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ARTICLE INFO ABSTRACT

Key words: The RAS-MAPK-pathway is aberrantly regulated in cancer and developmental diseases called RASopathies. While
Ras typically the impact of Ras on the proliferation of various cancer cell lines is assessed, it is poorly established how
Cancer Ras affects cellular differentiation. Here we implement the C2C12 myoblast cell line to systematically study the
Eﬁs\?[c);:?netry effect of Ras mutants and Ras-pathway drugs on differentiation. We first provide evidence that a minor pool of
Inhibitors Pax7+ progenitors replenishes a major pool of transit amplifying cells that are ready to differentiate. Our data
Differentiation indicate that Ras isoforms have distinct roles in the differentiating culture, where K-Ras depletion increases and

H-Ras depletion decreases terminal differentiation. This assay could therefore provide significant new insights
into Ras biology and Ras-driven diseases. In line with this, we found that all oncogenic Ras mutants block ter-
minal differentiation of transit amplifying cells. By contrast, RASopathy associated K-Ras variants were less able
to block differentiation. Profiling of eight targeted Ras-pathway drugs on seven oncogenic Ras mutants revealed
their allele-specific activities and distinct abilities to restore normal differentiation as compared to triggering cell
death. In particular, the MEK-inhibitor trametinib could broadly restore differentiation, while the mTOR-
inhibitor rapamycin broadly suppressed differentiation. We expect that this quantitative assessment of the
impact of Ras-pathway mutants and drugs on cellular differentiation has great potential to complement cancer
cell proliferation data.

1. Introduction PDE6D and calmodulin, which facilitate its diffusion, followed by

trapping on secretory organelles, and subsequent vesicular transport to

Malignant tumors are characterized by abnormal proliferation and
invasive growth of dedifferentiated tissue. The Ras-pathway is central to
control cellular proliferation, differentiation and survival, and is dys-
regulated in virtually every cancer (Crespo and Leon, 2000; Hanahan,
2022). Three RAS genes, KRAS, NRAS and HRAS, are mutated in 19% of
human cancers making RAS the most frequently mutated oncogene
(Prior et al., 2020). Out of the two KRAS splice isoforms, K-Ras4A and
K-Ras4B, the latter is the highest expressed isoform and the major focus
of current drug development (Hood et al., 2023; Moore et al., 2020; Tsai
et al., 2015).

Ras membrane association is required for its activity, and membrane
affinity is mediated by C-terminal lipid modifications of Ras by farne-
syltransferase and palmitoyltransferases (Pavic et al., 2022). Farnesy-
lation also mediates binding of Ras to trafficking chaperones, such as
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the plasma membrane (Schmick et al., 2015).

Canonical Ras signaling emerges at the plasma membrane, where
extracellular mitogens activate receptor tyrosine kinases, such as
epidermal growth factor receptor (EGFR), which indirectly relays its
activation to guanine nucleotide exchange factors (GEFs), such as SOS.
GEFs facilitate exchange of GDP for GTP, thus activating Ras. The active
GTP-bound Ras then recruits effector proteins, such as Raf, PI3K and
RalGDS from the cytosol to the membrane, leading to their activation
(Simanshu et al., 2017). Raf-kinases trigger the MAPK-pathway, which
includes activation of downstream kinases MEK and ERK, the latter of
which leads to well characterized changes that drive the cell cycle and
thus proliferation (Crespo and Leon, 2000). The effector PI3K activates
the kinase Akt, which further downstream engages the
mTORC1-pathway and thus cell growth and many other crucial cellular
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processes (Laplante and Sabatini, 2013). Ras can furthermore activate
mTORC2, which phosphorylates Akt on Ser473 (Kovalski et al., 2019).

The active state of Ras is tightly regulated, with GTP-Ras becoming
inactivated by GTPase-activating proteins (GAPs) (Simanshu et al.,
2017). The most prominently studied GAP is neurofibromin 1 (NF1),
which is recruited by B-Raf and one of three SPRED proteins to K-Ras
nanodomains of the plasma membrane (Siljamaki and Abankwa, 2016;
Stowe et al., 2012; Yan et al., 2020). Landmark structural data from the
mid 1990s already explained how hotspot oncogenic mutations in co-
dons 12 and 61 of Ras disable the GTP-hydrolysis of Ras by NF1 and
other arginine-finger GAPs (Ahmadian et al., 1997; Scheffzek et al.,
1997). However, the heterotrimeric G protein GAP RGS3 with a catalytic
asparagine, was recently shown to facilitate GTP-hydrolysis of all major
oncogenic K-Ras mutants (G12D/V, G13C/D) (Li et al., 2021), suggest-
ing that a distinct function of NF1 is disabled by oncogenic Ras.

In line with the mitogen-independent mutational activation of Ras,
cancer cell assays typically assess the uncontrolled cell growth. Prolif-
eration assays provided a wealth of data in cancer research, such as from
large scale genetic and chemical screens (Barretina et al., 2012; McDo-
nald et al., 2017; Tsherniak et al., 2017). However, among pathologists
it is well established that dedifferentiation is the most unsettling hall-
mark of cancer (Chaffer and Weinberg, 2015; Hanahan, 2022). Unfor-
tunately, the functions of Ras during cellular differentiation are only
poorly understood and typically not assayed.

This lack of understanding also impacts on the treatment develop-
ment for another type of Ras-driven diseases. Germline mutations in the
RAS-MAPK-pathway lead to individually rare but collectively common
developmental syndromes called RASopathies, which are characterized
by facial malformations, short stature, cutaneous defects, cardiac hy-
pertrophy and a pre-disposition to cancer (Castel et al., 2020; Rauen,
2013). They illustrate how even a mild overactivation of the
MAPK-pathway during embryonal development perturbs proper differ-
entiation in multiple organ systems.

For instance, the RASopathy Noonan syndrome can be caused by the
KRAS-D153V mutation, which in contrast to cancer-associated hotspot
mutations, is still sensitive to the GAP NF1, but shows mildly increased
effector binding (Gremer et al., 2011). Loss-of-function mutations in NF1
itself lead to neurofibromatosis type I, one of the more common RASo-
pathies (Rauen, 2013). This disorder shares some phenotypic similar-
ities with the very rare RASopathy Legius syndrome, which is caused by
heterozygous loss-of-function mutations in the SPREDI gene (Brems
et al., 2012). To analyze RASopathy mutants, dedicated low-throughput
assays have been developed, which characterize early developmental
defects during gastrulation or later in the whole organism in zebrafish
and mouse animal models (Jindal et al., 2015). Yet, insufficient devel-
opmental or cell differentiation assay capacities may underlie the lack of
efficacious therapies for most RASopathies (Gross et al., 2020).

These observed developmental defects in RASopathies are consistent
with the deep integration of MAPK-signaling already at the level of stem
cell maintenance. During organismal development, pluripotent stem
cells give rise to a vast variety of differentiated tissues (Morrison and
Kimble, 2006). Both during priming of naive mouse embryonic stem
cells and maintenance of pluripotency in human induced pluripotent
stem cells is the MAPK-pathway involved (Altshuler et al., 2018;
Haghighi et al., 2018). In the fully developed organism, adult stem and
progenitor cells are important for tissue homeostasis. They typically
divide asymmetrically, giving rise to one stem cell (referred to as
self-renewal) and one committed or differentiated cell (Morrison and
Kimble, 2006).

The C2C12 cell model is one of the best characterized in vitro dif-
ferentiation systems, which recapitulates essential in vivo processes (Yin
et al., 2013). This cell line was derived from a skeletal muscle of a
2-month old mouse, and is typically considered a heterogenous popu-
lation of myoblasts (myogenic progenitor cells), which proliferate and
remain undifferentiated under high serum conditions (Bennett and
Tonks, 1997). Mitogen withdrawal in low serum culture conditions,
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rapidly triggers terminal differentiation of the majority of C2C12 cells
into multinucleated myotubes within five days (Bennett and Tonks,
1997).

However, it is known that a small fraction of proliferating C2C12
cells expresses the muscle progenitor marker Pax7, a paired box tran-
scription factor, as well as the basic helix-loop-helix transcription factor
Myf5 (Yoshida et al., 1998). Differentiating cells downregulate Pax7 and
upregulate myogenic factors, such as MyoD, myogenin and subsequently
late differentiation markers, such as the motor protein myosin II heavy
chain (MyHC) (Brown et al., 2012; Olguin and Olwin, 2004). Interest-
ingly, upon serum withdrawal a minor fraction remains undifferentiated
and continues to express the progenitor marker Pax7, but no MyoD,
Myf5 or myogenin (Olguin and Olwin, 2004; Yoshida et al., 1998). These
features strikingly resemble quiescent satellite cells, the Pax7 positive
adult stem cell population in muscles (Yablonka-Reuveni and Rivera,
1994). Currently, it is not fully resolved, how the minor fraction of
myoblast progenitors is connected to a major fraction of differentiated
cells.

Myogenic differentiation is initiated by a rapid upregulation of
SPRED1 upon serum switching and a subsequent decrease in MAPK-
signaling (Bennett and Tonks, 1997; Wakioka et al., 2001). In line
with mitogens maintaining proliferation of myoblasts, oncogenic Ras
prevents myogenic differentiation by downregulating the myogenic
transcription factor MyoD and myogenin (Lassar et al., 1989).
Conversely, overexpression of tumor suppressors, such as Sprouty2 and
SPRED1 stimulate myogenesis even under high serum conditions (de
Alvaro et al., 2005; Wakioka et al., 2001). Terminal differentiation is
then promoted by mTORC2-Akt activity (Shu and Houghton, 2009).

