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SUMMARY

KRAS mutations are linked to some of the deadliest forms of cancer. Pharmacological studies suggest that
co-targeting KRAS with feedback/bypass pathways could lead to enhanced anti-tumor activity. The under-
lying premise is that cancers display a deep-rooted hypersensitivity to KRAS inactivation. Here, we investi-
gate the role of intratumor heterogeneity in pancreatic ductal adenocarcinoma, focusing on oncogenic KRAS
addiction and treatment resistance. Integrated analysis of single-cell and bulk RNA sequencing data reveals
that most tumors display a mixture of cells with vastly different degrees of KRAS dependency. We identify
distinct cell populations that vary in their gene expression patterns pertaining to the predicted level of
KRAS signaling activity, cell growth, and differentiation commitment within each tumor. Selective targeting
of mutant KRAS suppresses the growth of tumor cells with high RAS/mitogen-activated protein kinase
(MAPK) activity while sparing pre-existing subsets with low RAS signaling activity, necessitating alternative

treatments. Combination immunotherapy leads to durable tumor regression in preclinical models.

INTRODUCTION

KRAS is the most frequently mutated oncogene in cancer. KRAS
activates multiple effector pathways, including the mitogen-acti-
vated protein kinase (MAPK), phosphatidylinositol 3-kinase
(PI3K), RHO, and RAL pathways, but their limited understanding
hampers targeted therapies. Clinical efforts have focused on
blocking KRAS itself or its effector pathways that regulate cell
growth. The central theme has been that most cancers acquire
resistance to KRAS inhibition and ultimately relapse. There are
several issues to consider. First, about half of cancers treated
with KRAS®'2€ inhibitor monotherapy acquired mutations in tu-
mor suppressor genes (KEAP1, SMARCA4, and CDKN2A) or
PI3K and RAS family genes.'™ Therefore, the role and contribu-
tion of the mutation rate in cancer have been underestimated.®
Second, a broad array of stress response and bypass mecha-
nisms has been proposed to replace KRAS both before and after
treatment.®™® Adaptive feedback reactivation of RAS/MAPK
signaling has been touted as a key mediator of acquired resis-
tance.'%'* Some pathways may, indeed, exert anti-apoptotic ef-
fects following KRAS inhibition. However, they are not sufficient
to elicit tumorigenic changes. There is ample evidence that
KRAS plays key roles in both cancer growth and therapy and
that resistance is more likely to arise within than alongside
KRAS.>'®'* Regardless of this, many post-treatment tumors
display no newly acquired mutations, suggesting that the resis-
tance to KRAS inhibitors can be more multifaceted.

Against this background, several prior studies have shown
that cancer cells bearing KRAS mutations can be classified
into two groups: KRAS dependent (termed KRAS-type) and

KRAS independent (RSK-type).'>'® KRAS-dependent cells are
addicted specifically to KRAS itself and RAF/MAPK signaling,
while cells that are nominally KRAS independent curtail MAPK
activation but exhibit enhanced dependency on the RSK/
MTOR pathway.'®'” Furthermore, as we have previously found,
one-third of pancreatic tumors could not be stratified into
these two major subtypes of cancer, dependent on KRAS or
RSK.'® This raised the question about the heterogeneity of
KRAS signaling and whether the intrinsic mechanisms of resis-
tance could account for the apparent lack of response in clinical
trials.

In this study, we investigate the intratumor heterogeneity of
KRAS signaling activity, since it underlies each of the aspects
listed earlier (i.e., oncogenic dependency and the clinical
outcome). Here, we propose that keeping the balance between
self-renewal (proliferation) and cell-cycle arrest (differentiation)
is a defining property of KRAS-driven tumors. Cross-species
analysis of single-cell and bulk RNA sequencing data of pancre-
atic ductal adenocarcinoma (PDAC) demonstrates that most tu-
mors display a mixture of cells showing vastly different degrees
of oncogenic KRAS dependency. We identify populations of
cells that vary in their gene expression patterns pertaining to
the predicted level of KRAS dependency, cell growth, and differ-
entiation within each tumor. We focused on two major variables:
the degree of cancer cell proliferation and differentiation
commitment. We determined each variable’s significance for
the growth and treatment in tumors in mice. The data suggest
that neither the intensity of RAS/MAPK signaling nor the differen-
tiation trajectory of tumor cells can be predictive of tumor growth
or treatment resistance. The ability of cancer cells to reside in a
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reversible quiescent state is an inherent property of KRAS-
mutant tumors, necessitating alternative treatment strategies.

