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Abstract

How the KRAS oncogene drives cancer growth remains poorly understood. Therefore, we
established a systemwide portrait of KRAS- and ERK-dependent gene transcription in KRAS-
mutant cancer to delineate the molecular mechanisms of growth and of inhibitor resistance.
Unexpectedly, our KRAS-dependent gene signature diverges significantly from the frequently
cited Hallmark KRAS signaling gene signature, is driven predominantly through the ERK
mitogen-activated protein kinase (MAPK) cascade, and accurately reflects KRAS- and ERK-
regulated gene transcription in KRAS-mutant cancer patients. Integration with our ERK-regulated
phospho- and total proteome highlights ERK deregulation of the anaphase promoting complex/
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cyclosome and other components of the cell cycle machinery as key processes driving PDAC
growth. In summary, these findings elucidate mechanistically the critical role of ERK in driving
KRAS-mutant tumor growth and in resistance to KRAS-ERK MAPK targeted therapies.

One-Sentence Summary:

Integration of multi-omics data reveals KRAS and ERK inhibitor targeting of a robust ERK-
dependent cellular proliferation program in patients.

Main Text:

The recent approval of direct inhibitors for the KRAS®12C mutation marks a milestone

in cancer drug discovery and has stimulated intensive efforts to develop inhibitors for
additional KRAS mutations (1). However, treatment-associated resistance mechanisms limit
their long-term efficacy. Initially responsive patients who relapsed on KRAS inhibitor
therapy displayed diverse genetic alterations that broadly drive reactivation of the ERK
mitogen-activated protein kinase (MAPK) effector signaling network. To delineate the
molecular mechanisms of growth and of inhibitor resistance, here we focused on the most
KRAS-addicted cancer, pancreatic ductal adenocarcinoma (PDAC) (2, 3), to establish a
systemwide portrait of KRAS- and ERK-dependent gene transcription.

KRAS drives PDAC growth primarily through sustained hyperactivation of the RAF-MEK-
ERK MAPK cascade (4, 5). Whereas RAF and MEK each exhibit highly restricted substrate
utilization, the two nearly identical ERK1 and ERK2 serine/threonine kinases (herein

after referred to as ERK) phosphorylate and regulate the activities of a diverse spectrum

of direct and indirect substrates (6, 7). Our recent determination of the ERK-regulated
phosphoproteome in KRAS-mutant PDAC identified 2,295 direct/indirect ERK substrates
that include 105 transcription factors (8). Thus, a key mechanism by which KRAS acts as

a cancer driver involves systemwide deregulation of gene transcription. While analyses of
candidate genes (e.g., MYC, FOSL 1) have established important transcription factor drivers
of KRAS-dependent PDAC growth (9, 10), a systemwide determination of the transcriptome
that supports KRAS-driven oncogenesis remains to be completed.

Various approaches have been taken to define a KRAS gene expression signature and
delineate a mechanistic basis for KRAS cancer driver function. Sweet-Cordero ef a/.
determined an 89-gene expression signature of KRAS activation by cross-species gene
set enrichment analyses (GSEA) of microarray data, profiling normal and tumor tissue
from mouse models of mutant Kras®12P-induced lung adenocarcinoma together with a
large set of KRAS-mutant and wild-type human lung adenocarcinoma tissue (11). Arena
et al. used genetic knock-in of a mutant Kras®12P allele into mouse liver progenitor
cells and established a 345-gene KRAS up/downregulated “leave-one-out” classification
gene expression signature (12). Singh et a/. utilized microarray profiles from mutant KRAS-
dependent versus -independent human cancer cell lines to establish a KRAS addiction
196-gene (250 probe set) expression signature (13). Recently, East ef a/. utilized data
from the Broad Institute Cancer Cell Line Encyclopedia to establish an 84-gene set to
detect RAS pathway activation in lung cancer cell lines (14). However, these and other
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strategies to establish a mutant KRAS-regulated transcriptome identified signatures with
limited overlap, likely reflecting the different experimental models and strategies taken to
link gene transcription with KRAS function (9, 15, 16).

The Molecular Signatures Database (MSigDB) Hallmark KRAS Signaling gene set was
developed to address the diversity of KRAS gene signatures identified from studies of
different cell type models (17). This widely used signature, established in 2015, represents
genes identified primarily from microarray profiling of a set of telomerase- and SV40
viral large T/small t antigen-immortalized human breast, kidney and lung epithelial cell
lines ectopically overexpressing KRASG12Y compared with control empty vector-matched
cell lines (18), along with other correlated gene sets. The Hallmark signatures summarize
information across multiple gene sets with the goal of reducing redundancy and providing
diverse and broadly applicable transcriptional gene sets for GSEA. However, our recent
comprehensive determination of an ERK-dependent phosphoproteome in KRAS-mutant
PDAC cell lines revealed significant divergence in breadth and depth from the currently
established ERK-regulated phosphoproteome generated from multiple cell types (8). We
speculated that the Hallmark KRAS signature, which captured mutant-KRAS-correlated
gene sets, may not accurately portray the mutant KRAS-dependent transcriptome in the
context of endogenous mutant KRAS in genetically diverse cancer cells, thus providing the
rationale for the present study.

The KRAS-dependent transcriptome in PDAC diverges from the Hallmark signature

The Hallmark KRAS Signaling gene signatures are composed of genes differentially
expressed within matched pairs of cell lines ectopically expressing control vector versus
mutant KRAS (fig. S1A) (18). A potential limitation of the use of this and other
mutant-KRAS-correlated signatures (11-13) is that they are also influenced by secondary
transcriptional changes initiated by the oncogenic stress due to mutant KRAS-driven growth
transformation. Therefore, for our KRAS gene signature, we determined the transcriptional
changes caused by acute (24 hours) genetic suppression of KRAS. This approach also
minimized the impact of the substantial genetic heterogeneity of KRAS-mutant PDAC,
where, aside from the four major genetic alterations (fig. S1B), the majority of the remaining
~50 mutations occur at single digit frequencies (2, 19).

To determine our KRAS-dependent transcriptome, we used RNA-sequencing (RNA-Seq)

to profile gene transcription changes in a panel of eight human KRAS-mutant PDAC cell
lines subjected to 24 hours KRAS siRNA treatment (figs. S1A and S1B). Since KRAS
protein half-life is approximately 24 hours (20), this time frame minimizes the onset of
compensatory signaling (21). We verified KRAS protein knockdown (fig. S1C) concurrent
with reduced KRAS mRNA expression (fig. S1D). Loss of KRAS signaling was supported
by reductions in RAF, and, to a significantly lesser degree, in PI3K effector signal activation
(phosphorylated and activated ERK and AKT, respectively), and by expression of previously
well-established KRAS-ERK regulated genes (DUSP6 and SPRY4) (9, 11-13). Finally,
recent RNA-Seq analysis has defined transcriptomic subtypes of PDAC (22). Seven of the
eight PDAC lines in our panel comprise the basal subtype associated with poor prognosis,
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and short-term KRAS suppression did not significantly alter this subtype assignment (fig.
S1E) (23).

We detected 14,799 protein coding genes represented in two or more samples (20 or more
reads) and found that cell line had the largest impact on gene expression variability across
samples (fig. S1F). We identified 677 KRAS-dependent (UP) and 1,051 KRAS-suppressed
(DN) genes upon acute KRAS suppression (log2 fold-change/FC > 0.5, adj. p-val. <

0.05) shared across all eight cell lines (Fig. 1A and B, and data S1). Since the genes
downregulated upon KRASsiRNA treatment represent putative KRAS-dependent genes,
hereinafter we refer to this gene set as the PDAC KRAS upregulated (UP) signature

(top 200, Fig. 1A). Conversely, since the genes upregulated upon KRAS siRNA treatment
represent putative KRAS-suppressed genes, we refer to this gene set as the PDAC KRAS
downregulated (DN) signature (top 200).

To assess the biological processes associated with our PDAC KRAS-dependent
transcriptome, we conducted GSEA with the MSigDB 50 Hallmark gene sets (17). As
expected, we found substantial enrichment of the E2F Targets, G2M Checkpoint, and MYC
Targets gene sets (Fig. 1C). Enrichment of the Hallmark Interferon Alpha Response gene
set is consistent with a recent study in a mouse model of PDAC showing that a KRAS-

and MY C-dependent mechanism promotes immune evasion by suppressing the interferon
pathway (24). Unexpectedly, we also found striking divergence between our PDAC KRAS
and the Hallmark KRAS Signaling signatures. First, the Hallmark KRAS Signaling UP
gene set was not the most significantly enriched among KRAS-dependent genes (Fig. 1C).
Additionally, while the Hallmark KRAS Signaling DN signature was the most significantly
enriched among the KRAS siRNA upregulated genes, the proportion of these genes detected
across our eight PDAC cell lines was very low. The lack of concordance between our PDAC
KRAS and the Hallmark KRAS Signaling genes was further explained upon examination
of the individual founder gene sets used to derive the Hallmark KRAS Signaling gene sets,
none of which accurately reflected the genes differentially expressed upon KRAS siRNA
treatment of PDAC cells (fig. S1G).

The divergence of the PDAC KRAS and Hallmark KRAS Signaling signatures is even

more evident at the level of specific genes (Fig. 1A). First, the most significantly altered
PDAC KRAS UP and DN genes are not present in the Hallmark KRAS Signaling gene

sets. In particular, two well-characterized genes with validated roles in supporting KRAS-
driven cancer growth, MYCand FOSL1 (9, 10), are absent from the Hallmark KRAS
Signaling gene set. Second, only 14% (27 genes) and 11% (22 genes) of the Hallmark
KRAS Signaling UP and DN genes, respectively, are found among our 676 PDAC KRAS-
dependent or 1,043 KRAS-suppressed genes (excluding genes without Entrez IDs, Fig. 1B).
Third, within the PDAC KRAS-dependent genes (KRAS UP) are numerous Hallmark KRAS
Signaling DN genes and vice versa.

