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Abstract

Therapy-induced acquired resistance limits the clinical effectiveness of mutation-specific RAS
inhibitors in colorectal cancer. It is unknown whether broad-spectrum active-state RAS inhibitors
meet similar limitations. Here, we identify and categorize mechanisms of resistance to the broad-
spectrum active-state RAS inhibitor RMC-7977 in colorectal cancer cell lines. We found that KRAS-
mutant colorectal cancer cell lines are universally sensitive to RMC-7977, inhibiting the RAS-RAF-
MEK-ERK axis, halting proliferation and in some cases inducing apoptosis. To monitor KRAS
downstream effector pathway activity, we developed a compartment-specific dual-color ERK activity
reporter. RMC-7977 treatment reduced reporter activity. However, long-term dose escalation with
RMC-7977 revealed multiple patterns of reporter reactivation in emerging resistant cell populations
that correlated with phosphorylation states of compartment-specific ERK targets. Cells sorted for
high, low, or cytoplasmic reporter activity exhibited distinct patterns of genomic mutations,
phospho-protein, and transcriptional activities. Notably, all resistant subpopulations showed dynamic
ERK regulation in the presence of the RAS inhibitor, unlike the parental sensitive cell lines. High levels
of RAS downstream activities were observed in cells characterized by a KRAS Y71H resistance
mutation. In contrast, RAS inhibitor-resistant populations with low, or cytoplasmic ERK reporter
reactivation displayed different genetic alterations, among them RAF1 S257L and S259P mutations.
Colorectal cancer cells resistant to RMC-7977 and harboring the RAF1 mutation specifically exhibited
synergistic sensitivity to concurrent RAS and RAF inhibition. Our findings endorse reporter-assisted
screening together with single-cell analyses as a powerful approach for dissecting the complex
landscape of therapy resistance. The strategy offers opportunities to develop clinically relevant

combinatorial treatments to counteract emergence of resistant cancer cells.
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Introduction

RAS proto-oncogenes encode small GTPases that relay signals from receptors such as receptor
tyrosine kinases to multiple downstream pathways (1). Oncogenic mutant forms of RAS are among
the most common drivers of human cancer. The mutations, which mostly occur in the codon 12, 13
and 61 hotspots of KRAS, NRAS, or HRAS stabilize the active GTP-bound state, and thereby increase
engagement of RAS downstream pathways that endow cells with cancer hallmarks such as self-
sufficient proliferation and resistance to apoptosis (2). A central pathway activated by RAS is the
mitogen-activated protein kinase (MAPK) cascade with ERK1 and ERK2 (together abbreviated as ERK

hereafter) as terminal kinases that activate distinct sets of cytoplasmic and nuclear targets (3, 4).

Approximately 40% of colorectal cancers (CRCs) harbour an oncogenic KRAS hotspot mutation, while
another 5% hold NRAS mutations (5). Currently, patients without mutations in the MAPK cascade or
with BRAF mutations profit from therapies targeting EGFR or EGFR/RAF, respectively (6), but patients
with RAS mutations are excluded from targeted therapy. This is because targeted inhibition of MAPK
in RAS-activated CRC usually resulted in the re-activation of oncogenic signals due to feedback
mechanisms (7, 8). Therefore, it has been suggested that direct targeting of RAS proteins would be
most effective, but RAS-family GTPases have long withstood selective inhibition by small molecules
(9). Only recently, KRAS inhibitors have become available that exclusively target inactive-state
mutant KRAS G12C and G12D protein (10-12). Clinical impact of these inhibitors was limited in CRC,
as patients harbouring the specific mutations are rare, and, furthermore, patients rapidly developed

clinical resistance (13, 14).

Explorations into secondary resistance against mutation-specific inactive-state KRAS G12C/D
inhibitors uncovered multiple mechanisms. These encompassed the acquisition and clonal expansion
of new oncogenic KRAS mutations, as found in clinical studies (14, 15) as well as in in-vitro
experiments (14-16), mutations in other components of the MAPK pathway (14), for instance in
receptor tyrosine kinases such as EGFR or MET or in RAS downstream effectors, such as MAP2K1
encoding MEK1. Additionally, resistance drivers that act independently or in alongside to RAS
downstream pathways were detected, such as histological transformation or activation of YAP-TEAD
signalling (17, 18). The former mechanisms re-activate the bottom-most MAPK kinase ERK, whereas

the latter mechanisms are thought to occur in the absence of detectable ERK reactivation.

Beyond targeting inactive-state RAS, a more recent strategy is to target the active state of oncogenic
RAS by the non-covalent assembly of a trimeric complex, forming between an inhibitor that first
binds to the ubiquitous and essential protein cyclophilin A and ultimately complexes with active-state
RAS (19). An optimized structure-guided design yielded the first broad-spectrum active-state RAS
inhibitor RMC-7977 (20). Initial studies have shown broad anti-cancer activity of RMC-7797 and a
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favourable toxicity profile in RAS-addicted models of pancreatic cancer (20, 21). However, sensitivity
to RMC-7977 in KRAS-mutant CRC is unknown and potential secondary resistance mechanisms have

not been identified.

Here, we employed KRAS-mutant CRC cell lines to assess sensitivities and unravel resistance
mechanisms to RMC-7977. Using a reporter-based screening approach, we found that the
emergence of resistance to broad-spectrum active-state RAS inhibition in CRC cell lines can be due to
functionally different mechanisms resulting in different strengths of MAPK- and PI3K-downstream
pathway reactivation. We identified mutations driving resistance to active-state RAS inhibition
centring on KRAS and RAF1 and overlapping considerably with pathogenic gene variants causing

RASopathies, thus clearly deviating from mutations driving resistance to inactive-state RAS inhibitors.
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Results
RAS-mutant CRC cell lines are universally sensitive to active-state RAS inhibition

To examine the effect of broad-spectrum RAS inhibition in CRC, we employed a panel of CRC cell
lines. We found that nine CRC cell lines carrying hotspot mutations in KRAS were all growth-inhibited
by the active-state RAS inhibitor RMC-7977 (RASi) in the nanomolar range (Fig. 1A), while two CRC
cell lines bearing BRAF'6%E mutations were insensitive to RASi. The ERK inhibitor SCH772984 (22)
(ERKi) likewise inhibited growth of KRAS-mutant cell lines, albeit at higher concentrations, and
LS174T and SW837 cells, bearing G12D and G12C mutations, respectively, were in addition sensitive
to mutation-specific off-state RAS inhibitors (Fig. 1B). To test whether RMC-7977 was also cytotoxic,
we tested for apoptosis. In SW480, LS174T and SW837 cells, but not in DLD1, growth inhibition by
RMC-7977 was accompanied by cell death, as assessed by quantification of cleaved Caspase-3-
positive cells (Fig. 1C). In all KRAS-mutant CRC cell lines tested, RMC-7977 inhibited phosphorylation
of the terminal MAPK kinase ERK at doses as low as 1 to 10 nM (Fig. 1D). The data show that broad-
spectrum active-state RAS inhibition results in universal blockade of MAPK signalling and cancer cell