RESULTS

Single-cell sequencing of PDAC reveals recurring
patterns of intratumor heterogeneity
We analyzed gene expression profiles of >200,000 single cells
from three datasets (GSA: CRA001160, GSE154778, and
GSE205013) that encompass over 20 primary and metastatic
PDAC samples'®?" (Table S1). Unsupervised clustering identi-
fied >10 cell subsets that were assigned to known cell types,
including tumor cells, immune cells, cancer-associated fibro-
blasts, etc., using established marker genes.?' Malignant cells
within each tumor varied in their gene expression signatures per-
taining to the predicted level of oncogenic KRAS dependency
(RAS dependency indices [RDI]), cell cycle activation, and differ-
entiation commitment. They segregated into three distinct clus-
ters (termed C1, C2, and C3) exhibiting coherent gene expression
patterns (Figures 1A and 1B). For cluster C1, we observed an
enrichment of genes involved in oncogenic KRAS dependency, '®
RAS/MAPK signaling, '® and epithelial differentiation® (Figure 1A;
STAR Methods). Although MAPK is usually associated with pro-
liferation, analysis revealed only a limited overlap between cell
cycle genes (>200 genes involved in DNA replication and cell di-
vision) and MAPK pathway genes that mediate canonical RAS
signaling.'® Rather, there was a nearly perfect correspondence
between cell cycle and signaling by RHO from the Reactome da-
taset (Pearson correlation coefficient r > 0.9, p < 0.0001). How
such signaling heterogeneity arises between malignant cells in
the same tumor is not understood and requires further study,
as KRAS mRNA expression remained unperturbed for all three
clusters (Figure 1C). However, this is consistent with synergism
between RAS and RHO signaling.'®?° It also aligns with reports
showing that ERK activation and epithelial differentiation depend
on epidermal growth factor receptor (EGFR) signaling activity,
and hence on exogenous factors, rather than KRAS alone.”**°
On a similar note, the consensus PDAC subtypes termed clas-
sical and basal overlapped in C1. However, gene expression
changes in clusters C2 and C3 virtually silenced the basal-like
expression program in the majority of samples (Figures 1A and
S1A). It follows that the subtype differences do not generalize
across tumors, but rather reflect their spatial organization.

On balance, cluster C1 had the highest expression of RAS
target genes involved in epithelial differentiation (e.g., CDH1,
EPCAM, CEACAMSs, and CLDN family), as compared to the other
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cell populations. In all cases, MAPK3/ERK1 but not MAPK1/
ERK2 expression was correlated strongly with higher RDI scores
(Pearson’s r > 0.8), suggesting that ERK activity is regulated by
transcriptional mechanisms. Tumor cells in cluster C2 showed
moderate changes in gene expression relative to C1 (>4-fold),
while those in cluster C3 exhibited major gene expression shifts
(=10-fold) (Figure 1D). Two features of cells in C3 stood out in
particular: they did not carry features of the squamous or clas-
sical subtypes of PDAC (Figure 1A); they were marked by the
gain of mesenchymal genes (CDH2, FN1, and VIM) or the
recently characterized neural-like progenitor (NRP) genes (e.g.,
ASCL1, NRCAM, RELN, and SEMA family),"'®**?® but clustered
separately from non-tumor cells or precancerous lesions
(Figures 1E and 1F). Reduced proliferation and increased infiltra-
tion of TILs (tumor-infiltrating lymphocytes) were the salient fea-
tures of tumors with high NRP scores (p < 0.001) (Figure S1B).
We therefore classified C3 cells as idling according to previous
annotations.?” Together, this suggests that most pancreatic tu-
mors display a mixture of cells showing strong KRAS depen-
dency and those that are more KRAS independent. This is
consistent with a model of partially overlapping, yet distinct
gene expression programs coexisting in individual PDACs, i.e.,
classical, transitional, and neural progenitor type.?>%®

Immunohistochemistry (IHC) staining of tumor specimens ob-
tained from over 20 patients with primary and metastatic PDAC
confirmed an extensive heterogeneity in phosphorylation pat-
terns of ERK and non-overlapping patterns of KI67 expression,
a marker of cell proliferation (p < 0.001) (Figures 1G, 1H, and
S1C). To support these observations, we examined pancreatic
cell lines from the Cancer Cell Line Encyclopedia (N = 49). In
addition to RAS/MAPK dependency scores,'>'®?° we used
curated gene sets derived from single-nucleus profiling of
pancreatic cancer,?” all giving highly concordant results. This
analysis did not reveal any significant association between
MAPK pathway activity and the cell cycle genes, although a
strong positive correlation (co-expression) of the cell cycle genes
with E2F and MYC-mediated transcription was observed for all
cell lines tested (Pearson’s r > 0.8) (Figure S1D). Although the
heterogeneity of cancer cell lines is coupled with large random
variation, the results are consistent with the differential sensitivity
of KRAS-mutant cancers to oncogene-targeted therapy.'®

KRAS inhibition uncouples MAPK signaling from cell
cycle progression

Through analysis of single-cell data of mouse PDAC, we uncov-
ered a high degree of intratumor heterogeneity and three cell

Figure 1. Single-cell sequencing of human PDAC reveals recurring patterns of intratumor heterogeneity in KRAS signaling

(A) Tumor cells from primary and metastatic PDAC samples (N = 23) were grouped into RAS-dependent (C1), transitional (C2), and idling (C3) using K-Means
clustering algorithm. Average RAS dependency indices (RDI), ribosomal S6 kinase A (RSK), and epithelial-mesenchymal transition scores (EMT) are shown.
(B) Boxplots showing the distribution of different clusters in primary and metastatic tumors. Boxplots show center line as median, box limits as upper and lower

quartiles, and whiskers represent a 1.5 interquartile range.