Approximately half of the 200 genes that comprise the Hallmark KRAS Signaling UP
signature were not detectable across our PDAC KRAS cell lines (Fig. 1C and data S1). They
were also less frequently detected across RNA-seq data from the 41 PDAC cell lines in

the Cancer Cell Line Encyclopedia (CCLE) (25) and from 66 laser capture microdissected
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(LCMD) PDAC patient tumor tissues (GSE93326) (fig. S1H) (26). Consistent with these
observations, fewer Hallmark KRAS Signaling gene promoters exhibited signs of active
transcription, including DNAse sensitivity, Pol Il occupancy, and both H3K4me3 and
H3K27me marks in PANC-1 and pancreas cells (fig. S1I).

The PDAC KRAS-dependent transcriptome accurately reflects KRAS-regulated genes in

Vivo

We next determined how accurately our cell culture-based PDAC KRAS-dependent
transcriptome models KRAS-regulated gene expression /7 vivo. We first compared our
human PDAC KRAS UP/DN signatures with a KrasG12P-dependent gene set determined

in a doxycycline-inducible Kras®12P-driven mouse model of PDAC, designated jKras
(Kras®12D; Tro53null) (27). Ying et al. applied microarray profiling in orthotopic tumors
generated from jKras-derived primary cell lines, where continued Kras®12P expression and
tumor growth is dependent on doxycycline treatment (fig. S1A). To capture Kras-dependent
gene transcription activities, microarray profiling of tumors was performed after 24 hours
doxycycline withdrawal and loss of KrasG12P expression. The jKras differentially expressed
(DE) genes include 847 KRAS-dependent (UP) and 684 KRAS-suppressed (DN) genes that
have human homologs expressed in PDAC (log2FC > 0.25, adj. p-val. < 0.05) (fig. S1J and
data S2). Our PDAC KRAS UP signature showed strong enrichment within /Kras DE genes,
though there was less enrichment of our PDAC KRAS DN signature (fig. S1J). Similarly, the
top 200 /Kras UP DE genes were enriched in the DE genes of our siKRAS experiment (fig.
S1K).

We then extended our Jn vivo analyses to include RNA-Seq data sets of three KRASG12C/D.
mutant human PDAC cell line-derived tumor xenografts (CDX) treated with pharmacologic
inhibitors of KRASCG12C (adagrasib/MRTX849; G12Ci) or KRASC12D (MRTX1133;
G12Di) (28, 29) (fig. S1IA, PRINA578935, PRINA831648). DE genes in tumors treated
with G12C/Di ("KRASI") versus vehicle control comprised 697 KRAS-dependent (UP) and
704 KRAS-suppressed (DN) gene sets (log2FC > 0.25, adj. p-val. < 0.05) (data S3). PDAC
KRAS UP and DN signatures were strongly enriched within KRASi DE genes (fig. S1L).
Likewise, the top 200 KRASiI UP/DN DE genes corresponded strongly with the DE genes
of our siKRAS experiment (fig. SLM). The intersection between the human siKRAS and
KRASI and the mouse /Kras gene sets reveals a core set of 46 and 29 UP and DN genes,
respectively, shared with all three KRAS-dependent gene signatures (fig. SIN and data S4).
Approximately 29% and 18% of UP and DN DE genes, respectively, within the siKRAS cell
line experiment were also DE within the KRASI CDX experiment (fig. SIN), compared with
10% for Hallmark KRAS UP/DN genes (fig. S10), suggesting that this program may better
reflect /n vivo biology.

To evaluate whether PDAC KRAS UP/DN genes were relevant in other mutant KRAS
cancer types, we applied RNA-Seq analyses in KRAS®12C-mutant H353 non-small cell
lung cancer (NSCLC), SW837 colorectal cancer (CRC) and MIA PaCa-2 (PDAC) cell
lines, treated for 24 hours with the KRAS-G12C mutant selective inhibitor MRTX1257
(designated KRAS-G12Ci) (data S5). Detection of the PDAC KRAS gene signatures in an
NSCLC and a CRC cell line (Fig. 1D) suggested broader tissue expression of this PDAC-
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derived gene signature. To address whether KRAS-regulated genes were consistent in PDAC
and non-PDAC KRAS-mutant tumors, we conducted GSEA with the MSigDB 50 Hallmark
gene sets and our PDAC KRAS UP/DN gene sets in human CDX models of PDAC, NSCLC,
and CRC treated with KRASI versus vehicle control. We observed significant enrichment

of both our PDAC KRAS UP and DN gene signatures in short-term (1-day) KRASI treated
samples across cancer types, along with the Hallmark G2M Checkpoint, MYC Targets V1,
and E2F Targets gene sets (Fig. 1E). In contrast, the Hallmark KRAS Signaling UP and DN
gene sets were not consistently enriched across these KRASI treated CDX tumors. Unlike
short-term treatment, PDAC KRAS signatures were not as prominent in some tumors that
underwent long-term treatment for 5 or 7 days, likely due to onset of adaptive mechanisms
as cancer cells attempt to offset the deleterious cellular consequences caused by the loss

of KRAS activity (fig. S1P). Consistent with this possibility, apoptosis was detected upon
short-term but not long-term KRASI treatment (28).

Finally, we conducted GSEA on RNA-Seq analyses of G12Ci-treated CRC patient-derived
xenograft (PDX) models. Since combination treatment with EGFR inhibitor has shown
significant enhancement of G12Ci response in CRC patients (30), we evaluated CRC PDX
tumors treated with G12Ci (sotorasib) alone, or in combination with the EGFR inhibitor
panitumumab, the response profiles of which we have described previously (31). We
observed robust enrichment of the PDAC KRAS UP signatures in three of four PDX tumors
treated with sotorasib alone, whereas Hallmark KRAS UP signature enrichment was only
weakly detected (Fig. 1E). Upon concurrent treatment with panitumumab, we observed
induction of the PDAC KRAS UP signature in the one CRC PDX that did not show a strong
transcriptional response to G12Ci alone. Thus, our PDAC KRAS-dependent gene signature
identified KRAS inhibition /n vivo in pancreatic and other KRAS-mutant tumor types.

The PDAC KRAS-dependent transcriptome is driven through ERK

We next wanted to assess the specific KRAS effector signaling networks important for
KRAS regulation of gene transcription. Recent studies have identified putative resistance
mechanisms driving relapse in patients with NSCLC and CRC who initially responded to
KRASC12C inhibitors (32-34). These studies identified genetic alterations that reactivate
RAF or PI3K effector signaling networks, supporting their key roles in driving mutant
KRAS-dependent growth of NSCLC and CRC.

To determine the degree to which RAF-MEK-ERK activation is sufficient to support KRAS-
driven PDAC growth, we established cell lines stably expressing the constitutively activated
phosphomimetic mutant MEK15218/222D (MEK1-DD) in KRASCG12C (MIA PaCa-2) and
KRASC12D (Pa14C and Pa16C) mutant PDAC cell lines (Fig. 2A, and fig. S2A). Although
MEKZ1-DD is insensitive to MEK:i inhibition of RAF-mediated phosphorylation, it remains
sensitive to MEKIi inhibition of the homodimerization that is important for mediating

ERK activation. We first determined the ability of activated MEK1-DD to drive resistance

to pharmacologic inhibitors targeting components upstream (KRAS, RAF/LY3009120) or
downstream (MEK/trametinib, ERK/SCH772984) of MEK. Immunoblot analyses showed
that MEK1-DD alone was sufficient to prevent loss of phosphorylated and activated ERK1/2
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(pPERK) following treatment with inhibitors of mutant KRAS or RAF, while retaining
sensitivity to inhibitors of MEK or ERK.

Next, we determined if activated MEK1-DD modulated sensitivity to inhibitor-mediated
growth suppression. As expected, MEK1-DD expressing cells retained full sensitivity to
ERKi and MEK:i but not RAFi (Fig. 2B, and figs. S2B and C). Somewhat surprisingly,
given that KRAS also utilizes non-RAF effectors to drive PDAC growth (3), MEK1-DD
expressing cell lines showed complete to near-complete resistance to KRASG12C (G12Ci/
MRTX1257) and KRAS®12D (G12Di/MRTX1133) selective inhibitors.

PI3K is a second key effector supporting KRAS-driven cancer growth and does so
primarily through activation of AKT (1). To assess the contribution of this effector in
KRAS-dependent PDAC growth, we established cell lines stably expressing a constitutively
activated, membrane-targeted variant of AKT1 (myr-AKT) (Fig. 2C). Myr-AKT expressing
cells exhibited elevated phosphorylated and activated AKT (pAKT) and increased
phosphorylation of the AKT substrate PRAS40 (pPRAS40). Surprisingly, no significant
resistance to G12Ci or G12Di treatment was observed (Fig. 2D), indicating that PI3BK-AKT
signaling alone is not a significant driver of KRAS-dependent PDAC growth. Consistent
with this lesser role, growth was strongly suppressed by inhibitors of RAF but not PI3K
effector signaling (fig. S2D). Furthermore, treatment with a pharmacologic RAS(ON)
multi-selective tri-complex inhibitor (RMC-7977) (35) inhibited growth that was associated
primarily with a reduction in RAF but not PI3K effector signaling (fig. S2E). Based on
these findings, we focused on the contribution of ERK MAPK signaling in driving KRAS-
regulated gene transcription.

To assess the ERK-dependent transcriptome in KRAS-mutant PDAC, we performed
additional analyses on our recently generated RNA-Seq profiling data set (PRJEB25806)
(36) comprised of a panel of KRAS-mutant PDAC cell lines treated with the ERK1/2-
selective inhibitor SCH772984 for 1, 4, 12, or 24 hours (ERKi). We identified 2,313
ERK-dependent (UP) and 2,648 ERK-suppressed (DN) genes during any time following
ERK:i treatment (logFC > 0.5, adj. p-val. < 0.01) (data S6). Most of these changes were
observed at 24 hours, including 2,054 ERK-dependent (UP) and 2,519 ERK-suppressed
(DN) genes (logFC > 0.5, adj. p-val < 0.01) (Fig. 2E and data S6). For consistency

with our nomenclature for KRAS-dependent gene transcription, we refer to the gene set
downregulated upon loss of ERK activity (i.e., upon ERKi treatment) as the PDAC ERK
upregulated (UP) gene signature and the gene set upregulated upon ERKi treatment as the
PDAC ERK downregulated (DN) gene signature.

