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With 5-year survival rates remaining constant at 6% and
rising incidences associated with an epidemic in obesity
and metabolic syndrome, pancreatic ductal adenocarcinoma (PDAC) is on track to become the second most common cause of cancer-related deaths by 2030. The high
mortality rate of PDAC stems primarily from the lack of
early diagnosis and ineffective treatment for advanced tumors. During the past decade, the comprehensive atlas of
genomic alterations, the prominence of specific pathways,
the preclinical validation of such emerging targets, sophisticated preclinical model systems, and the molecular classification of PDAC into specific disease subtypes have all
converged to illuminate drug discovery programs with
clearer clinical path hypotheses. A deeper understanding
of cancer cell biology, particularly altered cancer cell metabolism and impaired DNA repair processes, is providing
novel therapeutic strategies that show strong preclinical
activity. Elucidation of tumor biology principles, most notably a deeper understanding of the complexity of immune
regulation in the tumor microenvironment, has provided
an exciting framework to reawaken the immune system
to attack PDAC cancer cells. While the long road of translation lies ahead, the path to meaningful clinical progress
has never been clearer to improve PDAC patient survival.

Pancreatic ductal adenocarcinoma (PDAC)
pathogenesis
On gross inspection, PDAC presents as a poorly demarcated, firm white–yellow mass, with the surrounding nonmalignant pancreas typically showing atrophy, fibrosis, and
dilated ducts due to the obstructive effects of expanding
carcinoma. Microscopically, these neoplasms vary from
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well-differentiated gland-forming carcinomas to poorly
differentiated “sarcomatoid” carcinomas diagnosed only
upon immunolabeling due to predominant mesenchymal
features (Hruban et al. 2007). PDAC evolves from well-defined precursor lesions that, in the context of their genetic
features, define the genetic progression model of pancreatic carcinogenesis (Yachida et al. 2010). Early disease histology manifests as several distinct types of precursor
lesions—the most common are microscopic pancreatic
intraepithelial neoplasia (PanIN), followed by the macroscopic cysts; namely, the intraductal papillary mucinous
neoplasm (IPMN) and mucinous cystic neoplasm (MCN)
(Matthaei et al. 2011). Since most PDAC cases become
clinically apparent at advanced stages, major opportunities to reduce mortality rest with diagnostics and treatments that would enable the reliable identification and
elimination of high-risk precursor lesions. Thus, the identification of these precursor lesions has provided an essential framework to define the genomic features that drive
progression to advanced disease and develop effective
screening and targeted therapeutics for earlier stage disease (Eser et al. 2011).
The noninvasive PanIN lesions were formerly classified
into three grades according to the extent of cytological and
architectural atypia: PanIN1A (flat lesion) and PanIN1B
(micropapillary type) show low-grade dysplasia; PanIN2
exhibits additional loss of polarity, nuclear crowding,
cell enlargement, and hyperchromasia with frequent papillary formation; and PanIN3 is advanced lesions with
severe nuclear atypia, luminal necrosis, and manifest epithelial cell budding into the ductal lumen (Kloppel 2000;
Hruban et al. 2004; Sipos et al. 2009). Most recently, this
three-tier classification has been supplanted by a twotier low-grade (PanIN-1 and PanIN-2) and high-grade
(PanIN-3) classification, which recognizes that the
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greatest biological potential for progression lies in the latter lesions and that these should be the object for early
detection efforts (Basturk et al. 2015). The evidence that
PanIN lesions possess malignant potential stems from
confluent observations of an increased prevalence of
PanIN with age and increased cancer incidence, their
physical proximity to invasive cancer in resected specimens, their pervasiveness in the pancreata of individuals
with a strong family history of pancreatic cancer, and a
full spectrum of PanINs observed prior to tumorigenesis
in genetically engineered mouse models (GEMMs) of
PDAC (Cubilla and Fitzgerald 1976; Andea et al. 2003;
Hingorani et al. 2003; Brune et al. 2006). While low-grade
lesions are frequently observed in normal adult pancreas
or patients with chronic pancreatitis and are associated
with a low risk of developing PDAC, high-grade PanIN3
lesions are almost exclusively found in patients with invasive PDAC (Sipos et al. 2009).