(C) Average expression of RAS family genes in scRNA sequencing data. The size of each bubble indicates average expression.
(D) Volcano plots showing the statistical significance of differentially expressed genes in clusters C1 and C3 relative to their magnitude. Primary (P04) and

metastatic tumors (P02) are shown.

(E) Heatmaps depicting gene expression changes of individual genes in clusters C2 and C3. Primary (P04) and metastatic (P02) tumors are shown.
(F) Pathway enrichment analysis of tumor clusters focusing on C1, C2, and C3. Schematic diagram of data is shown.

(G) IHC staining results obtained with CDH1, P-ERK, and KI67 antibodies. Representative tumor is shown. Scale bar 100 um.

(H) Quantitation of data shown in (G). Single-positive (CDH1, KI67, and P-ERK) and double-positive cells (KI67 and P-ERK) are shown.
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populations (C1, C2, and C3) with the aforementioned character-
istics of human malignancies (Figure 2A; STAR Methods). Both
spontaneous and transplantable models were examined
(Table $1).2°*2 The KRAS dependency scores showed strong
positive correlation with MAPK/ERK activation, while the expres-
sion of cell cycle genes clearly aligned with signaling by RHO
(Figures 2B and 2C). It is worth noting that RAC1, a member of
the RHO family, is an essential KRAS dependency gene whose
genetic ablation prevents tumor development in mice.>***
Orthogonal validation of single-cell data by IHC showed that
elevated phosphorylation of ERK or its downstream target S6
was confined to the tumor periphery (Figures 2D and S2A). How-
ever, we did not find a strong correlation of P-ERK staining with
KI67 expression (Figures 2E and S2B). Numerically, about 40%
of tumor cells belonged to cluster C1 with high average expres-
sion of genes involved in epithelial differentiation (exemplified by
transcription factors ELF3, FOXA1/2, and HNF4A), whereas cells
in C2 were less well differentiated and fully committed to cell cy-
cle progression (Figures 2B and S2C). Cluster C3 was character-
ized by enrichment of mesenchymal over epithelial genes and
partially overlapping expression patterns with KRAS knockouts
(p <0.0001), suggesting the minimum level of KRAS signaling ac-
tivity (Figure S2D). To evaluate the tumorigenic potential of C3
cells relative to other cell populations, we generated KPC tumors
expressing yellow fluorescent protein (YFP). The YFP tumor cells
were then sorted by fluorescence-activated cell sorting (FACS)
into three groups: EpCAMMCDH1" (corresponding to cluster
C1), EpCAM'°CDH1" (C2), and EpCAM"9CDH1"9 (C3). Ortho-
topic transplantations into mice showed 100% penetrance of tu-
mor formation by each FACS-sorted group. Thus, each cluster
can govern latent relapse (Figure S2E).

To assess the impact of oncogenic KRAS on the survival
versus proliferation of tumor cells, we used a doxycycline-induc-
ible mouse model (termed iKRAS), in which administration of
doxycycline leads to expression of KRAS®'?P and withdrawal
of the drug inactivates its expression.35 Because inactivation of
MAPK genes suppresses KRAS-driven tumors,*® we sought to
mitigate the impact of KRAS/MAPK signaling through doxycy-
cline withdrawal. Previous studies have shown that doxycycline
withdrawal leads to tumor regression, with the time to complete
regression ranging from 3 to 4 weeks.*>*” We performed single-
cell sequencing of iKRAS tumors grown in the presence of
doxycycline or maintained in its absence for 4 days (see STAR
Methods). Data analysis revealed that silencing KRAS®'2P wiped
out the proliferative cluster C2, while sparing C1 and C3
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(Figures 2F and 2G). We observed sustained activation of
the top ranking MAPK target genes (e.g., FOS and JUN) and
epithelial cell markers (CDH1, EPCAM, and KRT7/8). These
genes exhibited highly consistent expression levels despite a
60% reduction in tumor size (Figure 2H), or the transition from
proliferation to mixed-lineage differentiation (Figure 2l). Gene
Ontology classification of biological processes showed an
enrichment of pathways involved in cell-to-cell signaling and
neurogenesis (Figure S3A). In situ analysis revealed persistent
ERK phosphorylation throughout 2 weeks of doxycycline with-
drawal (i.e., KRAS®'2P inactivation) (Figure S3B), corroborating
previously published data on KRAS knockouts.***® In summary,
silencing KRAS does not alleviate MAPK activation but does un-
couple it from cell cycle progression. The prolonged survival of
C1 and C3 cells upon KRAS inactivation could be attributed, at
least in part, to the repression of cell cycle genes and entry
into a state of quiescence. This is exemplified by the reduction
in DNA replication (E2F target genes), ribosome biogenesis,
and protein translation (MYC target genes) observed in cluster
C3 (Figure 2G). Since the parental cells used in this study were
clonally derived, the C1, C2, and C3 tumor cell populations
were isogenic. The ability of these cells to reversibly change be-
tween proliferation and quiescence may render them resistant to
therapies that target KRAS.