To assess the role of ERK in KRAS-regulated gene transcription, we compared the top

200 DE UP/DN genes from ERKIi (24 hours) and KRAS siRNA treatments versus control
(Fig. 2F, colored points). In approximately 84% of cases, gene expression levels changed

in the same direction under both treatments (Fig. 2F). We conclude that KRAS-regulated
transcription is driven primarily through activation of the ERK MAPK effector signaling
network. Consequently, we intersected siKRAS and ERKi UP/DN gene sets to derive
PDAC KRAS-ERK UP/DN gene sets comprised of 278 and 307 genes, respectively (logFC
> 0.5, adj. p-val. < 0.01, fig. S2F and data S4). Using over-representation analyses of
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KEGG, GO, and REACTOME gene sets, we found that the PDAC KRAS-ERK UP

genes were predominantly enriched in cell cycle-related gene sets including chromosome
segregation, RNA and DNA metabolism, and cell cycle processes (fig. S2G and H).
Moreover, we recently observed that concurrent treatment of tumor xenografts with both
G12Di (MRTX1133) and the anti-EGFR monoclonal antibody cetuximab impaired the
compensatory ERK reactivation induced by G12Di alone and resulted in enhanced anti-
tumor activity (28). The ability of this combination to block KRAS function more effectively
was reflected in a more durable suppression of the KRAS-ERK gene signature (fig. S2I).

To further establish a KRAS-dependent gene signature that may be more broadly applicable
to other tumor/tissue types, we next conducted differential expression (DE) analysis across
eight KRASi-treated (24 hours) KRASG12C/D_mytant PDAC, CRC, and NSCLC CDX
tumors (fig. S2J, data S7) (29, 37). We then compared DE genes (adj. p-val. < 0.01) among
three experimental conditions for loss of KRAS or ERK function: siKRAS, ERKIi, and
KRASI, to find the top DE genes in at least two of the three conditions (median-rank of
logFC). The top 200 negatively and positively changed genes from this analysis were used
to identify the siKRAS-ERKIi-KRASi UP and DN gene signatures, respectively (data S4),
henceforth designated “median-rank” KRAS-ERK UP/DN. To validate that this generalized
signature appropriately represented KRAS- and ERK-dependent expression, we evaluated
cells of a single genetic background upon targeting different nodes of the KRAS-MAPK
signaling pathway. We compared RNA-seq of a sensitive PDAC line (Pal6C) subjected to
G12Di (MRTX1133), MEK:I (trametinib), or ERKi (SCH772984) for 24 hours. The three
inhibitors had largely the same effect on the transcriptome; (99.4% of 6,404 DE genes were
similarly changed with G12Di versus ERKi, and 99.8% of 5,697 DE genes were similarly
changed with KRASI versus MEK:i (false discovery rate, FDR < 0.05 in at least one of two
treatments). All treatments also showed strong enrichment of the median-rank KRAS-ERK
UP/DN signature (Fig. 2G, fig. S2K, and data S8). Moreover, GSEA showed that these gene
sets best recognized the gene transcription changes in G12C/D/EGFRi-treated CDX and
PDX tumors in all cancer types examined (Fig. 2H).

Signaling networks are highly dynamic. A potential limitation of our median rank KRAS-
ERK gene signatures is that we captured KRAS-ERK-dependent transcriptional changes

at one time point. To first determine whether these KRAS-ERK transcriptional changes
occurred acutely, we evaluated RNA-seq data (PRINA947663) (38) of a series of 16
KRAS-mutant cancer cell lines treated for two hours with a pan-KRASI. While many
KRAS-ERK-dependent genes exhibited expression changes at this early time, the degree of
change was not as robust as upon 24 hours siKRAS or ERKIi treatment (fig. S2L and data
S9). To further assess temporally regulated gene transcription, we also evaluated changes

in the median rank KRAS-ERK signatures across our aforementioned RNA-seq data sets
upon various durations of treatment with ERKi or KRASI (fig. S2L). In both datasets we
observed a largely monotonic increase in the magnitude of gene transcription changes, with
the 24-hour time point for both showing strong overlap with the 24-hour median rank
KRAS-ERK UP/DN gene sets. These observations support the relevance of median-rank
KRAS-ERK signature genes to early responses to KRAS-ERK inhibition.
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Integration of ERK-dependent transcriptomic, proteomic, and phosphosite activity

To delineate the mechanisms by which ERK regulates gene transcription, we first evaluated
the gene promoters in ERK-regulated UP genes to identify putative transcription factor
binding motifs. The predominant motifs in the top 50, 100, 500 and 1,000 genes were

of the serum response factor (SRF; CArG DNA-binding motif), the FRA1 AP-1 subunit
(TPA-responsive element), E2F (TTc/gGCGCg/c), and MYC (E-box motif CANNTG)
transcription factors, respectively (Fig. 3A). Overall, for all 2,054 PDAC ERK-regulated
UP genes, the E2F and MY C binding motifs were predominant (fig. S3A), consistent with
the appearance of Hallmark E2F and MY C Targets among the top three KRAS-regulated
gene sets (Fig. 1C).

The expression/activity of these transcription factors can be driven by ERK through
transcriptional and/or posttranscriptional mechanisms (39, 40). Therefore, we integrated
the ERK-regulated phosphoproteome with proteomics from six KRAS-mutant PDAC cell
lines treated for 1 or 24 hours with ERK:i (fig. S3B and C). Among the earliest events

(1 h) identified in the ERK-regulated phosphoproteome were decreased phosphorylation
of RHO GTPase associated proteins and of 23 transcription factors that include regulatory
sites of FRAL and MYC (fig. S3C) (8). SRF is activated by RHO GTPase-stimulated
F-actin polymerization (41), and our identification of direct ERK-regulated phosphosites
of RHO-associated proteins is consistent with suppression of the SRF transcription factor
motif.

Our evaluation of the ERK-regulated proteome found only three proteins rapidly
downregulated at 1 hour ERKIi, including members of the AP-1 transcription complex,

JUN and JUNB. With 24 hours ERKIi treatment we detected further downregulation of AP-1
proteins JUN and FRAL as well as of MYC (Fig. 3B and data S10). The ERK-regulated
phosphosites we identified (8) on these critical mediators of KRAS-dependent growth are
known to regulate their protein stability (42, 43) (fig. S3C). Together, these data support an
important role for ERK activity in maintenance of key transcriptional programs for PDAC
growth.

We observed transcriptional downregulation of multiple £2F family transcription factors
(fig. S3C). Though we were unable to detect E2F protein in the LC-MS?2 proteomic assay,
ERK regulation of E2F activity is likely mediated through loss of both mRNA transcript and
protein levels of CCND1/3 (encoding cyclin D1/D3), CDK4, and CDKG, resulting in loss of
RBI transcripts and protein, and downregulation of RB hyperphosphorylation (fig. S3C).

We next assessed the impact of loss of ERK signaling on genes involved in

aspects of protein regulation such as gene transcription, epigenetic modulation, protein
phosphorylation and protein homeostasis (Fig. 3C). In the ERK-dependent (UP) gene set,
we identified 114 non-kinase epigenetic regulators, 143 transcription factors, 71 protein/lipid
kinases, 44 E3 ligases and 25 phosphatases. Additionally, in our ERK-dependent proteomics
analyses (8), a significant fraction within each of these categories also corresponded to
proteins that showed ERK-dependent changes in total protein or phosphorylation. Thus, the
ERK-regulated transcriptome encodes proteins that can drive broad secondary changes in
gene and protein activity/expression levels.
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To further identify posttranscriptional regulatory mechanisms, we determined the
relationship between the ERK-regulated transcriptome and proteome. Overall, 594/769
(77%) PDAC ERK UP proteins corresponded to PDAC ERK UP genes (adj. p-val. < 0.05)
and 715/1019 (70%) PDAC ERK DN proteins corresponded to PDAC ERK DN genes

(adj. p-val. < 0.05) (Fig. 3D, fig. S3D, data S6 and S10). Thus, while most ERK-regulated
changes in protein expression are driven at the level of gene transcription, posttranscriptional
regulatory mechanisms are also present.

Among ERK-dependent proteins that did not have corresponding changes in their mMRNA
transcripts, we investigated protein degradation as a potential mechanism of regulation. We
observed a conspicuous loss of the anaphase promoting complex/cyclosome (APC/C) target
proteins securin (P77GI) and cyclin B1 and B2 (CCNB1 and CCNB2) (44) following ERKi
treatment (Fig. 3D, fig. S3D). We also found the set of diminished proteins without mMRNA
loss (fig. S3D) was enriched in the KEN box (enrichment 1.6, p-val. 3.4E-3), a degron

motif for the APC/C. Consistent with this, we identified many known APC/C substrates with
decreased protein abundance (Fig. 3D). We verified that 24 hours ERKIi reduced protein
levels of securin and cyclin B1 and that concurrent treatment with the APC/C inhibitor
ProTAME (45) (APC/Ci) prevented this reduction (Fig. 3E). These proteins are critical for
cell cycle progression (44) and therefore give credence to a model where ERK activity
suppresses APC/C function, leading to accumulation of the APC/C target proteins cyclin B1
and B2 to promote mitotic progression.

ERK regulation of APC/C is not well understood. APC/C activity is regulated by various
complex posttranscriptional mechanisms that include phosphorylation. We leveraged our
ERK-dependent phosphoproteome to determine if ERK regulates the phosphorylation

state of components of APC/C. We identified rapid (1 hour ERKIi) dephosphorylation

of ANAPC1/APC1 (S688) and ANAPC3/APC3 (S364) (8), two structural components

of the 19-subunit APC/C complex (Fig. 3F). Our kinase motif analysis predicted both
phosphorylation sites to be direct ERK targets, thus potentially linking regulation of APC/C
to ERK activity. By 24 hours of ERK inhibition, we found dephosphorylation of the two
primary APC/C activators that regulate target associations: CDC20 (S41, T59, T106, and
T170) and CDH1/FZR1 (T121).