The targeting of oncogenic Kras expression to all pancreatic epithelial cells during development using Pdx1or Ptf1a-driven Cre alleles results in widespread PanIN development in GEMMs (Aguirre et al. 2003; Hingorani
et al. 2003). While precursor lesions consistently bear
the characteristics of ductal epithelial cells in this classical model, numerous studies support the view that multiple differentiated pancreatic cell types can serve as the cell
of origin for PDAC. Targeting oncogenic Kras expression
to various pancreas cell types in GEMMs has demonstrated the malignant potential of duct cells, endocrine cells,
and acinar cells (Habbe et al. 2008; Gidekel Friedlander
et al. 2009; Bailey et al. 2015), the latter through a reprogramming process known as acinar-to-ductal metaplasia
(ADM) (Hruban et al. 2006; Guerra et al. 2007; Kopp
et al. 2012). However, there is prevailing uncertainty regarding whether this paradigm holds true in humans,
and, although ADM lesions are seen in pancreata from
PDAC patients, no conclusive genetic evidence to show
progression from ADM to PanIN has ever been shown
(Shi et al. 2009; Maitra and Leach 2012).
The commonly used oncogenic Kras-driven GEMMs engineered with loss of key tumor suppressors recapitulate
well the classical spectrum of evolving PanINs and
PDAC lesions. GEMMs of IPMN and, to a much lesser extent, MCN have also been generated using oncogenic Kras
combined with either transforming growth factor α (Tgfα)
overexpression, Smad4 deletion, Acvr1b loss, or Smarca4
deficiency (Bardeesy et al. 2006b; Siveke et al. 2007; von Figura et al. 2014; Qiu et al. 2016). Although most studies
have reported the contribution of the acinar cells to PanINs and PDAC, the fact that oncogenic Kras and Tgfα lead
to IPMN formation when driven by either the Pdx1 or
Ptf1a promoter, but not the Ela1 promoter, raises a question of whether acinar cells can readily give rise to IPMN
as well (Siveke et al. 2007). The notion of distinct lesions
driving the development of IPMN and MCN is reinforced
by recent sequencing studies that have identified IPMN/
MCN-specific mutations in GNAS and RNF43 (Wu et al.
2011a,b; Dal Molin et al. 2013). While one recent study
in an inducible GEMM has shown that Gnas mutation cooperates with oncogenic Kras to promote the formation of
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IPMN (Taki et al. 2015), how these signature mutations
function to drive the cystic phenotype during exocrine
neoplasia remains an understudied area.
While PDAC likely develops from the spectrum of precursor lesions described above, it is not clear whether all
cells in those precursor lesions have equivalent capacities
for malignant transformation. The identification of such
intralesional cells with malignant potential is essential
to accurately and comprehensively define the genetics
and biology of disease progression. Along these lines, recent studies have identified a tuft cell-like subpopulation
in PanINs that is critical for the formation of precursor lesions (Bailey et al. 2014; Delgiorno et al. 2014). These
cells, which express Dclk1 and acetylated tubulin, exhibit
enhanced self-renewal capacity and are enriched in the
cell population reported to bear PDAC cancer stem cell
(CSC) markers, such as CD133 or CD24/CD44/ESA (Hermann et al. 2007; Li et al. 2007; Bailey et al. 2014). In addition, a distinct subpopulation of premalignant cells
has been shown to undergo epithelial–mesenchymal transition (EMT) and disseminate from epithelial lesions into
the circulation (Rhim et al. 2012). Notably, these disseminated EMT cells are also enriched with CSC features and
are associated with PanIN2/3 but not PanIN1 lesions
(Rhim et al. 2012; Qu et al. 2015). The routine detection
and molecular profiling of these circulating tumor cells
(CTCs) may thus provide a “liquid biopsy” strategy for
early disease diagnosis and illuminate preventive and
interceptive therapeutic strategies targeting disease progression and the metastatic process (Haber and Velculescu
2014). Thus, deep characterization of the genetic profile
and surface markers of these CSCs in precursor lesions
(Rhim et al. 2014b) as well as CTCs with EMT features
are priority areas across the continuum of prevention,
detection, and treatment.