proliferation in KRAS-mutant CRC cell lines.
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Figure 1: RMC-7977 blocks proliferation and ERK phosphorylation in KRAS-mutant CRC cell lines. A-B Proliferation
(nuclear count) of cell lines upon drug treatment, as indicated, mean of n=3 replicate experiments. A Response to RMC-
7977 (RASi) in CRC cell lines, KRAS- and BRAF-mutations as indicated. B Response to site-specific RAS inhibitors MRTX849
and MRTX1133 or ERK inhibitor SCH772984 (ERK:i), as indicated. C Induction of apoptosis in response to RASi in CRC cell
lines, as measured by positivity for cleaved Caspase-3, n=2 replicate experiments, ANOVA significance tests. ns, not
significant; *, p<0.05; **, p<0.01; ***, p<0.001 D ERK phosphorylation in response to 1 h treatment with RAS (RMC-7797) or
ERK (SCH772984) inhibitor in CRC cell lines.
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An optimized degradation-based reporter of cytoplasmic and nuclear ERK activity

To follow the dynamics of MAPK pathway activity during RAS inhibitor treatment and acquisition of
secondary resistance, we employed fluorescent ERK activity monitoring. Our aim was to measure
integrated ERK activity over several-hour intervals rather than short-term fluctuations, and
additionally, we wanted to distinguish between cytoplasmic and nuclear ERK activity. To achieve this,
we developed a pair of novel ERK reporters, which we termed FIREX, as they represent an extension

of the published fluorescent integrative reporter of ERK, FIRE (23).

For the construction of these reporters, we used the high-activity EF-1a promoter to drive transgenes
composed of the Myc nuclear localisation signal or the IkBa nuclear exclusion signal, fused to red
fluorescent mKate2 or green fluorescent mVenus proteins, respectively, along with the Fral degron
(Fig. 2A). This design ensured regulation of fluorescent proteins in an ERK activity-dependent
manner, as in the original FIRE reporter. Upon transfection into HEK 293 cells, the constructs elicited
localized nuclear red or cytoplasmic green fluorescence signals, indicating functionality of the
localisation signals (Fig 2B). The red nuclear and green cytoplasmic reporters were termed nFIREX

and cFIREX, respectively.

To evaluate the responsiveness of the reporters to changes in MAPK activity, we stably transfected
them into HEK293 RAF:ER cells(25), which can be induced for active RAF1 by tamoxifen. We then
measured reporter fluorescence after serum starvation and subsequent induction of constitutively
active RAF1 for 24 h. While the activity of the original FIRE reporter increased 7-fold after induction,
fluorescence elicited by the nFIREX and cFIREX reporters increased 38-fold and 20-fold, respectively
(Fig 2C). These data show that FIREX responds to the induction of ERK activity similar to FIRE, but

with a greater dynamic range.

We followed reporter activities of FIREX in stably transfected SW480 CRC cells, and in the presence
or absence of ERKi (Fig. 2D-F). As expected, activities in individual cells fluctuated during the cell
cycle, and were strongly repressed by the ERK inhibitor (Fig. 2D, quantified in 2E). On a population
level, nFIREX activity showed a nearly linear decrease for 48 h after ERK inhibitor treatment, while
cFIREX activity reached a plateau after 24 h, likely due to higher autofluorescence in the green

channel that capped the lower limit of the dynamic range (Fig. 2F).
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Figure 2: An optimized degradation-based reporter of cytoplasmic and nuclear ERK activity A Domain structure of the
nFIREX and cFIREX reporters. The FRA-1 degron contains ERK phosphorylation sites, as also seen in Fig. 4A. B Fluorescent
signals elicited by FIRE, nFIREX and cFIREX after transfection into HEK293ARAF1:ER cells. C Dynamic range of FIRE(24),
NFIREX and cFIREX in tamoxifen-inducible HEK293ARAF1:ER cells. Reporter signals are measured by flow cytometry 24 h
after FCS starvation and tamoxifen stimulation. D Time-lapse microscopy of SW480 FIREX cells, + addition of 1 uM ERKi at
timepoint of first images taken. E Quantification of FIREX signals from images as in (D) on single-cell basis, using Cell
Pathfinder. * indicate mitoses. F Quantification of FIREX response to increasing doses of ERKi in SW480 cells on a population
basis using Incucyte. G Specificity tests of FIREX in SW480 and HT29 cells, inhibitors as indicated. Correlation plot shows
quantification of FIREX response 16h after inhibitor treatment in stably FIREX-transfected SW480 and HT29 cells, using
Incucyte and quantification of phospho-ERK by western blot analysis, 1h after inhibitor treatment. Pearson correlation
coefficients and p-values are given per cell line.

To assess the specificity of the FIREX reporters, we compared reporter activities with Western blot
analyses obtained after treatment with inhibitors of MEK, JNK, p38, CDK2/9 and CDK4/6, and found
significant correlations (Fig. 2G; Supplementary Fig. 1). In both SW480 and HT29 CRC cells, the MEK
inhibitor decreased both FIREX activities and ERK phosphorylation. Unexpectedly, the treatment with
CDK2/9 inhibitor resulted in increased FIREX activities in HT29 cells, a pattern mirrored by increased
ERK phosphorylation in the Western blot. Most other treatments induced only minor changes in
reporter activity and ERK phosphorylation, underscoring the specificity of the FIREX reporter system

for ERK1/2.
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Tracking of ERK activity during development of RAS inhibitor resistance in CRC cells

To monitor ERK activity during the emergence of resistance to active-state RAS inhibition, we stably
transfected SW480 and DLD1 cells with the FIREX plasmids. We established monoclonal populations
of both cell lines by sorting single cells by fluorescence, expansion, and selection of clonal
populations with dynamic reporter activity. Subsequently, we exposed the cells to RASI
concentrations that partially inhibited growth (1 nM for SW480 and 20 nM for DLD1, corresponding
to the 1C50 values for the cell lines). Over a period of 2 to 4 months, we performed dose-escalation
experiments to generate SW480 and DLD1 cell populations capable of tolerating 16 nM and 160 nM
RMC-7977, respectively. Throughout dose escalation, we tracked FIREX reporter activities daily. We
conducted the experiment with the foresight that reporter fluorescence would enable sorting of

resistant cell subpopulations (Fig 3A).

During dose-escalation, FIREX reporter activities were consistently lower in the cell populations
treated with RASi compared to controls (see Fig 3B, C for selected bright field and fluorescent
images, and Fig. 3D, E for quantification of reporter activities), although cultures exhibited reporter
activity fluctuations during expansion and passaging steps. In SW480 cells, nFIREX remained at low
fluorescence levels during selection, whereas cFIREX activity increased by a small factor after approx.
60 days of RASi treatment. In DLD1 cells, distinct subpopulations with varying reporter activities
emerged after approximately 40 days of RASi treatment. These subpopulations demonstrated either

overall low or high FIREX activities, or predominant cytoplasmic green FIREX activity.