The KRAS-ERK transcriptome regulates cell cycle progression and growth

We previously reported that ERKi potently inhibits cell cycle progression and causes G1
arrest in PDAC (5, 46). Deregulated APC/C function can likewise impact multiple cellular
processes that contribute to cancer growth, including progression through G1 and mitosis.
Treatment with the APC/Ci reduced the viability of PDAC cells (fig. S3E) and caused
accumulation in G2/M (Fig. 3G and fig. S3F) but did not result in apoptosis (Fig. 3H).
Concurrent APC/Ci and ERK:i treatment partially reversed the cell cycle perturbations
seen with each inhibitor alone and greatly enhanced apoptosis (Fig. 3H). Moreover,
KRASI (G12Di) also resulted in degradation of securin and cyclin B1 (fig. S3G) and the
combination with APC/Ci fully reversed the KRASI induced G1 arrest (fig. S3H). These
observations support a role for KRAS-ERK suppression of APC/C function to facilitate cell
cycle progression and survival.
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Finally, we recently applied the multiplexed inhibitor bead (MIB)/mass spectroscopy (MS)
chemical proteomics assay for kinome-wide profiling of activity and/or expression changes
caused by ERK inhibition (24 hours) in a panel of six KRAS-mutant PDAC cell lines

(21, 47). Although the original assay method was proposed to monitor kinase catalytic
activity, comparison of our MIB/MS data with our total protein and gene transcription
data indicate that, with limited exceptions (e.g., ERK1/2), the MIB/MS assay largely
reflects changes in kinase protein abundance (fig. S3I). When we compared the KRAS-
dependent changes observed in the MIB/MS assay to protein and transcript changes,

we found a positive correlation with kinase mMRNA and protein expression across the

six cell lines (fig. S3J). Of the kinases downregulated in both assays, 11 are known to

play driver roles in cell cycle progression and specifically in mitosis (e.g., Aurora A,
PLKZ1, and WEE1). We also identified ERK-regulated phosphorylations on many of these
kinases and a complete collapse of cell cycle regulatory components. Together, we found
ERK-dependent regulation of nearly all aspects of cell cycle progression at the levels

of gene transcription, protein expression, protein activity, protein stability, and protein
phosphorylation. These mechanisms contribute crucially to the strong suppression of the
Hallmark G2/M Checkpoint gene signature observed upon loss of KRAS (Fig. 1C).

We next evaluated which signaling pathways were enriched in KRAS and KRAS-ERK
upregulated genes across three KRAS signatures: PDAC KRAS-ERK UP, PDAC KRASI
UP, and PDAC /Kras UP. Analysis of Reactome pathways revealed strikingly predominant
regulation of cell cycle and mitotic processes in both the cell-based KRAS-ERK UP and

in vivo PDX-based KRASI UP signatures (Fig. 4A, fig. S4A), consistent with the strong
alignment of those gene sets (fig. S1L, M, N). In contrast, and despite otherwise significant
overlap (fig. S1J, K, N), the /n vivo mouse tumor-derived /Kras UP signature was enriched
in metabolic processes, consistent with the observed metabolic phenotype of these tumors
(27). Further, as we anticipated given the limited overlap of the PDAC KRAS UP with the
Hallmark KRAS Signaling UP signature (Fig. 1A), RTK signaling and immune processes
predominated in the Hallmark gene set (fig. S4A). Together, these analyses revealed that,
while the KRAS-ERK and KRASI signatures are dominated by ERK-dependent regulation
of cell cycle progression, the frequently consulted Hallmark KRAS Signaling signatures are
devoid of these essential cancer-driving genes.

We then examined the representation of genes essential for PDAC growth or survival (prob.
>0.75) in the PDAC KRAS-ERK UP/DN signatures, using data available from the Cancer
Dependency Map (DepMap) database. Across the 41 KRAS-mutant PDAC cell lines in
DepMap, we found that essential genes were largely downregulated upon ERKi treatment
(878/1016, 86.4%, data S11) and thus were more frequently observed within the PDAC
KRAS-ERK UP than PDAC KRAS-ERK DN genes (31% vs 0.6%, respectively) (Fig.
4B). Cell cycle gene programming was a prominent feature within the top essential PDAC
KRAS-ERK dependent genes (Fig. 4C, and fig. S4B).

We confirmed by pharmacological inhibition in three PDAC cell lines that expression of
a subset of proteins from the KRAS-ERK UP gene signature was dependent on both
KRAS and ERK (fig. S4C, data S1 and 6). These include proteins important for cell cycle
control such as MYC, cyclin D1 (CCNDI), Aurora B (AURKB), CHK1 (CHEKI), FRAl
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(FOSL1I), WEE1L, and RAD51, along with chromosome separation such as SKA1, NUF2,
and NCAPH1 (NCAPH). Importantly, expression of constitutively activated MEK (MEK1-
DD) was unable to rescue cell growth following treatment with well-validated inhibitors

of some of these ERK-dependent genes with high essentiality, such as CHK1, WEE1, or
CDKA4/6, confirming their essentiality downstream of ERK (figs. S4D and E).

DepMap analyses predict PDAC gene dependencies that may be associated with KRAS-
ERK driver function. To determine genetic dependencies that sensitize cells to ERK
inhibition and additionally to provide mechanistic analyses of ERK-dependent genes and
phosphoproteins, we constructed a focused CRISPR-Cas9 library targeting 1,261 KRAS-
ERK regulated UP genes and 1,930 ERK-dependent phosphoproteins (8). We applied

this library to perform a loss-of-function screen in cells treated with a sublethal dose of
ERKI (40 nM). We identified 354 genes with depleted sgRNAs during the duration of the
experiment (Fig. 4D and data S12, beta score < —0.3, p-val. < 0.05). This essential gene set
matched dependencies reported in DepMap CRISPR analyses across the 41 KRAS-mutant
PDAC cell lines (Fig. 4E).

Consistent with previous analyses, 68 genes were solely or further depleted in ERK:i treated
cells (beta score > -0.3, p-val. < 0.05) included the AP-1 transcription factor subunit

JUN, MAPK3/1 (ERK1/2) and other members of the RAS-MAPK signaling axis, such as
EGFRand BRAF, as well as members of the PI3K signaling axis, such as AKT1, RPTOR
(RAPTOR), and LARPI. Additional ERK:i sensitizer genes encode proteins with previously
identified roles in PDAC such as BCAR1 (p130Cas), TOP2A, SMARCAS, and WWTR1
(TAZ), as well as others with unknown roles in PDAC (Fig. 4E). These genes represent
putative synthetic lethal interactions with KRAS or ERK inhibition.

Clinical validation of KRAS-ERK gene signatures

Having established that our PDAC KRAS-dependent transcriptome is regulated
predominantly through the ERK MAPK signaling network, we then assessed whether this
gene signature may have clinical relevance. Recently, we completed a Phase b clinical trial
where PDAC patients were treated with the ERK1/2-selective inhibitor (ERKIi) ulixertinib/
BVD-523 together with nab-paclitaxel plus gemcitabine (NCT02608229) (48). Paired tumor
biopsies were taken before and following the initial two-week treatment lead-in with
ulixertinib alone, and immunohistochemistry analyses were done to assess ERK inhibition
(as reported elsewhere (48)). No significant reductions in pERK or MYC protein levels
were observed. Thus, it was not clear whether target inhibition was achieved in the treated
patients.

To provide a more sensitive analysis of target inhibition, RNA-Seq was also done on tumors
pre- and 14 days post-treatment. We used GSEA to evaluate the KRAS-ERK median rank
signature (Fig. 2G and data S4), the PDAC KRAS-ERK signature (Fig. S2F and data

S4), and 50 Hallmark gene sets. RNA-Seq alignment data indicated that all seven patients
evaluated were KRAS mutant. In three patients treated with ulixertinib (patients 7, 13

and 9), we noted a substantial loss of expression of genes in the KRAS-ERK signatures,

as well as of the Hallmark cell cycle gene sets E2F Targets and G2M Checkpoint. This
corresponded with reductions in CA 19-9, a serum biomarker used to monitor tumor
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response to therapy (49), suggesting that ulixertinib indeed diminished ERK-dependent
transcriptional activity in those patients.

We did not observe a relationship between the KRAS-ERK signatures and the basal or
classical subtype of PDAC, nor did we observe a change in PDAC subtype upon ERKi
treatment in 6 of 7 patient tumors (Fig. 5B). Taken together, we did not observe a
relationship between PDAC subtype and KRAS-ERK dependency in our analyses of cell
lines /n vitro (fig. S1E) and tumor xenografts /n vivo (Fig. 5B). Thus, we did not find
support for PDAC basal versus classical subtype as a predictive marker for response to
KRAS or ERK inhibitor therapy.

To extend our findings beyond PDAC, we next evaluated our KRAS-ERK signatures in 10
KRASCG12C.mutant lung or colorectal cancer patients treated with the G12Ci adagrasib, two
of whom responded according to RECIST criteria (Fig. 5A and data S13). GSEA together
with the 50 Hallmark signatures was conducted in targeted RNA-Seq datasets derived
from needle core tumor biopsy samples pre- and 8 days post-treatment. The KRAS-ERK
UP signatures, indicating KRAS dependence, were strongly altered in the two responders
and also in two nonresponders whose tumors shrank but not enough to meet RECIST
criteria. The remaining six nonresponders showed limited to no change in these signatures.
Thus, there was a general association of the KRAS-ERK signature enrichment with tumor
response. Surprisingly, enrichment in the Hallmark KRAS Signaling UP signature was
largely absent from tumor expression changes, although Hallmark E2F Targets and G2/M
Checkpoints signatures tracked with KRAS-ERK UP signatures, as we had observed in
PDAC patients treated with ERKi (Fig. 5A). We are presently expanding these analyses to
a larger patient population to determine if our KRAS-ERK signatures will have predictive
value to define responsive versus nonresponsive patients.

Finally, unlike our findings in human CDX tumors treated with G12Ci adagrasib or G12Di
MRTX1133 for 24 hours (Fig. 2H), we did not detect the KRAS-ERK DN signatures

in patients treated with either ERKi ulixertinib or G12Ci adagrasib. These compensatory
gene expression changes may be transient and not detected in the longer patient treatment
windows (14- or 8-days, respectively).