The PDAC genome
Next-generation sequencing and computational biology
have transformed our understanding of genetic alterations
associated with the genesis and progression of PDAC,
highlighting the disease’s myriad mutations, gene expression changes, epigenetic alterations, chromosomal rearrangements, and copy number aberrations. Wholeexome sequencing studies (Jones et al. 2008; Biankin
et al. 2012; Sausen et al. 2015; Waddell et al. 2015; Witkiewicz et al. 2015; Bailey et al. 2016) have reaffirmed the signature mutations of human pancreatic cancers, including
near-ubiquitous oncogenic mutations of KRAS and the
frequent inactivation of TP53, SMAD4, and CDKN2A tumor suppressors (Hezel et al. 2006; Maitra and Hruban
2008; Hidalgo 2010; Vincent et al. 2011; Ryan et al.
2014). These unbiased analyses also identified additional
novel recurrent mutations in PDAC; however, the prevalence of individual mutations drops sharply to ≤10%.
On the other hand, it is notable that this large number
of diverse gene mutations converge on a handful of pathways and processes, including NOTCH, Hedgehog (Hh),
β-catenin, axon guidance, chromatin remodeling, and
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DNA repair pathways, suggesting that the majority of
these mutations may function through certain core processes, which may offer key nodal points for therapeutic
intervention. As the roles of NOTCH, Hh, and Wnt–
catenin developmental pathways during PDAC development have been reviewed elsewhere (Morris et al. 2010;
Rhim and Stanger 2010), below we summarize our current understanding of gene mutations in epigenetics/
chromatin remodeling and DNA repair pathways and
the biological functions and clinical implications of
these mutations.
PDAC epigenetics
Similar to other cancer types (Plass et al. 2013), one major
class of frequently mutated genes in PDAC is involved in
the regulation of the epigenome, including histone modification enzymes (24% of PDAC) and SWI/SNF-mediated
chromatin remodeling complexes (14% of PDAC) (Bailey
et al. 2016). Among the mutated histone modification enzymes are the histone methyltransferases MLL,
MLL2, and MLL3 and the histone demethylase KDM6A
(Biankin et al. 2012; Sausen et al. 2015; Waddell et al.
2015; Witkiewicz et al. 2015). Interestingly, MLL2/3 and
KDM6A are present in the same complex, driving transcriptional activation through the coordinated regulation
of H3K4 methylation and H3K27 demethylation (Lee
et al. 2007b). While the downstream targets of the MLL/
KDM6A machinery during PDAC development remain
to be identified, tumors with MLL mutations tend to induce high expression of chromatin-regulating genes together with other genes involved in cell proliferation
(Sausen et al. 2015), suggesting that a genetic defect of
MLL complexes likely leads to global epigenetic alterations to support tumor development.
The other key PDAC epigenetic drivers are the SWI/
SNF complexes, which are multisubunit complexes mediating ATP-dependent chromatin remodeling involved in
transcriptional regulation and DNA repair (Helming
et al. 2014a). Genes encoding multiple components of
the SWI/SNF complexes, including ARID1A, ARID1B,
ARID2, PBRM1, SMARCA2, and SMARCA4, undergo
nonsilent mutation or copy number alteration in human
PDAC (Biankin et al. 2012; Shain et al. 2012; Sausen
et al. 2015; Waddell et al. 2015; Witkiewicz et al. 2015).