The immune landscape of human PDAC
Immune cell profiling of iIKRAS tumors identified discrete TIL
populations whose expression profiles matched well with a
reference list of marker genes.®® Tumors with active KRAS
expression were characterized by the presence of exhausted/
dysfunctional CD8 T cells (PDCD1-high, GZMB-high, and
HAVCR2-high), while tumors withdrawn from doxycycline were
enriched in effector memory CD8 T cells (CD28-high, GZMB-
high, and HAVCR2-high) and precursor-exhausted CD8 T cells
(TCF7-high, GZMB-low, and HAVCR2-low) (Figure S4A). The
population of precursor-exhausted CD8 T cells lacks high
cytotoxic activity but seeds development of cytotoxic T lympho-
cytes.***! Both CD4 and CD8 T cells expressed the inhibitory
receptors PDCD1, CTLA4, LAG3, and HAVCR2 regardless of
KRAS expression status (Figure S4A). This supports the notion
that treatment of PDAC will require inhibition of KRAS and
concurrent activation of immune pathways suppressed by
cancer.®>*?

To assess the reliability and robustness of single cell-clus-
tering, we examined the gene expression profiles of over 300

Figure 2. KRAS inhibition uncouples MAPK signaling from cell cycle progression
(A) Tumor cells from spontaneous and orthotopic mouse PDAC samples (N = 8) were grouped into RAS-dependent (C1), transitional (C2), and idling (C3) using

K-means clustering. The percentages of cells in each group are shown.
(B) Pathway enrichment analysis of tumor cells in clusters C1, C2, and C3.

(
(
(
(

C) Heatmap depicting differential gene expression in clusters C1, C2, and C3.

D) IHC staining of orthotopic KPC tumor obtained with P-ERK antibodies. Scale bar 2 mm.

E) Density heatmaps of P-ERK and KI67 staining in an orthotopic KPC tumor.

F) KRAS-inducible mouse PDACs (IKRAS model) were grouped according to gene expression signatures that segregate them into C1, C2, and C3 cell pop-

ulations. Mice were treated with doxycycline for 3 weeks followed by withdrawal of doxycycline for 4 days.
(G) Gene expression differences in iIKRAS tumors upon doxycycline withdrawal. Abbreviations: E2F, E2 transcription factors; PS, protein synthesis; RB, ribosome

biogenesis.
(H) Relative proportions of tumor cells shown in (F).
(I) Expression of epithelial, mesenchymal, and neural genes in iKRAS tumors.
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samples from the COMPASS database representing locally
advanced and metastatic human PDAC.*® Both primary (N =
209) and metastatic tumors (N = 92) were examined (Figure 3A).
These tumors again fell into three groups (C1-C3) with high/low
KRAS signaling activity (Figure 3A). Differentiation commitment,
cell division, and the level of tumor immune infiltration were the
most divergent phenotypic features across tumor types
(Figures 3B and 3C). Sustained activation of the RAS/MAPK

6 iScience 28, 111662, February 21, 2025

pathway (tumors C1) was associated with low TIL scores and
elevated expression of T cell dysfunction genes (CTLA4,
HAVCR2, LAG3, PDCD1, and TIGIT) (Figures 3C and S4B). Tu-
mors C2 displayed distinct characteristics that allow them to
integrate E2F and MYC signaling outputs with low TIL infiltration
(Figure 3C). In contrast, low KRAS dependency scores in tumor
C3 were associated with enhanced TIL infiltration (o < 0.0001)
dominated by type 1 helper, T regulatory, and natural killer
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T cells (Figure 3C). Considering that KRAS mutations were
evenly distributed throughout samples (90% in primary tumors;
89% in metastases), these data underscore the heterogeneity
of KRAS signaling outputs within and across tumors.*® To iden-
tify changes that correlated with cancer treatment, we examined
the gene expression profiles of treatment-naive PDAC (The Can-
cer Genome Atlas, n = 150). These samples also fell into three
categories with high/low KRAS signaling activity, supporting
the concept of differential KRAS dependency (Figure S4C).
High TIL grade inversely correlated with RAS/MAPK activity
scores both before and after treatment. Statistically, C3-en-
riched tumors were twice as likely to have high TIL scores
(Figure S4D).