After dose-escalation, we confirmed that the SW480 and DLD1 sublines generated were RASI-
resistant (Fig. 3F). The RASi-resistant SW480 cells showed similar levels of ERK phosphorylation in the
presence of RASi compared to parental SW480 cells, while the RASi-resistant DLD1 population
showed a diminished response of phospho-ERK upon RMC-7977 treatment compared to the parental
line (Fig. 3G). To further characterize the resistant DLD1 cells, we used fluorescence-activated cells
sorting (FACS) to isolate populations of RASi-resistant DLD1 cells showing generalized FIREX-low or -
high, or cFIREX-high reporter patterns, termed DLD1-FIREX low, DLD1-FIREX high or DLD1-cFIREX

high, respectively (Fig. 3H, I).
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Figure 3: Tracking of ERK activity during development of resistance to RMC-7977 in CRC cell lines A Summary of resistance
experiment. In short, stably FIREX-transfected CRC cell lines were subjected to increasing doses of RMC-7977with
simultaneous live cell imaging. Resistant subpopulations can be sorted by FIREX pattern to allow individual downstream
analysis. B, C Tracking of ERK activity during dose escalation in SW480 and DLD1 cells, respectively, at selected time points.
Bright-field and fluorescent images are shown. Doses and day after start of treatment are given as insets D, E Quantification
of FIREX fluorescence over the time course, using RMC-7977 doses as indicated. F Cell proliferation in response to RMC-
7977 in parental and resistant cell populations, as indicated. G ERK phosphorylation in response to RMC-7977 or ERK
inhibitor in parental and resistant cell populations, as indicated. H, | Selection of RMC-7977-resistant DLD1 subpopulations
by fluorescence-activated cell sorting. H Final FACS gates for sorting resistant DLD1 cells. For gating strategy, see Suppl.
Figure 2). 1 Bright field and fluorescent images of sorted populations.
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Validation of reporter-selected differential ERK activity patterns in RASi-resistant DLD1 cells

To validate the distinct ERK activity patterns in the RASi-resistant and FIREX-sorted DLD1 cells, we
first screened the ERK-regulated phospho-proteome (4) for sites with predicted cell compartment-
specificity (Fig. 4A). We shortlisted phospho-EPHA2 (S897), phospho-p90RSK (S380) and phospho-
FRA1 (5265) as potential candidates associated with the cell membrane, the cytoplasm and the
nucleus, respectively, and verified their subcellular localization by cell fractionation experiments in
SW480 and HT29 CRC cells (Fig. 4B). Treatment with RASi and ERKi confirmed the RAS- and ERK-

dependence of the phosphorylation sites in CRC cell lines (Fig. 4C).

Next, we analysed compartment-specific ERK targets in the RASi-resistant DLD1 cell sublines by
Western blots (Fig. 4D). In agreement with the ERK reporter patterns, the DLD1-FIREX-low population
showed reduced phosphorylation across all ERK-dependent phospho-sites. Conversely, the DLD1-
FIREX-high population demonstrated re-activation of all three ERK target sites. Notably, the DLD1-
cFIREX high cells sorted for mainly cytoplasmic reporter activity exhibited high activity of the
cytoplasmic phospho-p90RSK site, whereas phosphorylation of the nuclear ERK target site on FRA1

remained low.

To ascertain whether the various ERK activity patterns displayed by the RASi-resistant DLD1 cell
sublines correspond to distinct reliance on ERK signals, we treated the sublines with RASi or ERKi.
Despite the disparities in the phosphorylation of ERK target sites among the sublines, they displayed
similar sensitivities to RAS or ERK inhibition (Fig. 4E, F), which were in all cases lower than the
sensitivities of the parental cell lines. Similarly, the RASi-resistant SW480 cells also showed reduced
sensitivity to ERK inhibition, and these cells proliferated most rapidly when cultured in medium

supplemented with 200 nM ERKi (Fig. 4F).

We next quantified FIREX reporter activities in the parental and RASi-resistant cell lines to determine
response of ERK to external stimulation in the absence or presence of the RAS inhibitor. For this, we
cultured replicates in the presence or absence of serum for 24 h, and subsequently serum-stimulated
the starved cells in the absence or presence of RASi for another 24 h (Fig. 4G, H). The perturbation
experiment showed that RASi effectively prevented ERK re-activation by serum in the parental DLD1
and SW480 cell lines; however, all resistant cell populations could re-activate the ERK reporter to
different degrees following serum starvation and re-stimulation in the presence of RASi. This
indicates that all resistant subpopulation have evolved mechanisms that allow for dynamic ERK
regulation in the presence of the RAS inhibitor rather than a signalling bypass that acts in parallel to

ERK.
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Resistance to broad-spectrum active-state RAS inhibition can be associated with KRAS or RAF1

mutations and specific transcriptome patterns

To identify driver mutations of the RASi-resistant CRC cell subpopulations, we sequenced their
exomes at high depth to account for potential cell heterogeneity and called mutations that deviated
from the parental cell lines. The resistant DLD1 sublines displayed between 622 and 942 protein-
coding mutations at allele frequencies 20.01, much more than the 49 mutations found in the RMC-

7977-resistant SW480 cells (Fig. 5A).

We annotated potential driver mutations using OncokB (26), and in addition explored genes
encoding cancer-related signalling proteins (Fig. 5B). The FIREX-sorted and RASi resistant DLD1
subpopulations exhibited minimal overlaps in mutational patterns, thereby validating the sorting
strategy. Notably, the DLD1-FIREX high population was defined by a prevalent KRAS Y71H mutation
with an allele frequency of 0.46, previously associated with the RASopathy Noonan syndrome and
recognized for strengthening RAS-RAF interaction (27). Additionally, we identified a low-penetrance
RAF1 S259P mutation (28), and a splice site mutation within PPIA, encoding the RMC-7977 binding
partner Cyclophilin A (29). The DLD1-FIREX low population displayed only marginal penetrance of the
KRAS and RAF1 mutations (0.02 and 0.03, respectively), but in addition harboured a PPIA P16L
mutation. Finally, the DLD1-cFIREX high subpopulation sorted for predominantly cytoplasmic
reporter activity was found to have high-penetrance RAF1 S257L (30) and MAPK7 R523M mutations.
The former mutation is also known to be associated with Noonan syndrome, and the latter is located
in the nuclear localisation signal of ERK5 (31). Further potential driver mutations exclusive to this cell
population include FBXW7 R360I, CHEK2 Q11P, and ATM M660I, impacting an E3 ubiquitin ligase
recognized as a colorectal cancer driver and two proteins implicated in cell cycle control,
respectively. We could not identify mutations with high probability of acting as genetic drivers in the
RASi-resistant SW480 cells; nonetheless we found a PAK3 M37V mutation at an allele frequency of
0.28, affecting a RAF1-regulating kinase (32). Analysis of copy-number variations did not identify
amplification of KRAS or other key MAPK molecules as potential mechanisms of RAS inhibitor

resistance (Supplementary table 1).