The proper differentiation trajectories of tissues is perturbed in
cancer and may lead to the emergence of rare cancer stem cells, which
alone have the potential to seed new tumors, for example during met-
astization and relapse after therapy (Morrison and Kimble, 2006). Cur-
rent cancer stem cell models suggest either reprogramming of
differentiated cells or an evolution directly from transformed stem/
progenitor cells (Ansieau, 2013; Batlle and Clevers, 2017). Cancer stem
cells are best characterized in functional and lineage tracing assays in
vivo (Nassar and Blanpain, 2016). Yet, in vitro surrogate assays persist,
such as flow cytometry based detection of cancer stem cell markers (e.g.,
CD44+/CD24-), or of cancer stem cells in the side population, which is
characterized by their increased drug efflux properties (Golebiewska
et al., 2011; Li et al., 2017). In addition, low serum, non-adherent 3D
spheroid cultures of human mammary stem/ progenitors cells, called
mammospheres, were originally employed to maintain and study such
cells in culture (Dontu et al., 2003). Subsequently these culture condi-
tions were widely adopted to monitor cancer cell stemness from
tumorospheres (Weiswald et al., 2015). The simplicity of this assay
enabled screening for compounds that may have a potential to target
specifically cancer stem cells (2022; Mathews et al., 2012; She et al.,
2021).

Current data suggest that KRAS is the strongest driver of stemness
features, followed by NRAS and then HRAS (Najumudeen et al., 2016;
Quinlan et al., 2008; Wang et al., 2015). This potency order that was
obtained across multiple model systems strikingly correlates with the
RAS mutation frequency in cancer (Chippalkatti and Abankwa, 2021).
Salinomycin was one of the first cancer stem cell selective inhibitors that
was described by the Weinberg group (Gupta et al., 2009). This and
related compounds showed selective activity against K-Ras, but not
H-Ras, suggesting that K-Ras is of high significance in cancer stem cells
(Najumudeen et al., 2016; Okutachi et al., 2021; Siddiqui et al., 2021).
While these natural products may become starting points for the
development of more potent drugs, they contrast with dedicated in-
hibitors raised against the target K-Ras. Two such inhibitors, sotorasib
(AMG 510) and adagrasib (MRTX849) have recently been approved
(Canon et al., 2019; Fell et al., 2020). Essentially all of these covalent
K-Ras-G12C specific inhibitors were built on the development of the
compound ARS-1620 (Janes et al, 2018). Moreover, MRTX849
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derivatives gave rise to other non-covalent inhibitors, including
MRTX1133 against K-Ras-G12D (Wang et al., 2022). While allele spe-
cific inhibitors promise uniquely small side-effects, their limited appli-
cability necessitates the development of innovative K-Ras inhibitors
with new modes of action (Steffen et al., 2023).

Here we utilized mainly flow cytometry-based differentiation marker
quantification to understand the impact of the three Ras isoforms,
notably K-Ras4B, on C2C12 cell differentiation. We first establish a new
baseline of understanding C2C12 cell differentiation, by elaborating that
Pax7+ progenitors replenish a major pool of Pax7- transit amplifying
cells, which then give rise to the MyHC+ differentiated cells.

We then establish the distinct impact of Ras isoforms on differenti-
ation using specific genetic perturbations. Finally, we demonstrate the
applicability of our assay for medium throughput assessment of Ras-
pathway drugs to restore differentiation that was perturbed by
disease-associated Ras-isoforms and -alleles. Our results demonstrate
how profoundly Ras-isoforms impact on cell differentiation and
demonstrate how to rapidly analyze the effect of Ras-mutants and -drugs
on differentiation.

2. Materials and methods
2.1. Materials and resources

A list of all reagents, software and instrumentation used in this study
together with their sources and identifiers is provided in Table S1.

2.2. Cell culture and transfections

C2C12 cells were maintained in Dulbecco’s modified Eagle Medium
(DMEM) supplemented with ~9% (v/v) fetal bovine serum (FBS),
2 mM L-glutamine and 1% penicillin/streptomycin (high serum culture
medium). Cells were incubated in a humidified incubator at 37 °C, with
5% CO, and passaged when reaching 50 — 60% confluency. Passage
numbers are indicated in the legends and passages beyond ten were not
employed. Cell culture medium was exchanged with DMEM supple-
mented with ~2% horse serum (HS), 2 mM L-glutamine and 1% peni-
cillin/streptomycin  (low serum culture medium) to induce
differentiation at 90% confluency. For experiments lasting three to five
days fresh low serum culture medium was added every day.

2.3. Preparation of expression constructs

Plasmid constructs used for transfection were generated by multisite
gateway cloning (Wall et al., 2014). To generate the final expression
constructs, LR Clonase II enzyme mix was used to perform recombina-
tion of the entry clones encoding the promoter, the fluorescent tag and
the gene of interest with the pDest-305 destination vector. The reaction
mix was transformed into ccdB-sensitive E. coli strain DH10B. Colonies
resistant to ampicillin were selected for screening of their plasmid DNA
by restriction digestion with BsrGI-HF enzyme. Plasmids with the ex-
pected fragment sizes were then further validated by sequencing. The
pmEGFP-KRas4B-G12V-S17N construct was generated by site directed
mutagenesis on the pmEGFP-KRas4B-G12V background by Gene Uni-
versal (Delaware, USA).

2.4. Plasmid DNA transfection

C2C12 cells were seeded in high serum medium at a density of
100,000 cells per mL of a 6-well plate (#10062-892, Avantor) and
transfection was performed after the cells reached 50 — 60% confluency
(typically 24 h after seeding). Transfection was performed according to
the protocols provided by the manufacturer. 2 ug of plasmid DNA and
7.5 pL Lipofectamine 2000 were added to 250 pL Opti-MEM medium.
The mixture was vortexed, incubated at 22-25 °C for 10 min and sub-
sequently added dropwise to one well of a 6-well plate. Medium was
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exchanged with fresh high serum medium after 4 h. After further 24 h
incubation with high serum, medium was exchanged with low serum
medium to induce differentiation.

2.5. Knockdown by siRNA transfection

Any siRNAs were transfected using Lipofectamine RNAIMAX diluted
in Opti-MEM medium. Typically, 100 nM of each siRNA and 7.5 uL of
Lipofectamine were added to 250 pL of Opti-MEM medium, mixed and
incubated at 22 — 25 °C for 10 min. Cells were transfected at 50 — 60%
confluency by adding this mixture. After 24 h of incubation with the
siRNA-Lipofectamine mixture, the medium was substituted with fresh
high serum medium. After 3 — 4 h, high serum medium was exchanged
with low serum medium, and cells were cultured in low serum medium
that was replaced every day.

2.6. Antibody conjugation with Allophycocyanin (APC) or Phycoerythrin
(PE)

For flow cytometry experiments anti-Pax7 and anti-myogenin anti-
bodies were conjugated to APC with the reagents provided in the APC
conjugation kit — Lightning link. Anti-Myosin 4 Monoclonal antibody
(anti-MyHC) was conjugated with PE with the components provided in
the PE/R-Phycoerythrin conjugation kit — Lightning link. The modifier
reagent and quencher reagent were contained in both kits. Additionally,
the APC conjugation reaction mix was supplied with the APC kit and the
PE conjugation reaction mix was supplied with the PE/R-Phycoerythrin
kit. Anti-Pax7 or anti-myogenin antibodies at a concentration of 1 mg/
mL and 100 pL volume were mixed with 100 pg APC Conjugation Re-
action Mix, together with 10 pL of Modifier Reagent. Similarly, 100 pL of
0.5 mg/mL anti-MyHC antibody was mixed with 100 pg PE Conjugation
Reaction Mix with 10 pL of Modifier Reagent. This mixture was stored in
the dark at 22 - 25 °C for 3 — 4 h. Subsequently, the conjugation reaction
was stopped by adding 10 pL quencher reagent to the conjugation mix.
The conjugated antibody solution was used at a dilution of 1:100 and
stored at 4 °C for up to 6 months.

The degree of labelling (DOL) was calculated according to the for-
mula, DOL = (Amax x MW x dilution factor)/(e x [conjugate]). MW is
the molecular weight of IgG (~150,000 g/mol), and ¢ is the molar
extinction coefficient of the dye (e.g. 700,000 M1 em? for APC), [con-
jugate] = ((A280 - (Amax x Cf))/1.4) x dilution factor. Here, [conju-
gate] is the concentration in mg/ mL of the antibody conjugate, ‘dilution
factor’ is the fold of dilution used for spectral measurements. A280 is the
absorbance of the conjugate at 280 nm and Amax is the absorption
maximum of APC. Cf is the absorbance correction factor and the value
1.4 is the extinction coefficient of IgG in mg/mL. For APC, Cf is 0.22. We
obtained 0.5 — 1 moles of APC per antibody, which falls within the
optimal range for labelling. Similar results were obtained with the PE
conjugation kit.

