheroids 1, 2, 3 

RIPA buffer Western Blotting 1, 2, 3 

AlamarBlue 2D Monolayers, 3D Spheroids 1, 2, 3 

BSA Western Blotting 1, 2, 3 

LR clonase Gateway Cloning  2, 3 

Mini-prep and Midi-prep kits Gateway Cloning 2, 3 

Nitrocellulose membrane Western Blotting 1, 2, 3 

Stained protein ladder Western Blotting 1, 2, 3 

RNAiMax Gene Knockdown 2 

Lipofectamine Gene Knockdown 2 
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3.1.4 Antibodies 
Table 4. Antibodies 

Antigen Manufacturer Project 

PDE6D Santa Cruz Biotechnology 1 

Actin Sigma-Aldrich 1 

CALM1 Cell Signaling 2 

GAPDH Sigma 2, 3 

ERK1/2 Cell Signaling 2, 3 

pERK1/2 Santa Cruz Biotechnology 2, 3 

Anti-mouse LI-COR 2, 3 

Anti-rabbit LI-COR 2, 3 

 
3.1.5 Inhibitors 
Table 5. Inhibitors 

Compound Source Catalogue Number Project 

ophiobolin A Santa Cruz sc-202266  2, 3 

mevastatin Alfa Aesar J61357 2 

FTI-277 BioVision 2874  2, 3 

prostratin Sigma-Aldrich P0077 2 

calmidazolium Santa Cruz sc-201494  2, 3 

AMG-510 MedChem Express HY-114277 2, 3 

vemurafenib Selleckchem S1267 1, 2 

benzethonium chloride Sigma-Aldrich 53751 1, 2, 3 

Deltarasin Selleckchem S7224 1 

ARS-1620 Medchem express HY-U00418 1, 3 

Fluphenazine sigma F0280000 3 

Fluphenazine Mustard Enzo BML-CA325-0050 3 

Trifluoperazine cayman vwr 15068 3 

DT-061 Selleckchem S8774 3 

Trametinib Bio-connect SC-364639 2, 3 
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3.2 METHODS 

 
Most methods employed in this thesis are described in the corresponding manuscripts (Siddiqui 

et al., 2020), (Okutachi et al., under revision) (Table 6). The methods described here are either 

critical methods employed in this thesis or part of the methods used in the additional unpublished 

data. 

3.2.1 List of Published methods 
Table 6. List of published methods 

Name of Method Manuscript 

FLIM-FRET assays for PPI analysis (Siddiqui et al., 2020) 

Confocal Microscopy (Siddiqui et al., 2020), Okutachi et al., under review 

SPR for PPI analysis (Siddiqui et al., 2020) 

2D monolayers (Siddiqui et al., 2020), Okutachi et al., under review 

3D spheroids (Siddiqui et al., 2020) Okutachi et al., under review 

RT-qPCR (Siddiqui et al., 2020) Okutachi et al., under review 

FP assay (Siddiqui et al., 2020) Okutachi et al., under review 

ATARiS Gene sensitivity score (Siddiqui et al., 2020) Okutachi et al., under review 

Composite drug activity score Okutachi et al., under review 

Drug sensitivity score (DSS) analysis Okutachi et al., under review 

Western Blotting Okutachi et al., under review 

Protein purification Okutachi et al., under review 

BRET assay Okutachi et al., under review 
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3.2.2 Overview of the BRET method 
 
Protein-protein interactions are critical for almost all biological processes and a number of 

techniques have been developed to evaluate these dynamic processes. Bioluminescence 

resonance energy transfer (BRET) is a form of resonance energy transfer (RET) which relies on 

the non-radiant energy transfer from the light emitted through the luciferase mediated conversion 

of a light emitting substrate coelenterazine (James et al., 2006). The first version of the BRET 

technology developed by Xu et al., used Renilla luciferase (Rluc) as the bioluminescent energy 

donor with its substrate being coelenterazine h and an enhanced yellow fluorescent protein 

(EYFP) as the acceptor (Xu et al., 1999). However, the technology has since expanded to include 

a sizable collection of donor-acceptor systems in both live cell and in vivo applications (Dale et 

al., 2019). Upon co-expression of the protein pairs, the transfer of energy in BRET depend upon 

the critical factors such as the proximal distance between the BRET pairs, the relative orientation 

of the BRET pairs as well as the spectral properties of the BRET pairs (Figure 19) (El Khamlichi 

et al., 2019, Bacart et al., 2008). 

The distance between the BRET pairs is inversely proportional to the resonance energy transfer. 

Hence, BRET decreases as the distance between the acceptor and donor pairs increase from 10 

to 100 Å (1 to 10 nm) (El Khamlichi et al., 2019, Bacart et al., 2008). Secondly, BRET pairs must 

have a spectral overlap between the emission spectrum of the donor and the excitation spectrum 

of the acceptor (El Khamlichi et al., 2019). A third condition for BRET is the maintenance of an 

aligned spatial orientation of the BRET pairs due to the dipole-dipole nature of the resonance 

energy transfer process (Figure 19) (El Khamlichi et al., 2019, Bacart et al., 2008). 

BRET differs from foster resonance energy transfer (FRET) in a number of ways. For instance, 

unlike FRET which must be excited by monochromatic light for signal generation, BRET does not 

require external illumination. Hence, the quantification of energy transfer is easier in BRET than 

in FRET (Boute et al., 2002). in BRET, the relative expression of the biosensors can be 

independently quantified by measuring the luminescence of the donor and fluorescence of the 

acceptor (Boute et al., 2002). Another challenge of FRET is the photo-bleaching of the donor 

fluorophore due to repeated exposure to light, this results in the overall loss of signal over time 

(Boute et al., 2002).  

 



Materials and methods 

50 

 
Figure 19. Schematic illustration of the conditions for BRET 

Schematic illustrations of critical conditions for BRET based energy transfer. (a) Donor 
luminophore (Rluc8) must be within a 10nm proximal distance to the acceptor fluorophore 
(GFP2). (b) The donor emission spectral wavelength must overlap with the acceptor excitation 
wavelength for BRET to occur. (c) Donor and acceptor must maintain an aligned spatial 
orientation for BRET to occur due to the dipole-dipole nature of the resonance energy transfer 
process. 
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Multiple BRET systems including BRET1, BRET2, eBRET2, BRET3 and quantum dots (QDs) 

BRET have been developed (Bacart et al., 2008). Each system is compatible with different donor-

acceptors pairs and diverse experimental applications including, live cell imaging, in vivo imaging, 

drug screening etc. (Bacart et al., 2008). The BRET 1 system uses coelenterazine h (benzyl-

coelenterazine) as a substrate for the luciferase. The maximum emission of Rluc was observed 

at 480nm and this wavelength is particularly suited for the excitation of a yellow fluorescent protein 

(YFP) variant named enhanced YFP (EYFP) at 530nm. This system have been applied for the 

screening of compounds as well as for cell imaging experiments (Bacart et al., 2008). The BRET2 

system which improves upon BRET1 uses DeepBlueCTM (Coelenterazine 400a), a chemical 

derivative of coelenterazine h which shifts the emission maximum of Rluc to 395nm. The optimal 

acceptors for this system are GFP2 and GFP10 with excitation and emission maxima of 400 and 

510nm respectively. BRET2 offers the advantage of having a better separation of the spectra of 

the donor and acceptor emission peaks (Bacart et al., 2008). Consequently, BRET2 is superior 

to BRET1 particularly in compound screening applications where low signal to background ratios 

are desired (Bacart et al., 2008). However, DeepBlueCTM exhibits a 300-fold lower capacity for 

light emission thus requiring the overexpression of a conjugated luciferase protein (Hamdan et 

al., 2006). To overcome this limitation, an enhance version of Rluc named Rluc8 (containing 8 

amino acid substitutions) (Pfleger and Eidne, 2006). This new eBRET2 system achieves a 32-

fold increase in quantum yield when DeepBlueCTM, and leads to a 5.5-fold improvement in the 

BRET signal in addition to the strong spectral resolution of the standard BRET2 system (Pfleger 

and Eidne, 2006, Bacart et al., 2008). eBRET2 is widely used in compound screening and drug 

discovery projects, live cell imaging and in vivo experiments due to the advantages pointed out 

(De et al., 2007, Xu et al., 2007, Massoud et al., 2007, Bacart et al., 2008). The application of 

BRET in Ras protein-protein interaction studies have recently led to the identification of Ras-Raf 

interface inhibitors (Bery et al., 2018, Bery and Rabbitts, 2019). Indeed, these new tools will allow 

for the identification of small molecules capable of disrupting Ras isoform specific interactions. In 

this thesis, we have generated Ras isoform biosensors as well as biosensors for the assessment 

of the K-Ras/CaM interaction based on the eBRET2 system. We validated their suitability for the 

screening of small molecules and found the technique to be robust and high-throughput 

amenable. 
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3.2.3 BRET assay 
BRET assays were extensively used in this thesis for the evaluation of protein-protein interactions 

and the effects of inhibitors on the stated interactions. The BRET experiments were essentially 

performed as described by others (Bery et al., 2018, Lavoie et al., 2013). About 100,000 to 

150,000 HEK293-EBNA cells were seeded per well of a 12-well plate in 1 mL of DMEM containing 

10% FBS and 2 mM L-glutamine and were grown for 24 h. Next day, Rluc8-tagged donor and 

GFP2-tagged acceptor constructs were transfected into cells using jetPRIME transfection 

reagent. Each well was transfected with about 1 µg of plasmid DNA using 3 µL of jetPRIME 

reagent. For BRET donor saturation titration experiments, the concentration of donor plasmid (25 

ng) was kept constant and the concentration of acceptor plasmid was increased from 0 to 500 ng 

for Ras-G12V BRET pairs and 0 to 1000 ng for K-Ras/ CaM BRET pairs. The empty pcDNA3.1(-

) plasmid was used to top-up the total DNA load per transfection. After 24 h of transfection, cells 

were treated with compounds or vehicle control (DMSO 0.2% v/v in growth medium) at the 

specified concentration for 24 h or the stipulated time period in case of the time-course 

experiments. 