Discussion

The mechanisms by which aberrant KRAS signaling drives cancer growth remain poorly
understood. Here, we completed a systemwide determination of the KRAS-dependent
transcriptome in KRAS-mutant PDAC and demonstrated that KRAS regulation of gene
transcription and growth are driven predominantly through the ERK signaling network. We
established consensus KRAS-ERK gene signatures that, unlike the widely applied Hallmark
KRAS signature, accurately identified the molecular consequences of pharmacologic
inhibition of mutant KRAS in KRAS-mutant PDAC, NSCLC and CRC tumor xenografts.

When evaluated in the same genetic background, we found that KRAS- and ERK-dependent
gene transcription shared near 100% overlap in KRAS-mutant PDAC. Similarly, the
KRAS- and ERK-phosphoproteomes were also near-identical (8). Although a previous
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study determined that the inability of mutant Kras®12P to engage PI3Ka caused a near
complete loss of lung carcinogenesis (50) , this may not be relevant for PDAC. By contrast,
we recently determined that KRASG12R s impaired in binding PI3Ka, yet is the third
most common KRAS mutation in PDAC (15%; cBioPortal GENIE Cohort v15.0). That
KRASC1ZR js found rarely in KRAS-mutant NSCLC (0.2%) and CRC (0.6%) suggests the
possibility that the minor role of PI3K in KRAS-mutant PDAC may be specific for this
tissue (51).

To fully elucidate the molecular mechanisms by which aberrant KRAS-ERK signaling
drives deregulated cell cycle regulation and growth, we found it essential to integrate

our determinations of the ERK-dependent transcriptome together with the ERK-dependent
phospho- and total proteome. We identified mechanisms that impinged on multiple stages
of cell cycle progression that included ERK-dependent disruption of APC/C function. Since
direct inhibition of ERK as a therapeutic approach to block KRAS function has been
hampered by normal cell toxicity, we further identified ERK-regulated genes that displayed
synthetic lethality with ERK inhibition.

Finally, we found that enrichment of our KRAS-ERK gene signatures was consistent

with tumor responses, including regressions, in a limited set of patients treated with

an ERK inhibitor or a KRAS®12C_specific inhibitor, suggesting possible correlation

with target inhibition. That less than half of KRASG12C mutant patients respond to
KRASC12C inhibitors (52, 53) may reflect insufficient target inhibition rather than loss of
KRAS dependency, supporting the need for molecular signatures that accurately monitor
pharmacologic disruption of mutant KRAS signaling. In summary, our determination of
the KRAS-ERK regulated transcriptome together with our concurrent determination of the
ERK-regulated phosphoproteome (8) provide the most comprehensive profile of the highly
complex molecular events that drive KRAS- and ERK-dependent cancer growth.

Materials and Methods

Cell lines

Patient-derived xenograft (PDX) human KRAS-mutant PDAC cell lines (Pa01C, Pa02C,
Pa04C, Pal4C, and Pa16C) were provided by A. Maitra (MD Anderson Cancer Center)
and were maintained in Dulbecco’s Modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS). Established PDAC cell lines (AsPC-1, HPAC, MIA PaCa-2,
PANC-1, and SW1990) were obtained from the American Type Culture Collection (ATCC)
and maintained in RPMI 1640 supplemented with 10% FBS (AsPC-1 and SW1990) or
DMEM supplemented with 10% FBS. PDAC line identity was verified by short tandem
repeat analysis and were evaluated and determined negative for mycoplasma.

Plasmid constructs and viral transduction

Stable cell lines were generated using lentivirus expression vectors encoding untagged
MEK1DD (MEK1S5218D/S222D-pcw107), Myr-AKT (myr-FLAG-AKT1-pcw107), or LUC
(luciferase-pcw107), all of which were provided by K. Wood (Duke) and described
previously (57). Lentivirus was generated using HEK293T cells plated in T25 flasks (0.9
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X 106 cells/flask) in DMEM supplemented with FBS (10%). The following day, cells were
transfected with the target construct (4 ug), psPax (3 ug), and pMD2.G (1 ug) diluted in 500
ul of OptiMEM and combined with 25 pl of Fugene 6 (Promega). The medium was replaced
24 hours post transfection with DMEM supplemented with 20% FBS and incubated for 48
hours. The supernatant was removed and cleared using 0.45 um PES syringe filter (Nalgene)
and either used directly to infect target cells or frozen in aliquots at —80°C for later use.
Cells were incubated for 12 hours with viral supernatant diluted with DMEM supplemented
with 10% FBS and polybrene (8 pug/ml). Cells were then given fresh media and puromycin
selection was initiated 24-48 hours post transduction.

The ERK1/2-selective inhibitor SCH772984 (58) was provided by Merck, the pan-RAF
inhibitor LY 3009120 (59) was provided by Eli Lilly, and the MEK1/2-selective inhibitor
trametinib was obtained from Selleckchem (S2673). The KRASG12C_gselective inhibitor
MRTX1257 and the KRASC12D-selective inhibitor MRTX1133 were synthesized at WuXi
AppTec (Wuhan, China) or purchased from Selleckchem (E1051). Sotorasib was obtained
from MedChemExpress (HY-114277) and panitumumab from McKesson . ProTAME
was purchased from MedChem Express (HY-124955). The CHK1 inhibitor prexasertib
(LY2606368, S7178), the WEEL inhibitor adavosertib (S1525), and the CDK4/6 inhibitor
palbociclib (S4482) were obtained from Selleckchem. The RAS(ON) multi-selective tri-
complex inhibitor RMC-7977 was obtained from Revolution Medicines.

The following primary antibodies were used for immunoblotting. From Cell

Signaling Technology: p44/42 MAPK (ERK1/2) (L34F12), cat. no. 4696
[RRID:AB_390780]; phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (D13.14.4E),
cat. no. 4370 [RRID:AB_2315112]; phospho-p90RSK (Thr359/Ser363), cat. no. 9344
[RRID:AB_331650]; RSK1/2/3 (32D7), cat. no. 9355 [RRID:AB_659900]; c-MYC
(D84C12), cat. no. 5605 [RRID:AB_1903938]; MEK1/2 (L38C12). cat. no. 4694
[RRID:AB_10695868]; phospho-AKT (Ser473), cat. no. 9271 [RRID:AB_329825];
phospho-AKT (Thr308) (D25ES6), cat. no. 13038 [RRID:AB_2629447]; AKT (pan)
(40D4), cat. no. 2920 [RRID:AB_1147620]; phospho-PRAS40 (Thr246) (C77D7), cat. no.
2997 [RRID:AB_2258110]; phospho-S6 (Ser235/236), cat. no. 2211 [RRID:AB_331679];
S6 (54D2), cat. no. 2317 [RRID:AB_22238583]; phospho-histone H2A.X (Ser139)
(20E3), cat. no. 9718 [RRID:AB_2118009]; cyclin D1 (E3P5S) XP, cat. no. 55506
[RRID:AB_2827374]; DDX21, cat. no. 75762 [RRID:NA]; PRAS40 (D23C7), cat.

no. 2691 [RRID:AB_2225033]; WEEL1 (D10D2), cat. no. 13084 [RRID:AB_2713924];
FRA1 (D80B4), cat. no. 5281 [RRID:AB_10557418]; Aurora B/AIM1, cat. no. 3094
[RRID:AB_10695307]; CHK1 (2G1D5), cat. no. 2360 [RRID:AB_2080320]; phospho-
cdc2 (Tyrl5), cat. no. 4539 [RRID:AB_560953]; Securin (D2B60), cat. no. 13445
[RRID:AB_2798220]; and cyclin B1, cat. no. 4138 [RRID:AB_2072132]. From Sigma-
Aldrich: vinculin, cat. no. V9131 [RRID:AB_477629]; KRAS (3B10-2F2), cat. no.
WHO0003845M1 [RRID:AB_1842235]. From Invitrogen: RAD51, cat. no. PA5-27195
[RRID:AB_2544671]; SKA1, cat. no. PA5-61019 [RRID:AB_2647324], and NUF2, cat. no.
MAB5-31536 [RRID:AB_2787164]. From Thermo Fisher: phospho-RSK1 (Thr359/Ser363),
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cat. no. PA5-38309 [RRID:AB_2554910]; and from Proteintech: NCAPH (3D2F11), cat. no.
67655-1-1G [RRID:AB_2918495]. Secondary antibodies used for immunoblotting included
IgG (H+L) cross-adsorbed goat anti-mouse, HRP, Invitrogen cat. no. P131432, and IgG
(H+L) cross-adsorbed goat anti-rabbit, HRP, Invitrogen cat. no. P131462, both from Fisher
Scientific.

siRNA transfection

KRAS siRNA (5 GCCUUGACGAUACAGCUAALt 3%) (Thermo Fisher) cat. No. 4390824
or NS siRNA (57 XXXXXXXXXX 3’) (Thermo Fisher) cat. no. 4390843 ID s7940 were
performed using lipofectamine RNAiMax (ThermoFisher), cat. no. 13778150, and 10 nM

of siRNA in Opti-MEM. Opti-MEM was combined with RNAiMax and incubated for 5
minutes to equilibrate. The siRNA(s) were then added and incubated for another 20 minutes.
All incubations were done at room temperature.

Viral transduction

Following plating in T25 flasks, HEK293T cells (0.8 X 106) were incubated overnight in
DMEM supplemented with 10% FBS. Cells were transfected using Fugene 6 according

to the manufacturer's recommendation (500 pl of OptiMEM was combined with 25 ul of
Fugene 6, 3 pg of psPax, 1 pug of pMD2.G, and 4 pg of target construct). Cells were
incubated for 12 hours and then the medium was replaced with DMEM supplemented
with 20% FBS. The cells were incubated for a further 48 hours, at which time the viral
supernatant was collected and filtered through a 0.45 um PES syringe filter (Nalgene).
Polybrene (8 ug/ml) plus the filtered viral supernatant was used to infect target cells. Fresh
medium was provided 12 hours post infection. Selection was then initiated 24 hours after
transduction.