2.7. Flow cytometry

Cells were seeded at a concentration of 100,000 cells/mL per well of
a 6-well plate. This was followed by transfection with the required
plasmids or siRNAs and a low serum culture period for the time indi-
cated in the figures or figure legends. Fresh low serum, where required
with drug/ compound, was added every day. Cells were then harvested
by trypsinization with 0.05% (w/v) trypsin EDTA (1x) for 5 min and
pelleted by centrifugation at 500 x g for 5 min. The subsequent steps
were performed at 22-25 °C. The cell pellet was subsequently fixed with
4% (w/v) paraformaldehyde (PFA) in PBS for 10 min. After washing
with PBS, cells were permeabilized with 0.5% (v/v) Triton X-100 in PBS
for 10 min. Subsequently cells were washed with 0.05% (v/v) Tween 20
in PBS (PBST) and immunolabelled with fluorescent dye-conjugated
primary antibodies at the indicated dilutions in PBST for 1 h at 4 °C.
Subsequently cells were pelleted by centrifugation at 500 x g for 5 min
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and resuspended in PBST for flow cytometric analysis.

We first gated around 30,000 cells based on their forward and side
scatter properties to exclude debris or dead cells. The intact cells thus
obtained were further analyzed for expression markers using dot plots.
In general, 1,000 to 10,000 EGFP-variant construct expressing intact
cells were collected, depending on the treatment condition. Predomi-
nantly, mEGFP-tagged constructs were employed, which have the
identical brightness as EGFP-tagged constructs (Norris et al., 2015).
EGFP-variants and Alexa Fluor 488 were excited with the 50 mW
photodiode 488 nm laser and the fluorescent signal was detected using
the Green-B filter (band pass 525/30 nm) on a Guava Luminex easyCyte
6HT 2 L flow cytometer. APC or eFluor 660 were excited using the
100 mW photodiode 642 nm laser and detected using the Red-R filter
(band pass 662/15 nm). PE was excited using the 50 mW photodiode
488 nm laser and detected using the Yel-B filter (band pass 583/26 nm).
An unlabeled sample was always included as a control to correct for
autofluorescence. Spectral overlap of PE and EGFP was corrected via
digital compensation using single color EGFP-only and PE-only control
samples.

Labelled or EGFP-variant expressing cells were quantified using the
‘Quad Stat plot’ feature on the GuavaSoft 4.0 software. The laser power
and the voltage gain settings were adjusted such that the unlabeled
events appeared below the level of 10! relative fluorescence units (RFU).
Two EGFP-expression windows were defined, ‘GFP low’ between 10?
and 102 RFU and ‘GFP high’ between 102 and 10° RFU. This allowed to
quantitate differentiation in dependence of the EGFP-expression level.
The majority of data were analyzed in the GFP low window, which
produced a phenotype comparable to non-transfected C2C12 cells. A
detailed step-by-step procedure of sample preparation, data acquisition
and analysis is described in our previous work (Parisi et al., 2023).

To visualize the changes in Pax7+, myogenin+ and MyHC+ cell
fractions over time, histograms depicting the fluorescence intensities of
marker-labelled populations were generated with the Overlays tool in
FlowJo.

To evaluate drug-induced cell toxicity, gating was applied based on
forward and side scatter characteristics to separate total events into
intact cells and debris. The percentage of intact cells among the total
events was then plotted for each EGFP-construct and drug treatment to
estimate cell toxicity.

2.8. Cell proliferation analysis in dye dilution experiments

A 500 x stock solution of Cytopainter deep red/Cytopainter orange
was prepared as described by the manufacturer and stored at -20°C. A 1
x working solution was prepared on the day of labelling in Hank’s
balanced salt solution (HBSS). Cells from a confluent flask were de-
tached with trypsinization, pelleted by centrifugation at 200 x g for
3 min and 1 mL high serum medium was added to the pellet. Cells were
then counted on a Z1 particle counter (Beckman Coulter) to obtain
100,000 cells per 1 mL high serum medium. Cells were again pelleted by
centrifugation at 500 x g for 5 min, resuspended in 500 pL cytopainter
working solution and incubated in the dark at 37 °C for 15 min. Cells
were once more pelleted (500 x g for 5 min) and the pellet was washed
once with 500 pL HBSS. After another round of pelleting, cells were
finally resuspended in 1 mL high serum medium. 200 pL from this cell
suspension was kept aside as the day 0 followed by fixation with 4% (w/
v) PFA. Out of the remaining 800 pL, 200 pL cell suspension containing
20,000 cells was dispensed per well in 3 wells of a 6-well plate con-
taining 2 mL high serum medium. Cells were then incubated for 3 days
in the cell culture incubator. Cells from one well were collected by
trypsinization on day 1, day 2 and day 3 and processed for immuno-
fluorescence with mouse monoclonal anti-Pax7, Alexa Fluor 488 anti-
body. Cytopainter deep red fluorescence was detected by 642 nm laser
excitation and using the Red-R emission filter (band pass 661/15 nm).
The half-life (t;/2) of the cytopainter dilution was calculated using the
one-phase decay equation in Prism 9.0, Y = (YO - plateau) x exp(-K x X)
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+ plateau. Here, X is time (days), Y is the cytopainter mean fluorescence
intensity, YO is the Y value at day O which decays with one phase to
plateau and K is the rate constant expressed as a reciprocal of the X axis
unit. The t; 5 value was calculated as In(2)/K.

The ‘Misc parameters’ feature on the GuavaSoft software provides
the number of events per uL of each sample, which allowed us to
calculate the cell concentration per mL of Pax7+ and Pax7- fractions. To
analyze cell proliferation in cells transfected with mEGFP-tagged wt K-
Ras or K-RasG12V constructs, 100,000 cells/ mL were first seeded in all
wells of a 6-well plate. Each construct was transfected in all wells of a 6-
well plate. Transfected cells were then harvested by trypsinization, cells
from all wells were pooled in a single 15 mL falcon tube and cell con-
centration was determined with a Z1 particle counter. Cell staining with
cytopainter orange reagent was then carried out in exactly as described
above for cytopainter deep red. Cells labelled with cytopainter orange
were then fixed and immunolabelled with APC conjugated anti-Pax7
antibody. Cytopainter orange fluorescence was detected with 488 nm
laser excitation and the Yel-B emission filter (band pass 583/26 nm).
Cytopainter orange fluorescence signal for Pax7+ and Pax7- fractions
was measured specifically for cells in the ‘GFP low’ window.

2.9. Cell toxicity analysis with 7-AAD

The cell impermeable dye 7-Aminoactinomycin D (7-AAD) is
excluded from intact cells but intercalates into the genomic DNA of late
apoptotic and necrotic cells since the plasma membrane integrity of
these cells is compromised. The toxicity of K-RasG12C inhibitors was
analyzed in cell fractions transfected with pDest305-CMV-mEGFP-K-
RasG12C. Cells were treated 24 h after transfection with DMSO, sotor-
asib (AMG 510), MRTX1257 and adagrasib (MTRX849) in low serum for
three days at indicated concentrations. The medium was first aspirated
from drug treated cells to collect the ‘supernatant’ fraction of dead cells.
The ‘adherent’ fraction of cells was collected by trypsinization. After
centrifugation at 500 x g for 5 min and a washing step with PBS, both
fractions were labelled with the provided 7-AAD solution for 15 min on
ice according to the manufacturer instructions. The 7-AAD fluorescence
was detected using the 100 mW photodiode 642 nm laser and the Red-B
filter (band pass 635/40 nm) by flow cytometry. Cells expressing EGFP-
constructs and labelled with 7-AAD were gated and counted using the
Quad Stat plot feature on GuavaSoft software. Percentages of GFP+
7AAD+ cells were quantified from the GFP low window and plotted for
each drug treatment.

2.10. Microscopy

Brightfield images were acquired with 10 and 20 x objectives of a
Leica DMI3000 B inverted microscope equipped with a Leica DFC360 FX
digital camera. Samples were illuminated using pE400max LED white
light source from CoolLED. Images were analyzed with Leica LAS X
software.

2.11. Immunoblotting

Cells were seeded at a density of 100,000 cells/ mL in each well of a
6-well plate, transfected and then cultured in low serum as indicated in
the figures. Cells were then washed with ice-cold PBS and lysed for
30 min on ice using a total of 100 pL of lysis buffer (10 mM Tris pH 7.5,
150 mM NaCl, 0.5 mM EDTA, 0.2% NP40) supplemented with one tablet
of protease inhibitor cocktail per 10 mL lysis buffer. The lysis buffer was
additionally supplemented with one tablet per 10 mL of the PhosSTOP
phosphatase inhibitor cocktail. Cells were collected using a scraper and
incubated on ice for 30 min with intermittent vortexing. Lysates were
cleared by centrifugation at 13,000 x g for 10 min at 4 °C. Supernatants
were collected and quantified by the Bradford assay using Bio-Rad
Protein Assay Kit, followed by heating at 95 °C for 5 min. Protein
samples were then resolved on denaturing SDS-PAGE. A 6% resolving
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gel was used for detection of MyHC, 10% resolving gel for Pax7, ERK1/
2, Akt and 15% resolving gel for detection of myogenin, K-Ras (total K-
Ras, both 4 A and 4B isoforms), H-Ras, N-Ras. Subsequently, separated
proteins were transferred onto a nitrocellulose blotting membrane 0.2
pm by using a TransBlot turbo Transfer System (Bio-Rad). The blots were
probed as indicated in the figures with the antibodies diluted as
described in the Key Resources Table. The membranes were washed 3
times with PBST (0.2% (v/v) Tween 20 in PBS) and then incubated with
anti-mouse or anti-rabbit IRDye800CW or IRDye680RD/LT conjugated
secondary antibodies. Finally, protein bands were detected using a LI-
COR ODYSSEY CLx system. Band intensities were quantified using Fiji
and normalized to GAPDH. The relative abundances of phosphorylated
ERK1/2 and phospho-Akt were quantified as the ratios of the intensities
of phosphorylated proteins and the total proteins.

