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Abstract

Pancreatic cancer is a recalcitrant cancer with one of the lowest 5-year survival rates. A hallmark
of pancreatic cancer is the prevalence of oncogenic mutation in the KRAS gene. The KRAS
oncogene plays a critical role in the initiation and maintenance of pancreatic tumors and its
signaling network represents a major target for therapeutic intervention. A number of inhibitors
have been developed against kinase effectors in various Ras signaling pathways. Their clinical
activity, however, has been disappointing thus far. More recently, covalent inhibitors targeting

the KRAS®12C oncoprotein have been developed. These inhibitors showed promising activity

in KRASC12C mutant pancreatic cancer in early clinical trials. This review will present an

updated summary of our understanding of mutant KRAS function in pancreatic cancer and discuss
therapeutic strategies that target oncogenic KRAS signaling in this disease.
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BACKGROUND

Pancreatic cancer is one of the most lethal forms of cancer. In 2021, approximately 60,430
patients are expected to be diagnosed with pancreatic cancer and approximately 48,220
patients are expected to die from the disease (1). Around 85% of pancreatic cancers are
pancreatic ductal adenocarcinoma (PDAC) that arise from the malignant transformation of
the ductal epithelial cells that form the capillary-like duct system that carries enzymes and
other secretions away from the pancreas. Despite advances in diagnosis and treatment in the
past decade, the 5-year survival rate of pancreatic cancer is approximately 9% (2). This poor
prognosis is in part due to two factors. The first factor is a lack of good early diagnostic
methods. Patients with early-stage pancreatic cancer often lack specific symptoms, and no
reliable early biomarkers have been developed for non-invasive diagnosis of early-stage,
resectable tumors. As a result, at the time of diagnosis patients often present with locally
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advanced or metastatic disease. The second factor is a lack of effective treatment. Current
treatment of unresectable pancreatic cancer primarily involves chemotherapies that shrink
tumors but are limited by the emergence of drug resistance (3). Targeted therapies have been
of limited success. For example, olaparib has been approved for PDACs that bear mutations
in homologous recombination genes but is indicated in only a small fraction of patients with
limited survival benefit.

Genetically, PDAC is defined with a handful of recurring mutations in oncogene and

tumor suppressor genes whose mutations are associated with disease progression (4).
Amongst these are four canonical mutations — KRAS (~85%), 7P53(60-70%), CDKNZA
(>50%), and SMAD4 (~50%). Genes involved in epigenetic regulation (AR/D1A, ARID1B,
SMARCAIL MLL2, MLL3, KDM6A) and the DNA damage response (ATM, BRCA?) are
also found to be mutated, albeit at lower frequencies in PDAC (2, 5). Genetic analysis

of clinical specimens indicates that KRAS mutation is an early event present in stage 1
pancreatic intraepithelial neoplasia (PanIN). Acquisition of mutations in CDKNZA, TP53
and SMAD4 are associated with PanIN progression and the development of invasive PDAC
(Figure 1). The extremely high frequency of KRAS mutation in PDAC parallels that of
BRAF mutation in melanoma. This suggests that the Ras signaling pathway as a key
oncogenic driver of PDAC development is a prime target for inhibitor development. In
addition to the above somatic mutations, pancreatic tumors can be further classified into
several subtypes based on their histopathological features, gene expression profiles and their
stromal and immune milieu (5). These different molecular subtypes are likely to influence
the function of a driver oncogene such as KRAS and how tumor cells respond to targeted
therapies.

Current treatment of unresectable pancreatic cancer primarily relies on chemotherapies
including gemcitabine and 5-FU. Median survival on various chemotherapies is poor and
often does not exceed 12-18 months (3). Resistance to chemotherapy is attributable to
multiple factors. Pancreatic cancer often presents a dense, fibrotic tumor microenvironment
with low blood vessel density. This hampers drug delivery to tumor cells. Cancer-associated
fibroblasts in an activated tumor stroma may provide pro-survival paracrine signaling to
cancer cells, thus reducing the cytotoxic effect of chemotherapeutic agents. Pancreatic
cancer often harbors an immunosuppressive tumor microenvironment (2). As a result, these
tumors are refractory to immune checkpoint blockage using PD-1 and PD-L1 antibodies.