The impact of phenotypic heterogeneity on treatment
resistance
To model the impact of KRAS mutations on therapeutic
response, we used CRISPR to inactivate KRAS in human
CFPAC1 (KRAS®'2Y) and PANC1 (KRAS®'2P) PDAC cell lines.
The CFPAC1 cell line is generally considered to be KRAS depen-
dent, while the PANC1 cell line is often classified as KRAS inde-
pendent. Notably, loss of KRAS did not suppress CFPAC1 and
PANCH1 cell proliferation in vitro or in nude mice, supporting the
notion that at least some PDAC tumors may rely on second mu-
tations that regulate cell survival and proliferation.** Differential
gene expression analysis of KRAS knockout clones identified
genes that fell into three main groups based on their function:
cell adhesion, cell differentiation, and neurogenesis (false dis-
covery rate < 0.05) (Figures S5A and S5B). Previous studies re-
ported a panel of KRAS-ablated PDAC cell lines, all showing
highly divergent gene expression programs.’®**® Among the
processes enriched in KRAS-intact cells are cell adhesion, differ-
entiation, and ribosomal biogenesis, whereas the gene expres-
sion profiles of KRAS-ablated cells are correlated with loss of
epithelial commitment and extracellular matrix organization.*®*°
To rationalize this phenotypic flexibility, we used inhibitors tar-
geting KRAS (MRTX1133 and RMC-7977) along with its upstream
regulators EGFR (erlotinib), SOS1 (BI-3406), SHP2 (SHP099), or
downstream effectors MEK (trametinib [GSK1120212]), PI3K (al-
pelisib), and AKT (capivasertib). MRTX1133 targets KRAS®'2P,
while RMC-7977 inhibits all GTP-bound RAS isoforms.*®*’
Because RHO proteins lack effective inhibitors, we targeted
CDK4/6 (abemaciclib), with or without immune checkpoint
inhibitors (ICls). Our reasons were severalfold: vertical pathway in-
hibition (e.g., KRAS/MEK) improves the efficacy of RAS-targeted
therapies*®; oncogenic KRAS addiction is most strongly mani-
fested in mice with an intact immune system32; and combination
immunotherapy with KRAS/MEK inhibitors induces complete
regression of pancreatic tumors in mice at 60%-80% efficiency.'®
To evaluate the efficacy of these inhibitors, C57BL/6J mice
bearing KPCY tumors (~6 mm diameter) were treated with
vehicle or drug solutions for 6 days. Mice treated with the
KRAS or pan-RAS inhibitor alone were not significantly affected.
Dual inhibition of KRAS with EGFR, SHP2, SOS1, or CDK4 re-
sulted in a modest reduction of tumor growth, while dual inhibi-
tion of KRAS/MEK caused partial regression (~40% reduction in
tumor size) (Figure 4A). IHC staining of tumor sections confirmed
that anti-RAS drugs failed to achieve adequate suppression of
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ERK phosphorylation and KI67 expression (Figure 4B).*® MEK in-
hibition was significantly more effective, as it reduced ERK phos-
phorylation, while maintaining CD8 T cell infiltration (Figures 4B
and 4C). To evaluate whether synergistic efficacy can be
achieved by combining anti-RAS drugs with ICls, mice were
treated with antibodies targeting CTLA4, PDCD1, and
CD40.°%°" Treatment with ICls enhanced the anti-tumor effect
of KRAS/MEK inhibition (>70% reduction in tumor size)
(Figures 4A and 4D). In comparison, targeting pan-RAS
(RMC-7977), CDK4, EGFR, PI3K, SHP2, or SOS1 showed no
meaningful regression, either in dual or triple combinations
with ICls (Figure 4A). Long-term use of these drugs over
14 days had a negligible effect on tumor regression, suggesting
that their in vivo potency is low compared to cell-based assays.

Flow cytometry and IHC staining of samples using markers of
tumor cells (CDH1, KI67, and YFP) and stromal cells (ACTA2 and
THY1) revealed similar phenotypic changes occurring in KRAS-
inhibited tumors and their KRAS-ablated counterparts, as there
was a decrease of CDH1 and KI67 staining (clusters C1 and
C2), and this was accompanied by the transition to high expres-
sion of YFP, implying an increase in fraction C3 (Figures S6A and
S6B). Stromal markers were also increased about 2-fold
compared with untreated controls (Figure S6A). This suggests
strongly that pharmacological inhibition of KRAS can lead to
phenotypic switching and, as a result, even the best KRAS inhib-
itors will have early resistance (shown schematically in Figure 4E).
Moreover, examining the responses of individual KRAS-ablated
cell lines revealed important differences with parental KRAS-
intact cells. The most noticeable difference is that KRAS-ablated
C1 cells tend to exhibit a more differentiated and therefore less
aggressive phenotype (Figure 4F), whereas KRAS-ablated C3
cells are driven toward a poorly differentiated and potentially
more aggressive phenotype, either acute or chronic (Figure 4G).
This also increases the risk of RAS-independent tumor recur-
rence.”*> On the flip side, KRAS inactivation reverses immune
evasion and renders tumors curable even within a short course
of immunotherapy.