PDAC cell line RNA-seq analyses

To determine the KRAS-dependent transcriptome, total RNA for RNA-seq analyses was
isolated from samples of eight KRAS-mutant PDAC cell lines (HPAC, MIA PaCa-2,
Pa01C, Pa02C, Pa04C, Pal4C, Pal6C, and PANC-1) subjected to 24 hours of KRAS or
NS siRNA transfection. To evaluate the timing, tissue type specificity, and comparison to
pharmacological inhibition of KRAS, total RNA was then also isolated from NCI-H358
(NSCLC), SwW837 (CRC), and MIA PaCa-2 (PDAC) cells, all subjected to KRAS-G12Ci
MRTX1257 (20 nM) for 0, 2, 6, 12, and 24 hours. lllumina TruSeq library preparation

kits were used to generate cDNA libraries with poly(A) mRNA selection using oligo(dT)
magnetic beads. Agilent Bioanalyzer and Invitrogen Qubit were used for cleaning and
quantitation of PCR amplified products. Sequencing was conducted on the Illumina HiSeq
2500 generating 150 bp paired-end (PE) reads. RNA-seq for Pal6C drug treatment

study was conducted via isolation of total RNA from Pal6C cells with 24 hours of
treatment followed by generation of poly(A) mRNA stranded cDNA libraries at Novogene
(Sacramento, CA) and sequencing on an Illumina NovaSeq 2000. RNA-seq analyses on
KRAS-mutant PDAC cell lines (HPAC, HPAFII, Pa01C, Pa04C, Pal4C and PANC-1)
treated with ERKi SCH772984 for 24 hours were done as described previously (36).
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CRC PDX RNA-seq analyses

Establishment and drug treatment of CRC PDX models were done as we described
previously (31, 60). Treatment was discontinued and the mice were sacrificed after 3

weeks (21 days). Tumors of three mice per arm were harvested 2 hours post treatment.

The tumors were segmented and immediately flash frozen in liquid nitrogen for subsequent
RNA-seq analysis. Snap-frozen CRC PDX tumors were submitted to Admera Health for
RNA sequencing. Raw sequence reads in the form of FASTQ files were pre-processed using
Xenome (v1.0.1) (61) to classify human and mouse reads. Human reads were aligned to

the human reference genome (GRCh38) using STAR aligner (v2.7.2b) (62), with duplicated
reads marked using biobambam (v0.0.191) (63). Reads were annotated using GENCODE
(v22) (64). Un-normalized genes counts were generated using HTseq (v0.11.0) (65) and
subsequently filtered to keep only protein-coding genes and then processed through the

R software package, DESeq2 (v1.41.4) (66), to generate differentially expressed genes

for pathway analysis. Pathway enrichment statistics were estimated with fGSEA (v1.26.0)
(67) to evaluate the PDAC KRAS UP/DN, median rank KRAS-ERK UP/DN, KRAS-ERK
UP/DN, and the 50 Hallmark signatures in sotorasib or sotorasib plus panitumumab treated
KRASC12C metastatic CRC PDX pre- and post-treatment samples.

Patient RNA-seq sample collection

Imaging-guided biopsies were performed before and after two weeks of ulixertinib
monotherapy patient treatment (NCT02608229) as we have described (48). Biopsied
samples were shap-frozen for RNA-seq. Treatment response was assessed by measurement
of serum CA19-9 levels and assessed according to the Response Evaluation Criteria in
Solid Tumors version 1.1 (RECIST v1.1), time to progression (TTP). Phase Il evaluation of
adagrasib was completed as we have described (53), with RNA-seq conducted on biopsies
performed before and after 8 days of treatment. For RNA-seq analyses of adagrasib-treated
KRASCG12C.mytant NSCLC and CRC patients, tumor samples were evaluated with the HTG
EdgeSeq Transcriptome Panel. Library size was used to normalize raw counts, resulting in
log2CPM expression values for each sample (edgeR v3.32.1, R v4.0.2). Lowly expressed
genes, with mean log2CPM < -1, were removed. Filtering was done based on mean
expression values of a larger cohort of 111 NSCLC and CRC patient samples. Treatment
response was assessed according to RECIST v1.1 and custom visualization of progression-
free survival (PFS) was generated using ggplot2 (v3.3.5) in R.

Growth assays

Cells were plated in 96-well plates for growth assays. Approximately 1,000-2,000 cells were
added per well, depending on the cell line, and grown for 24 hours, with an additional

day 0 plate. Pharmacological inhibitors were added to cells 24 hours later using a Tecan
D300e Digital Dispenser. The day 0 plate was labeled with calcein AM and counted live.
Treated cells were then incubated for 5 days and then labeled with calcein AM. Cells were
imaged and counted using a SpectraMax i3X Multi-Mode Detection Platform (Molecular
Devices). Growth percentages for each biological replicate were calculated as normalized
treated values with respective control samples set to 100% growth. GraphPad Prism (v9.3.1)
was used to construct three-parameter drug response curves. Growth (%) represents the
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mean of three-four biological replicates and error bars depict the standard deviation between
biological replicates. For each biological replicate, fold growth was calculated using the day
5 control wells divided by the mean value calculated from the day 0 plate. Fold growth was
used to verify that cells were growing as expected in biological replicates.

Generation of CRISPR/Cas9 ERK phosphoprotein/transcript library

Genes for establishing an ERK-focused CRISPR library were selected as follows. Genes
with significant phosphoproteome hits (llog2FCI > 0.25, adj. p-val. < 0.05) were selected
first. Positive control genes are those defined in DepMap PDAC (21Q4, Achilles) data with
beta scores less than —1. A subset of RAS-ERK pathway members was included. Twentyfive
negative control genes were selected from protein-coding genes (autosomal) not detected

in PDAC RNA-seq data in this study or in the CCLE. Finally, additional genes that had
transcript changes in 24 hours ERKi RNA-seq (llogFCl > 0.5, adj. p-val. < 0.01) were also
selected, for a total of 2497 unique ensembl gene I1Ds. For each gene, five SgRNAS were
selected using CRISPick online (Broad) with Human genome GRCh38 Ensembl v.103 and
SpyoCas9.

For library generation, oligos were ordered from TWIST Bioscience in the following format:

5.
GGAAAGGACGAAACACCGEGX XXX XXX XXX XXX XXXXXXXGTTTTAGAGCTAGAA
ATAGCAAGTTAAAATAAGGC -3’

X* Denotes unique 20mer sgRNA sequence; total 73 bp ultramer
The guides were amplified using the following primers and conditions:

ArrayF: 5’ —
TAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAAC
ACCG -3’

ArrayR: 5’ —
ACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAA
AAC -3’

PCR was performed as follows: 1. Initial denaturation 98° (3 minutes); 2. Denaturation 98°C
(20 seconds); 3. Annealing 63°C (15 seconds); 4. Extension 72°C (15 seconds) (steps 2-4
X8 cycles); 5. Final extension 72°C (2 minutes). The resulting PCR product was gel purified
and ligated into lentiGuide-Puro (Addgene, 52963) using Esp3l. The ligated product was
transformed into electrocompetent Endura cells (Lucigen, Cat # 60242-1) and serial plating
was used to ensure the colony forming units exceeded 200x fold of the library size. Purified
plasmid DNA was used to generate lentivirus as described above. Prior to infection, the
virus was validated using lllumina NextSeq 500 with 75 bp single end reads. Multiplicity

of infection (MOI) was titrated in the Cas9 stable expressing cells as described in (46).
Stable Cas9 expressing PDAC cell lines were generated using the lentiviral transduction of
pKLV2-EFla-Cas9Bsd-W (Addgene, 68343) as described above.
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CRISPR/Cas9 screening protocol

PDAC cells were infected at an MOI of 0.2 and then maintained in growth medium
supplemented with puromycin. At 9 days post infection, genomic DNA was harvested

and sequenced to determine library coverage. Cells were divided into growth medium
supplemented with a sublethal concentration of SCH772984 (40 nM) or vehicle (DMSO)
control. Each group contained four replicates of 107 cells. Cells were continuously cultured
for 20 days in the presence of vehicle or drug, refreshed every 4 days. Each replicate was
maintained and split independently and not allowed to reach confluency. For all replicates,
107 cells each were maintained to achieve >1000x coverage of the library. Following 20 days
of vehicle/treatment, genomic DNA was harvested. Genomic DNA was extracted using the
DNeasy Blood and Tissue Kit (QIAGEN) and analyzed using next-generation sequencing.
Specifics on virus titering and infection, as well as sample preparation including DNA
extraction, amplification, purification, and sequencing, has been described previously (46).
To evaluate sgRNA abundance/enrichment for each gene, the prioritization algorithm in
MAGeCK (v0.5.9.5) was used (68).

Flow cytometry assays: cell cycle

To analyze cell cycle, adherent cells were fixed, resuspended in 40 pg/ml propidium iodide
(PI) and 100 pg/ml RNase A in PBS, and analyzed on a BD LSRFortessa flow cytometer.
At least 20,000 cells per sample were exported and analyzed using FCS Express 7 (De Novo
Software, Pasadena, CA). Cells were gated on SSC-A and SSC-H to discriminate singlet
cells and SSC-A vs FSC-A to select cells from debris. Cell cycle phases were assigned
using the Multicycle DNA fit function for cells based on Pl height, with the three categories
GO/G1, S, and G2/M defined from lower to higher PI intensity. Three biological replicates
for each condition were performed and the mean values were graphed.

Immunoblot analyses

Cells were washed in cold PBS, then scraped into lysis buffer (50 mM Tris-HCI pH

7.5, 150 mM NaCl, 1% NP-40 (Igepal, CA-630), 0.5% sodium deoxycholate, 0.1% SDS)
supplemented with phosphatase (Sigma-Aldrich) and protease (Roche) inhibitors. Cells were
incubated in lysis buffer for 10 minutes on ice and then centrifuged at 8,000 rpm for 10
minutes at 4°C. Cleared lysates were transferred to new tubes and protein concentrations
were measured using Bio-Rad Protein Assay Dye Reagent cat. no. 5000006 according to

the manufacturer’s protocol. Equal amounts of protein from each sample were combined
with 4X Laemmli buffer and 2.5% 2-mercaptoethanol, boiled for 5 minutes, loaded at equal
volume into SDS-PAGE gels and subjected to standard immunoblot procedures.

Drug Sensitivity Resistance Testing (DSRT) chemical library screen

Drugs used, their sources, concentration ranges, and more extensive method descriptions
have been previously described (69). In brief, DMSO was used to dissolve compounds
which were pre-printed on 384-well tissue culture plates (Corning) using the Echo 550
acoustic liquid handling device (Labcyte Inc.). Each compound was assayed across five
concentrations in a 10,000-fold concentration range, without technical replicates. Single-
cell suspensions were added to each plate, followed by incubation at 37°C for 72 hours.