The dominance of KRAS mutations suggests targeted therapies against the Ras signaling
network could present an effective treatment modality for PDAC. However, efforts in this
direction thus far have yielded little clinical benefit (see below). Several targeted therapies
have been approved for PDAC. The first approved, EGFR inhibitor erlotinib in combination
with gemcitabine, gave a modest survival benefit compared to gemcitabine alone and was
effectively abandoned by the community after negative data for EGFR-directed therapy in
KRAS-mutant colorectal cancer emerged (6). More recently, tissue agnostic targeted therapy
has included a small fraction of patients with PDAC. The TRK kinase inhibitors larotrectinib
and entrectinib have been approved for solid tumors harboring a N7TRK-fusion gene (7).
NTRK-fusion occurs in only 0.5% of PDAC and the benefit of TRK inhibitors have not
been systematically evaluated in PDAC beyond individual cases. Finally, in late-stage PDAC
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with germline mutation in BRCA1 or BRCAZ (~7.5% of the patients), the PARP inhibitor
olaparib could extend progression free survival but not overall survival (8). Thus, identifying
new therapeutic modalities for pancreatic cancer represents an urgent need.

Overview of the KRAS oncogene and its function

The KRAS gene encodes a member of the Ras family of small GTPases. KRASand its

two closely related paralogs, HRAS and NRAS, are frequently mutated in human cancer.
KRAS mutation is found in ~85% of PDACs, ~45% of colorectal adenocarcinomas (CRC),
~30% of lung adenocarcinomas, and at lower frequencies in a wide array of tumor types (9).
HRAS and NRAS mutations are also found in many tumor types, albeit at a lower frequency
than KRAS. The vast majority of mutations in the Ras genes are mis-sense mutations at
three hotspot residues G12, G13 and Q61. These mutations critically impair Ras GTPase
activity and effectively lock the Ras protein in its GTP bound, active state. Collectively,
mutations in the three Ras genes occur in over 10% of all human cancer. Currently, there
are no effective, targeted therapies against most tumors with Ras mutation. In addition, Ras
mutation is often a biomarker associated with poor prognosis and poor response to other
targeted agents. Thus, solving the Ras problem is a high-priority area of cancer research
(10).

The signaling network and molecular biology of Ras has been extensively reviewed
recently (9, 11, 12) and a summary is provided here. KRAS, HRAS and NRAS are
peripheral membrane proteins. They share a highly homologous G-domain which contains
the GTPase catalytic site and two regions (switch I and 11) that undergo conformational
change upon GDP/GTP exchange. The C-terminus of these protein are more divergent,
and KRAS can undergo alternative splicing to give rise to two isoforms KRAS4A

and KRAS4B with distinct C-terminus sequences. Post-translational modification of Ras
proteins at their C-terminus by a series of enzymes results in their farnesylation (HRAS,
NRAS, KRAS4A and KRAS4B) and palmitoylation (HRAS, NRAS and KRAS4A). These
lipid attachments enable Ras to be associated with the plasma membrane and other
endomembrane compartments in the cell and are essential for Ras function.

Ras proteins are signal transduction molecules whose activity is controlled by cell surface
growth factor, cytokine and hormone receptors. Growth factor receptor activation stimulates
GDP-GTP exchange on Ras that is facilitated by a family of guanine nucleotide exchange
factors (GEFs) that are recruited to adaptor proteins binding the receptor. The GTP-bound
Ras undergoes a conformational change that enables its switch | and Il regions to

interact with and activate a number of downstream effector proteins. Subsequent GTP
hydrolysis by Ras, a reaction that is greatly accelerated by its binding to GTPase-activating
proteins (GAPSs), returns Ras to the inactive, GDP-bound state. The aforementioned hotspot
mutations in Ras either impair GAP binding (G12 and G13 mutations) or the intrinsic
GTPase activity (Q61 mutations) of Ras. These mutations dramatically shift the equilibrium
of Ras protein to exist mostly in the GTP-bound state and effectively uncouple Ras proteins
from upstream receptor inputs and drive constitutive signaling to downstream Ras effector
pathways (13).
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A major reason for Ras mutations being frequently selected in cancer is that Ras signals to
multiple effector pathways whose activation favors oncogenic transformation. These include
the MAP-kinase (MAPK) pathway, the Pl 3-kinase (PI3K)/AKT/mTOR pathway, the small
GTPases Rho, Rac and Ral, and phospholipase C (Figure 2). Together, these pathways
regulate cell proliferation, cell growth, cell survival, cell metabolism, cell motility and a
host of gene transcriptional programs. By constitutively activating these pathways, the Ras
oncoprotein confers growth, survival and metastatic advantages to the cancer cell (11).