While the mutation rate for individual genes is low, the
overall prevalence of genetic lesions in SWI/SNF complex
components is ∼14% (Witkiewicz et al. 2015; Bailey et al.
2016), implicating the general importance of chromatin
remodeling in PDAC pathogenesis. Indeed, functional
genetic screens have identified the same epigenetic regulators. Specifically, ARID1A, SMARCA4, and PBRM1, together with other histone modification enzymes such as
MLL3 and KDMA6, were identified as candidate genes
from two independent in vivo transposon-based mutagenesis screens looking for functional genetic events involved
in oncogenic KRAS-driven PDAC development (Mann
et al. 2012; Perez-Mancera et al. 2012b).
While the roles for SWI/SNF complexes in PDAC remain largely unexplored, recent studies have provided im-

portant insights into their tumor suppressor function.
Specifically, reconstituted SMARCA4 expression in
SMARCA4-deficient human PDAC cells suppresses cell
growth (Shain et al. 2012), and a GEMM shows that cooperation with Smarca4 deletion and oncogenic Kras promotes IPMN development and PDAC progression with
shortened overall survival compared with mice engineered with oncogenic Kras alone (von Figura et al.
2014). Interestingly, Smarca4 loss leads to dedifferentiation of pancreatic ductal cells and formation of IPMNlike precursor lesions (Roy et al. 2015). This observation,
coupled with the multiple cells of origin for PanIN lesions
(Gidekel Friedlander et al. 2009; Kopp et al. 2012) and the
established critical role of epigenetic modifications during
cellular development and lineage specification (Orkin and
Hochedlinger 2011), prompts speculation that these chromatin modulators may lie at the nexus of cellular plasticity processes that provide a permissive developmental
state for oncogenic KRAS-driven transformation across
various cell types. Beyond cellular differentiation, SWI/
SNF and MLL may also impact other hallmarks of cancer
such as cell cycle and apoptosis control via epigenetic regulation of the INK4A or PTEN loci, which are silenced in a
significant fraction of human PDAC cases (Kia et al. 2008;
Watanabe et al. 2011; Ying et al. 2011; Singh and Ellenrieder 2013). Therefore, the mutation or deletion of chromatin modulators may also participate in the epigenetic
inactivation of key tumor suppressors to promote neoplastic proliferation.
While chromatin regulators are frequently mutated or
deleted in PDAC, the occurrence of MLL2 and MLL3 mutation is associated with better patient outcomes (Sausen
et al. 2015). That said, the biology of these chromatin regulators and their impact on cancer progression and/or suppression are not well understood and appear to be highly
context-specific. For instance, while Smarca4 deficiency
promotes oncogenic Kras-driven PDAC development in
GEMMs, its reconstitution in SMARCA4-null tumors
provokes an EMT phenotype with dramatically enhanced
tumor growth, suggesting different functions in tumor
genesis versus tumor maintenance (Roy et al. 2015).
Thus, the optimal therapeutic prosecution of these chromatin modulator drivers will necessitate a thorough understanding of their context-dependent actions on both
genetic and cell biological levels. Also, while chromatin
regulators themselves do not constitute obvious therapeutic targets in specific contexts, their loss of function may
confer specific vulnerabilities that can be therapeutically
exploited. In this regard, mutations that lead to functional
loss of some subunits may promote the addiction of tumor
cells to the residual complexes to sustain oncogenic
growth (Wang et al. 2009; Helming et al. 2014a). In support
of this notion, tumors with ARID1A loss show enhanced
sensitivity to ARID1B inhibition, and SMARCA4 deficiency induces vulnerability to SMARCA2 targeting
(Helming et al. 2014b; Hoffman et al. 2014; Wilson et al.