Science. Author manuscript; available in PMC 2024 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klomp et al.

Page 21

Cell viability was measured in a Paradigm plate reader (Molecular Devices) using the
Realtime-Glo luminescent assay (Promega) according to the manufacturer’s protocol.
Vehicle (DMSO) and positive (100 pM benzethonium chloride) controls were used to
noromalize response readout and obtain relative growth inhibition percent. Dose-response
data were first processed using Dotmatics Browser/Studies software (Dotmatics Ltd.) and
then analyzed using the DSS pipeline (70).

RNA-seq data preprocessing

QC and adapter trimming of RNA-seq data were performed with TrimGalore (v0.4.5)
(71), a wrapper for the tools FastQC (72) and Cutadapt (73), retaining paired end reads
with 35 or more high quality (>28 Sanger/lllumina 1.9) bases. High quality reads were
then mapped to the hg38 (GRCh38.p12) human genome using the STAR aligner (v2.7.8a)
(62) and Gencode (v30) (64) basic transcriptome. Transcript quantitation was performed
using Salmon (v0.11.3) (74) and summarized at gene level using the R package tximport
(v1.22.0) (75). Gene annotations were assigned using biomaRt (v2.50.3) (76). RNA-seq
experiment-wise data were managed and normalized using edgeR (v3.36.0 and 3.32.1) (77).
Only protein coding genes and genes not encoded by Y-chromosome or mitochondrial
DNA were considered prior to TMM (78) or counts-per-million (CPM) normalization and
differential expression comparisons. Principal components analyses were conducted using
the stats package of base R.

RNA-seq data analyses

The gImQLFTest function (EdgeR) was used to perform differential expression comparisons
either across groups or using specific experimental contrasts. Gene set enrichment analyses
were conducted using fGSEA (v1.26.0) (67) for custom gene sets as well as Hallmark
KRAS Signaling Founder, and other gene sets of the Molecular Signatures Database
(MSigDB) (17, 79)) accessed with the R package msigdbr (v7.5.1) (80). Gene expression
subtyping was performed using nearest shrunken centroid estimation with the pamr
(v1.56.1) (81) R package along with the Moffitt basal/classical signature gene set (23)
trained on 181 PDAC samples of The Cancer Genome Atlas (TCGA). APC/C substrates
were identified from UbiBrowser 2.0 (82) and Zhou et al. 2016 (83).

ChlP-seq data analyses

PANC-1 and pancreas histone and transcription factor ChIP-Seq and DNase-Seq data were
downloaded from ENCODE (84, 85). Positions within +/— 3 kb of the transcription start site
(TSS) of PDAC_KRAS_UP/DN and Hallmark_KRAS_Signaling_UP/DN signatures were
evaluated for the proportion of genes with a detected IDR (irreproducible discovery rate)
thresholded peak at each nucleotide position.

Gene expression microarray data analyses

Microarray data from dox-inducible K7as®12P mouse tumors were analyzed using

the R package affy (v1.72.0) (86) with updated probeset ensembl gene mappings
“mouse4302mmensgcdf (v25.0.0)” provided by Brainarray (87), and normalized using
the robust multichip average (RMA) (88) approach. Limma (v3.50.3) (89) was used
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for differential expression comparisons and biomaRt (v2.50.3) for annotations and mouse-
human homology assignments. Multiple testing was accounted for with false discovery rate
(FDR) p-value adjustments by Benjamini-Hochberg method.

Overrepresentation analyses

KEGG, REACTOME, and GO gene sets were obtained using the R package msigdbr
(v7.5.1). Overrepresentation analyses were conducted using the base R hypergeometric test.
Clustering of gene sets based on Jaccard index similarity was accomplished with the R
package vegan (v.2.5-4) (90) and hierarchical clustering with complete linkage. Exemplar
gene sets were chosen as those with the largest number of genes within one of the eight main
gene set clusters.

Liquid chromatography mass spectrophotometry (LC-MS?)

Six KRAS-mutant PDAC cell lines (AsPC-1, HPAC, MIA PaCa-2, PANC-1, Pal6C/Panc
10.05, and SW1990) were treated with SCH772984 (1 uM) or vehicle (DMSO) for 1 and
24 hours. Four biological replicates were used. Proteins were digested using Trypsin/Lys-C
(Wako, 1:75 w/w) and tandem mass tags were added with the TMTpro 16plex Label
Reagent Set (Thermo Fisher). Reverse phase separation at high pH was conducted offline to
generate 24 fractions for LC-MS2. LC-MS? was conducted with the Orbitrap Fusion Lumos
Tribrid mass spectrometer (Thermo Fisher).

Proteomics integration and protein classification

Global proteomics and phosphoproteomics were performed as described in Klomp et

al. (2023) (8). Proteins/genes were annotated as human kinases from KinHub. Human
transcription factors were annotated from Supplemental Data S1 of Lambert ef a/. (2018)
(91). Protein phosphatases were annotated from Supplemental Data S1 from Chen et

al. (2017) and filtered for proteins within the evolutionarily conserved human protein
phosphatome (92). E3 ubiquitin ligases were annotated from UbiNet 2.0 (93). Epigenetic
regulators were annotated as published in EpiFactors (94, 95) and filtered out if they were
already annotated to be kinases, transcription factors, phosphatases, or E3 ubiquitin ligases.
Except for epigenetic regulators, other protein classifications were found to be mutually
exclusive. The membership of each gene, protein, and phosphoprotein within each of these
datasets was annotated and used for further analysis.

Promoter motif enrichment analysis

For enrichment of transcription factor promoter motifs, gene promoters were defined within
—2000 to +1000 nucleotides around the TSS. The HOMER (v4.11) (96) command line tool
for hypergeometric optimization of motif enrichment was used for supervised evaluation of
promoter sequence motif enrichment in gene lists. Promoter motifs are defined by those in
the JASPAR database (97) as well as several model organism motif collections. Background
genes were randomly sampled from genes that were expressed in PDAC cells but did not
vary with ERKi treatment (n = 1000, adj. p-val. > 0.5 and Ilog2FCI < 0.2).
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Proteomics analyses

LC-MS? protein data were analyzed using MaxQuant (v2.0.3.0) (98) with the UniProt
Human Reference Proteome (99). Raw intensity values were log2 transformed and a
variance stabilizing normalization was applied with limma (v3.50.3). BiomaRt (v2.50.3)
was used for annotations and protein alias identification. Proteins that were not detected in
at least two cell lines were removed from evaluation. Differential protein expression was
evaluated with limma (v3.50.3) and adjusted for multiple testing using the FDR method
(Benjamini-Hochberg).

Supervised enrichment for protein motifs in gene lists was conducted using SEA (100)
(simple enrichment analysis) of the MEME Suite (101). Specifically for the evaluation of
protein motifs enriched in proteins that were down-regulated with ERKi without mRNA
changes, a list of down-regulated proteins was generated (prot: log,FC < —-0.25 AND adj.
p-val. < 0.05; mRNA: log,FC > 0 OR adj. p-val. > 0.05) and compared to a list of the top
100 (log,FC) up-regulated proteins (adj. p-val. < 0.05). Peptide sequences were obtained
with BiomaRt (v2.50.3) and the longest sequence was chosen for each gene. Functional
motifs were identified from the functional Eukaryotic Linear Motif (ELM2018) set (102) (n
= 164) and evaluated for potential degrons.

DepMap CRISPR analysis

Essential gene probabilities, gene effect scores, and KRAS mutation status were obtained
from CRISPR screens and analyses provided by the Cancer Dependency Map (55, 56)
(DepMap v22Q2). CCLE cell lines with common KRAS mutations (at codons 12, 13, or 61;
n = 41) were evaluated for dependency on KRAS and ERK-related gene sets.

General statistical tools

The statistical computing environment R (103) (various versions) and Bioconductor (v3.14)
(104, 105) were used for analyses and graphics as well as software management. Heatmaps
were produced using ComplexHeatmap (v2.10.0) (106) and general graphics with ggplot2
(v3.4.2 and 3.3.5) (107). Unless otherwise noted, multiple testing was controlled with

FDR (Benjamini-Hochberg method) to generate adjusted p-values, and #tests and Wilcoxon
rank-sum tests were two-tailed.

Animal research

We have complied with the relevant ethical guidelines and regulations regarding care and
use of animals in research. Our work with PDX mouse models subjected to sotorasib

or panitumumab treatments were reviewed and approved by the Animal Care and Use
Committee to meet all guidelines established by the University of Texas MD Anderson
Cancer Center.

Human research

Please refer to clinical trial KRYSTAL-1 (NCT03785249),
published protocol (https://www.nejm.org/doi/suppl/10.1056/NEJM0a2204619/suppl_file/
nejmoa2204619 protocol.pdf), and referencing publications at ClinicalTrials.gov (https://
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classic.clinicaltrials.gov/ct2/show/NCT03785249). The study has complied with all relevant
ethical regulations regarding the use of human research participants overseen by institutional

review boards and has established informed consent from participating patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Establishment and evaluation of a KRAS-dependent gene expression program in KRAS-

mutant PDAC.