Currently, it is not fully understood why KRAS mutation is more prevalent than HRAS

and VRAS mutation in adenocarcinomas. These genes are expressed at different levels in
different epithelial compartments, and it is possible KRAS expression is optimal for driving
cell proliferation and oncogenic transformation. It has been shown that mutant KRAS is
more effective at promoting colonic epithelial cell proliferation in mice (14) and stemness
properties in tumor cells through its ability to suppress non-canonical Wnt signaling (15).
Thus, KRAS might possess distinct signaling properties that make it a more effective
oncogene than HRAS and NRAS. Among KRAS mutant adenocarcinomas, a tissue-specific
pattern of codon mutation is observed. For example, mutations at G13, K117 and A246 are
more common in CRC than PDAC and lung cancer. Among the codon 12 mutations, the
G12C mutation is prevalent in lung cancer (likely due to smoking-induced mutagenesis) but
rare in PDAC and CRC (Figure 3). G12D and G12V are the most common in PDAC, which
also shows enrichment for the G12R mutation that is rarely found in CRC lung and lung
cancer (16). It is not clear why different KRAS codon mutations are selected in different
tissues, although context-dependent signaling by a specific mutant could contribute to this
bias (17).

Therapeutic targeting of the Ras signaling network

Targeting the Ras oncoprotein—The Ras signaling network is a target-rich space that
has receive intense focus for pharmacological intervention (9, 18). Early efforts at inhibiting
Ras oncoprotein have not yielded effective Ras inhibitors due to the challenging biochemical
properties of the Ras protein as a drug target. Inhibitors that block farnesyltransferase

to prevent Ras membrane localization failed to gain traction in clinical studies due to
alternative mechanisms of Ras membrane localization and concerns with these inhibitors’
pleiotropic effect on the membrane localization of other small GTPase. Thus, for two
decades Ras has remained an “undruggable” target.

Recently, innovative chemical biology has led to the breakthrough discovery of inhibitors
against the KRASC12C oncoprotein (19). The structural feature of these inhibitors consists
of a moderately-reactive cysteine cross-linking group and a scaffold that binds to the G-
domain of Ras. In this configuration, these compounds selectively react with the codon

12 cysteine on the mutant KRAS®12C protein but are far less reactive towards cysteine
residues on other proteins. Covalent cross-linking to codon 12 cysteine leads to an induced
fit of the inhibitor in KRASC12C and trap the protein in its inactive, GDP-bound state
(20-23). Consequently, these inhibitors effectively and specifically extinguish oncogenic
signaling from mutant KRAS®12C but do not interfere with the function of any WT Ras
proteins or non-G12C mutant Ras proteins. These inhibitors represent a major breakthrough
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in our ability to directly inhibit Ras. In preclinical studies, KRASCG12C inhibitors have
demonstrated significant and selective in vitro toxicity in KRASGZ2C mutant cancer cells;
and these inhibitors are effective at inhibiting the growth of KRASEZ2C mutant xenograft
and PDX tumors in mice (21-23). In early clinical studies, they have demonstrated
promising activity in patients whose tumors harbor KRASCZ2C mutation (23, 24).

Non-G12C KRAS oncoproteins remain a therapeutic challenge. Several alternative strategies
have been developed to target mutant KRAS. These include the use of SiRNAs against
KRAS (25), the use of mutant KRAS peptide for anticancer vaccine (26, 27), and the
development of adoptive T-cell therapy with T-cell receptors that specifically react to mutant
KRAS peptides (28, 29). Although each of these approaches has its own set of translational
challenges, their success could significantly broaden the spectrum of KRAS mutations that
are targetable.

Inhibitors targeting Ras effector pathways—A number of highly specific and potent
small molecule inhibitors have been developed to target major Ras effector pathways in

an effort to block oncogenic Ras signaling. The characteristics of the targets and their
respective inhibitors have been reviewed in detail recently (9, 12). The MAPK and PI3K
pathways received most attention due to their critical role in mediating the proliferative,
survival and metabolic effects of the KRAS oncogene. In the MAPK pathway, inhibitors

of BRAF kinase can paradoxically activate this pathway in KRAS mutant cells due to

their ability to promote the dimerization of BRAF and CRAF and the activation of CRAF.
Inhibitors targeting MEK and ERK kinases further downstream can effectively block MAPK
pathway signaling. Targeting the PI3K pathway, multiple inhibitors for class la PI3K,

AKT, and mTOR have been developed to block this pathway. Despite promising anti-tumor
effects in preclinical models of KRAS mutant cancer, MAPK and PI13K pathway inhibitors
have not demonstrated significant clinical activity in patients with KRAS mutant tumors,
including in pancreatic cancer (see below). Understanding the cause of this disconnect is
key to improving the therapeutic efficacy of Ras effector pathway inhibitors. One potential
explanation is that, giving the multitude of effector pathways that KRAS can engage,
inhibiting one or two pathways is insufficient to block the oncogenic activity of KRAS.
Another potential explanation is that inhibitors of KRAS effector pathways have a narrower
therapeutic window than KRAS inhibitors, and their on-target toxicity in normal tissue
prevents dosing to a higher level in patients. A third potential explanation is that effector
pathway utilization by mutant KRAS is heterogenous and context-dependent in cancer cells,
thus making KRAS mutant tumors — even those from the same tissue — heterogeneous in
their sensitivity to the inhibition of a given Ras effector pathway (30, 31).