2014). In addition to such genetically induced “synthetic
lethality,” mutations of these chromatin modulators
also lead to dysfunction of their corresponding pathways,
which can be further perturbed by targeted agents. For
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example, ARID1A is actively recruited to DNA breaks
and is required for proper DNA damage response. Loss of
ARID1A can lead to defective DNA damage repair
(DDR) and sensitize cells to PARP inhibitors (Shen et al.
2015). Due to the high prevalence of mutations in the epigenetic modulators in PDAC, it is evident that a significant portion of patients will likely benefit from further
exploration of vulnerabilities induced by these genetic
events. Indeed, it is tempting to speculate that the improved survival of patients with loss of chromatin regulators that results in impaired DDR may be due to improved
responses to chemotherapy and radiation therapy.
DDR pathway
Mutations in genes of the DDR pathway also appear to be
a rite of passage for PDAC, with greater than one-third of
cases harboring deleterious somatic mutations in a DNA
damage response gene (Jones et al. 2008; Biankin et al.
2012; Sausen et al. 2015; Waddell et al. 2015; Witkiewicz
et al. 2015). Germline mutations of some DDR genes,
such as BRCA1, BRCA2, PALB2, ATM, MLH1, MSH2,
and MSH6, have been linked to an increased predisposition to PDAC (Goggins et al. 1996; Thompson et al.
2002; Jones et al. 2009; Roberts et al. 2012; Grant et al.
2015; Holter et al. 2015). Defects of DDR may function
in disease pathogenesis via the accumulation of genetic alterations that activate oncogenes and eliminate tumor
suppressors as well as promote genomic instability, enhancing biological plasticity and potential therapeutic resistance (Lord and Ashworth 2012). Correspondingly,
PDACs harboring DDR mutations exhibit increased overall mutational burden and genomic instability (Waddell
et al. 2015; Witkiewicz et al. 2015) and poorer prognosis
(Witkiewicz et al. 2015). Interestingly, while mutations
in key DDR genes such as BRCA1 and BRCA2 have
been identified in many cancer types (Mersch et al.
2015), pancreatic cancer is the only known cancer type
in addition to breast and ovarian cancer to exhibit a mutational pattern significantly enriched with signatures
of BRCA pathway mutations, which is found in ∼20%
PDAC samples and is characterized by equal representation of each possible nucleotide substitution mutation accompanied by substantial numbers of larger deletions (up
to 50 base pairs [bp]) and overlapping microhomology at
breakpoint junctions (Alexandrov et al. 2013; Waddell
et al. 2015). While the molecular basis for the emergence
of the BRCA signature in PDAC is not known, these tumors are enriched with mutations of the DDR pathway
such as BRCA1, BRCA2, and PALB2, which accounts
for 18% of tumors (Waddell et al. 2015). Moreover,
∼14% of PDACs are characterized with the genome-unstable phenotype, which harbors a large number of structural variation events and is also enriched for tumors
bearing BRCA signature or DDR pathway mutations.
Overall, 24% of PDACs exhibit one or another “DDR-defective criteria,” with most exhibiting at least two of these
features.
Defining the roles of a majority of these DDR pathway
mutations in the maintenance of PDAC genome stabil358
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ity and tumor development is an area of active investigation. GEMMs of PDAC have provided new insights.
BRCA1 and BRCA2, while sharing no structural homology, function via homologous recombination (HR) to
maintain chromosomal integrity (Roy et al. 2012).
BRCA1 can form distinct complexes that function in a
number of biological processes, including cell cycle regulation and DNA repair among others. However, the critical role of its HR-directed DNA repair function in
PDAC pathogenesis has been revealed through mutations of BRCA1’s BRCT domain, which is central to its
DNA repair function (Huen et al. 2010; Roy et al.
2012). These BRCT mutations can cooperate with oncogenic Kras to drive PDAC, whereas mutations neutralizing the E3 ligase domain of Brca1 have no impact on
disease kinetics (Shakya et al. 2011). In contrast to the
pleiotropic functions of BRCA1, BRCA2 is a core mediator of HR during DDR (Roy et al. 2012). In line with the
importance of DDR function, Brca2 deletion promotes
oncogenic Kras-induced PDAC development, especially
in combination with p53 deficiency (Skoulidis et al.