2.12. Quantitative RT-PCR of gene transcripts

Cells were seeded at a density of 100,000 cells/ mL of a 6-well plate
and transfected with siRNAs directed against KRAS, NRAS and HRAS.
Note that the HRAS siRNA against the human mRNA was also targeting
the identical sequence of the mouse mRNA.

After culturing in low serum medium, cells were collected as indi-
cated in the figures. Total RNA was isolated using Trizol according to the
manufacturer’s protocol. Reverse transcription was performed with 1 ug
of total RNA using SuperScriptIll Reverse Transcriptase. The relative
abundance of KRAS, NRAS and HRAS, gene transcripts was analyzed by
using SsoAdvanced Universal SYBR Green Supermix on the CFX-connect
real-time PCR instrument (Bio-Rad) and Bio-Rad CFX Manager Software.
Specific amplicons were detected for KRAS (both K-Ras4A and K-Ras4B
splice variants), NRAS, HRAS, and GAPDH. Forward and reverse primer
sequences of KRAS amplicons were described previously (Tsai et al.,
2015). Primers for amplification of NRAS, HRAS and GAPDH amplicons
were based on primers from Origene or designed using the online tool
‘OligoPerfect Primer Designer’. The mRNA sequences of mouse HRAS
(NM_008284.3) and GAPDH (NM_008084.4) were used as templates for
primer design. The relative mRNA expression level was calculated using
the 224% method by normalizing to GAPDH expression (Livak and
Schmittgen, 2001).

2.13. Data and statistical analysis

Prism 9 (GraphPad) was used for the preparation of plots, heatmaps,
data and statistical analysis. Data represent means of 3 or more inde-
pendent biological repeats (N). Each biological repeat consisted of at
least 2000 cells. Marker positive/ negative cell fractions, p, were logit
transformed, according to logit(p)=In(p/1-p), to obtain continuous
values for statistical comparison. Comparison of means was then per-
formed using one-way ANOVA, unless otherwise mentioned in the figure
legends. Bar plots show mean + SEM. Sample means were compared
with the chemical-, wild type- or time 0 d- control sample, unless
otherwise indicated using horizontal lines. Statistical significance was
represented as follows: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p <
0.0001 above the respective bar plot.

3. Results

3.1. Benchmarking of flow cytometry-based analysis of C2C12
differentiation

Differentiation stage-specific markers of mouse muscle C2C12 cells
correlate with those identified during muscle development in vivo
(Fig. 1A) (Yin et al., 2013). Both the MAPK- and PI3K-pathways
downstream of Ras are characteristically regulated during differentia-
tion (Bennett and Tonks, 1997; Wakioka et al., 2001; Xu and Wu, 2000).
The C2C12 model therefore offers the opportunity to study the impact of
Ras-pathway disease variants and targeted drug treatments on cellular
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differentiation.

We first benchmarked this assay against conventional phenotypic
and immunoblotting-based differentiation analysis. C2C12 cell myo-
blasts assume a roundish-rhomboid morphology when cultured in high
serum (day 0) (Fig. 1B). Medium switching to low serum induces dif-
ferentiation (day 1), which alters the morphology of cells to become
increasingly more spindle shaped. From day 2 to day 3 after serum
switching the number of spindle shaped cells visibly increased, and
further elongation with subsequent fusion resulted in a robust myotube
assembly at day 5 (Fig. 1B). While determining the fraction of nuclei
incorporated into myotubes can measure the overall progression of
differentiation as the fusion index, this and related methods are quite
tedious and allow only for the analysis of small cell numbers (Velica and
Bunce, 2011).

In addition, muscle progenitor and differentiation markers are
commonly analyzed using immunoblotting, which however captures
only the averaged response across the heterogenous, differentiating cell
pool. This became obvious when we compared immunoblotting- and
flow cytometry-derived results of various muscle differentiation markers
during the 5-day differentiation period. Immunoblotting revealed a
nearly constant Pax7 protein expression (Fig. 1C), which was matched
by an almost constant mean Pax7 intensity in the flow cytometry-based
analysis (Fig. 1D). However, the fraction of Pax7 positive (Pax7+) cells
increased from day three onwards (Fig. 1D). By contrast, analysis of the
early differentiation marker myogenin by immunoblotting suggested a
linear increase of the muscle-specific transcription factor during differ-
entiation (Fig. 1E). This increase is however not due to an increased
number of myogenin positive cells, but an increased mean expression
level of the transcription factor in the population, as revealed by the flow
cytometry data (Fig. 1F). Both immunoblotting (Fig. 1G) and flow
cytometric analysis (Fig. 1H) confirmed that the expression of the late
differentiation marker myosin heavy chain (MyHC) rapidly increased
between days 2 and 3. In this case both the fraction of MyHC+ cells and
the mean expression level in the population increased (Fig. 1H). The
flow cytometry-based analysis of C2C12 cell differentiation therefore
resolves population level differences in the expression of differentiation
markers that may remain hidden in other common types of differenti-
ation analyses. We therefore recently established a protocol to measure
C2C12 cell differentiation using the flow cytometric quantification of
the MyHC-+ fraction, which we furthermore automated by our custom R-
script software FlowFate (Parisi et al., 2023).

The sensitivity of this assay furthermore enabled us to detect an
apparent decline in the differentiation potential with an increase in
passage number. Cells with the passage number six (Fig. 1H) arrived at
~20% MyHC+ cells at day 3, while this fraction declined to ~15% in
passage eight and slightly further to ~13% in passage ten (Fig. S1IA-D).
At the same time, the number of differentiated cells at day O in high
serum increased in the same order, suggesting that a leakage into dif-
ferentiation occurs due to passaging even in high serum. As this reduced
the net change of the fraction of differentiated cells, i.e. the dynamic
range of this assay, we aimed at employing cells with passage numbers
from six to nine and included internal references wherever possible.
Nevertheless, a residual background fluctuation inherent to variations
caused by the passage numbers can be observed in our data that were
composed from independent biological repeats across a longer time
span.

3.2. Differentiated cells arise from the major pool of Pax7-/ MyHC-
transit amplifying cells

Our analysis revealed that the muscle progenitor marker Pax7 is
expressed by a minor sub-population of C2C12 cells (1-2%) before and
after induction of differentiation (Fig. 1D). It is therefore impossible that
this population of myoblasts provides the bulk of differentiated Pax7-/
MyHC+ myotubes. Instead, double labelling revealed that concomitant
with the increase of the Pax7-/ MyHC+ differentiated cells, a Pax7-/
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Fig. 1. Improved characterization of C2C12 cell differentiation by flow cytometry. (A) Differentiation of skeletal muscle in vivo (top) and of C2C12 cells
(bottom) are similar based on marker expression. (B) C2C12 cells were differentiated by switching to low serum medium for indicated times. Brightfield images were
obtained at 10 x magnification. Scale bars, 200 um. (C-H) Representative immunoblots and quantification of Pax7 (C), myogenin (E) and MyHC (G) expression in
C2C12 cells; N = 3, passage number 6. Representative flow cytometry histograms of marker+ cells at indicated times after serum switch (left). Quantification of logit
transformed marker+ fractions (middle) and geometric means of intensities (right). Analyzed markers were Pax7 (D), myogenin (F) and MyHC (H); N = 3, passage
number 6. The switch to low serum medium for differentiation is here and subsequently indicated with a vertical dashed line.
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MyHC- subpopulation decreased that constitutes the bulk of the C2C12
cell line (Fig. 2A). This strongly suggests that the MyHC+ differentiated
cells arise from the Pax7-/ MyHC- cells.

To understand how this large pool of Pax7-/ MyHC- cells is main-
tained under high serum conditions, we analyzed the proliferation of the
Pax7+ and Pax7- populations by co-labelling Serl0-phosphorylated

= Pax7-/MyHC+
= Pax7-/MyHC-

European Journal of Cell Biology 103 (2024) 151425

histone H3 (pH3), a marker of mitotic and proliferative activity (Goto
et al., 1999). While ~23% of Pax7+ myoblasts were also pH3+ at day
0 in high serum, only ~4% of Pax7- cells were pH3+, suggesting that
these latter cells have a much lower mitotic activity. After switching to
low serum, the fraction of mitotically active Pax7+ cells dropped
slightly, consistent with persistent mitotic activity in the Pax7+ fraction
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Fig. 2. A major pool of Pax7-/ MyHC- transit amplifying cells gives rise to Pax7-/ MyHC+ differentiated cells. (A) Flow cytometric analysis of C2C12 cell
subpopulations after indicated times of differentiation; N > 2, passage number 8-9. (B,C) Quantification of mitotically active (pH3+) Pax7+ (B) and Pax7- (C)
subpopulations; N = 6, passage number 7-8. (D) Representative histograms of cytopainter dye dilution experiments from C2C12 cells proliferating in high serum
medium for indicated times. Inset schematic illustrates dye dilution upon cell division. (E) Quantification of dye dilution experiments as in (D). Geometric means of
fluorescence intensities of cytopainter deep red-labelled Pax7+ and Pax7- cells; N = 3, passage number 7-8. Half-life (t; 2) of each fluorescence decay was calculated
as described in methods. (F) Analysis of cell concentrations of Pax7+ and Pax7- populations proliferating in high serum; N = 3, passage number 7-8. (G) Revised
population model for C2C12 cells. Our data suggest that Pax7+/ MyHC- progenitors divide to some extent symmetrically (boxed), but mostly asymmetrically, to self-
renew and expand the number of slowly proliferating Pax7-/ MyHC- transit amplifying cells. This major pool of cells can be triggered to partially differentiate into
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(Fig. 2B). The pH3+ mitotic fraction in the Pax7- population however
decreased significantly upon serum switching, in agreement with cells
becoming post-mitotic upon differentiation (Fig. 2C).