Inhibition of Ras synthetic lethal and collateral dependency partners—To
expand the target space in Ras mutant cancer cells, RNAi and CRISPR-based genetic
screens have been carried out to identify synthetic lethal partners of the KRAS oncogene
whose suppression confers selective toxicity in KRAS mutant cells. A number of synthetic
lethal genes have been identified using genome-wide RNAi and CRISPR screens, and
many of these are druggable targets (32, 33). These studies have revealed two important
themes. First, synthetic lethal interactions with KRAS tends to be context-dependent and
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they reflect the underlying genetic heterogeneity of cancer cell lines. A particular synthetic
lethality interaction, therefore, is often observed only among a subset of KRAS mutant
cancer cell lines. Second, synthetic lethal partners of KRAS often play a critical role in
stress-response pathways — such as those involved in DNA damage response, genomic
stability, cell survival, metabolic adaption, proteotoxic and oxidative stress — that serve to
alleviate various forms of oncogenic stress associated with tumorigenesis (34). Inhibition of
these pathways therefore exacerbates oncogenic stress in KRAS mutant cells and impairs
their viability (32, 33). An example is the mitotic kinase PLK1. We originally identified
PL K1 as a synthetic lethal partner of mutant KRAS in colorectal cancer cells through a
genome-wide RNA. screen and showed that PLK1 inhibition leads to more pronounced
genomic instability in KRAS mutant cells (35). Recently, the PLK1 inhibitor onvansertib
has been evaluated in combination with chemotherapy and bevacizumab in KRAS mutant
metastatic colorectal cancer in a phase Il trial, and this combination seems to demonstrate
favorable tolerability and clinical response (36).

To improve the efficacy of inhibitors, genetic and pharmacological screens have been carried
out to identify collateral dependency partners of KRAS and MAPK pathway inhibitors

that could enhance their lethality in KRAS mutant cells. These experiments have identified
receptor tyrosine kinase (RTK) signaling to PI3K and mTOR (23, 37-40), as well as

the autophagy pathway (30) as collateral dependencies with KRAS and MAPK pathway
inhibitors. These insights could serve as a useful guide for the rational testing of drug
combinations in KRAS mutant tumors in clinical trials.

Resistance mechanisms to KRAS and MAPK pathway inhibitors—L.ike other
signal transduction pathways in the cell, the Ras/MAPK pathway has evolved to sense
changes in receptor activity. In order to maintain the pathway’s dynamic range under
different levels of receptor activity, a number of negative feedback mechanisms have
evolved. For example, ERK can phosphorylate CRAF to inhibit its activity; MAPK pathway
can induce the expression of DUSP phosphatases to dephosphorylate ERK and Sprouty

and SPRED proteins to inhibit Ras activation (41). Prolonged activation of the Ras/MAPK
pathway can also lead to the feedback inhibition of RTK signaling (42). In KRAS and
BRAF mutant cancer cells, constitutive activation of the MAPK pathway strongly induces
these negative feedback loops as a maladaptive attempt to constrain pathway activity. As a
result, acute inhibition of KRAS or MAPK in KRASand BRAF mutant cells often results
in a bi-phasic response. Initially, the pathway is effectively shut down by the inhibitor.

This, however, also diminishes the activity of the negative feedback loops. Consequently, the
activity of the MAPK pathway gradually rebounds to a new steady state level despite the
continuous presence of the inhibitor, and increased activation of RTKSs and its downstream
PI3K/AKT pathway is often evident in this second phase (41, 42). This inhibitor-induced
loss of negative feedback therefore reduces the efficacy of KRAS and MEK inhibitors.
Target combinations that can abrogate this adaptive resistance mechanism, including vertical
drug combination within the MAPK pathway (43) and co-inhibition of parallel RTK/PI3K
signaling (40, 44, 45), could result in a more sustained inhibition of cell viability in KRAS
mutant cells.