The cells from one well of a 12-well plate were collected, washed, and re-plated in PBS on flat 

bottom, white 96-well plates as four technical replicates containing 90 µL of cell suspension per 

well. Then fluorescence intensity followed by BRET readings were carried out on Clariostar plate 

reader at 25 °C. The fluorescence intensity (RFU) of GFP2 was measured with excitation at 405 

± 10 nm and emission 515 ± 10 nm; it is proportional to the acceptor concentration [acceptor]. 

BRET readings were taken well by well by adding 10 µL of 100 µM coelenterazine 400a, the Rluc8 

substrate to each well using the injector present in the plate reader. Luminescence emission 

intensities were simultaneously recorded at 410 ± 40 nm (RLU, proportional to [donor]) and 515 

± 15 nm (BRET signal). 

The raw BRET ratio was calculated as the BRET signal measured at 515 nm divided by emission 

signal measured at 410 nm (RLU). The BRET ratio was obtained by subtracting the raw BRET 

ratio by a background BRET signal measured for cells expressing only the donor (Bacart et al., 

2008) as indicated in the formula below, 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝜆𝜆𝜆𝜆𝜆𝜆 515 𝑛𝑛𝑛𝑛(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)

𝜆𝜆𝜆𝜆𝜆𝜆 410 𝑛𝑛𝑛𝑛(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)
−  

𝜆𝜆𝜆𝜆𝜆𝜆 515 𝑛𝑛𝑛𝑛(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)

𝜆𝜆𝜆𝜆𝜆𝜆 410 𝑛𝑛𝑛𝑛(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜)
 

With donor+acceptor denoting cells transfected with the BRET pair and donor only being cells 

expressing only the donor.  
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The expression of acceptor relative to donor ([acceptor]/[donor]) was determined as, 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =  𝑅𝑅𝑅𝑅𝑅𝑅
𝑅𝑅𝑅𝑅𝑅𝑅

 

For BRET donor saturation titration experiments, the BRET ratio was plotted against the ratio of 

acceptor to donor plasmid amounts (A/D plasmid ratio) that were transfected or the relative 

expression. The A/D plasmid ratio at which the BRET ratio changes most linearly with the relative 

expression was determined for each BRET sensor and then used for testing compound 

treatments. The BRET ratio vs relative expression data were fit into a binding saturation equation 

in the Prism (GraphPad) software to obtain the BRETmax and BRET50 using the 

equation, 𝑦𝑦 =  𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 × 𝑥𝑥
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵50+𝑥𝑥

, where x is the relative expression and y is the BRET ratio. The 

BRETmax represents the maximum saturation BRET signal and depends on structural parameters 

(distance, orientation) of the BRET complex. BRET50 corresponds to the ratio of acceptor 

construct over donor construct required to attain 50% of the maximum BRET signal and is a 

measure of the effective relative affinity between the interacting BRET pair (Marullo and Bouvier, 

2007). 

3.2.4 Drug sensitivity score (DSS) analysis 
The quantitative profiling of the drug sensitivities of the various cell lines used in this thesis was 

evaluated with the drug sensitivity score (DSS) analysis. DSS values are essentially normalized 

area under the curve (AUC) measures of dose-response inhibition data which provide a more 

robust representation of drug activity compared to the classic EC50 and IC50 curvess (Yadav et al., 

2014). Drug response data files (in Excel) ready for online analysis were prepared according to 

the example file obtained from the DSS pipeline website, called Breeze (https://breeze.fimm.fi/) 

(Potdar et al., 2020). Either raw fluorescence intensity measurements or normalized % inhibition 

data (for BRET assay analysis) were uploaded.  

The output file provides several drug sensitivity measures including EC50 and AUC. We plotted 

the DSS3 value (Yadav et al., 2014), which was calculated as  

𝐷𝐷𝐷𝐷𝐷𝐷3 = 𝐷𝐷𝐷𝐷𝐷𝐷2  
𝑥𝑥2 − 𝑥𝑥1

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚
 

Where DSS2 is given by the equation 𝐷𝐷𝐷𝐷𝐷𝐷2 =  𝐷𝐷𝐷𝐷𝐷𝐷1
log𝑎𝑎

 

and DSS1 is given by the equation 𝐷𝐷𝐷𝐷𝐷𝐷1 =  𝐴𝐴𝐴𝐴𝐴𝐴−𝑡𝑡(𝑥𝑥2− 𝑥𝑥1)
(100−𝑡𝑡)(𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚−𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚)

  

DSS3 was employed to emphasize drugs that obtain their response area over a relatively wide 

dose window, as compared to drugs that show increased response only at the higher end of the 

concentration range. After logistic fitting of the dose-response inhibition data, the area under the 

curve (AUC) was determined as exact solution. A 10% minimal activity threshold (t) was set. The 

https://breeze.fimm.fi/
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maximum (Cmax) and minimum (Cmin) concentrations were used for screening of the inhibitors, 

with Cmax = x2 and x1 concentration with minimal activity t. The parameter a is the value of the top 

asymptote, which is different from 100% inhibition as obtained from 100 µM benzethonium 

chloride treatment. 
3.2.5 Synergism experiments and Bliss scoring 
To access the synergistic potential of our compounds, we performed a full dose response analysis 

of one agent (calmidazolium) and maintained a fixed concentration of the other inhibitor (DT-061, 

either 1 or 2 µM). The drug response profiles obtained for the various combinations in the cell 

lines were then compared against the profiles of each single agent using the SynergyFinder 

platform. SynergyFinder (https://synergyfinder.fimm.fi) is a stand-alone web-application for 

interactive analysis and visualization of drug combination screening data (Ianevski et al., 2020). 

We employed the Bliss model (Bliss, 1939). Which generates the multiplicative effects of single 

agents as if they acted independently in scoring our pairwise combinations 

SBLISS = EA,B,…,N−(EA+EB+…+EN−EAEb−EAEN−EBEN−…−EAEB…EN). 
Here, EA,EB,…,EN are the measured responses of the single drugs, while b are the doses of the 

single drugs required to produce the combination effect EA,B,…,N. 

3.2.6 Western blotting 
MiaPaCa-2 cells were lysed cell lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% SDS, 1% triton, 1% 

NP40 and a Roche tablet for 10 ml lysis buffer volume) and incubated on ice for 30 min. Cell 

lysates were mixed with Laemmli buffer with 0.1% bromophenol blue heated for 5 min at 95°C 

and resolved on a 12% home-made gel. Proteins were subsequently transferred to a membrane 

using the Trans®-Blot® Turbo® Transfer system (BIO-RAD). The blotted membranes were 

incubated for 1 h in blocking buffer (5% BSA in Tris-buffered saline (TBS)–T (Tween 0.1%) and 

treated with primary antibodies for pERK 1:400 (Santa cruz, sc-81503), ERK 1:1000 (Cell 

Signaling, 9102) A mouse antibody against GAPDH 1:2000 (Sigma, G8795) was used for 

housekeeping gene control. After overnight incubation, the membrane was washed 3× 5 min in 

TBS–T buffer the following day and then treated with the corresponding anti-rabbit and anti-

mouse secondary antibodies (1:10000 dilutions). The proteins were detected using a LI-COR 

ODYSSEY CLx system (Westburg). The level of proteins was densitometrically quantified from 

western blot membranes using ImageLab software (BIO-RAD).
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4.0 RESULTS 
4.1 PDE6D inhibitor with a new design principle selectively block K-Ras 

activity 
Farid A. Siddiqui, Catharina Alam, Petja Rosenqvist, Mikko Ora, Ahmed Sabt, Ganesh babu 

Manoharan, Lakshman Bindu, Sunday Okutachi, Marie Catillon, Troy Taylor, Omaima M. 

Abdelhafez, Harri Lönnberg, Andrew G. Stephen, Anastassios C. Papageorgiou, Pasi Virta 

and Daniel Abankwa. 

 

4.1.1 Manuscript 1: Summary 
Ras mutations are present in about 19% of all solid malignancies worldwide (Prior et al., 2020). 

Despite the recent successes with covalent direct K-RasG12C inhibitors, a majority of K-Ras 

mutated malignancies remain undrugged. PDE6D is a trafficking chaperone of K-Ras and other 

prenylated proteins capable of modulating the dynamic localization of K-Ras to the plasma 

membrane where it is required for signaling (Chandra et al., 2011). Small molecules developed 

against PDE6D have shown promise in in vitro and in vivo studies (Papke et al., 2016, 

Zimmermann et al., 2013, Martin-Gago et al., 2017). However, the PDE6D cargo ejection process 

mediated by Arl2 also results in the undesirable removal of these compounds from PDE6D 

(Martin-Gago et al., 2017). By increasing the hydrogen-bonding capabilities of these compounds, 

some improvements were made but the lingering challenge of ejection still persists (Martin-Gago 

et al., 2017). 