The higher proliferation rate of Pax7+ cells in high serum was
further supported by dye-dilution experiments. The non-toxic cyto-
painter dye is diluted ~2-fold during each cell division, which was re-
flected by the decrease in the geometric means of fluorescence
intensities in an exponentially growing cell population (Fig. 2D,E).
When cultured under high serum, the cytopainter labelling decayed at a
comparable rate in both Pax7+ and Pax7- subpopulations (Fig. 2E). At
the same time, the number of Pax7- cells increased exponentially during
the 3-day culture in high serum, while that of Pax7+ cells only
marginally increased (Fig. 2F).

This proliferation pattern is reminiscent of other developmental
systems where a minor pool of progenitors asymmetrically divides to
generate one progenitor and one transit amplifying cell. The latter then
expand exponentially, while the progenitor pool is preserved (Chia
et al., 2008). This setup is not only critical during development but also
for tissue homeostasis and regeneration in the adult (Gomez-Lopez et al.,
2014; Post and Clevers, 2019).

Our data therefore suggest that under high serum conditions, the
Pax7-/ MyHC- transit amplifying cells are replenished via predomi-
nantly asymmetric cell divisions of the highly proliferative Pax7+/
MyHC- progenitors, which explains the similar half-life of Pax7+ and
Pax7- cell dye dilutions (Fig. 2E,G). The Pax7-/ MyHC- cells divide
slower and likely symmetrically and furthermore continue to be
replenished by the asymmetrically dividing progenitors, which explains
the exponential expansion of Pax7- cells (Fig. 2F,G). With terminal
differentiation, the Pax7- pool becomes post-mitotic and gradually
forms myocytes and myotubes while expressing MyHC (Fig. 2C,G).

3.2.1. K-Ras depletion increases, while H-Ras depletion decreases
differentiation

It was previously suggested that the three cancer associated Ras
genes, KRAS, NRAS and HRAS all promote muscle differentiation via the
PI3K-pathway (Lee et al., 2010). However, the individual contributions
of the Ras genes on the above established three subpopulations of C2C12
cells is unknown. We therefore utilized siRNA-mediated knockdown to
specifically downmodulate endogenous RAS isoforms and analyzed the
effect on the Pax+/ MyHC- progenitors, Pax7-/ MyHC- transit ampli-
fying cells and Pax7-/ MyHC+ terminally differentiated cells during
differentiation.

Ras isoform specificity of knockdowns was validated by both
immunoblotting (Fig. S2) and quantitative RT-PCR (Fig. S3). This
analysis surprisingly revealed that knockdown of NRAS significantly
increased K-Ras4A/B and H-Ras protein expression levels on day 1
(Fig. S2F), which was for K-Ras4A/B also reflected on the mRNA-level
(Fig. S3D). Hence, this effect is likely not an unspecific siRNA activity,
but an endogenous feedback mechanism. In addition, NRAS knockdown
also downmodulated H-Ras mRNA on day 4 (Fig. S3D). Otherwise, all
knockdowns remained isoform specific with an average knockdown ef-
ficiency of > 35% on the protein level during the 5-day differentiation
period (Fig. S2C,E,G).

While the specific knockdown of KRAS (i.e., of both K-Ras4A and K-
Ras4B proteins) led only to a slight reduction of progenitors (Fig. 3A), a
significant drop in the fraction of transit amplifying cells was noticeable
(Fig. 3B). Importantly, the population of differentiated cells was
significantly increased upon KRAS knockdown (Fig. 3C). By contrast no
significant effects were observed with the NRAS knockdown (Fig. 3D-F).
However, it is plausible to assume that any effect due to the NRAS
knockdown is compensated by the induced upregulation of K-Ras and H-
Ras (Fig. S2F). A markedly different outcome was observed upon
knockdown of HRAS, which did not alter the progenitor fraction
(Fig. 3G) but significantly increased the fraction of transit amplifying
cells (Fig. 3H), which then resulted in a significantly decreased fraction
of differentiated cells (Fig. 31).
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These population changes are accompanied by a drop in MAPK- and
mTORC2-signalling, potentially in an isoform specific manner (Fig. S4).
We observed a decrease of relative Thr202/Tyr204-phosphorylated ERK
1/2 (pERK) levels upon KRAS or HRAS knockdowns (Fig. S4A,B,D), but
essentially no change in the case of NRAS knockdown (Fig. S4C). It can
thus be speculated, that MAPK-signaling is relevant for both progenitor
maintenance by K-Ras4A/B (Fig. 3A) and expansion of differentiated
cells by H-Ras (Fig. 31). By contrast, downregulation of any RAS isoform
strongly reduced relative Ser473-phosphorylated Aktl (pAkt) down-
stream of Ras and mTORC2 (Kovalski et al., 2019), with the strongest
effect for HRAS knockdown (Fig. S4E-H).

Taken together, we postulate distinct roles for the three Ras isoforms
in regulating C2C12 differentiation (Fig. 3J). K-Ras4A/B proteins seem
important to maintain the Pax7+ progenitor pool and prevent differ-
entiation of the transit amplifying cells, while H-Ras seems to facilitate
this (Fig. 3A-C). N-Ras may have a similar and therefore partially
redundant role, which may however be obscured given that its down-
regulation unexpectedly upregulates K-Ras and to a lesser extent H-Ras
(Fig. 3D-F). This may correspond to a fail-safe mechanism, which makes
sense in the context that NRAS is the evolutionary more recent Ras gene
(Garcia-Espana and Philips, 2023).

3.3. Oncogenic K-RasG12V blocks differentiation of transit amplifying
cells

It is well established that overactive MAPK-activity, such as associ-
ated with disease variants of pathway genes, blocks C2C12 cell differ-
entiation (Konieczny et al., 1989; Wakioka et al., 2001). However, it is
unknown, in which subpopulation these defects manifest and whether
proliferation is increased, as typically assumed for oncogenic
Ras-transformed cells.

Both oncogenic mutations as well as overexpression of Ras proteins is
found in many cancers. Our flow cytometry-based differentiation assay
offers the opportunity to exactly quantitate the expression level-
dependent effect of both insults on differentiation, by gating for
distinct transient expression levels of mEGFP-tagged wild-type or
oncogenic K-Ras4B (hereafter K-Ras). Typically, 2000 — 3000 trans-
fected cells were analyzed per condition, a number that remained con-
stant until day 2 of differentiation, when expression started to drop
(Fig. S5A,B). This transient perturbation of differentiation is necessary,
as in stable transfectants the homeostasis of the mixed C2C12 cell pool
would be permanently disrupted. For both constructs, most cells
expressed in an expression window, which we defined as up to 10-fold
above auto-fluorescence background of untransfected cells (Fig. S5C,
D). A high-expression window essentially comprised all cells with
expression levels beyond the former threshold.

In C2C12 cells expressing wt K-Ras in the low window, the fraction of
Pax7-+/ MyHC- progenitors remained essentially constant (Fig. 4A). As
observed for untransfected C2C12 cells (Fig. 2A), a decrease in the pool
of transit amplifying Pax7-/ MyHC- cells (Fig. 4B) was matched by an
increase in the number of differentiated Pax7-/ MyHC+ cells over the
5 day differentiation period (Fig. 4C). In cells expressing wt K-Ras in the
high window, the fraction of progenitor cells appeared unaltered
(Fig. 4A). High wt K-Ras expression then resulted in a significantly
decreased fraction of transit amplifying cells on days 4 and 5 as
compared to the low-expression window (Fig. 4B), which was matched
by a significantly increased fraction of differentiated cells on these days
(Fig. 4C).

The fraction of progenitors appeared likewise unaltered in the GFP
low and high windows of cells expressing K-RasG12V (Fig. 4D). How-
ever, the fraction of transformed transit amplifying cells showed a
smaller decrease as compared to their wt K-Ras counterparts (Fig. 4E),
irrespective of the expression level. This was matched by a reduced in-
crease of differentiated cells, notably in the high-expression window
(Fig. 4F).