Semin Oncol. Author manuscript; available in PMC 2022 February 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luo

Page 7

KRAS mutant cells could also escape Ras/MAPK inhibitors by undergoing epithelial-
mesenchymal transition (EMT). In these cells, MAPK and PI3K signaling are sustained

by RTKs including FGFR and IGFR, rendering them less sensitive to KRAS or MEK
inhibitors. Strategies that reverse the EMT transcriptional program, as well as co-targeting
FGFR and IGFR signaling in EMT-induced cells could re-sensitize them towards KRAS and
MEK inhibitors (46, 47)

KRAS mutation in the context of pancreatic cancer

Frequency and codon bias of KRAS mutations in pancreatic cancer—An
analysis of the cBioPortal database (48, 49) using four large scale pancreatic cancer studies
(50-53) indicated that KRAS mutation occurs in 85.8% (665/775) of tumor samples.

Most are missense mutations that occur in the three hotspot residues G12, G13 and Q61
(Figure 3). KRASCLZD apd KRASSZV are most prevalent, at 39.2 and 32.5% of all KRAS
mutations, respectively. As mentioned, the G12R mutation also occurs at high frequency in
PDAC (17% of all KRAS mutations). The reason for this bias is unclear, although evidence
suggests that the KRASG12R oncoprotein has distinct biochemical properties and is less
effective at activating PI3K signaling and micropinocytosis (54). The KRASCZ2C mutant
allele, whose protein product is inhibitable with the recently developed KRAS®G12C covalent
inhibitors, occurs only in 1.7% of KRAS mutant PDACS.

KRAS mutation in the initiation, progression and prognosis of pancreatic
cancer—KRAS mutation is an early oncogenic event in pancreatic cancer. KRAS mutation
is readily detectable in 25% and 38% of PanIN-1A and PanIN-1B, respectively (55). These
findings indicate that KRAS mutation is likely an early and initiating event in human
pancreatic cancer. This is similar to lung adenocarcinomas where KRAS mutation is

also detected in early lesions (56). In contrast, in colorectal cancer KRAS mutation is a
progression event that occurs after the initiation event of mutation in the Wnt pathway (57).
Mouse models also support the role of Kras mutation as an initiating event in pancreatic
cancer.

Acquisition of mutations in tumor suppressor genes CDKNZA, TP53, and SMAD4 enables
early stage PanIN to progress to late stage PanIN and, ultimately invasive PDAC (2). The
higher frequency of KRAS mutation observed in late-stage PDAC compared to early-stage
PanIN suggests that KRAS mutation might confer additional fitness benefits, and thus be
further selected, during tumor progression. Studies in human cancer cell lines and in mouse
models show that the majority of KRAS mutant PDAC cells are continuously addicted to the
KRAS oncogene for their survival.

Because KRAS mutation is an early event, it is unclear whether, and how, the cellular role
of the KRAS oncogene change during progression. As noted earlier, KRAS signaling can
regulate multiple effector pathways (Figure 2). It is possible that mutant KRAS can play
distinct roles in driving cell proliferation, cell survival and cell migration at different stages
of PDAC as the tumor progresses, through the differential engagement of its downstream
signaling pathways.
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KRAS mutation in the prognosis of pancreatic cancer—Multiple studies have
investigated KRAS mutation as a prognostic factor in patients with PDAC (58) and have
arriving at mixed findings. For example, in localized and rescetable PDACs, KRAS mutation
was found to be either negatively associated with or not associated with survival (59, 60). In
locally advanced and metastatic PDACs, KRAS mutation was found to be either negatively
associated with or not associated with survival with chemotherapy (61, 62). There seems

to be a consensus that KRAS mutation negatively influences response to EGFR-targeted
therapy (61, 63). Large cohort studies with more homogenous clinical and tumor profiles
are needed to further clarify the prognostic value of KRAS mutation in PDAC. Given the
high prevalence of KRAS mutation in pancreatic cancer, an alternative view might be to
understand what therapies might confer better response in the minority of patients with
KRASWT pancreatic cancer.

Molecular Function of the KRAS oncogene in pancreatic cancer

Insights from human pancreatic cancer cell lines—A large body of work has
established that cancer cells with KRAS mutation exhibit strong oncogene addiction to
KRAS. RNAI mediated gene knockdown studies and CRISPR mediated gene knockout
studies in hundreds of cancer cell lines have shown that KRAS mutant pancreatic, lung and
colorectal adenocarcinoma cells are more sensitive to the loss of the KRAS oncogene than
KRASWT cancer cell lines (64, 65) (Figure 4). These findings demonstrate that KRAS
mutant pancreatic cancer cells are dependent on the function of the KRAS oncogene for
their survival. It is remarkable that some of these cell lines have been cultured for years in
media containing high levels of growth factors, yet their addiction to the KRAS oncogene
remained stable. The inability of growth factor signaling to abrogate KRAS addiction might
be due to the activation of negative feedback loops in KRAS mutant cells that down-regulate
receptor signaling.