 

In this study, our goal was to develop PDE6D inhibitors with improved resilience to the Arl2-

mediated unloading whilst improving cell penetration and overall anti-cancer activity. To this end, 

we proffered an alternative design strategy for PDE6D inhibitors. We engineered a “chemical 

spring” consisting of a flexible hexyl linker into these new inhibitors to minimize prenyl pocket 

ejection and attached a cell penetrating group to improve cellular uptake and cellular potency. A 

small collection of compounds was generated and assessed in assays such as surface plasmon 

resonance (SPR) and fluorescence polarization for evaluating compound binding to PDE6D. 

Flourescence life-time imaging based FRET (FLIM-FRET) was used for the evaluation of isoform 

specific inhibitory properties of the compounds whilst target engagement of the compounds was 
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evaluated in a K-Ras/PDE6D FRET assay. The 3D spheroid assay was utilized for evaluating 

their effects on K-Ras driven stemness characteristics. 

 

Collectively, our results identified Deltaflexin 1 and Deltaflexin 2 as selective disruptors of K-

Ras but not H-Ras membrane organization. These compounds also showed anti-cancer effects 

on K-Ras driven cancer cell lines of lung, breast and colon origins. Importantly, our compounds 

showed selectivity for inhibiting K-Ras driven stemness characteristics as compared to the B-Raf-

V600E mutant melanoma cell line. Although this generation of our compounds showed low overall 

cellular potency to proceed as viable drug candidates, the novel design principle proves to be 

useful in minimizing Arl2-mediated ejection and will form the basis for our next generation 

Deltaflexins drug development efforts. 

 

4.1.2 Manuscript 1: Personal contributions of Sunday Okutachi 
 Designed, performed and analysed the sphere formation and cell proliferation experiments  

 Designed and generated figure 4E  

 Analysed and generated the ATARiS gene dependency profiling of the cell lines (SI figure 

3G) 

 Involved in discussions and drafting of corresponding data contribution 

 

The personal contributions of all authors to the manuscript are listed in the Authors’ contributions 

Section at the end of the corresponding manuscript. 
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4.2 A covalent calmodulin inhibitor as a tool to study cellular mechanisms 

of K-Ras driven stemness 
Sunday Okutachi, Ganesh Babu Manoharan, Alexandros Kiriazis, Christina Laurini, Marie 

Catillon, Frank McCormick, Jari Yli-Kauhaluoma, Daniel Abankwa. 

4.2.1 Manuscript 2: Summary 
CaM is a universal calcium signal regulatory protein that is known to play a key role in cell cycle 

regulation (LaBaer et al., 1997). It is also highly expressed in malignant tissues and cancer cell 

lines (Berchtold and Villalobo, 2014). It was therefore pursued as a cancer drug target in the 

1980s. Current data suggest that Ca2+/CaM is a K-Ras trafficking chaperone, able to facilitate the 

dynamic distribution of K-Ras in the cell (Agamasu et al., 2019, Grant et al., 2020b, Sperlich et 

al., 2016). Recent studies have implicated CaM in the promotion of K-Ras driven cancer stemness 

through the suppression of frizzled-8 mediated non-canonical Wnt signaling (Wang et al., 2015b). 

Indeed, our group previously showed that OphA disrupts the membrane organization of K-Ras4B 

in a CaM dependent manner and blocked the growth of cancer stem cell enriched spheroids 

(Najumudeen et al., 2016). However, the application of OphA as an inhibitor of CaM or a tool 

compound is limited by its high cellular toxicity (Chidley et al., 2016). Furthermore, studying CaM 

cell biology continues to be an interesting subject due to the vast implication of CaM in many 

cellular processes (Berchtold and Villalobo, 2014). However, the presence of 3 genes coding for 

this protein makes knockout and knockdown studies difficult. To this end, a major interest of this 

thesis is to develop novel CaM inhibitors that could be applied as potential chemical knock-down 

tools in cell biological studies. 

In this study, we describe the identification and characterization of a novel covalent OphA-like 

CaM inhibitor named Calmirasone1. Calmirasone1 is a formyl-benzazulenone, which can be 

synthetized in a six-stepped reaction from guaiazulene. Initially, a small library of benzazulenones 

was synthesized and analyzed in cellular toxicity/viability assays, spheroid formation assays and 

a fluorescence polarization assay. Ras isoform specificity and on-target activity of the compounds 

in cells was determined using a newly developed BRET assay. Calmirasone1 showed a 4-fold 

higher affinity to CaM than OphA, it displayed a 7-fold faster reactivity with CaM in vitro whilst 

maintaining a similar K-Ras versus H-Ras cellular anticancer selectivity as OphA. Similarly, 

Calmirasone1 more selectively reduced the K-Ras BRET sensor signal than their H-Ras 

counterparts as did OphA but reached an over 38% K-Ras BRET inhibition within minutes as 

compared to the hours it took OphA. Furthermore, we showed that Calmirasone1 exhibited a clear 
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on-target activity by blocking the BRET between our K-Ras/CaM biosensors and confirmed its 

ability to selectively blocked K-Ras driven sphere formation whilst maintaining low unspecific 

cytotoxicity on the H-Ras mutated cancer cell lines. Likewise, in conformity with the central role 

of CaM in cell cycle regulation, we observed that Calmirasone1 induces a multipolar and an 

acentrosomal phenotype in HeLa cells. Conclusively, our results indicate that Calmirasone1 can 

serve as a novel tool compound for the elucidation of the cell biology of K-Ras/CaM associated 

cancer cell stemness characteristics. 

 
4.2.2 Manuscript 2: Personal contributions of Sunday Okutachi 
 
 Designed, performed and analysed the 3D spheroid assays as well as the 2D cell viability 

and toxicity assays  

 Designed, performed and analysed all BRET assay data  

 Performed all RT-qPCR experiments together with Marie Catillon and analysed all data 

 Performed the DSS and composite drug activity score analysis  

 Analysed and generated the ATARiS gene dependency profiling of the cell lines  

 Generated and compiled all figures submitted for this manuscript 

 Contributed to writing parts of the manuscript with guidance from Daniel Abankwa and 

Ganesh Manoharan 

 

The personal contributions of all authors to the manuscript are listed in the Authors’ contributions 

Section at the end of the corresponding manuscript. 
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4.3 Potential of phenothiazines to synergistically block calmodulin and 
reactivate PP2A in cancer cells 

Sunday Okutachi, Ganesh babu Manoharan, Daniel Abankwa* 

4.3.1 Manuscript 3: Summary 
Phenothiazines (PTZs) are a group of clinically approved antipsychotic drugs that in addition to 

their classical neuroleptic functions, have been implicated as potential anti-cancer agents 

(Gutierrez et al., 2014, Wu et al., 2016, Jiang et al., 2018). Their ability to pass through the blood-

brain barrier as well as their ability to block multiple oncogenic signaling proteins have resulted in 

great interest in their potential use in managing cancer. Several studies have shown that PTZs 

inhibit the growth of various cancer types including glioblastomas, melanoma, colorectal cancer 

and acute lymphoblastic leukemia (Gutierrez et al., 2014, Wu et al., 2016, Jiang et al., 2018). 

Previous evidence have identified CaM and PP2A within the target spectrum of PTZs (Hait et al., 

1987, Gutierrez et al., 2014). Thus, we were interested in assessing the synergistic potential of 

combining CaM inhibition and PP2A reactivation as a viable anti-cancer therapeutic strategy in 

Ras driven cancers due to the fact that both CaM and PP2A have been implicated in the regulation 

of Ras signaling pathways (Villalonga et al., 2001, Wlodarchak and Xing, 2016, Kuo et al., 2008). 

 

Here we showed through a battery of cellular and in vitro assays including 3D spheroids, 

fluorescence anisotropy assays, BRET assays and western blotting that synergistic inhibition of 

CaM and PP2A-reactivation has some potential in mitigating Ras driven cancer proliferation and 

signaling. Importantly, we showed that the PTZ derivative fluphenazine mustard is a potent 

inhibitor of Ras driven spheroid growth, an inhibitor of Ras membrane organization and confirmed 

its CaM directed activity through a K-Ras/CaM BRET assay we previously developed. We also 

show that fluphenazine mustard significantly reduces MAPK signaling output by up to 60% in MIA 

PaCa-2 pancreatic cancer cell line after just 2 h of treatment. Taken together, our results suggest 

that fluphenazine mustard is a potent anti-cancer agent with a CaM and potentially PP2A-directed 

activity in Ras driven cancer cell lines. 
4.3.2 Personal contributions of Sunday Okutachi 
 Designed, performed and analysed the synergy experiments, 3D spheroid assays as well 

as the 2D cell viability and toxicity assays  

 Designed and generated all BRET assay data  

 Performed the DSS analysis on cellular phenotype data and BRET data 
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 Designed, performed and anlysed the western blot experimental data 

 Analysed and generated the ATARiS gene dependency profiling of the cell lines 

Results 
Assessment of the synergistic potential of CaM inhibition and PP2A reactivation in 3D 
spheroids of Ras-MAPK driven cancer cell lines  
It is well established that CaM directly interacts with K-Ras and acts a trafficking chaperone of K-

Ras membrane localization and signalling (Alvarez-Moya et al., 2010, Grant et al., 2020b). PP2A 

on the other hand modulates signalling of kinases by promoting their dephosphorylation through 

its phosphatase activity (Sangodkar et al., 2016). The inhibition of CaM and the reactivation of 

PP2A have been independent shown to block the growth and proliferation of Ras mutated cancer 

cell lines (Najumudeen et al., 2016, Sangodkar et al., 2017).  