To assess transcriptomic footprints associated with RASi resistance, we employed single cell RNA
sequencing (scRNA-seq). We compared parental and RASi-resistant sublines, cultured in the absence
or presence of RAS inhibitor, respectively. Additional samples of the parental lines were subjected to
for RASi or ERKi for 72 h before analysis. This experimental design enables the identification of
transcriptomic shifts induced by RAS and ERK inhibition, thereby facilitating assessment of their

reactivation upon secondary resistance emergence.
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Figure 5: Exome and transcriptome analyses of RMC-7977-resistant cell populations. A-B Exome analysis. A Load of coding
mutations in resistant cell populations, compared to parental cell lines. B Putative driver mutations in the resistant cell
populations. See supplementary Fig. 5 and Supplementary table 1 for copy number changes in the resistant cell sublines. C-
E Single cell transcriptome analysis. C UMAPs of DLD1 and SW480 cells, as indicated. Analyses encompass parental lines,
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signalling pathways, by cluster. See Suppl. Figure 4 for a complete set of signalling pathways. E Activities of selected
transcriptional signatures relevant in CRC. See Suppl. Figure 5 for activities of the complete list of transcriptional signatures
under analysis.
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Mostly, the individual cell populations formed distinct clusters, as visualized in a uniform manifold
approximation projection (UMAP, Fig. 5C), but DLD1-cFIREX high cells were dispersed across four
clusters, indicating transcriptional diversity. In line with the reporter patterns, the DLD1-FIREX high
cells exhibited robust reactivation of MAPK target genes, whereas DLD1-FIREX low and DLD1-cFIREX
high cells exhibited a lower MAPK transcriptional footprint (Fig. 5D). RASi-resistant SW480 cells
exhibited strong expression of MAPK targets, although their FIREX reporter activity was much lower

than the parental line. They also had high PI3K-related transcriptional activity.

In addition, the different RASi-resistant CRC populations showed further divergent patterns of gene
expression, extending to target genes of NF-kB and p53 (Fig 5D), YAP signalling (33—35) or stemness-
related gene signatures (36—38) (Fig. 5E, Suppl. Fig 4A for a complete list of CRC-related gene
expression signatures). It is of note that MYC targets were repressed by RAS or ERK inhibition in both
DLD1 and SW480 cells but were re-activated only in RASi -resistant SW480 cells, but not in any of the

DLD1 counterparts (Fig. 5E).

Analysis of RASi-resistant cell exomes, transcriptomes and network states informs combinatorial

targeted therapy

Analysis of signalling network states in RAS inhibitor-resistant subpopulations was performed using
mass cytometry by time-of-flight (CyTOF). For analysis of steady-state phosphorylation levels, we
cultured the parental cells in media without RASi, whereas the resistant DLD1 and SW480 cells were
grown in the selection media containing 160 nM and 16nM of RASi, respectively (Fig. 6A, B). Under
these conditions, the RASi-resistant populations showed phosphorylation levels of ERK and ERK
targets pEPH2 and p90RSK similar to the parental lines, suggesting that they were selected for an
optimal level of cytoplasmic MAPK activity(39). However, levels of pFRA were strongly reduced in the
RASi-resistant DLD1-cFIREX high population with mainly cytoplasmic FIREX activity as well as in the
RASi-resistant SW480 cells. The latter observation suggests that the heightened transcription of
MAPK targets in SW480 is driven by other factors than FRA1. Concomitant downregulation of
vimentin in the RASi-resistant SW480 cells, as also seen in the scRNA-seq data (Suppl. Fig 5B),
suggests a potential shift in differentiation state that could command heightened expression of

MAPK targets.
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Figure 6: Mass Cytometry reveals adaptations in cell signalling networks upon development of RMS-7977 resistance. A
Average activities of cell cycle, cell states, DNA damage markers and signalling network nodes in parental versus resistant
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perturbation analysis of parental versus resistant CRC cell lines, before and after serum starvation, serum re-stimulation
and RMC-7977 treatment, as indicated. Median of n=3 biological replicates. See Suppl. Fig 6. for data of each replicate and
complete correlation maps.

On a cell-to-cell basis, we found strong positive correlations between phosphorylation of ERK and
further signalling nodes, thereby defining an ERK-centred signaling network (Fig. 6B). This included
the cytoplasmic ERK targets pEPHA2, and p90RSK and extended to PI3K-AKT signal transducers such
as 4e-BP1, p70S6K and S6, suggesting that in general the RAS downstream MAPK and PI3K-AKT
pathways are activated in parallel across all parental and resistant CRC cell populations under
analysis. However, phosphorylation of FRA1 was decoupled from the ERK network in the RASI-
resistant DLD1-cFIREX high line with cytoplasmic FIREX activity, corroborating the Western blot and

single cell transcriptome analyses.
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Network perturbation by serum starvation and re-stimulation in the presence and absence of RASi
furthermore showed highest MAPK network dynamics in the RASi-resistant DLD1-FIREX high cells

compared to the other parental and resistant sublines (Fig. 6C), whereas the AKT-PI3K axis showed
increased dynamics in multiple RASi-resistant populations when compared to the parental lines. In
agreement with the ERK reporter assays (Fig. 4G, H, above), RASi prevented serum-induced MAKP

and PI3K-AKT signalling in the parental lines, but not in the resistant derivatives.

Our exome, transcriptome and phospho-protein analyses revealed key differences between the RASI-
resistant CRC cell populations (Fig. 7A). We finally asked whether these can be exploited to restore
RASi-sensitivity in the resistant cell populations. As potential vulnerabilities we chose RAF, as it is
mutated in the cFIREX high DLD1 subpopulation (Fig. 5B, above), EGFR as a key player of MAPK
feedback signalling downregulated in multiple RASi-resistant subpopulations (Fig. 6A, above), and
AKT, as multiple signal transducers of the PI3K-AKT axis are differentially regulated between the
resistant DLD1 subpopulations (Fig. 6A, C, above). Subsequent investigations involved assessing the
sensitivity of parental cell lines and RASi-resistant populations to Naporafenib (LXH254), Sapitinib
(AZD8931), and MK-2206, serving as inhibitors of RAF, EGFR, and AKT, respectively, in conjunction
with RASi (Fig. 7B-D). While most inhibitor combinations showed no combinatorial effects, the RAF
inhibitor Naporafenib showed strong synergy with RASi specifically in the DLD1 cFIREX-high cell
population harboring the RAF1 S257L mutation (Fig. 7B, C). This discovery implies the potential of
RAS-RAF inhibitor combinations to mitigate clonal expansion within RAF1-mutant and RASi-resistant

cell populations.
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Figure 7: RASi-resistant cell exomes, transcriptome and network states inform combinatorial targeted therapy. A Cell
signalling network states in the RASi-resistant cell populations, as inferred by exome, mass cytometry and transcriptome

analyses. Grey: low activity, blue: high and dynamic activity; red: mutated B-D Combinatorial drug treatments of
subpopulations, as indicated, mean of n=3 biological replicates. B Response of parental and RMC-7977-resistant DLD1 cell
populations to combinatorial RAS and RAF inhibition. C, D Synergy maps showing response of parental and resistant cell
populations to RMC-7977 and RAF inhibitor Naporafenib (LXH254), EGFR inhibitor Sapitinib (AZD8931), or AKT inhibitor MK-
2206, as indicated. C DLD1 cell populations, D SW480 cell populations.
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Discussion