DISCUSSION

We used single-cell sequencing data of PDAC to show that
KRAS signaling heterogeneity is not limited to tumors in different
patients, but extends to tumors in the same patient. We stratified
tumor cells based on KRAS dependency differences, cell
growth, and differentiation commitment within each tumor.
Although it is generally accepted that oncogene-addicted can-
cers, including KRAS-mutant cancers, are addicted to or depen-
dent on RAS/MAPK signaling activity, our data suggest that
virtually all pancreatic tumors contain a repertoire of cells
showing reduced RAS/MAPK signaling. The KRAS dependency
scores distinguishing different RAS/MAPK signaling states are
broadly, and perhaps spatially, distributed across tumors,
limiting their practical application. By the same token, the
basal-like/classical subtype differences do not generalize across
tumors but rather reflect their spatial distribution. While previous
strategies to block KRAS therapeutically have focused mainly on
counteracting its growth-promoting activity, we find that target-
ing of mutant KRAS suppresses growth of tumor cells with high
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Figure 4. Phenotypic heterogeneity of tumor cells shapes treatment resistance

(A) Radar chart showing regression of KPCY tumors in C57BL6 mice treated with the indicated inhibitors and immune checkpoint inhibitors (ICls) for 6 days (n =3
per group).

(B) Frequency of P-ERK and KI67-positive cells in drug-treated tumors shown in (A). Data are represented as mean + SEM.

(C) CD8 T cell infiltration in drug-treated tumors shown in (A). Data are represented as mean + SEM.

(D) H&E staining of KPCY tumors shown in (A).

(E) KRAS-inactivated cells adopt the phenotypic properties of C1 and C3 cells.

(F and G) KRAS-inactivated tumor cells ((KRAS model) adopt the transcriptional properties of C1 and C3 cells.

RAS/MAPK signaling activity while sparing pre-existing subsets  fundamental characteristic of KRAS-mutant tumors. Notably,
with low RAS signaling activity. Phenotype switching and acqui- the heterogeneity of cell states exists in mouse and human
sition of resistance are inextricably linked, representing the lung adenocarcinomas and arises independently of genetic
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variation, consistent with the emergence of different cell identity
programs.®?°® On a cautionary note, the non-genetic cell state
changes were found to correlate with tumor size. Samples hav-
ing less than 200 tumor cells did not stratify well into dependent
and independent and were excluded from analysis. Therefore,
our stratification scheme may not fit all tumors sizes.

Despite a large number of PDAC subtype models that have
been proposed, the extensive heterogeneity in KRAS signaling
within and across tumors remains poorly explained.®**> The
concept of KRAS dependency originally introduced as a mea-
sure of oncogenic addiction following KRAS inactivation has
proven to be more multifaceted as it captures the diversity of
cancer cell phenotypes within individual tumors. From a hetero-
geneity perspective, this study provides insights on how tumor
cells regulate survival downstream of KRAS by switching to a
hypo-proliferative state. Traditionally, the spotlight has been on
the RAS/MAPK pathway, even though KRAS activates multiple
pathways and the mutational status of KRAS is poorly correlated
with the levels of ERK activation in vivo.?®°® Moreover, KRAS
knockout tumors display persistent ERK activation, calling into
question the MAPK-centric paradigm of RAS tumorigenesis.'%®
In fact, our data suggest that cell proliferation and ERK activation
show an inverse relationship. Several issues remained unre-
solved. For instance, the question of whether or not there is a uni-
versal set of conditions required for KRAS-driven tumorigenesis.
Or does a threshold exist for KRAS activation to block tumor
growth? Indeed, KRAS is recurrently mutated only in some can-
cer types and not others. Furthermore, genetic ablation of
mutant KRAS in mouse models of lung and pancreatic cancer
causes complete tumor regression, whereas pharmacological
inhibition using KRAS-blocking drugs delays but does not
prevent tumor formation and growth.'#%2“¢*" Additionally, a
common theme among tumors harboring mutant KRAS is their
propensity to acquire secondary mutations that can affect cell
survival and growth, and thereby limit the efficacy of targeted
therapies. For instance, human PDAC cell lines from CCLE
contain an average of over 20 cancer-related mutations and
widespread copy-number gains.®® Unlike human PDAC, mouse
KPC tumors are dominated by copy-number alterations, while
protein-altering mutations are rare.® Collectively, this provides
a strong rationale for combining KRAS inhibitors with immune
checkpoint inhibitors. Uncovering the mechanisms by which
KRAS subverts T cell function is the key to successful treatment.

Limitations of the study

We are attempting to understand the ability of cancer cells to cy-
cle between proliferation and quiescence by modeling human
PDAC in the mouse, where the complexity of tumor cell types
is not identical to that found in humans.
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Antibodies
Rabbit anti-KI67 antibody Abcam Cat# ab15580 RRID:AB_302459
Rabbit anti-alpha smooth muscle Actin Abcam Clone 1A4 Catt# ab7817 RRID:AB_262054
antibody
Mouse ant-CDH1 antibody Cell Signaling Clone 4A2 Cat# 14472 RRID:AB_2728770
Rabbit anti-p44/42 MAPK (Erk1/2) antibody Cell Signaling Cat# 4695
RRID:AB_390779
Rabbit anti-Phospho-S6 Ribosomal Protein Cell Signaling Cat# 4858 RRID:AB_916156
antibody
Rabbit anti-GFP antibody Cell Signaling Clone D5.1 Cat# 2956 RRID:AB_1196615
Rabbit anti-CD3 monoclonal antibody Cell Signaling Clone D8A8Y Cati# 85336
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antibody (HIS51)