PTZs have been reported to show both CaM inhibitory and PP2A activating properties (Hait et al., 

1987, Gutierrez et al., 2014). We therefore evaluated the effectiveness of CaM inhibitor 

calmidazolium (CMZ) and the PP2A agonist DT-061 either as single agents or in combination and 

compared their activities to that of the PTZ trifluoperazine in a 3D spheroid synergy assay (Figure 
20A,C). The K-RasG12C specific inhibitor ARS-1620 was used as a test control compound. In 

this synergy experiment, the full dose response analysis of inhibitors was determined in three 

Ras/MAPK mutated cancer cell lines MDA-MB-231 (K-RasG13D), NCI-H358 (K-RasG12C) and 

A 375 (B-RafV600E). The ATARiS gene dependency database was used to profile the cell lines 

on the basis of their unique genetic dependencies on critical genes of interest (K-Ras, B-Raf, 

CaM, SET, PPME1) (Figure 20B) (McDonald et al., 2017, Ogris et al., 1999, Cristobal et al., 

2012).  

When we tested a combination of CMZ and DT-061 in 3D spheroid synergism assays, we 

observed a 2 to 8-fold increased anti-cancer activity relative to the single agent treatments in three 

Ras/MAPK mutated cancer cell lines (Figure 20A). Interestingly, we observed a similar level of 

activity for the tricyclic neuroleptic agent trifluoperazine (i.e between 2-7 folds lower than the 

single agent IC50 values across all 3 cell lines) (Figure 20A). The synergy between the two 

compounds was quantitatively validated with the Bliss synergy scoring algorithm (Figure 20C; SI 
Figure 1D) (Ianevski et al., 2020).  
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Figure 20. Cellular assessment of CaM inhibition and PP2A activation reveal synergistic 
potential against Ras pathway dependent cancer cell lines. 

 (A) IC50 values for various inhibitors in Ras pathway mutant cell lines NCIH-358, MDA-MB-
231 and A375 grown in serum free 3D spheroid suspensions. Compounds were tested as either 
single agents at concentration ranges of 0.2 μM – 10 μM (calmidazolium), 0.6 μM – 40 μM (DT-
061), 0.2 μM – 40 μM (trifluoperazine) and 0.6 μM – 40 μM (ARS-1620) or in combination at a 
full dose response range of 0.2 μM – 10 μM for calmidazolium plus 1 or 2 μM of DT-061 added 
to all test conditions. Data represent mean values ± SEM, n = 2. (B) Heatmaps of ATARiS 
sensitivity scores of KRAS dependent cell lines (NCI H358 and MDA-MB-231) and BRAF 
dependent cell lines (A375). Heatmap with negative values (shaded red) indicate sensitivity of 
the cell line proliferation to the knockdown of shown genes whereas, heatmaps with positive 
scores (shaded blue) indicates insensitivity of the cell line to the shown gene. (C) 
Representative Bliss synergism heatmaps for combinatorial calmidazolium and DT-061 effects 
in Ras mutant cancer cell lines. Heatmaps with positive scores (shaded red) indicate synergistic 
drug interaction whereas, heatmaps with negative scores (green shade on heatmap indicator) 
indicates antagonistic drug interaction. 
 

Together, these initial findings prompted us to explore in more details the activity of 

phenothiazines in Ras driven cancers with a primary interest in delineating the potential 

contributions of covalent modifications to the observed Ras and CaM-directed activity due to our 

previous work on covalent calmodulin inhibitors (Okutachi et al., under review). Two analogous 

phenothiazines; the covalent fluphenazine-N-2-chloroethane (hereafter, fluphenazine mustard) 

and its non-covalent relative fluphenazine hydrochloride (hereafter, fluphenazine) were selected. 
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In vitro binding studies show improved CaM binding properties of fluphenazine mustard 

derivative. 

We next used a fluorescence anisotropy assay for the determination of the binding affinities of 

compounds to CaM (Figure 21B,C) (Manoharan et al., 2019). The method measures the 

displacement of fluorescein labelled plasma membrane calcium-ATPase-derived peptide from 

CaM, compounds with high CaM binding affinities cause a displacement of the peptide resulting 

in a lower fluorescence anisotropy readout (Figure 21A). 
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Figure 21. Assessment of binding affinity of compounds to CaM by a fluorescence 
polarization assay 

(A) Schematic model depicting the mechanism of loss of fluorescence anisotropy signal due to 
the displacement of fluorescein labelled PMCA peptide by CaM binding small molecules (B) 
Displacement of complex of 100 nM bovine CaM and 10 nM F-PMCA peptide by inhibitors. 
Fluorescence anisotropy measured after 24 h of incubation. Data represent mean values ± 
SEM, n = 2. (C) Dependency of IC50 of the inhibitors on time of incubation. In both the figures 
average of two replicate data with SEM as error is presented. Data represent mean values ± 
SE, n = 2. 

 

In comparison to calmidazolium (Kd = 1.09 ± 0.09 nM), W-7 (Kd = 1.51 ± 0.08 µM) appeared to 

bind at a lesser extent to CaM as demonstrated by the over 1000-fold difference in binding affinity 

between calmidazolium and W-7. Consistent with its mode of action as a PP2A agonist, we 

observed that DT-061 binds weakly to CaM (Kd = 219 ± 119 µM). We observed that trifluoperazine 

binds with high affinity commensurate to that of calmidazolium (Kd = 6 ± 4 nM) (Figure 21B). 

Interestingly, we observed an over 4-fold improved potency of the covalent fluphenazine mustard 

to CaM (Kd = 0.09 ± 0.02 µM) compared with its non-covalent structural relative fluphenazine (Kd 

= 0.4 ± 0.1 µM) over a 24 h period of incubation indicating that covalent modification is relevant 

in improving binding affinity to CaM (Figure 21B). Overall, the binding activity of the tested 
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inhibitors did not significantly change over a 24 hour incubation period when we plotted the IC50 

values against time. Hence, none of the tested compounds may be considered to possess a slow 

CaM reactivity profile (Figure 21C). 

 
Cellular BRET assay identify Ras isoform inhibitory properties of covalent fluphenazine 
mustard. 

 
Using our recently established BRET assay for the identification of compounds capable of 

selectively inhibiting Ras isoforms specific membrane organization (Okutachi et al., under review), 

we assessed the effects of DT-061, fluphenazine and fluphenazine mustard on K-Ras vs H-Ras 

BRET signal output. Inhibitors of Ras membrane organization, Ras chaperone activity inhibitors 

and post translational modification inhibitors facilitate a measurable loss in the BRET signal which 

is detected in our assay (Figure 22A). In addition to our test compounds, CaM inhibitors 

calmidazolium, OphA as well as the farnesyl transferase inhibitor FTI-277 were used as controls 

(Figure 22B,C,D; SI Figure 2A). 
Consistent with our previous observations, the CaM inhibitors calmidazolium and OphA more 

selectively decreased the BRET signal of the K-Ras biosensor pairs both at a single concentration 

and when tested in the full dose response concentration range (Figure 22B,C,D; SI Figure 2A). 
Indeed, we observed a 4-folds selective decrease of K-Ras BRET signal by ophiobolin A and a 

2-fold selectivity by calmidazolium in our DSS-BRET analysis (Figure 22D; SI Figure 2A). 
Treatment with the farnesyl transferase inhibitor FTI-277 more selectively decreased H-Ras 

nanoclustering-BRET (Figure 22B,C) due to the alternative prenylation mechanism available to 

K-Ras4b (Kohnke et al., 2012). However, we fail to observe any significant effect of DT-061 on 

the BRET signal for both K-Ras and H-Ras biosensor pairs either at a single dose or over several 

concentration ranges (Figure 22B,C,D). Interestingly, whilst fluphenazine did not decrease the 

BRET signal of either Ras isoform biosensor constructs, the covalently reacting mustard 

derivative showed a clear effect on both K-RasG12V and H-RasG12V BRET biosensor signalling 

output albeit without any indication of isoform specific selectivity (Figure 22B,C,D; SI Figure 2A). 
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Figure 22. BRET assays identifies fluphenazine mustard as an inhibitor of Ras isoform 
signaling in cells. 

(A) Schematic representation of the mechanism of Ras nanoclustering BRET signal loss due 
to small molecule perturbation. Compounds capable of disrupting Ras membrane organization, 
prenyl moiety biosynthesis inhibitors or inhibitors of Ras chaperone activity cause a decrease 
in Ras BRET signal output. (B,C) Testing of inhibitors at 20 µM and 24 h exposure in K-
RasG12V (A) and H-RasG12V (B) nanoclustering-BRET assays. Controls are FTI-277 (1 µM), 
OphA (2.5 µM), calmidazolium (20 µM) and DT-061 (20 µM) (The acceptor/donor (A/D) plasmid 
ratio of GFP2- and Rluc8-tagged RasG12V was 4/1. Data represent mean values ± SEM, n ≥2. 
Statistical differences to vehicle control are annotated as *p < 0.05; **p < 0.01; ****p < 0.0001; 
ns, not significant. (D) BRET-DSS3 values for calmidazolium, DT-061 and fluphenazines 
derived from dose response analysis (0.1 μM – 80 µM) and OphA (0.3 μM – 20 µM) on K-
RasG12V and H-RasG12V nanoclustering-BRET. The A/D plasmid ratio was 4/1. Data 
represent mean values ± SEM, n ≥ 2. 
 