Multiple studies have probed the mechanisms underpinning resistance to mutation-specific inactive-
state inhibitors of RAS (14, 17, 18, 40), but studies on resistance to broad-spectrum active-state RAS
inhibition are only now emerging. Focussing on CRC, we found that RAS-mutant cell lines are
universally sensitive to the active-state RAS inhibitor RMC-7977. Using a RASi dose escalation
experimental design (Fig. 3), we observed the emergence of multiple populations of inhibitor-
resistant cells with distinct patterns of ERK reporter reactivation that allowed for cell sorting. We
found that all four RASi-resistant cell populations of two CRC cell lines had developed differential
mechanisms enabling dynamic ERK regulation when cultured in the presence of the RAS inhibitor
(Fig. 4G, H and Fig. 6C), as opposed to relying on bypass mechanisms that typically result in resistance
without ERK reactivation. Exome sequencing identified a KRAS Y71H mutation in cells demonstrating
strong MAPK pathway reactivation. Furthermore, we identified a RAF1 S257L mutation in a RASI-
resistant cell population with lower level and cytoplasm-centred of MAPK pathway reactivation.
These KRAS and RAF1 mutations are rare in cancer but have previously been identified in the
heritable RASopathy Noonan syndrome. We found that the RASi-resistant cell population with a
prevalent RAF1 S257L mutation is sensitive to concurrent RAS and RAF inhibition. This finding can
serve as a starting point for exploring combinatorial treatments aimed at mitigating resistance to

active-state RAS inhibition in clinical settings.

Noonan syndrome, an autosomal dominant disorder resulting in congenital heart defects and
multiple characteristic developmental features, arises from somatic mutations in the RAS-MAPK
pathway (41). The KRAS Y71H, RAF1 S257L and RAF1 S259P mutations identified here as putative
drivers of active-state RAS-inhibitor resistance have all been described in Noonan syndrome patients,
implying that they are generally non-oncogenic on their own across somatic tissue types. Molecular
characterisation of KRAS Y71H has revealed increased complex formation with RAF1 compared to
wildtype KRAS (27). Mutations of RAF1 at codons 257 or 259 are known to prevent 14-3-3 protein
binding and stabilization of an autoinhibited RAF1 state, thus likewise favouring RAS-RAF interaction
(42, 43). Therefore, it is tempting to speculate that the mutations we identified compete with the
assembly of the trimeric RAS-Cyclophilin A-RMC-7977 complex by favouring formation of the
alternative RAS-RAF complex. It is noteworthy that this mechanism is distinct from the hotspot point
mutations driving resistance to mutation-specific KRAS G12C/D inhibitors that have oncogenic

activity on their own.

In our exome sequencing, we also find two mutations in PPIA, encoding Cyclophilin A. Although the
functional significance of the mutations is unclear, their presence suggests that the trimeric inhibitor

complex could also serve as a structural target for the emergence of RAS inhibitor resistance.
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The effects of active ERK are highly complex, with a plethora of cytoplasmic and nuclear targets (4,
44-47). Various ERK reporters excel at capturing individual aspects of ERK activity (46), however no
design was able to integrate nuclear and cytoplasmic ERK activities independently. Here, we provide
a second-generation ERK reporter system tailored for temporal integration of ERK activity (23), while
providing distinct fluorescent readouts for the nucleus and the cytoplasm. The reporter system
allowed us to sort individual subpopulations of RASi-resistant DLD1 cells with unique mutational
profiles and phospho-protein network dynamics. In contrast to the parental cells, all RASi-resistant
populations could activate the ERK reporter after serum starvation and restimulation in the presence
of RMC-7977, albeit to different degrees as visualized by the reporter (Fig 4G, H) and also confirmed
by mass cytometry analysis (Fig. 6C). This finding indicates that resistance generally arises from
alterations within the MAPK pathway, and that a KRAS Y71H mutations allows for higher network

dynamics towards external stimuli than alternative RASi-resistance driver mutations such as in RAF1.

Reactivation of ERK was confined to the cytoplasm in the sorted RASi-resistant DLD1-cFIREX high
subpopulations, as indicated by reporter fluorescence (Fig. 31) and Western blot analysis (Fig. 4D)
alike. Mass cytometry revealed high correlation between phosphorylation levels of ERK and its
cytoplasmic target p90RSK but no such link to the nuclear ERK target FRA1 in these cells (Fig. 6B). In
addition, the scRNA-seq data revealed low transcriptional activity of MAPK and MYC target gene
signatures. Thus, multiple assays indicate decoupling of cytoplasmic from nuclear ERK activity in the
DLD1-cFIREX high cells. As FRA1 and MYC were recently highlighted as crucial nuclear executers of
oncogenic RAS-MAPK signals (45), it remains to be determined how reactivation of cytoplasmic ERK
activity alone can drive resistance to RASi. Our study identified multiple potential drivers with high
penetrance, including RAF1 S257L, ERK5 R523M, FBXW7 R360Il, CHEK2 Q11P, and ATM M660I which
may take part in establishing RASi resistance in the absence of MAPK target gene activation.
However, our finding of mainly cytoplasmic ERK re-activation during emergence of secondary
resistance to RAS-MAPK inhibition is not unprecedented, as resistance of melanoma to BRAF
inhibition was also found to be correlated to cytoplasmic, but not nuclear, ERK activity (48).
Generally, the equilibrium between cytoplasmic and nuclear ERK activity can be influenced by dual-
specificity phosphatases (49), attachment of ERK to cytoplasmic scaffolds (50, 51), or different modes
of transportation (52-54), and future studies are required to explore these mechanisms in the

emergence of secondary resistance during therapeutic RAS-MAPK inhibition.

In RASi-resistant SW480 cells, we observe diminished ERK reporter activity and low presence of FRA1
in mass cytometry, but reactivation of MAPK, PI13K and MYC gene expression signatures (Fig. 5D, E).
Together, the disconnect between the signalling pathway activities and transcriptional footprints
may imply epigenetic re-programming. As we see a strong and consistent downregulation of
vimentin in the resistant SW480 cells compared to the parental line in our single cell transcriptome
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and mass cytometry data, we hypothesize that these cells may have undergone a histological
transformation that is known to underly many clinical resistances to anti-MAPK therapy in the clinic

(55) and in experimental models (56).