It is generally assumed that oncogenic Ras mutants increase
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Fig. 4. Oncogenic K-Ras4B blocks differentiation of transit amplifying cells. (A-C) Flow cytometric analysis of temporal evolution of Pax7+/ MyHC- progenitors
(A), Pax7-/ MyHC- transit amplifying cells (B) and Pax7-/ MyHC+ differentiated cells (C) after transfection of C2C12 cells with mEGFP-tagged wt K-Ras on day 0.
Cells in the GFP low and GFP high expression windows were analyzed; N = 3, passage number 6. (D-F) Flow cytometric analysis of temporal evolution of Pax7+/
MyHC- progenitors (D), Pax7-/ MyHC- transit amplifying cells (E) and Pax7-/ MyHC+ differentiated cells (F) after transfection of C2C12 cells with mEGFP-tagged
oncogenic K-RasG12V on day 0. Cells in the GFP low and GFP high expression windows were analyzed; N = 3, passage number 6. (G,H) Geometric means of
fluorescence intensities of cytopainter orange-labelled Pax7+ (G) and Pax7- (H) of mEGFP-wt K-Ras or mEGFP-K-RasG12V expressing C2C12 cells; N = 3, passage
number 6. Half-life (t;,5) of each fluorescence decay was calculated as described in methods. (I) Population model for C2C12 cells transformed with oncogenic K-
RasG12V, which blocks differentiation at the level of Pax7-/ MyHC- transit amplifying cells.

proliferation, which could impact on the fractions of cells that are
analyzed here. We therefore again performed dye-dilution experiments
to determine the doubling times in the Pax7+ and Pax7- populations of
cells transfected with mEGFP-tagged wt K-Ras and K-RasG12V. Impor-
tantly, no significant differences were observed between the cytopainter
dye dilution decay half-life values of wt K-Ras and K-RasGl2V
expressing cells in both the Pax7+ population (Fig. 4G) and the Pax7-
population (Fig. 4H). K-RasG12V therefore does not stimulate prolifer-
ation more than the wt counterpart. Instead, K-RasG12V inhibits ter-
minal differentiation of the transit amplifying cells (Fig. 4I).

3.4. Oncogenic and RASopathy-associated K-Ras mutants vary in their
abilities to block differentiation

We next analyzed the impact of various mutant Ras-alleles on C2C12
cell differentiation. Again, we transiently transfected cells with GFP-
variant tagged Ras-constructs and examined them by flow-cytometry
in the GFP low window. We focused our analysis on day 3 of differen-
tiation, as it is the earliest time point where differentiation measured by
the fraction of MyHC+- cells becomes significantly different (p < 0.0001)
between wt and oncogenic K-Ras in the GFP low window (Fig. 4C,F). In
addition to the most frequent K-Ras mutations (Hobbs et al., 2016), we
also included N-RasG12V and H-RasG12V, which all exhibit altered

10

biochemical properties (Table S2) (Hunter et al., 2015; Moore et al.,
2020; Rabara et al., 2019).

While the Pax7+ progenitor pool appeared increased by some
oncogenic Ras mutants (Fig. 5A), their ability to block differentiation
was most distinct (Fig. 5B). Interestingly, N-RasG12V and H-RasG12V,
like K-RasG12D, left the progenitor fraction unaltered (Fig. 5A), while
significantly blocking differentiation similar to all other oncogenic K-
Ras mutants (Fig. 5B).

Aberrant differentiation is also observed in developmental diseases
called RASopathies, where Ras-pathway genes are mutated in the
germline. Thus, every cell in the body would essentially experience
malfunctioning Ras that could broadly impact on development.
Consistently, all RASopathies are characterized by multi-organ abnor-
malities, including of the musculoskeletal system (Stevenson et al.,
2012). With a few exceptions, RAS mutations that are found in RASo-
pathies are different from the ones seen in cancer (Bustelo et al., 2018;
Castel et al.,, 2020). RASopathy mutants typically display multiple
biochemical abnormalities but increase Ras-MAPK-signaling less than
oncogenic mutants (Table S3) (Cirstea et al., 2013; Gremer et al., 2011).

Interestingly, the progenitor fractions of K-Ras RASopathy mutant
transformed cells were mostly decreased (Fig. 5C), with significant
drops observed for Y71H, Q22E, V14I and G60R.

Given the very small differences, it is difficult to draw conclusions
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Fig. 5. All oncogenic Ras mutants block differentiation, while many RASopathy associated K-Ras mutants deplete progenitors. (A,B) EGFP-variant tagged
oncogenic Ras constructs were transfected into C2C12 cells on day 0 and subsequently on day 3 of differentiation, Pax7+ cell fractions (A) and MyHC+ cell fractions
(B) were analyzed by flow cytometry; N = 3, passage number 7. (C,D) EYFP-tagged K-Ras RASopathy mutants were transfected into C2C12 cells on day 0 and
subsequently on day 3 of differentiation, Pax7+ cell fractions (A) and MyHC+ cell fractions (B) were analyzed by flow cytometry; N > 2, passage number 9. In all

plots, only cells in the GFP low expression windows were analyzed.

linking these observations to their biochemical features (Table S3).
However, three of the four mutants have defective Raf-RBD binding as
common phenotype, yet with the latter three being reported as mostly
GTP-loaded (Table S3) (Cirstea et al., 2013; Gremer et al., 2011). They
therefore combine loss- and gain-of-function features, which may have
to be addressed quantitatively in cells to draw final conclusions.

Only two of the studied RASopathy mutants inhibited differentiation
significantly (Fig. 5D). The strongest inhibition was seen with K-
RasG60R, which however inhibited differentiation only as much as the
weakest oncogenic mutant K-RasG13D. Together with the P34R mutant
that also strongly inhibited differentiation, it shares reduced NF1-GAP
sensitivity as a defect that is characteristic for all oncogenic mutants
(Tables §2,3) (Gremer et al., 2011; Schubbert et al., 2006). Interestingly,
the K5N mutant was described to have overall normal biochemical
properties (Table S3), while it blocked differentiation as much as the
G60R mutant. The underlying functional defect of the N-terminal
mutant therefore remains to be elucidated.

Taken together with the results from the oncogenic mutants, these
data are consistent with a significant role of the SPRED1/ NF1-complex
and thus a potential requirement for the GDP-state of Ras to facilitate
terminal differentiation of transit amplifying cells (Wakioka et al.,
2001). Our data suggest that a disruption of differentiation steps,
including the modulation of progenitor levels, may underpin Ras-driven
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oncogenesis and developmental aberrations.

3.4.1. K-RasG12C inhibitor profiling reveals their distinct ability to restore
differentiation and induce toxic cell death

The past few years have seen the arrival of the first direct K-RasG12C
inhibitors in the clinic (Punekar et al., 2022; Steffen et al., 2023).
Classical cell-based assays profile these inhibitors based on their
anti-proliferative and cell-killing activity. Here, we have the unique
opportunity to quantify to what extent these inhibitors can restore
inhibited differentiation that was induced by oncogenic K-Ras alleles.

First, we established that the employed DMSO concentrations below
0.1% that carried over from compound stocks do not impact on differ-
entiation or have toxic effects (Fig. S6A,B). We then tested the two
approved drugs sotorasib (AMG 510) and adagrasib (MRTX849) (Canon
etal., 2019; Fell et al., 2020), as well as ARS-1620 the founder of current
G12C-inhibitors (Janes et al., 2018), and MRTX1257, a close analogue of
MRTX849 (Fell et al., 2020).

As just described, K-RasG12C decreased the fraction of MyHC+- cells
more than K-RasG12V on day 3 (Fig. 6A). AMG 510 treatment at 3 pM
did not have a restorative effect on differentiation of cells expressing wt
K-Ras or K-RasG12V, however, it significantly increased the fraction of
differentiated cells with K-RasG12C even beyond that of the wt-control
(Fig. 6A). This was an interesting observation, as it may indicate a
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Fig. 6. K-RasG12C inhibitor profiling reveals their distinct abilities to restore differentiation. (A-D) Analysis of MyHC+ C2C12 cell fractions expressing GFP-
variant tagged wt K-Ras, K-RasG12V and K-RasG12C on day 3 of differentiation. From day 1 onwards 3 pM of AMG 510 (A), ARS-1620 (B), MRTX1257 (C) or
MRTX849 (D) or vehicle (DMSO 0.1% v/v) were added to cells; N = 4. In all plots, only cells from passage 9 in the GFP low expression windows were analyzed.

Horizontal line marks the control value to facilitate comparison.

dominant negative action of AMG 510-bound K-RasG12C since this
phenotype resembles that of the K-RasG12V-S17N with the S17N
dominant negative mutation (Fig. S6C,D). This distinct ability of AMG
510 has not been reported previously. As expected, ARS-1620 could
fully restore differentiation of K-RasGl2C transformed C2C12 cells
(Fig. 6B), while having no effect on the number of intact cells as also
observed with AMG 510 (Fig. S6E,F).

By contrast, neither MRTX1257 nor MRTX849 could fully restore
differentiation of K-RasG12C transformed C2C12 cells (Fig. 6C,D).
Instead, we observed a reduction in the MyHC+ fraction in the drug
treated K-RasG12V expressing cells (Fig. 6C,D). This was due to signif-
icant general toxicity of these compounds, which led to a significant
drop of intact cells even for wt K-Ras expressing cells (Fig. S6G,H).

We more closely examined this K-RasG12C-inhibitor toxicity using 7-
AAD-labelling, which indicates late apoptosis and necrosis in cells
(Zembruski et al., 2012). This assay confirmed that under otherwise the
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same conditions the general toxicity increased in the order AMG 510 <
ARS-1620 < MRTX1257 < MRTX 849 in adherent and detached
K-RasG12C transformed C2C12 cells (Fig. S61,J).