In KRAS mutant pancreatic cancer cells, acute silencing of KRASvia RNAI or CRISPR
results in cell cycle arrest, apoptosis and suppression of anchorage-independent proliferation
in vitro, and attenuated tumor growth and metastasis in xenograft models (66-68). Silencing
mutant KRAS down-regulates the activity of multiple Ras effector pathways including

the MAPK and PI3K pathways (67, 68). Inhibitors targeting these Ras effector pathways,
therefore, should exhibit selectivity towards KRAS mutant pancreatic cancer cells. However,
large-scale drug sensitivity studies using the MEK and ERK inhibitors did not reveal

the same degree of selectivity in KRAS mutant cells (69, 70) (Figure 4). This is not

entirely surprising because the MAPK pathway is critical for driving cell proliferation and
cell survival in cells without KRAS mutation, whereas KRAS itself is not (likely due to
redundant signaling from HRAS and NRAS). This may also mean that inhibition of KRAS
itself will have a greater therapeutic window than targeting the MAPK pathway downstream.

Insights from animal models of pancreatic cancer driven by mutant KRAS—
Genetically engineered mouse models (GEMMSs) of Kras mutant pancreatic cancer have
provided valuable insights on the molecular mechanism of this disease (71). Selective
expression of the Kras oncogene in the mouse pancreas can be achieved in several ways,
including the use of Cre-mediate activation of a latent KrasGZ20 mutant allele (L SL-Kras)
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(72) or a mutant Kas®22P transgene under the control of a tetracyclin-inducible promoter
(/Kras) (73). These mouse models have validated the role of Kras mutations as a tumor
initiating event in pancreatic cancer. Expression of mutant Krasalone from embryonic
pancreatic cells results in PanIN with histological and molecular features that resemble
PanIN in human PDACs (72). GEMMs with compound mutations that combine Kras
mutation with the inactivation of tumor suppressor genes CdknZaand 7p53, or with the
inactivation of the TGFB-SMADA4 signaling pathway in the pancreas develop invasive and
metastatic PDAC (74-76), thus validating the role of these tumor suppressor pathways

in PDAC progression (4). Mouse PDAC tumors driven by mutant Krasalso experience
metabolic alteration and are dependent on glucose and glutamine (73, 77). Extinguishing the
expression of mutant Kras in the pancreas led to rapid tumor regression, thus demonstrating
a critical role of Krasin tumor maintenance (73, 78).

Mouse models also shed light on how pancreatic cancer develops. Pancreatic cancer models
from PaxI- and Ptfla-promoter mediated Krasexpression result in wide-spread Kras
expression in most pancreas cells during early development. Expression of a mutant Kras
transgene from the KrtZ19 promoter, which is active in ductal epithelial cells but not in other
cell types in the pancreas, failed to induce tumor (79). On the other hand, activation of

the LSL-Kras allele using elastase-driven Cre, which is expressed in acinar cells, results in
PanIN development (80). Thus, acinar cells could also serve as the cell of origin for PDAC
and acinar-ductal metaplasia could occur during PanIN development. Induction of mutant
Kras expression in the adult pancreas was far less efficient at inducing tumor than it does

in young mice. Tumor development in adult mice, however, can be greatly accelerated by
chemically induced pancreatitis. Thus, inflammatory signaling is likely to play a critical role
in pancreatic cancer development (80, 81). The mechanism by which this occurs is not fully
understood, one explanation is that the inflammatory tumor microenvironment can suppress
Kras oncogene-induced senescence during tumor initiation (81).

Recently, normal and tumor organoid models have been developed from both human and
mouse pancreas (82, 83). Normal pancreatic organoids enable the rapid modeling of genetic
interactions among candidate driver mutations in pancreatic cancer. Tumor organoid models
preserve many of the histological and molecular features of pancreatic tumors and their
spectrum of heterogeneity. Together, these organoid models could serve as a powerful
system for new target discovery, for the identification of biomarkers that are associated
with efficacy of existing therapeutics, and for the validation of novel therapeutic agents in
pancreatic cancer (83).

Genetic mechanisms that bypass KRAS oncogene addiction in pancreatic
cancer cells—Although pancreatic cancer cell lines exhibit strong addiction to the KRAS
oncogene, extinguishing mutant KRAS expression can ultimately lead to adaptation in
cancer cells that by-pass their KRAS dependency. In the context of pancreatic cancer,
KRAS dependency can be by-passed by the elevated expression of the transcription factor
YAP1, which promotes EMT and confers cell-intrinsic resistance to KRAS loss (84,

85). Overexpression of the histone deacetylase HDAC5 also enables bypass of KRAS
extinguishment through cytokine-mediate remodeling of the tumor microenvironment (86).
These findings indicate that KRAS mutant pancreatic tumors could ultimately escape
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targeted inhibition of the KRAS oncoprotein, paralleling the observation with BRAF and
EGFR inhibitors in patients with BRAF mutant melanoma and EGFR mutant non-small cell
lung cancer, respectively.