In summary, our study serves as a proof-of-concept for reporter-assisted cell sorting to disentangle
resistance mechanisms by observing pathway reactivation in real time. Integration of the ERK
reporter system with a larger panel of cell lines and an expanded set of inhibitor combinations could
yield a more comprehensive map of resistance drivers and combinatorial treatment options for
broad-spectrum active-state RAS inhibition. The approach offers the capability to monitor clinically
relevant resistances within clonal populations as they evolve, thereby enhancing our understanding

of resistance mechanisms and facilitating the exploration of therapeutic interventions.
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Materials and Methods
Cell culture

Cells were cultured in Dubecco’s Modified Eagle’s medium (DMEM, Lonza, BE12-707F) supplemented

with 10% fetal calf serum (Pan-Biotech, P30-1506), except when noted otherwise.

For lentiviral production, HEK293T cells were transfected with viral vectors using polyethylenimine
(PEI, MedChemExpress, HY-K2014) reagent, using the packaging plasmids PsPAX2 and PRSV-Rev,
along with 2 ug of the envelope plasmid pMD2.G. The next day, the medium was changed to allow
for cell recovery. Over the subsequent two days, supernatant was collected twice and stored at 4°C.
The collected supernatant was then filtered through a 0.45 um filter and concentrated using LentiX
concentrator (TaKaRa, 631232). For long-term storage, the concentrated virus was aliquoted and

stored at -80°C.

The following inhibitors were used in the study:

Inhibitor Primary Target | Manufacturer Product No.
Adagrasib (MRTX849) | KRAS G12C Selleck Chemicals 58884
Encorafenib BRAF V600E Selleck Chemicals $7108
Fadraciclib (CYC065) CDK2/9 Selleck Chemicals 57371
JNK-IN-8 JNK MedChemExpress HY-13319
MK-2206 AKT Selleck Chemicals S1078
MRTX1133 KRAS G12D Selleck Chemicals E1051
Naporafenib (LHX254) | RAF MedChemExpress HY-112089
Palbociclib CDK4/6 Selleck Chemicals S4482
RMC-7977 RAS Revolution Medicines
Sapitinib (AZD8931) EGFR Selleck Chemicals $2192
SB203580 p38 Selleck Chemicals 51076
SCH772984 ERK1/2 Selleck Chemicals S7101
Trametinib MEK1/2 Selleck Chemicals S2673

For generation of RMC-7977-resistant CRC cells, cells were seeded at a density of 1 x 105 cells per
well in 1 ml of cell culture medium containing DMSO or RMC-7977 (Revolution Medicines).
Logarithmically growing cells were initially treated with GI-30 dosages of the inhibitor in the
respective cell line and concentrations were doubled, once cells resumed proliferation similar to the

parental line.
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Reporter generation

cFIREX and nFIREX were created by generating mKate2, cMyc NLS and IkBa NES sequences from via
gene synthesis (Eurofins), and employing mVenus and Fral 163-271 sequences from the original FIRE
reporter (23). Synthesis products were amplified by PCR and assembled by T4 ligase (Promega,
C671B), using Nhel and Pacl sites. Final plasmids were sequenced to confirm integrity. Plasmids and

sequences are available by request.
Reporter cell line generation

For generation of stable FIREX CRC cell lines, cells were seeded at 50% confluency. Concentrated
NFIREX and cFIREX virus was diluted at a ratio of 1:5 with media, and 8 pug/ml of polybrene was added
to enhance transduction efficiency. After transduction of both nFIREX and cFIREX, cells were
subjected to fluorescence-activated cell sorting and gated for intermediate to high red and green
fluorescence. Cells were individually isolated into wells of 96-well plates and expanded. Monoclonal
sublines underwent dynamic response testing using live-cell imaging in Incucyte using either DMSO
or 100 nM MEK:i (Trametinib, Selleck Chemicals, $S2673), and sublines exhibiting the strongest
dynamic response were chosen for further experimentation. Sublines were split once they reached
70% confluency, and an equal cell count was seeded. Upon reaching proliferation rates comparable
to the control cell line, the drug concentration was increased using a stepwise dose escalation
strategy to generate stable resistant sublines. Furthermore, FIREX-transduced cell lines (DLD1 and
SW480) were subjected to daily observation through live-cell imaging in an Incucyte cell culture

microscope (Sartorius).

To evaluate the dynamic response of the reporters, HEK293 RAF:ER cells transduced with FIRE, cFIRE,
cFIREX, and nFIREX were either starved in medium containing 0.2 % FCS for 24 hours or stimulated

with 5 uM 4-Hydroxy-Tamoxifen (40OHT, Sigma Aldrich, H7904).
Flow cytometry and fluorescence-activated cell sorting (FACS)

For flow cytometry, cells were harvested using TrypLE (Gibco 12604-013), resuspended in PBS, and
filtered through 30 um Celltrics filters (Sysmex) and recorded using a CytoFLEX S (Beckmann Coulter)
flow cytometer. For mVenus detection, a 488 nm laser with a 525/40 bandpass filter was employed,
while for mKate2 detection, a 638 nm laser with a 610/20 bandpass filter was used. In addition, the
untransduced cells were examined to establish gating parameters and determine the proportion of

cells lacking transduction. FCS files were analyzed using FlowJo software (Becton Dickinson).

CRC cells transduced with FIREX were sorted using a FACSMelody Cell Sorter (Becton Dickinson). Prior
to sorting, cells were harvested using TrypLE, resuspended in medium, and filtered through 30 um

CellTrics filters. Untransfected cells, and cells containing single cFIREX or nFIREX reporter plasmids
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were collected to calibrate the gates and apply automated spillover matrix calculation. For detection
of mVenus and mKate2 expression levels, FITC 488 nm with 527/32 bandpass filter and PE 561 nm
with 613/18 bandpass filter were employed, respectively. Spillover matrix calculation was applied to
samples during the run. Subsequently, gates of interest were defined and cell lines were sorted

either into tubes or 96-well plates, generating polyclonal or monoclonal colonies, respectively.
Proliferation and apoptosis assays

To determine cell proliferation, cell numbers were quantified by propidium iodide staining of nuclei.
For this, cells were seeded in triplicates into 96-well plates at 1500 cells/well. After 24 hours, drugs
were added using a D300e Digital Dispenser (Tecan). Before counting, plates were fixed with cold
70% ethanol and stored at -20°C. For staining, plates were washed with PBS and 10 pg/ml propidium
iodide (ThermoFisher, BMS500PI) was added. Staining proceeded for 30 minutes at room
temperature in the dark. Subsequently, the plates were washed once with PBS before imaging. PI
fluorescence was was measured using a 561 nm laser and detected through a 610 nm bandpass filter
using a CQ1 confocal fluorescence microscope (Yokogawa). Nuclei were counted using CellPathfinder
(Yokogawa). Data were analysed using Prism software (GraphPad). Synergy scores were computed
using synergyfinder(57), applying a drug additivity model developed by Loewe.