 
K-Ras/CaM BRET assays confirms the target engagement activity of fluphenazines in 
cells. 
In order to properly delineate the on-target activity of the fluphenazine derivatives, we assessed 

their direct effects on the K-Ras/CaM interaction using our Rluc8-K-RasG12V/GFP2-CaM BRET 

pairs (Okutachi et al., under review). Consistent with our previous observations, CaM inhibitors 
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ophiobolin A and calmidazolium clearly decreased the BRET signal at single concentrations and 

over a full dose-response range (Figure 23B,C; SI Figure 3A). Similarly, fluphenazine and 

fluphenazine mustard decreased the BRET signal output thus confirming their CaM on-target 

activity (Figure 23B,C; SI Figure 3A). Interestingly, fluphenazine mustard exhibited a much 

stronger effect in decreasing the K-Ras/CaM BRET signal as demonstrated by its 3-fold higher 

DSS-BRET score over fluphenazine (Figure 23B). This once again suggests that covalent 

modification is critical to the improved CaM-directed activity (Figure 23C). Further assessment of 

fluphenazine mustard along with OphA in a donor titration saturation experiment showed that both 

compounds are effective at decreasing the K-RasG12V/CaM BRET signal over a wide range of 

increasing acceptor concentrations (Figure 23D; SI Figure 3B,C,D).  
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Figure 23. Cellular CaM/K-RasG12V interaction BRET confirms on-target activity of 
fluphenazines in cells. 

 (A) Schematic model depicting the hypothetical binding of Rluc8-K-RasG12V to the C-terminus 
of GFP2-CaM. This interacts produces a high BRET signal which is significantly lower upon 
small molecule interruption of the complex. (B) Compounds FTI-277 (1 µM), OphA (5 µM) or 
calmidazolium (20 µM), as well as fluphenazine (20 µM) and covalent derivative fluphenazine 
mustard (20 µM) were tested using the Rluc8-K-RasG12V/ GFP2-CaM BRET reporter. The A/D 
plasmid ratio was 9/1. Data represent mean values ± SEM, n = 2. Statistical differences to 
vehicle control are annotated as *p < 0.05; **p < 0.01; ****p < 0.0001; ns, not significant. (C) 
DSS3–BRET values for calmidazolium, DT-061 and fluphenazines derived from dose response 
analysis and OphA (0.1 μM – 80 µM) on Rluc8-K-RasG12V/ GFP2-CaM BRET signal. The A/D 
plasmid ratio was 9/1. Data represent mean values ± SEM, n = 2. (D) K-RasG12V/CaM BRET 
donor saturation titration curves showing the effect of OphA (2.5 µM), fluphenazine mustard 
(10 µM) and vehicle control. Data represent mean values ± SEM, n = 3. Note, error bars are 
small and may not be recognizable. 
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Synergistic inhibition of CaM and PP2A activation blocks Ras mediated tumor growth 
and Ras pathway signaling output. 

 
Upon confirming the on-target activity of the phenothiazine derivatives in our cellular BRET 

assays, we were next interested in characterizing their phenotypic and signaling effects on Ras 

driven cancer cells. To this end, we performed 2D cell viability experiments using two K-Ras 

mutated cancer cell lines; MIA PaCa-2 (K-RasG12C) and MDA-MB-231 (K-RasG13D) and the 

non-malignant human embryonic kidney cell line (HEK-293 EBNA) (Figure 24A,B; SI Figure 
4A,B,C). We observed that the phenothiazine compounds more selectively inhibited the 

proliferation of the cancer cell lines by a factor of about 3 to 12-folds higher than HEK-293 EBNA 

(Figure 24B; SI Figure 4A,B,C). Interestingly, we observed that the selectivity was more 

pronounced in the pancreatic cancer cell line MIA PaCa-2 which we have previously identified to 

be more dependent on K-Ras based on the data from the ATARiS gene dependency database 

(Figure 24B; SI Figure 4A,B,C) (McDonald et al., 2017). Indeed, this is consistent with our 

previous findings where we showed that the inhibitory activity of the novel covalent CaM inhibitor 

Calmirasone1 correlated with the K-Ras dependency of cancer cell lines (Okutachi et al., under 

review).  

The evaluation of ERK phosphorylation status is well established as an indicator of Ras/MAPK 

mediated signaling output (Guo et al., 2020). Therefore, in order to determine the signaling 

consequences of CaM inhibition and PP2A reactivation, we performed western blot analysis on 

serum starved and EGF stimulated MIA PaCa-2 cells after a 2 h incubation period with the 

inhibitors (Figure 24C,D; SI Figure 4D). We employed the MEK inhibitor trametinib and the K-

RasG12C covalent inhibitor sotorasib (AMG-510) as compound controls whilst DMSO was used 

as vehicle control. Predictably, both trametinib and sotorasib reduced phospho-ERK signaling 

output by more than 70% after the 2 h period. DT-061 and calmidazolium both achieved ~30% 

pERK signal reduction as single agents. However, we only observed a slightly improved (~40%) 

reduction in pERK output in the combinatorial setup. Interestingly and consistent with its overall 

activity as a potent CaM inhibitor and potential PP2A agonist, fluphenazine mustard achieved 

over 60% reduction in pERK signaling output in our western blot experiments thus validating the 

compound as an effective inhibitor of Ras mediated MAPK signaling output (Figure 24C,D; SI 
Figure 4D). 
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Figure 24. Phenotypic and signaling effects of synergistic targeting of CaM and PP2A. 

(A) The relative 2D viability of MDA-MB-231, MIA PaCa-2 and HEK-293 EBNA following single 
dose treatment with AMG-510 (10 μM), calmidazolium (2.5 μM), fluphenazine (10 μM) and 
fluphenazine mustard (10 μM) was assessed using the alamarBlue assay. Cells were grown as 
2D adherent monolayers overnight and then treated for 72 h with indicated compounds. Data 
represent mean values ± SEM, n = 3. (B) DSS3 measuring the effects of AMG-510 (0.003 – 40 
μM), calmidazolium (0.3 – 40 μM), fluphenazine (0.6 – 80 μM) and fluphenazine mustard (0.6 
– 80 μM). Cells were grown as 2D adherent monolayers overnight and then treated for 72 h. 
Results represent mean values ± SEM, n = 3. (C) Densitometric quantification of the pERK/ERK 
ratio analysis. MAPK signaling output was measured in MIA PaCa-2 upon treatment with control 
compounds trametinib (1 μM) and AMG-510 (1 μM), single agent treatment with camidazolium 
(20 μM) and DT-061 (20 μM) or in combination (DT-061 10 μM + CMZ 10 μM) as well as 
fluphenazine mustard (20 μM). pERK/ERK levels were assessed using a mouse monoclonal 
antibody against pERK and a rabbit polyclonal antibody against ERK. GAPDH was used as 
endogenous control for protein expression. Cells were seeded in 6-well plates for 24hrs, serum 
starved, treated with indicated concentrations of inhibitors for 2 h and then stimulated with EGF 
for 10 min before lysis. Data represent mean values ± SD, n =3. 
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5.0 DISCUSSION 
5.1 Novel PDE6D inhibitors with a new design principle show K-Ras 

selective anti-cancer activity 
Two major challenges have hampered efforts to develop PDE6D inhibitors namely; the Arl2 

mediated ejection mechanism of PDE6D inhibitors and the poor cellular penetration of current 

PDE6D inhibitors (Martin-Gago et al., 2017). In this study we developed Deltaflexin 1 and 

Deltaflexin 2 as proof of concept PDE6D binding molecules able to selectively inhibit K-Ras 

nanocluster formation in addition to selectively inhibiting the growth of K-Ras driven cancer cell 

proliferation. 

We were able to show that our first generation PDE6D inhibitor Deltaflexin 1 selectively blocked 

K-Ras membrane organization and selectively inhibited the growth of K-Ras mutated cancer cell 

lines from different tissue backgrounds including breast, lung and colon. Through structural 

optimization efforts by replacing the coumarin ring with a terephthalic acid moiety which is similar 

to deltasonamide (compound 8), and the replacement of the bottom moiety with 2a 

pharmacologically more stable 2-methyl-substituent on the S-acyl cell penetration group, we 

improved the overall performance of this new design in the second generation with Deltaflexin 2. 

Consistently, Deltaflexin 2 showed improved binding and K-Ras selectivity relative to Deltaflexin-

1. In general, our Deltaflexins selectively inhibited K-Ras mediated oncogenesis and stemness 

properties in lung cancer. Similarly, Our new design principle significantly improved the over 1000-

fold difference between in vitro and cellular anti-cancer activity of previous PDE6D inhibitors as 

we could achieve micromolar activity in cells even though our compounds possess micromolar in 

vitro binding affinity to PDE6D.  