PE Rat Anti-Mouse CD324 (E-Cadherin)
monoclonal antibody

BD Biosciences

Cat# 567052

Anti-PD1 (BE0146) BioXCell Clone RMP1-14 Cat# BE0146
Anti-CTLA4 (BE0164) BioXCell Clone 9D9 Cat# BE0164
Anti-CD40 (BE0016) BioXCell Clone FGK4.5/FGK45

Cat# BE0016
Rat IgG2a BioXCell Clone 2A3 Cat# BE0089
Bacterial and virus strains
DH5a Competent Cells ThermoFisher N/A

Biological samples

Human pancreatic tissue blocks

Stony Brook BioBank

https://cancer.stonybrookmedicine.edu/
research/biobank

Chemicals, peptides, and recombinant proteins

MRTX1133

RMC-7977

Trametinib (GSK1120212)
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Alpelisib

BI-3406

Capivasertib

Erlotinib

SHP099

Gibco DMEM

Gibco Opti-MEM

Trypsin
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Antibiotic-Antimycotic (100X)
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Corning Matrigel

ChemieTek
ChemieTek
Selleckchem
Selleckchem
Selleckchem
Selleckchem
Selleckchem
Selleckchem
Selleckchem
Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific

Cat# CT-MTX1133
Cat# CT-RMC7977
Cat# S2673

Cat# S5716

Cat# S2814

Cat# S8916

Cat# S8019

Cat# S7786

Cat# S6388

Cat# 10313039
Cat# 11-058-021
Cat# 25-200-056
Cat# A1113803
Cat# 15-240-112
Cat# 50-187-86
Cat# CB-40234A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Taq DNA polymerase Fisher Scientific Cat# 10342053

Collagenase/Hyaluronidase STEMCELL Cat# 07912

DNase | STEMCELL Cat# 07900

Critical commercial assays

Qiagen RNeasy Plus Mini kit Fisher Scientific ID: 73404

QiaAmp DNA Mini Kit Fisher Scientific ID: 51304

Single Cell 3’ Reagent Kit 10XGenomics PN-120237

GenomePlex Single Cell Whole Genome Sigma EC Number: 254-457-8

Amplification Kit

Deposited data

Human: Single cell RNAseq Penget al.™® GSA: CRA001160

Human: Single cell RNAseq Linet al.*° GSE154778

Human: Single cell RNAseq Werbaet al.”’ GSE205013

Human: PanCuRx PDAC Chan-Seng-Yueet al.*® EGAS00001002543

Human: TCGA PDAC PanCancer Atlas www.cbioportal.org

Mouse: Single cell RNAseq Elyadaet al.*° GSE129455

Mouse: Single cell RNAseq Carstenset al.”’ GSE165534

Mouse: Single cell RNAseq Ischenkoet al.** GSE132582

Mouse: Single cell RNAseq This paper GSE275858 security token
grkvommkvrevxat

Mouse: Bulk RNAseq This paper https://doi.org/10.5061/dryad.5hgbzkhct

Mouse: Bulk RNAseq This paper https://doi.org/10.5061/dryad.z8w9ghxks

Experimental models: Cell lines

Human: PANC1 ATCC CRL-1469

Human: CFPAC1 ATCC CRL-1918

Mouse: A9312 Collinset al.* N/A

Mouse: A9993 Collinset al.*® N/A

Mouse: FC1199 Hingoraniet al.®’ N/A

Mouse: 6419¢5 Liet al.? N/A

Experimental models: Organisms/strains

C57BL/6J mice The Jackson Laboratory 000664

FVB/NJ mice The Jackson Laboratory 001800

Oligonucleotides

PANC1 direct: gtagttggagctgatggcgt This paper N/A

PANCH1 reverse: acgccatcagctccaactac This paper N/A

CFPACT direct: gtagttggagctgttggcgt This paper N/A

CFPACT reverse: acgccaacagctccaactac This paper N/A

Recombinant DNA

lentiCRISPRv2 puro Addgene Plasmid #98290

Software and algorithms

Cellranger (10XGenomics) 10XGenomics v3.1.0

10xLoupe Browser 10XGenomics V8

ShinyGO http://bioinformatics.sdstate.edu/go/ V0.80

Other

Sequence data, analyses, and resources This paper N/A

related to RNA sequencing of KRAS
knockout cells and matched normal
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We analyzed gene expression profiles of human and mouse PDACs from publicly available datasets listed in key resources
table.'®?13%31 K_means or graph-based clustering was used to divide cells into groups exhibiting relevant sets of co-expressed
genes, biological pathways, and cell type assignments. The best number of clusters (k) was determined using the Elbow method.
Pathway activity scores were determined using curated gene sets from the Molecular Signatures Database (Broad Institute). The ac-
tivity score for each pathway was calculated as the mean expression level of all genes in this pathway. Heat maps and scatterplots
were generated using the Excel software.