For apoptosis assays, 3-5 x 10° cells were seeded per well in 6-well plates. After 24 hours, the
medium was refreshed, and drugs were administered as specified. Additionally, as a positive control
for apoptosis, cells were treated with 1 uM Staurosporine (STS, Merck, 569397). Following 48 hours
of treatment, both floating and adherent cells were harvested, washed twice with PBS, and
harvested by centrifugation. Next, cells were fixed with 2% formaldehyde for 10 minutes at RT.
Samples were washed with PBS and permeabilized with pre-chilled 90% methanol on ice for 30
minutes before being stored at -20°C. For analysis, the samples were washed twice with incubation
buffer (0.5% BSA in PBS) and stained with an anti-cleaved caspase-3 Alexa Fluor® 488 antibody (Cell
Signaling, 9603, 1:50) for 1 hour at room temperature. Following staining, the cells were washed with
incubation buffer, resuspended in PBS, and analyzed using the CytoFLEX S flow cytometer. Data

obtained were analyzed using FlowlJo software (FlowJo, LLC).
Live cell imaging

For analysis of individual cells, the CQ1 microscope (Yokogawa) and CellPathfinder software
(Yokogawa) was used. For population analyses, the Incucyte cell culture microscope (Sartorius) was
used. Green and red fluorescence channels were acquired for 500 and 400 ms, respectively, followed
by spectral unmixing of 10% of the red channel towards the green. Subsequently, the images were

analyzed using the Incucyte software in Basic Analyzer mode, wherein cell, cytoplasm, and nucleus
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were defined. Finally, the data on the integrated fluorescence of green or red per image, normalized

to the cell area in the image, was exported, and graphs were generated using Prism (GraphPad).
Western blot analysis

For western blots, cells were harvested, collected by centrifugation and lysed in MPER/RIPA buffer
(ThermoFisher, 89900) combined with PhosSTOP (Sigma, 4906837001) and Complete protease
inhibitor (Sigma, 4693159001) cocktail. Lysates underwent 5 minutes of sonication with on/off
intervals of 30 seconds using a Bioruptor (Diagenode), followed by centrifugation at 20,000 g for 10
minutes to retrieve the protein supernatant. Cell fractionation was performed using the subcellular
protein fractionation kit for cultured cells (ThermoFisher 78840), following the manufacturer's
protocol. Protein concentration was assessed using a BCA protein quantification kit, according to the
manufacturer’s guidelines. 25 pg of protein lysates were combined with 6xSDS sample buffer and
boiled for 5 minutes at 95°C with agitation. After cooling, the samples were loaded onto 10% TGX
Stain-Free polyacrylamide gels for SDS-PAGE. Proteins were transferred to a PVDF membrane using
tank blotting at 80 V for 90 minutes. Subsequently, the membranes were blocked with 5% milk TBS-T
blocking buffer for 1 hour at room temperature or overnight at 4 °C, followed by washing with TBS-T.
Membranes were incubated with the respective primary antibody diluted in blocking buffer (see
Table 7) for 2 hours at room temperature or overnight at 4°C. After washing three times with TBS-T
for 5 minutes each, membranes were incubated with a secondary antibody in blocking buffer for 1
hour at room temperature. Protein detection was performed using Clarity Western ECL (Biorad) or

SuperSignal West Femto Substrates (Thermofisher) and a ChemiDoc MP Imaging System (Qiagen).

The following primary antibodies were employed:

Target Vendor Product No. |Usage
Actin (Rhodamine) BioRad 12004164 1:3000
Cleaved Caspase-3 (Asp175) (D3E9) 1:50
Cell Signaling 9603
Rabbit mAb (Alexa Fluor® 488 Conjugate) Flow Cytometry
ERF (Thr526) Cohesion Biosciences [CPA4404 1:500
ERK1/2 p42/44 Cell Signaling 4696 1:1000
FLNB (Ser2197) Cell Signaling 12005 1:1000
FRA1 Cell Signaling 5281 1:500
ThermoFisher
LCP1 (Ser5) AB_2817224 [1:500
Scientific
ThermoFisher
MYC (Ser62) PA5-118565 [1:500
Scientific
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Na,K-ATPase Cell Signaling 3010 1:1000
P9ORSK (Ser380) Cell Signaling 12032 1:500
pc-Jun (Ser73) Cell Signaling 3270 1:1000
pEphA2 (Ser897) Cell Signaling 6347 1:500
PERK1/2p42/44 (Thr202/Tyr204) Cell Signaling 9101 1:1000
pFRA1 (Ser265) Cell Signaling 5841 1:500
PMAPKAPK-2 (Thr334) Cell Signaling 3007 1:1000
PPP1R12A (Ser507) Cell Signaling 3040 1:500
pRb (Ser807/811) Cell Signaling 9308 1:1000
pRpb1 CTD (Ser2) Cell Signaling 13499 1:1000
RAF1 (Ser642) Cell signalling 12005 1:1000
RELB (Ser573) MyBioSource MBS9402624 (1:500
REPS1 (Ser709) MyBioSource MBS9207978 (1:1000
SP1 Abcam ab13370 1:2500
STMN1 (Ser25) Cohesion Biosciences [CPA4529 1:500
STMN1(Ser16) Abcam ab47328 1:500
B-Tubulin NEB 2146 1:1000

Mass cytometry

A published CyTOF protocol (58) was used with modifications. In short cells were incubated for 30
minutes with 5 uM Cell-ID IdU (Fluidigm, 201127) before harvesting, washed with PBS, and digested
to a single cell solution using TrypLE supplemented with 100 U/ml Universal Nuclease (ThermoFisher,
88701) at 37°C. Subsequently, cells were counted, and a maximum of 5 x 10° cells were stained with
2.5 uM Cisplatin (Fluidigm, 201064) in MaxPar PBS (Fluidigm, 201058) for 5 minutes at 37°C.
Subsequently, cells were resuspended in their respective growth medium and allowed to rest for 5
minutes at 37°C. Cells were resuspended in a 10% BSA-PBS solution, mixed 1:1.4 with Proteomics
Stabilizer (SmartTube, PROT-1), and incubated for 10 minutes at room temperature and frozen at -

80°C for storage.

For barcoding and antibody staining, cells were thawed in a 37 °C water bath, MaxPar Cell Staining
Buffer (Fluidigm 201068) was added, and supernatant was removed. Cell pellets underwent washing
in Cell Staining Buffer before being resuspended in Barcode Perm Buffer (Fluidigm, 201057).

Barcodes (Fluidigm, S00114) in Barcode Perm Buffer were mixed with the sample and incubated for
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30 minutes at room temperature, before washing with Cell Staining Buffer and pooling. Pooled cells
were filtered, permeabilized with cooled methanol, washed and incubated with the antibody cocktail
for 30 minutes, followed by incubation with the 62.5 nM Cell-ID Intercalator-Ir. After overnight
fixation in methanol-free formaldehyde (2% in PBS, Pierce, 28906) at 4°C, final washes were
performed before storing the cells on ice until measurement. CyTOF acquisition was conducted on a
HELIOS machine (Fluidigm). FCS files were analysed using R. Unwanted covariance was then

mitigated using the R package RUCova (59).