Importantly, the siRNA knockdown data for PDE6D and K-Ras in this study suggests that PDE6D 

downregulation may have K-Ras independent effects on the stemness characteristics of cancer 

cells. Indeed, inositol polyphosphate-5-phosphatase-E (INPP5E) is a client of PDE6D which is 

known to localize in the primary cilium via a PDE6D-dependent process (Humbert et al., 2012, 

Fansa et al., 2016). Mutations in PDE6D have been implicated in Joubert syndrome, a 

developmental disorder characterized by distinctive cerebellar structural defects (Thomas et al., 

2014). The potential contribution of INPP5E to the stemness associated anti-cancer activity of 

PDE6D inhibition is plausible given that ciliogenesis and associated Hedgehog signaling have 

been recently implicated in the epithelial to mesenchymal transition process and the promotion of 
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the stemness phenotype in triple negative breast cancer (Guen et al., 2017). It is also plausible 

that PDE6D inhibition affects the activity and localization of other client proteins as is the case 

with drug inhibition strategies against major trafficking hub proteins. Hence, the possibility of 

alternative-target effects cannot be excluded. Consistently, a recent study with PDE6D inhibitors 

deltasonamide 1 and 2 conjugated in a PROTAC system showed that the PDE6D degradation 

increased the sterol regulatory binding protein (SREBP)-mediated gene expression of lipid 

metabolism enzymes which was accompanied by an increase in the level of cholesterol 

biosynthesis precursors (Winzker et al., 2020). This finding highlights the much broader spectrum 

of functional effects associated with PDE6D inhibition and degradation. Likewise, recent 

observations that a PROTAC construct of the clinical B-Raf inhibitor sorafenib targets PDE6D 

emphasizes the relevance of multi-target activity of some approved small molecules in providing 

clinical benefit. (Yang Li, 2020). Consequently, off-target and/or multi-target effects might become 

advantageous particularly in cancers with multiple and diverse sets of driver mutations where the 

need to drug more than one protein target is desirable. 

Although our current Deltaflexins are not suitable to be considered as viable drug candidates, it 

is important to note that our design approach is compatible with compound-scaffold hybridization 

of existing PDE6D inhibitors and will consequently be advantageous for the rapid advancement 

of improved PDE6D derivatives. This strategy may also be adopted for the development of 

inhibitors for similar lipid binding chaperone proteins such as UNC119, an N-Terminally 

myristoylated chaperone that facilitates the trafficking of Src Kinases (Mejuch et al., 2017).  

 

5.2 A novel CaM covalent inhibitor blocks K-Ras/CaM interaction and K-
Ras driven cancers 

Recent evidence suggests a stemness context specific collaboration of CaM and K-Ras (Wang 

et al., 2015b). Disruption of this interaction through prostratin mediated S181 phosphorylation as 

well as the direct inhibition of CaM by OphA demonstrated anti-cancer activity (Wang et al., 2015b, 

Najumudeen et al., 2016). Taken together, these earlier studies indicated that targeting CaM in 

K-Ras driven cancers may offer a new window of opportunity for CaM drug development 

(Najumudeen et al., 2016, Wang et al., 2015b, Saito et al., 2017).  

From a small collection of compounds, we have identified Calmirasone1, an OphA-like formyl 

benzazulenenone which binds to CaM with a 4-fold higher affinity relative to OphA. Upon 

comparison of Calmirasone1 and its non-formylated relative compound 8 in our in vitro CaM 

binding experiments, we observed that the binding affinity characteristics of the compound that 

remained unchanged over time was independent of the C-1 formylation since the non-formylated 



 

144 

compound 8 also exhibits this characteristic. We therefore posit that the ortho quinone-methide 

electrophilic reactivity group which possess covalent binding potential is responsible for the 

unchanged CaM binding characteristic.  

Based on the similar selectivity observed for Calmirasone1 and compound 8 in our 2D K-Ras vs 

H-Ras selectivity experiments, we speculate that the formyl-independent binding of our 

compounds is also responsible for the unspecific toxicity component of Calmirasone1 activity. 

However, the over 4-fold increased CaM binding potency observed for Calmirasone1 over 

compound 8 clearly stems from the C1-formyl group. Importantly, we show that the C1-formyl-

dependent activity is lost upon mutations to the Lys 75, 77 and 148 residues of CaM. 

Given that the potent CaM inhibitor calmidazolium significantly decreased the BRET-signal of 

both K-Ras and H-Ras, it is plausible that CaM inhibition affects the membrane anchorage, 

trafficking and/or nanoclustering of both K-Ras and H-Ras, Indeed, like K-Ras, H-Ras is 

farnesylated and may potentially employ CaM for trafficking (Agamasu et al., 2019).  

Importantly, cyclic amino group appears to combine several beneficial structural and reactivity 

properties in Calmirasone1. This is also reflected in cell activity data, where in both 2D and 3D 

growth experiments, a significant selectivity for KRAS-mutant cells was observed. This suggests 

a formyl-dependent CaM/K-Ras-directed mechanism of action of these formyl 

aminobenzazulenones. 

Whilst calmidazolium, as well as the covalent inhibitors OphA and Calmirasone1 significantly 

disrupted K-Ras/ CaM-BRET in cells, we observed that the PKC agonist prostratin did not inhibit 

the cellular BRET between K-RasG12V and CaM at the tested concentrations. Therefore, 

prostratin may exert its K-Ras nanocluster inhibition selectivity by a different mechanistic route 

than inhibition of K-Ras/CaM interaction. Consistent with the BRET data, prostratin also elicited 

no effect on tumor cell proliferation in the spheroid assays. Although, the structural implication of 

OphA inhibition of CaM is not yet resolved, the structural evidence from the non-covalent 

phenothiazine trifluoperazine in complex with CaM shows that binding of trifluoperazine induces 

a collapse of the original dumbbell shape of CaM into a compact globular structure (Vandonselaar 

et al., 1994). It is therefore reasonable to speculate that covalent inhibitors like Calmirasone1 and 

OphA may elicit a similar effect on CaM conformation and functionality. Indeed, in its collapsed 

form, the hydrophobic pocket may become inaccessible to both canonical and non-canonical 

targets including K-Ras (Vandonselaar et al., 1994). 

Clonogenic 3D spheroid growth depends on stemness associated asymmetric and symmetric 

division processes of cancer cells (Cicalese et al., 2009). Accordingly, Calmirasone1 

demonstrates an efficacy against 3D spheroid growth that correlates with the KRAS-dependence 
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of the tested cell lines as defined by the ATARiS gene dependency plots. Likewise, it is important 

to note that the DSS3-potency of Calmirasone1 reaches about 50% of the clinical K-RasG12C 

inhibitor sotorasib (AMG-510) (Hong et al., 2020). 

Taken together, we have identified Calmirasone1 as a high affinity and easily synthesizable 

covalent inhibitor of CaM. We showed that Calmirasone1 has a significantly lower unspecific 

toxicity compared to the natural product OphA. We demonstrated the ability of this compound to 

selectively and rapidly disrupt K-Ras membrane organization in our BRET assays whilst also 

showing its ability to directly interrupt the K-Ras/CaM interaction in cells. Importantly, we showed 

that Calmirasone1 selectively inhibits the growth of K-Ras dependent cancer cells under both 2D 

monolayer and 3D spheroid conditions.  

CaM has been implicated in several biological processes including cell cycle regulation, cell 

division, apoptosis, invasion and migration etc. (Berchtold and Villalobo, 2014). The inhibition of 

CaM is known to affect cell division processes including cleavage furrow formation (Yu et al., 

2004). Indeed, the quinazolinone compound mdivi-1 which induces multipolar acentrosomal 

spindles was shown to kill cancer cells (Wang et al., 2015a). Our cell biological experiments with 

Calmirasone1 (Kd = 0.87 ± 0.02 µM) and the potent non-covalent CaM inhibitor calmidazolium (Kd 

= 13.5 nM) indicated that only Calmirasone1 significantly induced a multipolar phenotype despite 

the ~80-fold higher in vitro binding affinity of calmidazolium to CaM.  

Conclusively, although Calmirasone1 does not possess desirable characteristics for progression 

into a viable clinical agent, its utility as a tool compound for further studies into the mechanism of 

the K-Ras/CaM associated cancer stemness mechanism will be insightful. Similarly, 

Calmirasone1 may be applied to acutely and rapidly achieve a chemical knock-down of all CaM 

in cells in a more efficient manner than with the most potent non-covalent inhibitor calmidazolium. 

This application may find relevance in many aspects of CaM biology beyond cancer research due 

to the central role of CaM in modulating cellular processes across species (Berchtold and 

Villalobo, 2014). 

 

5.3 Synergistic targeting of CaM and PP2A in K-Ras driven cancers 
To effectively suppress K-Ras driven cancers, the use of inhibitor combinations and/or the 

development of inhibitors capable of blocking several signalling proteins relevant to Ras activation 

is pertinent. Here, we show that fluphenazine mustard, a potent tricyclic PTZ containing an 

alkylating chloroethylamine chain possesses improved anti-CaM activity through a variety of 

assays. Unlike fluphenazine dihydrochloride, fluphenazine mustard irreversibly inhibits CaM (Hait 

et al., 1987). We show an over 4-fold higher affinity for CaM by the mustard derivative compared 
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to fluphenazine thus suggesting that the chloroethyamine moiety is central for improved anti-CaM 

directed covalent activity in vitro since this is the only structural difference between the two 

compounds. We could also show that DT-061 failed to bind effectively to CaM consistent with its 

mechanism of action as a PP2A Aα scaffold subunit binder and stabilizer of the B56a-PP2A 

holoenzyme. 