This analysis demonstrates that both AMG 510 and ARS-1620 are
effective and specific K-RasG12C inhibitors that can restore differenti-
ation with no or little non-specific toxicity. On the other hand, both
MRTX1257 and MRTX 849 display a broader toxicity, which un-
dermines their differentiation restoring ability.

3.5. Profiling of clinical and pre-clinical RAS-MAPK-pathway inhibitors
for their ability to restore differentiation

In extension of this analysis, we next assessed the oncogene- and
allele-specific effect of targeted drugs on differentiation. Altogether we
tested eight approved or clinically evaluated Ras-pathway inhibitors at
1 pM (except for trametinib at 0.1 pM and AMG 510 at 3 pM), which
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target Ras trafficking (tipifarnib and cysmethynil), upstream activation
(gefitinib, BI-3406), directly K-Ras (AMG 510, MRTX1133) and the
major effector pathways downstream of Ras that are associated with
cancer (trametinib, rapamycin).

Trafficking inhibitor tipifarnib, which inhibits farnesyltransferase,
had a surprisingly broad effect on almost all K-Ras, N-Ras and H-Ras
mutants to restore differentiation (Fig. 7A). By contrast, cysmethynil
was essentially inefficacious (Fig. 7A), in agreement with its clinical
performance (Lau et al., 2014).

The expected H-Ras specificity of tipifarnib treatment becomes more
clearly visible, if we consider the net rescue effect of differentiation, i.e.
the difference between the MyHC+ fraction with drug treatment and the
DMSO-control (Fig. 7B). The second most sensitive allele was N-
RasG12V, interestingly followed by K-RasG12V, while all other onco-
genic K-Ras variants were less sensitive. This was surprising, given that
K- and N-Ras can undergo their function-restoring alternative pre-
nylation if farnesyltransferase is inhibited (Whyte et al., 1997).

Upstream inhibitors gefitinib, which blocks EGFR tyrosine kinase
activity, only had a modest effect to restore differentiation of some K-Ras
alleles (Fig. 7A,B), which essentially followed the order of the differ-
entiation blocking activity of these K-Ras mutants (Fig. 5B). The SOS1
inhibitor BI-3406 performed better, leading to a substantial restoration,
except for K-RasQ61H, which is known to have an elevated nucleotide
exchange activity, while being impeded for activation by SOS1
(Gebregiworgis et al., 2021; Hofmann et al., 2021). By contrast, this
compound was more efficient against K-RasG13D with a much-increased
nucleotide exchange activity.

Next, AMG 510 showed the expected selectivity for K-RasG12C, with
a minor effect on other alleles (K-RasG13D, K-RasG12V and N-RasG12V)
(Fig. 7A,B). Allele selectivity, albeit not as clear as with AMG 510, was
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also seen with the low nanomolar non-covalent K-RasG12D-selective
inhibitor MRTX1133 (Wang et al., 2022). Importantly, MRTX1133
restored differentiation to the highest levels observed so far for
K-RasG12D but did appear to also mildly and non-specifically restore the
differentiated fraction in other K-Ras alleles (Fig. 7A,B). These apparent
non-specific effects of the two allele specific inhibitors may arise from
non-covalent interactions with the switch II pocket of all K-Ras alleles.
For compounds with the MRTX849 scaffold such non-specificity was
explicitly demonstrated earlier (Vasta et al., 2022).

None of the former compounds though exerted an as strong pan-Ras
effect as trametinib, which broadly restored differentiation across all
alleles and isoforms (Fig. 7A,B). Only, drugs that have a known allele- or
isoform-selectivity (tipifarnib for H-RasG12V, AMG 510 for K-RasG12C
and MRTX1133 for K-RasG12D) matched or surpassed the effect of
trametinib. This correlated with the clinical success of tipifarnib against
H-RasG12V driven tumors and of AMG 510 against K-RasG12C driven
tumors (Ho et al., 2021; Skoulidis et al., 2021). Finally, rapamycin
broadly blocked differentiation, consistent with the importance of PI3K/
mTORCI-signaling for myogenesis and terminal differentiation of
C2C12 cells (Lee et al., 2010; Xu and Wu, 2000).

We, therefore, recapitulate closely the in vivo effects of targeted
pharmacological agents. The broad effect of trametinib moreover
highlights the central role of MAPK-activity to block differentiation. This
becomes even clearer, when the net restoration of all oncogenic K-Ras
alleles by trametinib is analyzed (Fig. 7C). One recovers a rank-order
that anti-correlates with that of rapamycin (Fig. 7D) and correlates
with the impact of these alleles on differentiation (Fig. 5B). This suggests
that those K-Ras mutants that have a stronger dependence on MAPK-
signaling, as expressed by their relative trametinib sensitivity
(Fig. 7C), and lesser dependence on the PI3K/ mTORC1-signaling
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Fig. 7. Profiling of clinically tested Ras inhibitors for their ability to restore differentiation. (A) Heatmap showing % MyHC+ C2C12 cells, i.e. the absolute
rescue effect, on day 3 of differentiation for each indicated condition. EGFP-variant tagged Ras-constructs were transfected on day 0; N = 3, passage number 7. The
scale to the right shows the wt K-Ras differentiation level as a reference. Only cells in the GFP low expression windows were analyzed. (B) Net rescue effect of drugs.
Plotted values were obtained by subtracting values from vehicle control (DMSO 0.1% v/v) treated samples in the top row from those treated with drugs in (A). The
scale to the right shows the DMSO-control level as a reference. (C) Extract of data from (B). Rank-order of MAPK-pathway dependence of K-Ras variants judged by the
trametinib induced net rescue. (D) Extract of data from (B). Rank-order of PI3K/ mTORC1-pathway dependence of K-Ras variants judged by the rapamycin induced

net rescue.
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(Fig. 7D), more profoundly block differentiation (Fig. 5B).
4. Discussion

The impact of RAS-MAPK-pathway disease mutants on cell trans-
formation and the efficacy of novel Ras drug candidates are typically
assessed in a small number of standard assays, such as NIH3T3 trans-
formation and 2D/3D cancer cell proliferation assays, complemented by
immunoblotting for markers of RAS-MAPK-pathway activity (Esposito
et al.,, 2019). The impact on cell differentiation, though a known hall-
mark of cancer, has so far been vastly neglected (Chaffer and Weinberg,
2015; Hanahan, 2022).

Here we have established the C2C12 cell differentiation model to
examine the effect of oncogenic Ras mutants and Ras-pathway drugs on
differentiation. Importantly, this model recapitulates typical and
fundamental steps of cell differentiation also found in vivo (Yin et al.,
2013). Notably, the NF1 scaffold SPRED1 is upregulated upon differ-
entiation, concomitant with a drop in MAPK-signaling, which allows to
examine this core machinery of Ras-transformation in more detail
(Stowe et al., 2012; Wakioka et al., 2001). This implies that our obser-
vations have broad implications not only for locally perturbed differ-
entiation in cancer, but also for RASopathies, which are caused by
aberrant Ras signaling throughout development. Our approach with a
standard commercial cell line is advantageous as compared to the usage
of human embryonic stem cells (hESC), which have also been used to
identify compounds that maintain stemness or promote differentiation
in more laborious, imaging-based high content screens (Barbaric et al.,
2010; Desbordes et al., 2008; Jee et al., 2012; Sherman and Pyle, 2013).

Based on our analysis, we propose a new model of how in the C2C12
cell culture a small number of Pax7+ progenitor myoblasts are main-
tained, while the majority of cells is primed to differentiate. We suggest
that frequent asymmetric divisions maintain the Pax7+/ MyHC- pro-
genitor pool, while generating a transit amplifying Pax7-/ MyHC- pool
of cells that exponentially expands within a few symmetric divisions. We
furthermore provide evidence that the three cancer associated Ras
genes, KRAS, NRAS and HRAS have a distinct, yet partially overlapping
involvement in sustaining the proper trajectory from progenitors via
here identified transit amplifying cells to differentiated cells. Individual
Ras knockdowns generate distinct changes in the three populations that
can hardly be explained by the alternative scenario where total Ras
levels determine these alterations. Our data suggest a particular rele-
vance of MAPK-signaling for K-Ras4A/B-dependent progenitor mainte-
nance and H-Ras-dependent terminal differentiation. This is consistent
with previous reports of MAPK inhibition resulting in increased differ-
entiation (Rommel et al., 1999). While these data need further confir-
mation, our model adds another dimension to currently debated models
for the isoform-specific functions of Ras, that include differences in
plasma membrane organization and effector usage (Mo et al., 2018). The
generally observed high expression level in particular of K-Ras4B in
almost all tissues is consistent with its major function to sustain pro-
genitors and being the evolutionary most ancient Ras isoform (Gar-
cia-Espana and Philips, 2023; Hood et al., 2023).