The following CyTOF antibodies were used:

Target Concentration Vendor Clone Product No.
Axin 2 2 pg/ml Abcam polyclonal ab32197
cCasp3 1 pl from stock per sample | Fluidigm D3E9 3142004A
Cyclin B1 2 pg/ml BD GNS-11 554178
EGFR 2 pg/ml Novus 31G7 NBP2-47740
FGFR1 5 pg/ml CST D8E4 9740BF
FRA1 2 pg/ml Abcam EPR23767-177 | ab278103
Geminin 4 pg/ml Proteintech 10802-1-AP
Ki-67 1 ul from stock per Fluidigm B56 3162012B
LGR5 1 ul from stock per Fluidigm 4D11F8 3161025B
MYC 1 ul from stock per Fluidigm 9.00E+10 3176012B
p-FGFR1 6 pg/ml CST D4X3D 52928BF
p-GSK3p [S9] 4 pg/ml CST D85E12 79774SF
p-JNK 4 pg/ml CST 81E11 ab236152
p-p38 [T180/Y182] 1 ul from stock per Fluidigm D3F9 3156002A
p-p53 [S15] 2 pg/ml CST 16G8 56979
p-p70S6K [T389] 4 pg/ml CST 1A5 9206
p-p90RSK [S380] 4 pg/ml CST D5D8 12032
p-SRC [T418] 2 pg/ml eBioscience | 14-9034-82 SC1T2M3
p-STAT1 2 pg/ml BioLegend | A17012A 666402
p-STAT5 4 pg/ml Fluidigm D47E7 4322
pde-BP1 [T37/46] 2 pg/ml CST 236B4 2855BF
pAkt [S473] 1 pl from stock per sample | Fluidigm D9E 3152005A
pan Akt 4 pg/ml CST 40D4 28544SF
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pChk1 [S345] 4 pg/ml CST 133D3 76784SF
pPEGFR [Y1068] 1 pl from stock per sample | Fluidigm D7A5 3146007A
pEphA2 5 pg/ml CST D9A1 6347BF
PERK1/2 [T202/Y204] | 1 pl from stock per Fluidigm D13.14.4E 3171010A
pFRA1 20 pg/ml CST D22B1 5841BF
pH3 [S10] 1 pg/ml CST D2C8 3377
PMEK1/2 [S217/221] | 2 pg/ml CST 41G9 9154BF
pNF-kB p65 [S536] 2 pg/ml CST 93H1 3033BF
pRb [S807/5811] 1 pg/ml BD J112-906 558389
pS6 [S235/236] 1 ul from stock per Fluidigm N7-548 3175009A
pSHP2 1 pl from stock per sample | Fluidigm D66F10 3141002A
pSTAT3 [Y705] 1 ul from stock per Fluidigm 4/P-STAT3 3158005A
pTAK1 [S412] 4 pg/ml Bios polyclonal BS-3435R
total Erk1/2 4 pg/ml CST L34F12 78241BF
Vimentin 4 pg/ml CST D21H3 5741BF
YAP 2 pg/ml CST D8H1X 14074BF

Identification of compartment-specific ERK targets

To define compartment-specific ERK targets, we re-analyzed the published data (PRIDE accession ID
PXD048529) (4) of six pancreatic cell lines treated with ERK inhibitor SCH772984 or solvent control
for 1 h or 24 h. Data was filtered for sufficient localization probability (>0.75), log2-transformed and
normalized by sample-wise median-centering. We then calculated log2 ratios to respective mean
DMSO control. To derive a list of ERK significant consensus targets we applied the R package limma
(60) on the log2 ratios using factors for treatment and time point and blocking information of cell
lines. Next, we selected candidate sites by the following criteria: (1) significant downregulation upon
1 h ERK inhibition (FDR <=0.05), (2) persistent downregulation after 24 h ERK inhibition and (3)
exclusive compartmentation as cytoplasmic, nuclear or plasma membrane (using GO cellular
localization criterion from R package GO.db). The remaining 200 phospho sites were then

investigated for available antibodies.
Single cell RNA sequencing

For single cell RNA sequencing, cells were harvested using TrypLE, resuspended in PBS, filtered

through 30 um Celltrix filters, resuspended in cell freezing medium and stored at -80°C until further
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processing. Cryopreserved cells were quickly thawed in a 37°C waterbath, washed in cell culture
medium and resuspended in 1xPBS supplemented with 10% fetal calf serum. Cells were counted
using an automated cell counter TC20 (BioRad) and equimolar amounts of cells per condition were
labelled with 10X Genomics CellPlex barcodes according to the manufacturer’s protocol
(CG000391_Rev B). After pooling, the single cell suspension was further processed using the
Chromium Next GEM Single Cell 3’ Reagent Kit v3.1 (CG000388_Rev B) and the Chromium Controller

iX (10X Genomics) according to the manufacturer’s protocol.

A total of 40.000 cells (3.200 cells per condition) were used for library preparation. Libraries were
sequenced on a NovaSeq X Plus sequencer (lllumina) at approx. 600m reads for the Gene Expression

library and 100m reads for the Feature Barcode library.
Exome Sequencing

RNA was isolated from cultured cells using the Allprep Kit (Qiagen), following manufacturer’s
instructions. Exome libraries were produced using SureSelect XT HS2 reagents with UDI-UMI Primers
(Agilent). Libraries were sequenced using a NovaSeq X Plus sequencer (lllumina) at mean coverage
exceeding 30-fold for parental samples and 200-fold for RASi-resistant samples. The data was
mapped using bwa-mem?2 version 2.2.1(61), on the human genome release 38 complemented with
decoys & viral sequences (GRCh38.d1.vd1). The Agilent's AGeNT software "trimmer" version 3.0.5 &
"creak" version 1.0.5 were applied to process molecular barcodes, as suggested by Agilent’s
protocols. The base qualities of resulting alignments were then re-scaled using GATK
BaseRecalibrator & ApplyBQSR version 4.4.0. The somatic variants were called using GATK's Mutect2
(version 4.4.0), using the GATK best practice files for panel of normals, germline resource to filter out
possible germline variants und common variants for estimating possible contamination. The resulting
variants were then annotated with ENSEMBL's VEP version 102(62). An additional filtration step was
applied, removing variants with low support (less than 50 reads covering the variant locus, or less
than 5 reads supporting the variant), or failing the DKFZ bias filter (github.com/DKFZ-
ODCF/DKFZBiasFilter). The copy number alterations were called using cnvkit version 0.9.9 (63) with
circular binary segmentation (64, 65). The calling was done using paired samples, without a panel of

normals.
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