Consistent with the earlier mentioned importance of the alkylating chloroethyamine group for 

improved anti-CaM effects, our Ras nanoclustering BRET assays confirm that fluphenazine 

mustard reduced both K-Ras and H-Ras membrane interaction. Indeed, this significant decrease 

the BRET signal of both K-Ras H-Ras by a covalent CaM inhibitor highlights our previous 

observation that membrane anchorage, trafficking and/or nanoclustering of both K-Ras and H-

Ras are susceptible to CaM inhibition (Okutachi et al., under review). Interestingly, DT-061 did 

not show any appreciable effect on the membrane anchorage of both Ras isoforms. This indicates 

that the compound’s mechanistic binding to the PP2A Aα scaffold subunit and subsequent 

stabilization of the B56a-PP2A holoenzyme has no direct impact on Ras membrane dynamics 

(Leonard et al., 2020). In the same vein, fluphenazine mustard maintained a 3-fold higher DSS-

BRET score over fluphenazine in our on-target K-Ras/CaM experiments, thus further validating 

the relevance of the chloroethyamine alkylating modification for improved CaM activity.  

Upon western blot assessment, we show that fluphenazine mustard already achieves an over 

60% reduction in pERK signalling output, an important indicator for cellular Ras activity. The effect 

of fluphenazine mustard was higher than those of single agent CMZ and DT-061 over the 2 h 

treatment period. Further phenotypic assessment by 2D proliferation assays also confirms the 

ability of the compound to inhibit the growth of Ras mutated cancer cell lines. 

Although we were unable to directly assess the binding of the phenothiazines to PP2A as a result 

of the difficulty in establishing an in vitro binding assay with the fully functional PP2A protein, the 

use of indirect approaches to measure PP2A effects may become relevant in this study. The 

tumor suppressor activity of PP2A is known to be mediated through its ability to dephosphorylate 

diverse targets implicated in cancer (Gutierrez et al., 2014). Therefore, by assessing the 

dephosphorylation status of PP2A targets such as AKT, p70S6K, MYC, ERK and BAD upon 

fluphenazine mustard treatment, an indirect measure of PP2A activity can be achieved. However, 

notwithstanding the current experimental limitation, the highly similar structure of DT-061 to 

phenothiazines which differs essentially by the replacement of the basic amine group of the 

phenothiazines with a polar functional group, allows us to speculate that fluphenazine mustard 

may also bind to PP2A (Kastrinsky et al., 2015). Consistently, it has been documented that 
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perphenazine, another structurally similar phenothiazine elicits its anti-tumor activity by PP2A 

reactivation (Gutierrez et al., 2014). 

While our study is quite limited, it suggests that preservation of the CaM inhibitory activity of PTZ 

derivatives that can also activate PP2A is desirable. Our data show however, that DT-061 does 

not bind to CaM and would therefore have lost the synergistic potential. We propose that the 

preservation of the investigated polypharmacology of PTZ could allow for a higher, yet selective 

cancer cell killing activity.  
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6.0 CONCLUSIONS AND PERSPECTIVES 
 
Renewed interest in Ras drug development, potentiated by the development of the covalent G12C 

inhibitors has led to a significant increase in the body of knowledge on Ras therapeutic targeting. 

Since entering clinical trials, some studies have already identified resistance mechanisms against 

these inhibitors (Tanaka et al., 2021, Dunnett-Kane et al., 2021). Indeed, the differences in Ras 

isoform tumorigenic abilities brought about by the interplay between multiple factors such as Ras 

gene dosage, differential isoform specific signaling as well as the contribution of tissue or cellular 

contexts that dictate genetic, epigenetic and proteomic landscapes, makes the effective targeting 

of Ras driven cancers a daunting challenge (Prior et al., 2020). Therefore, to effectively treat K-

Ras mutated and/or K-Ras driven cancers, the need to pursue multiple direct and indirect 

therapeutic strategies including the targeting of K-Ras trafficking chaperones as well as the 

synergistic targeting of different nodes in K-Ras mediated signaling pathways will be crucial. 

In my PhD thesis, the overarching aim was to identify novel small molecules that can interfere 

with K-Ras membrane localization through the inhibition of K-Ras trafficking chaperones by both 

covalent and non-covalent binding. To this end, we designed and developed relevant assays for 

the in vitro and in cellulo characterization of small molecules against the trafficking chaperone 

proteins CaM and PDE6D. Collectively, the findings of this thesis show that the inhibition of the 

K-Ras trafficking chaperones clearly interferes with proper K-Ras membrane localization, and 

signaling. Consistently, we established that blocking the K-Ras chaperone activity of PDE6D and 

CaM with Deltaflexins and Calmirasone1 blocked 2D and 3D proliferation of K-Ras mutated 

cancer cell lines. Consequently, the compounds Deltaflexin 1, Deltaflexin 2 and Calmirasone1 

identified in this thesis may become useful tool in the further interrogation of the activities of 

PDE6D and CaM particularly in the context of the K-Ras associated cancer stemness phenotype. 

Among the Ras isoforms, K-Ras has the greatest potential to induce stemness traits (Quinlan et 

al., 2008, Chippalkatti and Abankwa, 2021). To properly unravel the mechanistic details of this K-

Ras associated cancer stemness phenomena, it may be insightful to look beyond the canonical 

K-Ras plasma membrane localization/ functions and explore other activities and localizations 

implicated in cell fate decision making. This K-Ras stemness traits potentially enabled by the 

activity of trafficking chaperones CaM and PDE6D due to both proteins being dynamically 

localized and relevant for the organization and functions of cell fate linked cellular machineries 

like the centrosome and primary cilium highlights the importance of having useful tool compounds 

to study this process.  
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Beyond K-Ras specific anti-cancer effects, drugging PDE6D has the potential to provide 

therapeutic benefit for disease conditions where other PDE6D clients are relevant. For instance, 

PDE6D have been implicated in the development of Joubert syndrome and ciliopathies (Thomas 

et al., 2014, Fansa et al., 2016). Likewise, a recent study identified targeting the Rap1-PDE6D 

interaction in Alzheimer’s disease models as a promising therapeutic strategy for protection 

against the neurodegenerative disease further highlighting the importance of PDE6D inhibition 

beyond the cancer context (Dumbacher et al., 2018). 

Covalent inhibitors have experienced a renaissance in the past few years (Singh et al., 2011). 

Covalent inhibitors possess significant advantages including the fact that covalently reacting 

chemical warheads can target specific amino acid residues of a particular target protein, thus 

leading to the development of highly selective inhibitors (Singh et al., 2011, Aljoundi et al., 2020). 

Whilst the majority of rational covalent drug development efforts have focused on cysteine 

modifying small molecules, there is significant opportunity in the less explored area of lysine-

modifying covalent inhibitor development (Singh et al., 2011). Our work with Calmirasone1 and 

OphA here exemplifies the potential applicability of a lysine modifying covalent inhibitor in 

oncology studies. Indeed, our novel covalent CaM inhibitor Calmirasone1 will add to the arsenal 

of covalent tool compounds to study CaM-associated cell biological processes specifically in 

unravelling the K-Ras/CaM associated stemness activity. 

Developing effective anti-cancer agents not only requires new compounds but also the rational 

repurposing of already approved drugs for different diseases if they show significant anti-cancer 

benefits (Armando et al., 2020). Phenothiazines have been applied for the management of 

neurological conditions such as Schizophrenia for several decades and their safety for clinical 

applications is well documented. PTZs in addition to their neuroleptic effects have been reported 

to block cancers through the inhibition of CaM and PP2A activity (Hait et al., 1987, Gutierrez et 

al., 2014). Our findings in this thesis adds to the existing body of knowledge that these compounds 

possess relevant anti-cancer properties through multi-target engagement characteristics.  
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The following perspectives emerge from the results of this thesis: 

 Building on our validation of the new design principle of PDE6D inhibitors, compounds 

with improved binding characteristics and resilience to Arl2-GTP unloading should be 

developed. 

 

 

 To unravel the role of K-Ras in the emergence of cancer stem cells, the application of 

Calmirasone1 as a tool compound will be useful to aid the dissection of the role of K-Ras 

and CaM in cell fate determination. 

 

 
 We have not fully studied the off-target activity of our CaM inhibitors, it is therefore 

plausible that CaM related proteins such as centrin-1, an EF-hand containing calcium 

binding protein with broad structural and functional similarity to CaM (Dantas et al., 2012), 

can also react with our compounds. Hence, the use of mass spectrometry to identify the 

full target-spectrum of our novel CaM inhibitor Calmirasone1 may be instructive in 

identifying any potential off-targets. 

 

 
 In addition to being a cheaper option, another advantage of repurposing phenothiazines 

for oncology indications could be their already optimized chemistry for passage through 

the blood-brain barrier. Glioblastoma multiform (GBM) is a very aggressive form of brain 

cancer lacking sufficient beneficial therapeutic interventions (Shergalis et al., 2018). GBM 

is known to be reliant on Ras signaling in vivo (Holmen and Williams, 2005). Since the 

work of this thesis identifies a relationship between phenothiazine anti-cancer effects and 

Ras-MAPK dependence of cancers, it will be interesting to assess the activity of these 

compounds in GBM disease models.  
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Figure 25. Schematic summary of thesis. 