Cell lines and culture conditions

We analyzed KPC cell lines derived from KrasG12D; Trp53 R172H; Pdx1-Cre mice provided by Dr. David Tuveson (FC1 199)61 or KPC
mice expressing the YFP lineage tag (KPCY) provided by Dr. Ben Stanger (6419¢5),°* and iKras cell lines (A9312 and A9993) derived
from p48Cre; TetO-KrasG12D; Rosa26rtTa/+; p53R172H/+ mice provided by Dr. Marina Pasca di Magliano.*® The CFPAC1 and
PANCH1 cell lines were purchased from ATCC. Cells were grown in DMEM supplemented with 5% FBS. The cell lines were routinely
tested for mycoplasma contamination. For sgRNA sequences used in CRISPR/Cas9-mediated knockouts refer to the key resources
table. Knockout efficiency was measured by Western blotting. Multiple technical replicates were obtained for each CRISPR-targeted
cell line. Genomic DNA for PCR and Sanger sequencing was isolated using QiaAmp DNA Mini Kit (Qiagen). PCR products were ampli-
fied using Tag DNA polymerase (Invitrogen) and cloned into a pBluescript vector. At least 10 bacterial colonies were sequenced per
cell line.

In vivo animal studies

All animal studies complied with relevant ethical regulations for animal testing and research and were approved by the Institutional
Animal Care and Use Committee of Stony Brook University (protocol 2011-0356). We used C57BL/6J and FVB mice (The Jackson
Laboratory). Experimentally naive male and female mice (8-10 week old) were housed individually for 2 weeks prior to surgery.
Orthotopic injections into the pancreas were performed using 10* cells in 100 pL of Matrigel (Corning) diluted 1:7 with Opti-MEM (Gibco).
The animals were observed for tumor development by palpation. The endpoint was tumor volume of ~360 mm?® (9 mm diameter). A total
of 60 mice were randomly divided into treatment groups defined according to the experimental conditions. MRTX1133 and RMC-7977
(ChemieTek) were administered on days 1, 3, and 5 of treatment via IP injection at 10 mg/kg/day. Abemaciclib, Alpelisib, BI-3406, Cap-
ivasertib, Erlotinib, and SHP099 (Selleckchem) were administered at 25 mg/kg/day. Vehicle consisted of 5% DMSO, 40% PEG300, 5%
Tween-80, and 45% saline. Anti-PD1 (BE0146), CTLA4 (BE0164), CD40 (BE0016), or rat IgG2a control antibodies (BioXCell) were
administered on days 1, 3, and 5 of treatment at a dose of 20-30 nug each. All antibodies were diluted to the appropriate concentrations
in 100 uL of sterile PBS (pH 7.4). Biochemical tests were performed within 2 days following the withdrawal period.

METHOD DETAILS

Normal and malignant human tissue samples were provided by the Stony Brook University BioBank. Paraffin-embedded 3 um sec-
tions were processed and stained with hematoxylin and eosin. The following antibodies were used for IHC: rabbit polyclonal P-ERK,
P-S6, CDH1, MKI67, CD3, and CD8 (Abcam), supported with services of iHisto (Salem, MA) and Stony Brook University Research
Histology Core facility. Positive cells were counted at magnification of x200, and at least 10 fields per section for each sample
were examined. For flow cytometry, the tumor tissue was dissociated using collagenase and hyaluronidase (Stem Cell Technologies)
and DNase | (Sigma). The tissue was chopped into 1 mm pieces and incubated in an enzyme solution in DMEM at 37°C for 1 h. Live
cells were scored using propidium iodide exclusion and stained with APC-conjugated antibodies to CDH1, EpCAM and Thy1
(eBioscience), and analyzed using FACSCalibur (BD). For single cell RNA sequencing, three pancreatic tumors derived from
orthotopic transplantation into syngeneic mice were enzymatically dissociated into single-cell suspensions, followed by microfluidic
partitioning into nanoliter droplets containing barcoded mRNA capture beads (Single Cell 3' Reagent Kit v2; 10x Genomics).
Single-cell barcoded cDNA libraries were prepared according to the manufacturer’s protocol and sequenced on lllumina HiSeq
4000s (Novogene). Sequencing data were processed and analyzed by the 10x Genomics Cell Ranger pipeline (version 3.0.1) and
Loupe Cell Browser v3.0.1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using two-tailed Student’s t test, ANOVA analysis, Fisher’s exact test or Wilcoxon test, as appro-
priate for the dataset. An FDR adjusted p-value (g-value) was calculated for multiple comparison correction. Individual mice and tu-
mor cell lines were considered biological replicates. Statistical details for each experiment are denoted in the corresponding figures
and figure legends. Micrographs (H&E and IHC images) represent at least three independent experiments. For the quantification
of IHC, the number of fields is indicated and p values between two groups were determined using the two-tailed t-test at the 0.05
confidence interval. The data are presented as the mean + SD.
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