Clinical activity of targeted therapies against KRAS signaling pathways in pancreatic

cancer

Ras effector pathway inhibitors—Pancreatic cancer has been a focus for the clinical
development of targeted therapies against the Ras signaling network due to the high
prevalence of KRAS mutation in this disease. A number of highly selective and potent
inhibitors have been developed against kinases in the Ras signaling network particularly
those in the MAPK and PI3BK/mTOR pathways (9, 12). Despite promising preclinical
activities, single agent inhibitors targeting the MAPK and PI3K/mTOR pathways have
yielded poor clinical efficacy in phase Il trials. Single agent phase 1l trials of the MEK
inhibitors CI-1040 and selumetinib showed that these agents were well tolerated but did

not give superior response compared to chemotherapy (87, 88). In a phase I/1l trial, a
combination of the MEK inhibitor pimasertib and gemcitabine did not give superior survival
rate than gemcitabine alone (89). Inhibitors targeting the ERK kinases including ulixertinib,
LY3214996, and MK-8353 are being evaluated in early-stage trials that include patients with
pancreatic cancer; currently there are insufficient data reported to evaluate their efficacy. In
single agent phase Il trials of the mTOR inhibitors temsirolimus and everolimus, very little
clinical activity was seen (90, 91). Combination of these inhibitors with gemcitabine-based
chemotherapy also did not yield significant improvement in clinical activity (92, 93). These
early trial data indicates that targeting a single component in the Ras signaling network
either alone or in combination with chemotherapy is unlikely to yield significant survival
benefits.

KRASC12C jnhibitors—Two KRASC12C inhibitors, sotorasib (AMG510) and adagrasib
(MRTX849) have entered clinical development and they have demonstrated promising
activities in solid tumors with KRASS2C mutation, particularly among patients with
KRASG12C non-small cell lung cancer (23, 24). In a phase |1 trial with sotorasib, 12 patients
with KRASG22C pancreatic cancer were enrolled. Among these 12, 1 patient had a partial
response, 8 patients had stable disease and 2 patients had progressive disease (24). One
patient with PDAC enrolled on the Phase 1/2 study of MRTX849 (NCT03785249); it has
been reported in abstract form that this patient has had a partial response (32nd EORTC-
NCI-AACR Symposium, 2020). These exciting early data suggest that KRASG12C inhibitors
will achieve good disease control and survival extension in patients with KRASC12C
pancreatic cancer in phase 11 trials. Whether depth and duration of response will be
comparable to that in lung cancer remains to be determined. Meanwhile, the G12D inhibitor
MRTX1133 is advancing through pre-IND studies. This will be very important for the 39%
of patients with KRASGZ2D_mutated PDAC.

Combination therapies—The challenges seen with single agent inhibitors targeting
Ras effector pathways indicate that combination therapy is necessary to control oncogenic
KRAS signaling and achieve better clinical response. KRASG12C inhibitors in combination
with either chemotherapy or with Ras effector pathway inhibitors could further improve
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their clinical efficacy. Preclinical data indicates that KRAS®12C inhibition leads to a
pro-inflammatory tumor microenvironment and potentiates tumor response to immune
checkpoint inhibitors (22). If this observation can be validated in clinical trials, it could
potentially result in significant survival improvement for patients with KRASCZ2C pancreatic
cancer.

For pancreatic cancer with non-G12C KRAS mutations, it is likely that combination therapy
should include a MAPK pathway inhibitor given this pathway’s central role in driving

cell proliferation and cell survival downstream of KRAS. Such combination would require
careful consideration of the therapeutic window and on-target toxicity of the agents. In a
phase Il study combining the MEK inhibitor selumetinib with the AKT inhibitor MK-2206
in patients with metastatic pancreatic cancer, those receiving the drug combination actually
did slightly worse than the control group receiving the mFOLFOX chemotherapy (94). This
outcome is likely due, in part, to the toxicity of the drug combination as the combination
arm had a higher fraction of patients that experienced grade 3 or higher toxicity and
discontinued treatment (94). Thus, a combination therapy needs to demonstrate clear
genotype-specific toxicity in KRAS mutant pancreatic cancer cells vs. KRAS WT cells

in normal tissues in order to have a good therapeutic window. To do so, drug combinations
could aim to either deepen inhibition of the MAPK pathway, exacerbate oncogenic stress, or
exploit collateral dependencies in KRAS mutant tumors. Several drug combinations that test
these principles are currently undergoing clinical trials in patients with pancreatic cancer,
summarized in Table 1.