(A) KRAS-dependent gene expression changes upon acute (24 hours) KRAS suppression

in eight KRAS-mutant PDAC cell lines transiently transfected with KRAS or control
non-specific (NS) siRNA. Enrichment of Hallmark KRAS signaling gene sets is shown
below. The 677 KRAS-dependent (UP) and 1,051 KRAS-suppressed (DN) genes (log2
fold-change/FC > 0.5, adj. p-val. < 0.05) are indicated by blue and red shaded circles,

respectively. The top 200 KRAS-dependent (UP) and KRAS-inhibited (DN) genes
comprising the PDAC KRAS UP/DN signatures are indicated by the dotted outlines. (B)
Venn diagram indicates the overlap of differentially expressed genes (with unique Entrez

gene IDs) upon KRAS siRNA treatment (refer to blue/red shading in (A)) compared

to Hallmark KRAS signaling genes. /=8 (cell lines as biological replicates) for each
treatment and control. (C) GSEA for 50 Hallmark gene sets within DE genes following
KRAS siRNA treatment. Detection is based on presence of a gene in all 8 PDAC cell

lines at >5 reads. NES, normalized enrichment score. (D) KRAS-G12Ci (MRTX1257, 20
nM) induced expression changes summarized over 24 hours and three cell lines (PDAC,
CRC, and NSCLC). Genes from siKRAS experiment shown as blue/red boxes in (A) are
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highlighted with blue/red and indicated by barcode plot below. Enrichment scores (ES) for
top 200 UP/DN genes are indicated. (E) GSEA for 50 Hallmark gene sets within RNA-seq
data from the indicated human cancer cell line-derived (CDX) or patient-derived (PDX)
xenograft tumor samples. CDX mice were treated orally (24 hours) with either KRASG12C
or KRAS®12D selective inhibitors (G12Ci adagrasib or G12Di MRTX1133, respectively) or
vehicle control. PDX mice were treated (21 days) with G12Ci sotorasib alone or together
with the EGFRi panitumumab. The top 200 genes from the PDAC KRAS UP/DN gene sets
(panel A) were also evaluated. V= 3 for each cell line/treatment combination except HPAC
(control) and LS-180 (G12Di), where n=6.
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Fig. 2. Mutant KRAS islargely dependent on ERK for PDAC proliferation in vitro.
(A) Immunoblot analysis of ERK activity in PDAC cell lines stably infected with control

vector (Luc) or constitutively activated MEK1 (MEK1-DD), treated with vehicle (DMSO)
or indicated inhibitors of each level of the RAF-MEK-ERK cascade (G12Ci/G12Di,
MRTX1257/MRTX1133 (20 nM); RAFi, LY3009120 (600 nM); MEK:i, trametinib (6 nM);

ERKIi, SCH772984 (600 nM). Images are represen
Growth of PDAC cells stably infected with control
treated with the indicated inhibitors. Error bars ind
replicates, each with three technical replicates. (C)

tative of 2-3 biological replicates. (B)
vector (Luc) or activated MEK1-DD and
icate SE of the mean with 3-4 biological
Immunoblot analysis of ERK and AKT

phosphorylation in PDAC cells stably infected with control vector (Luc) or constitutively
activated AKT (myr-AKT), treated with G12Ci/G12Di (MRTX1257/MRTX1133, 20 nM)
or ERKIi (SCH772984, 600 nM). Representative of 2-3 biological replicates. (D) Growth
of PDAC cells expressing activated AKT or control vector (Luc) and treated with KRAS
G12C/D inhibitors. Error bars indicate SE of the mean with 3-4 biological replicates, each
with 3 technical replicates. (E) Differential gene expression analysis for seven PDAC cell
lines subjected to ERKi (SCH772984, 1000 nM) treatment for 24 hours versus paired
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untreated control cells. (F) Top 200 UP/DN genes from 24 hours KRAS siRNA and ERKi
RNA-seq experiments are shown as filled blue (UP) or red (DN) circles, with a positive
predictive value (agreement/total) for logFC = 0.84. Genes with strongest logFC values (7=
40) are labeled. (G) Evaluation of DE genes following 100 nM treatment of Pa16C PDAC
cells with KRASI-G12Di (MRTX1133) or ERKi (SCH772984) for 24 hours (each condition,
n=2). Colored points are DE genes in either treatment (FDR < 0.05); red, log2FC > 0 with
either treatment; blue, log2FC < 0 with either treatment; tan, log2FC opposite directions
between treatments. Coordinate labels indicate points outside of plotting range. Barcode
plots below and left represent log2FC for “median rank KRAS-ERK” signature genes within
each experiment and ssGSEA enrichment statistics. (H) GSEA for PDAC KRAS UP/DN,
PDAC KRAS-ERK UP/DN, and KRAS-ERK UP/DN based on median rank, along with
Hallmark KRAS Signaling signatures in CDX and PDX models treated with G12Di, G12Ci
or G12Ci+EGFRI with replicates as described in Fig. 1E. Inhibitors used in (H): G12Ci
(CDX), adagrasib; G12Di, MRTX1133; G12Ci (PDX), sotorasib; EGFRI, panitumumab.
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Fig. 3. Integration of transcriptomic, proteomic, and phosphosite activity data reveals multiple
ERK dependent cell cycle control mechanisms.

(A) Supervised gene promoter motif enrichment analysis for different cutoffs of the top
PDAC ERK UP genes. Numbers in parentheses indicate number of genes from each subset
used in the analysis. (B) Protein abundance of AP-1 transcription factor components FRA1
and JUN, and of MYC, after 1 and 24 hours of ERKIi, (SCH772984, 1000 nM) treatment
across six PDAC cell lines, was determined by LC-MS2. (C) Categorization of proteins
dependent on ERK for expression and/or phosphosite activity into five main functional
groups. Numbers in parentheses indicate total number encoded in human genome. (D)
Comparison of change in protein abundance (y-axis) with change in mRNA expression
(x-axis) following ERKIi treatment (24 hours) for proteins with significant changes (log2FC
> 0.2 & adj. p-val. < 0.05). APC/C substrates are indicated by filled circles. (E) Immunoblot
analysis of APC/C target proteins securin and cyclin B1 as well as ERK activity readouts
pERK and pRSK following treatment with proTAME (APC/Ci) and/or ERKIi in Pal6C cells.
Images are representative of 2-3 biological replicates. (F) Schematic for ERK inhibition of
APC/C E3 ligase function and degradation of mitotic regulators securin and cyclin B1/2.
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(G) Cell cycle distribution analysis of Pal6C cells treated with APC/Ci and/or ERK:i for 24
hours (7= 3, each condition). (H) Apoptosis induction relative to vehicle control in Pal6C
cells treated with APC/Ci and/or ERKIi for 3 days (/7= 4, each condition). (G-H), error bars
represent +/— 1 S.D. All statistical comparisons, ns: not significant, *p < 0.05, **p < 0.01,
***p<0.001, ****p< 0.0001.

Science. Author manuscript; available in PMC 2024 August 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Klomp et al.

PDAC KRAS ERK UP

PDAC KRASi UP PDAC iKras UP

Page 39

CELL CYCLE
CELL CYCLE MITOTIC
CELL CYCLE CHECKPOINTS
INASTRAND ELONG Significance
(og10 adj. p-val)
30
25
20
15

B
PDAC KRAS-ERK UP genes

genes

86 essential
(prob > 0.75)
1

CRISPR
dependency
probability

RESOF §

CELL CYCLE

YCLE MITOTIC

LE CHECKPOINTS

CH COHESION gjgnificance
(-log10 adj. p-val.)

CHOLESTEROL BIOSYNTHESIS

CELLC
CELL CYCI

PDAC KRAS-ERK DN genes

Significance
(log10 adj. p-val.)

12
10
8

== T 86 essential gene over-representation analysis

DNA_DEPENDENT_DNA_REP
DNA_REP
DNA_STRAND_ELONGATION
CELL_CYCLE_MITOTIC
CELL_CYCLE
CELL_CYCLE_CHECKPOINTS
SYNTHESIS_OF_DNA
S_PHASE

DNA_REP
DNA_METABOLIC_PROC

B cosrP

GOCC
REACTOME

CHROMOSOME
CELL_CYCLE_PROC
CELL_CYCLE
MITOTIC_CELL_CYCLE_PROC
MITOTIC_CELL_CYCLE

0

2 4
Enrichment (log2FC)

41 PDAC cell lines (CCLE)

41 PDAC cell lines (CCLE)

E
HPAC and Pa16C ERKi CRISPR screen ;
Depleted DepMap CRISPR Enriched
5 ° | 1:00 igve
(2}
z 10 | > FOSL1
2 e ‘ 5075
& e | s
4 00 © S
& o0s{ ams2 poxst 0o % ~log10 p-value 850
o [sopt M1 o 15 2
g s
8 o 20 H
@ 00 o 25 20.25 MAPK1
2 © 30 = _JUN
8 MAPK3
3
[ 0.00
8 b .
% ACTB! TON:'E | pomae § ERK pphoproteome + transcriptome [@ Essential [0 ERKi Sensitizer
L CHORDC1 |0 S BOAT [GP1 [HDACT AKT) [MBD2
-10 MAPK] z @ = [MAPK3
15 10 05 00 05 F ARNT) ZDHHCS
= o T 4 2 HSPA4 | |- TSR3
Essentiality B Score we |
[
o

Fig. 4. KRAS-ERK dependent genes are essential for cell proliferation in PDAC.
(A) Over-representation analysis for REACTOME terms in three KRAS signatures: PDAC

KRAS-ERK UP, PDAC KRASI UP, and PDAC /Kras UP. Top 10 terms are shown. (B)
Comparison of CRISPR dependency probabilities to gauge essentiality of genes in PDAC
KRAS-ERK UP/DN signatures across 41 KRAS-mutant PDAC cell lines from CCLE.

(C) Over-representation analysis for PDAC KRAS-ERK UP essential genes using KEGG,
GO, and REACTOME. BP, biological process; CC, cellular component. (D) CRISPR
drop-out screen using sgRNA library generated from ERK-dependent phosphoproteins and
transcripts. Beta scores calculated with MAGeCK. Red circles highlight MY C and JUN. (E)
Comparison of genes highlighted in (D) (bottom) with essentiality probabilities averaged
across the 41 KRAS-mutant PDAC cell lines in DepMap (top).
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Fig. 5. Changesin KRAS ERK dependent genes coincide with ERKi treatment responsein
patient tumors.

(A) GSEA evaluation of the median rank KRAS-ERK UP/DN, PDAC KRAS-ERK UP/DN
and Hallmark signatures in patient biopsies, pre- and post-treatment. Patients with KRAS-
mutant PDAC were treated with ERKi ulixertinib (14 days). Patients with KRASG12C.
mutant NSCLC or CRC were treated with the KRASG12C_selective KRASi adagrasib (8
days). The serum biomarker CA 19-9 was used to monitor treatment response, and patient
response was assessed according to the Response Evaluation Criteria in Solid Tumors
version 1.1 (RECIST v1.1). NES, normalized enrichment score. (B) Evaluation of PDAC
subtype in pre- and post-treatment patient biopsies using the Moffitt classifier (23).
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