It is well established that oncogenic Ras, constitutively active Raf or
MEK1 inhibit myoblast differentiation (Dorman and Johnson, 1999;
Olson et al., 1987; Weyman and Wolfman, 1998). However, we observed
two distinct types of perturbed differentiation by Ras-pathway hyper-
activation. The first is associated with overexpression of wt K-Ras that
led to a more pronounced drop in the transit amplifying population
matched by a significantly increased differentiation. By contrast, all
NF1-GAP insensitive oncogenic Ras variants block terminal differenti-
ation as compared to wt K-Ras. Moreover, those mutants that show a
stronger sensitivity to trametinib and a lower sensitivity to rapamycin,
are more potent to block differentiation. This order does not exactly fit
with the mutation frequency of the oncogenic K-Ras alleles, but it could
reflect their severity as expressed by the overall survival associated with
the mutants. An exception is K-RasG13D, which is a biochemical outlier
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with a high nucleotide exchange rate, high intrinsic GTPase activity and
NF1-GAP sensitivity (Hunter et al., 2015; Rabara et al., 2019).

As already inferred from their biochemical characterization, RAS-
opathy associated K-Ras mutants are not or less able to block differen-
tiation, consistent with these alterations being compatible with
organismal development. Instead, it appears that many of them are
defective in sustaining the C2C12 cell progenitor fraction. Intriguingly,
the most potent RASopathy mutant K-RasG60R, which inhibits differ-
entiation only as much as the weaker oncogenic K-Ras allele K-RasG13D,
also displays a more prominent NF1-GAP resistance. The milder effects
of RASopathy K-Ras mutants G60R and P34R can be explained by their
decreased effector engagement, which also exists in a milder manifes-
tation in the V141 mutant. We postulate that both K5-mutants somehow
evade full-length NF1-GAP activity in the cell, given their ability to
significantly block differentiation.

For all of the NF1-GAP resistant mutants, differentiation of transit
amplifying cells is blocked, as shown in more detail for K-RasG12V. This
is consistent with the fact that with the induction of differentiation, the
potentially K-Ras-selective tumor suppressor complex of SPRED1 with
the GAP NF1 can become active only after SPRED1-induction (Siljamaki
and Abankwa, 2016; Stowe et al., 2012; Wakioka et al., 2001). Thus,
MAPK-signaling would be sustained in transit amplifying cells, which
prevents differentiation. This specifies that the oncogenic insult of
hotspot-mutated Ras occurs at a defined point of the differentiation
trajectory, an important fact that has not been recognized before.
Moreover, this model implies molecular mechanistic and developmental
commonalities between cancer and RASopathies, which have been long
elusive (Castel et al., 2020).

In direct correlation with our muscle cell line observations, RASop-
athy patients display muscle weakness in particular in Costello syn-
drome (CS) (Stevenson et al., 2012; Stevenson and Yang, 2011). In the
heterozygous HRAS-G12V CS mouse model a decreased muscle mass and
strength was found, due to inhibited embryonic myogenesis and myo-
fiber formation (Tidyman et al., 2022). This was due to an inhibited
differentiation in the embryonic muscles, with a 23% increase in Pax7
expressing cells and a decrease in MyoD and myogenin expressing cells
to 60-70% of the wt. A less severe skeletal myopathy is observed in the
RASopathy cardiofaciocutaneous syndrome mouse model with a
BRAF-L597V mutation (Maeda et al., 2021). Given the distinct pene-
trance of muscle phenotypes in RASopathies, one may assume this could
be due to distinct mutant allele strengths, as suggested by our data.
Alternatively, in muscle cells only certain alleles could become signifi-
cant, while others would be tissue specifically contained, which is
probably a less likely scenario. Importantly, these data corroborate the
idea that the muscle phenotype in RASopathies is due to perturbed
differentiation of stem/ progenitor cells, as has been observed in other
muscle diseases notably in Duchenne muscular dystrophy, where
asymmetric cell divisions of satellite cells are likewise not proceeding
correctly (Feige et al., 2018).

Soft tissue rhabdomyosarcoma (RMS) of the muscle are frequently
observed in RASopathies, such as Neurofibromatosis type 1, Noonan
syndrome and CS (Skapek et al., 2019). RMS is the most common
childhood soft-tissue sarcoma with only 30% survival in the metastatic
disease. These tumors emerge from muscle progenitors/ myoblasts that
failed to differentiate, albeit the exact cell of origin is still not well
characterized (Skapek et al., 2019). Strikingly, this is exactly the
phenotype we have observed in our data.

Two RMS subtypes are distinguished, the alveolar type in adoles-
cents and the embryonal type in younger patients, which is associated
with good prognosis, despite higher mutational burden (Shern et al.,
2014). The former largely overlaps with the Pax-fusion positive molec-
ular subtype, with neomorphic gain-of-function fusion proteins of Pax3
or Pax7 with FOXO1. In the Pax-fusion negative (embryonal) subtype of
RMS, the Ras-pathway is activated by mutations in the pathway, while
in the Pax-fusion positive subtype the upregulation of Ras pathway
genes is found (Shern et al., 2014; Skapek et al., 2019). Interestingly, it is
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one of the few cancer types where the three Ras isoforms are mutated at
about equal frequency. Oncogenic Ras prevents differentiation in
rhabdomyosarcoma (Yohe et al., 2018).

Finally, we profiled the effect of drugs on differentiation in a rapid
and unique manner. Our assessment of four K-Ras-G12C inhibitors
importantly demonstrates that inhibition of the oncogenic K-Ras also
rescues differentiation. Yet, unexpected idiosyncrasies of these com-
pounds were observed. Interestingly, the increase in differentiation that
we observed with K-RasG12C bound AMG 510, may suggest a molecular
complex that becomes dominant negative, similar to what is seen with
the S17N-mutation. It is not likely that target-independent, off-target
effects are responsible for this observation, as there is no effect with K-
RasG12V expressing cells. By contrast, adagrasib (MRTX849) and more
so MRTX1257 were less proficient in restoring differentiation, while
inducing significantly more non-specific cell death. This is typically not
desired, and in this particular case it may be attributed to the inhibition
of wt K-Ras (Vasta et al., 2022). Their inhibition of other mutant KRAS
alleles is probably beneficial in the clinical setting, where any anti-
proliferative activity could be helpful and the activity against other
KRAS alleles prevents their success if they evolved as a resistance
mechanism (Liu et al., 2022).

Consistent with observations in the more complex hESC model and
zebra fish larvae (Chen et al., 2011; Pal et al., 2012), we also noted the
significant, dose-dependent effect of DMSO at concentrations above
0.2% on C2C12 cell differentiation and viability. Hence, our assay may
be suitable to identify and explain differentiation perturbing, toxic ef-
fects of organic solvents or other substances that may correlate with
their teratogenic potential.

We furthermore illustrate the enormous potential for Ras-pathway
drug profiling on multiple Ras-disease mutants in our 8 x 8 matrix,
which revealed a remarkable correlation of the ability of drugs to restore
differentiation with their clinical efficacy in Ras disease treatment.
Trametinib was very efficacious to restore differentiation of K-Ras mu-
tants that profoundly blocked differentiation. Interestingly, the same
order of sensitivity was found for tipifarnib, which may indicate that
both drugs, tipifarnib and trametinib could work synergistically to
restore differentiation. The broad capacity to restore differentiation by
MEK-inhibition is paralleled by results obtained with myocyte cultures
derived from the CS mouse model. Differentiation of those cells could be
restored by the MEK inhibitor PD0325901, while the differentiation of
the wt control was further increased. Importantly, this was mirrored by
muscle-mass and -diameter increases in vivo to control levels (Tidyman
et al., 2022). Thus, relative muscle strength development in RASopathy
patients may also serve as a biomarker for treatment efficacy. We found
that rapamycin was one of the few compounds, which prevented C2C12
cell differentiation. Others have previously shown that it inhibits dif-
ferentiation that is promoted by the PI3K/ mTORC1- pathway (Hatfield
et al., 2015). While the PI3K/ Akt/ mTORC1/ S6K1-axis is involved in
hypertrophic muscle growth (Mounier et al., 2011; Yoon, 2017), the
PI3K inhibitor GDC0941 led to muscle cell death in a CS mouse model
and was deleterious in vivo (Tidyman et al., 2022). However, in the aging
muscle, hyperactive mTORC1 appears to induce muscle damage and
loss, hence low dose treatment with rapamycin analogue everolimus
(RADO0O01) salvages this situation in vivo (Joseph et al., 2019). In the end,
this compound analysis allowed us to estimate the utilization of the
MAPK- and PI3K-pathway suggesting that oncogenic K-Ras alleles show
a distinct dependence on these pathways. Interestingly, those mutants
with a higher MAPK (trametinib)- and lower PI3K/ mTORC1 (rapamy-
cin) -dependence were more potent to block differentiation.

Future developments of such drug-profiling derived models may
enable us to predict efficacious drug combinations that do not only
restore differentiation but in parallel also work in cancer therapy. The
fact that we observe striking correlations of our differentiation data with
overall Ras mutation strength and drug-responses observed in the clinic,
suggests that we are looking here at a highly conserved function of Ras
that is deeply engrained into the functioning of nearly every metazoan
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cell system. In order to devise therapies that can fully salvage the
aberrant differentiation induced by Ras-pathway hyperactivation, we
need to understand its impact on both cell proliferation and differenti-
ation. The involvement of Ras beyond the G1-phase, where the Ras-
MAPK-pathway is known to drive S-phase entry such as by stimulating
cyclin D expression, is largely unknown. However, cell fate decisions are
taken during M-phase, as stem/ progenitor cells symmetrically or
asymmetrically divide. We therefore postulate a distinct role of Ras-
pathway activity during this fundamental step, which cannot merely
be explained by different strengths of the pathway output, but the un-
derlying cell and developmental biology.
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