Recently, through combinatorial RNAI screens and hypothesis-driven approaches, we and
others have identified the autophagy pathway as a collateral dependency partner with MAPK
pathway inhibitors in pancreatic cancer cells with KRAS mutation (30, 95, 96). Autophagy
is upregulated in KRAS mutant cancer cells and it serves as a cell survival mechanism

when cancer cells experience metabolic stress (97). In KRAS mutant pancreatic cancer

cells, inhibition of the MAPK pathway downregulates glucose uptake and forces the cell

to become more dependent on autophagy for survival (95, 96). Co-inhibition of the MAPK
pathway and the autophagy pathway therefore leads to exacerbated metabolic stress in the
KRAS mutant context. Clinical trials testing this hypothesis are currently underway (Table
1).

Conclusions

KRAS mutation is a hallmark of pancreatic cancer. Basic and translational research over the
past two decades has established a mechanistic picture of how the KRAS oncogene drives
pancreatic cancer development. A growing number of highly selective inhibitors are now
available to target KRAS and its signaling network. The recent discovery of KRASG12C
inhibitors and their delivery to the clinic represents a breakthrough that could transform
pancreatic cancer treatment. Ongoing clinical trials testing new drug combination could lead
to the identification of new therapeutic strategies that improve patient survival in the near
future.
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SMAD4

Additional genetic & epigenetic alterations

Pancreatitis & inflammation

Figure 1.
Common oncogenic mutations in the development of pancreatic cancer. PDAC, pancreatic

ductal adenocarcinoma; PanIN, pancreatic intraepithelial neoplasia.
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Figure 2.

A simplified schematic of the Ras signaling network with major canonical effector pathways
shown. Oncogenic mutation in Ras locks it in the GTP-bound, active form, therefore
resulting in constitutive signaling to downstream pathways. GEFs, guanine nucleotide
exchange factors; GAPs, GTPase-activating proteins; WT, wild type.
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Figure 3.
Distribution of KRAS mutations in pancreatic cancer. The analysis was done using publicly

available data from the cBioPortal database (48, 49) that includes 665 KRAS mutant tumor
samples from four large scale pancreatic cancer studies (50-53).
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Figure 4.

The sensitivity of KRAS mutant and WT cell lines to CRISPR-mediated KRAS knockout,
to the MEK inhibitor selumetinib and to the ERK inhibitor SCH772984. The analysis was
done using publicly available data from the DepMap database. For the KRAS CRISPR data,
normalized sensitivity score (CERES) was used (65). Within each tumor type, KRAS mutant
cells are more sensitive to KRAS knockout than KRASWT cells (*** p< 0.001). For

the drug sensitivity data, normalized area under the curve (AUC) data was used for both
selumetinib (CDT? dataset) and SCH772984 (Sanger GDSC?2 dataset) (69, 70). Within each
tumor type, KRAS mutant cells are not significantly (n.s.) more sensitive to the inhibitor
than KRASWT cells, with the exception of NSCLC cells to selumetinib (* p=0.01).

Each data point represents an individual cell line. PDAC, pancreatic ductal adenocarcinoma;
CRC, colorectal adenocarcinoma; Chol, cholangiocarcinoma; Gas, gastric adenocarcinoma;
NSCLC, non-small cell lung cancer; a.u. arbitrary units.

Semin Oncol. Author manuscript; available in PMC 2022 February 23.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Luo

Table 1:

Page 22

Selected clinical trials that evaluate combination of MEK inhibitors with other targeted agents in patients with
pancreatic cancer. Trials were selected to represent different scientific rationales.

Clinical Trial ID

Target 1 (agent)

Target 2 (agent)

Mechanistic Rationale

NCTO04005690 (Phase I) MEK (cobinetinib) PARP (Olaparib) Co-targeting DNA-repair vulnerability in KRAS
mutant cells (98)
NCT04132505, MEK (Binimetinib, Autophagy/lysosome Autophagy is a collateral metabolic dependency

NCT03825289 (Phase 1)

trametinib)

(hydroxychloroquine)

in KRAS mutant cells (30, 95, 96)

NCT02428270 (Phase II)

MEK (trametinib)

FAK (GSK2256098)

FAK-mediated cell adhesion signaling supports
KRAS-driven transformation (99)

NCT04390243 (Phase II)

MEK (benimetinib)

RAF (encorafenib)

Vertical combination for sustained MAPK
pathway inhibition (43, 100)

NCT01222689 (phase I1)

MEK (selumetinib)

EGFR (erlotinib)

Co-targeting upstream RTK to prevent feedback
and parallel signaling (101)
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