In this thesis, we developed and characterized novel covalent and non-covalent small molecules 
against K-Ras trafficking chaperones PDE6D (Deltaflexins) (1) and CaM (Calmirasone1) (2). Our 
results show that inhibiting these proteins more selectively interfered with K-Ras membrane 
localization and signaling. Similarly, we assessed the activity of phenothiazines which are reported 
CaM inhibitors and PP2A agonists (3) and show that these compounds decrease Ras-MAPK 
signaling output via a CaM and potentially PP2A dependent process. 
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SI Table 1. List of CaM inhibitors and their mechanisms of action in cancer 
Table 7. List of CaM inhibitors and their mechanisms of action 

# Compound Effects/Mechanism Reference(s) 

1 trifluoperazine CaM antagonist, promotes apoptosis and 

necrosis in pancreatic adenocarcinoma 
(Weiss et al., 1980, 

Huang et al., 2019) 

2 E6 berbamine CaM inhibitor, exerts anti-cancer effects on 

colon cancer cell line HT-29 by inducing 

autophagy and apoptosis 

(Hu et al., 1992, Mou et 

al., 2019) 

3 polistes mastoparan Anti-cancer peptide that blocks mammary 

carcinoma in mouse through CaM inhibition 
(Barnette et al., 1983, 

Hilchie et al., 2016) 

4 CGS-9343B CaM inhibitor that blocks gastric acid 

secretion in vitro and in vivo 
(Norman et al., 1987, 

Black et al., 1989) 

5 artemisinin 

(tehranolide) 

CaM inhibitor which selectively blocks 

proliferation of K562 leukemia cell line 
(Noori and Hassan, 

2014) 

6 CBP501 Blocks cancer proliferation, migration, EMT 

in NSCLC and suppresses macrophage 

induced CSC phenotypes through CaM 

inhibition 

(Saito et al., 2017, Mine 

et al., 2017) 

7 chlorpromazine Blocks T-cell invasion across fibroblast 

monolayers through CaM inhibition 
(Grabski et al., 2001) 

8 flunarizine Inhibits growth and survival of B16 mouse 

melanoma cell line through CaM/Ca2+ 

antagonism 

(Sezzi et al., 1984) 

9 J8 Antagonist of CaM, inhibits human 

melanoma cell invasion through fibronectin 
(Dewhurst et al., 1997) 

10 calmidazolium Directly binds to CaM, inhibits cell adhesion 

and proliferation of colon cancer cells. Also 

reported to inhibit cancer stemness 

characteristics  

 

(Lee et al., 2016, 

Najumudeen et al., 

2016) 
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11 ophiobolin A Covalently modifies Lysine residues on 

CaM, shown to block spheroid formation of 

Ras mutant breast cancer cell lines 

(Najumudeen et al., 

2016) 

12 fluphenazine CaM antagonist with anti-cancer effects on 

metastatic triple negative breast cancer 
(Xu et al., 2019)  

13 fluphenazine 

mustard 

CaM covalent antagonist, sensitize lung 

cancer cell line H1299 to trail induced 

apoptosis 

(Hwang et al., 2009) 

14 W-7 Non covalent CaM antagonist shown to 

inhibit tumor cell growth, migration, 

invasiveness and metastasis in vivo 

(Mohri et al., 1998, 

Parker and Sherbet, 

1992, Ito et al., 1991) 

15 miconazole CaM inhibitor with activity against CaM 

mediated PDE activity 
(Hegemann et al., 

1993, Breitholtz et al., 

2020) 

16 econazole CaM inhibitor with activity against CaM 

mediated PDE activity 
(Hegemann et al., 

1993) 
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SI Table 2. IC50 values of compounds assessed in 3D synergism spheroid assays N = 2 
Table 8. IC50 values of compounds assessed in 3D synergism spheroid assays 

Compound NCI H358 IC50 ± SEM/ µM A375 IC50 ± SEM/ µM MDA-MB-231 IC50 ± SEM/ 
µM 

DT-061 2.65 ± 0.25 2.1 ± 0.6 3 ± 0 

CMZ 1.295 ± 0.005 1.3 ± 0.2 1.37 ± 0.76 
CMZ + DT-061 
(1 μM) 0.46 ± 0.03 0.7 ± 0.4 0.67 ± 0.06 

CMZ + DT-061 
(2 µM) 0.34 ± 0.05 0.6 ± 0.4 0.44 ± 0.21 

trifluoperazine 0.7 ± 0.3 0.31 ± 0.06 0.59 ± 0.22 

ARS-1620 0.5 ± 0.1 52 ± 4 58 ± 6 
 

Supplementary Figures 
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SI Figure 1. Synergistic assessment of CaM inhibitor and PP2A activator in Ras/MAPK 
mutated cancer cell lines. (A-C) Dose response curves for various inhibitors in Ras pathway 
mutant cell lines NCIH-358 (A), A 375 (B) and MDA-MB-231 (C). Compounds were tested as 
either single agents at concentration ranges of 0.2 μM – 10 μM (calmidazolium), 0.6 μM – 40 
μM (DT-061), 0.2 μM – 40 μM (trifluoperazine) and 0.6 μM – 40 μM (ARS-1620) or in 
combination at a full dose response range of 0.2 μM – 10 μM for calmidazolium plus 1 or 2 μM 
of DT-061 added to all test conditions. Data represent mean values ± SEM, n = 2. The data 
were fit into log(inhibitor) vs. variable response (four parameters) function was used in the Prism 
(GraphPad) software to obtain the dose response curve.The actual curve fitting for Bliss 
calculation was done on the SynergyFinder website (https://synergyfinder.fimm.fi/). (D) Bliss 
synergism scores for combinatorial calmidazolium and DT-061 effects in Ras mutant cancer 
cell lines Data represent mean values ± SEM, n = 2 
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SI Figure 2. Cellular BRET assays indicates fluphenazine mustard inhibits both K-Ras 
and H-Ras nanoclustering. (A,B) Dose response curves of phenothiazines (0.1 – 80 µM), 
calmidazolium (0.1 – 80 µM), DT-061 (0.1 – 80 µM) and OphA (0.3 – 20 µM) on K-RasG12V 
(A) and H-RasG12V (B) nanoclustering BRET. The A/D plasmid ratio was 4/1. Data represent 
mean values ± SEM, n ≥ 3. The data were fit into log(inhibitor) vs. variable response (four 
parameters) function was used in the Prism (GraphPad) software to obtain the dose response 
curve. The actual curve fitting for DSS3 calculation was done on the breeze-site 
(https://breeze.fimm.fi/). 
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SI Figure 3. Assessment of the K-Ras/CaM on-target effects of CaM inhibitors and 
phenothiazines. (A) Dose-response analysis of fluphenazine and its covalent mustard (0.1 – 
80 µM) derivative as compared to OphA and calmidazolium (0.1 – 80 µM) using Rluc8-K-
RasG12V/ GFP2-CaM BRET assay. The A/D plasmid ratio was 9/1. Data represent mean 
values ± SEM, n ≥ 2. The data were fit into log(inhibitor) vs. variable response (four parameters) 
function was used in the Prism (GraphPad) software to obtain the dose response curve. The 
actual curve fitting for DSS3 calculation was done on the breeze-site (https://breeze.fimm.fi/). 
(B-D) Data from BRET pairs of Rluc8-K-RasG12V and GFP2-CaM after 24h treatment with 
DMSO (0.2% v/v in growth medium), OphA (2.5 µM) or fluphenazine mustard (10 µM). Each 
figure group represents individual biological repeats with (left to right) BRET ratio plotted 
against acceptor/donor plasmid ratio (A/D plasmid ratio), and then donor expression (RLU), 
acceptor expression (RFU) and relative expression of the two (RFU/RLU) plotted against 
acceptor/donor plasmid ratio (A/D plasmid ratio). Each biological repeat is the mean of four 
technical replicates (± SEM). The BRET ratio vs. relative expression data were fit with a 
hyperbolic function in Prism to obtain the BRETmax and BRET50 values. 
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SI Figure 4. Phenotypic and signaling effects of inhibitors on Ras/MAPK mutated cancer 
cells. (A-C) Comparison of effects of compounds on 2D monolayers derived from MDA-MB-
231 (A), MIA PaCa-2 (B) and HEK-293 EBNA (C). Cells were treated with concentration range 
of 0.6 μM – 80 μM (fluphenazine and fluphenazine mustard), 0.3 μM – 40 μM (calmidazolium 
and OphA) and 0.003 μM – 40 μM (AMG-510). Data represent mean values ± SEM, n = 3. The 
data were fit to log (inhibitor) vs response – variable slope (four parameters) equation using the 
Prism (GraphPad) software. (D) MAPK signaling output measurement in MIA PaCa-2 upon 
treatment with control compounds trametinib (1 μM) and AMG-510 (1 μM), single agent 
treatment with camidazolium (20 μM) and DT-061 (20 μM) or in combination (DT-061 10 μM + 
CMZ 10 μM) as well as fluphenazine mustard (20 μM). pERK/ERK levels were assessed using 
a mouse monoclonal antibody against pERK and a rabbit polyclonal antibody against ERK. 
GAPDH was used as endogenous control for protein expression. Cells were seeded in 6-well 
plates for 24hrs, serum starved, treated with indicated concentrations of inhibitors for 2 h and 
then stimulated with EGF for 10 min. Blots shown represent images from 3 independent 
biological repeats. 
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