2010; Rowley et al. 2011). Interestingly, in contrast to
the prevailing view that the wild-type allele consistently
undergoes loss of heterozygosity (LOH) in BRCA2 mutant tumors, germline Brca2 heterozygosity was sufficient in accelerating oncogenic Kras-driven PDAC
formation with retained Brca2 expression from the
wild-type allele in the aforementioned murine model
(Skoulidis et al. 2010), suggesting that BRCA2 may function as a haploinsufficient tumor suppressor for KRASdriven PDAC. These experimental observations align
with the retention of the wild-type allele in a minority
of cases with germline BRCA2 mutation (Thorlacius
et al. 1996; King et al. 2007; Skoulidis et al. 2010). However, the “driver” role for BRCA2 in such cases is unclear, and these patients typically do not have response
to DDR targeted therapies (Skoulidis et al. 2010; Rowley
et al. 2011; Waddell et al. 2015). Consistent with the differential impact on chromosomal instability and the retention of some DDR function, BRCA2-null tumor
cells display enhanced sensitivity to DNA damage
agents, such as PARP inhibitor, cisplatin, and mitomycin C, whereas BRCA2 heterozygous tumors are less
sensitive (Skoulidis et al. 2010; Rowley et al. 2011). Together, these data suggest that, although some PDAC
patients with germline BRCA1 or BRCA2 mutations
are responsive to PARP inhibitors, the presence of a
hemizygous DDR pathway mutation alone may not be
an accurate predictor of increased genomic instability
or enhanced therapeutic responses to DNA-damaging
agents. It is likely that DDR mutant tumors will respond
poorly to therapeutic agents targeting the DNA repair
pathways unless the genetic alterations result in functional consequences; i.e., the genome-unstable phenotype (Waddell et al. 2015). With multiple PARP
inhibitor trials in PDAC currently ongoing, it will be important to evaluate the functional integrity of the HR
pathway and also conduct in-depth genetic analysis to
identify genetic alteration patterns correlating with HR
defects and sensitivity to PARP inhibitor.
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Additional amplified oncogenes
PDAC also exhibits focal regions of gain/amplification
that harbor known or putative oncogenes such as MYC
and some protein kinases such as ROIK3 (Kimmelman
et al. 2008; Waddell et al. 2015; Witkiewicz et al. 2015).
MYC amplification confers a poor prognosis (Witkiewicz
et al. 2015). Moreover, Myc is critical for oncogenic
Kras-driven tumor maintenance in multiple cancer types,
and Myc suppression leads to rapid and sustained tumor
regression (Soucek et al. 2008, 2013; Ying et al. 2012). Although MYC is not druggable, several tangential approaches have been explored to suppress the oncogenic
function of MYC. For example, MYC expression was recently shown to be controlled by BRD4, a member of
the BET family of bromodomain-containing proteins,
which functions to promote gene expression through the
recruitment of the positive transcription elongation factor
complex (Yang et al. 2005; Zuber et al. 2011). In a Krasdriven non-small-cell lung cancer model, suppression of
Myc expression with a BRD4 inhibitor inhibits tumor
growth (Shimamura et al. 2013). Human PDAC cells as
well as autochthonous PDAC models indicate that BET
inhibition also provokes MYC down-regulation and suppression of pancreatic tumorigenesis in conjunction
with HDAC inhibition (Mazur et al. 2015). The attractiveness of MYC as a target also stems from the observation
that MYC binds to promoter regions of active genes and
causes transcriptional “amplification” (Lin et al. 2012;
Nie et al. 2012), which appears to engender vulnerability
to blockade of transcriptional elongation by targeting
CDK9, a key component of the transcription elongation
complex (Huang et al. 2014). Interestingly, a recent study
showed that suppression of MYC results in induction of
PGC1α and increased mitochondrial respiration, which
functions to sustain the PDAC CSC population, implicating the utility of targeting mitochondria oxidative phosphorylation (OXPHOS) in combination with MYC
inhibition (Sancho et al. 2015).
Focal amplification of receptor tyrosine kinases (RTKs)
such as ERBB2, EGFR, MET, and FGFR1 has been reported
in PDAC (Lee et al. 2007a; Waddell et al. 2015). While Egfr
has been shown to be essential for Kras-driven PDAC development (Ardito et al. 2012; Navas et al. 2012), an EGFR
tyrosine kinase inhibitor in combination with gemcitabine showed minimal benefit in PDAC patients (Moore
et al. 2007). Similar meager clinical responses were
achieved by targeting ERBB2 (Harder et al. 2012; Assenat
et al. 2015). The lack of response may relate to the coactivation of multiple RTKs in tumor cells (Stommel et al.
2007) or to activated signaling downstream from RTKs,
including oncogenic KRAS mutations that have been
shown in colorectal cancers to negate the effectiveness
of anti-EGFR therapy (Bardelli and Siena 2010), although
the impact of oncogenic KRAS mutation as a response predictor is not yet established in lung and pancreas cancers
(da Cunha Santos et al. 2010; Roberts et al. 2010; Propper
et al. 2014). The resolution of these opportunities will require genotype-guided trials. The advance in highthroughput sequencing and analytical technologies is re-

shaping the way clinical trials are designed and will eventually help to identify the suitable patient subpopulations
for each targeted therapy.
The KRAS oncogene signaling network
The prevalence of oncogenic KRAS mutation in PDAC
ranges from 88% to 100% (Jones et al. 2008; Biankin
et al. 2012; Sausen et al. 2015; Waddell et al. 2015; Witkiewicz et al. 2015). This mutation is a key initiator, as evidenced by its presence in PanIN lesions (Kanda et al.
2012; Murphy et al. 2013) and the production of PanIN lesions in oncogenic Kras-driven GEMMs (Hezel et al. 2006;
Perez-Mancera et al. 2012a). While some PDAC cell lines
in two-dimensional (2D) culture can tolerate shRNA-mediated KRAS extinction (Singh et al. 2009), most PDAC
cells remain highly addicted to oncogenic KRAS for tumor
maintenance in three-dimensional (3D) culture (Zhang
et al. 2006; Fujita-Sato et al. 2015) and inducible oncogenic Kras GEMMs with advanced tumors (Collins et al.
2012; Ying et al. 2012). These data strongly support the
view that KRAS is a prime therapeutic target for PDAC.
However, despite extensive knowledge of oncogenic
KRAS and its signaling network, effective strategies to
quell its activity in PDAC and other human cancers
have been elusive.
Complexity of KRAS oncogene mutations
as PDAC drivers
While G12D or G12V mutations are by far the most common KRAS-activating mutations in human PDAC, codon
G13 and Q61 mutations have also been observed, and
these alleles may not be equivalent (Jones et al. 2008;
Biankin et al. 2012; Prior et al. 2012; Witkiewicz et al.
2015). Specifically, Q61 mutant tumors exhibit less
MAPK activity compared with other mutants and are associated with better prognosis (Witkiewicz et al. 2015), a
finding consistent with the notion that different KRAS
mutations drive diverse signaling outputs with distinct biological consequences (Ihle et al. 2012; Hunter et al. 2015).
The complexity of KRAS in PDAC is also manifest by genomic studies identifying the coexistence of multiple different KRAS mutations in the same tumor (Murphy et al.
2013). It is possible that these distinct subpopulations
driven by different combinations of KRAS mutations
and other cooperating genetic alterations exert a noncell-autonomous impact, which works synergistically to
promote tumor expansion, as observed recently in the heterogeneous subclones of breast cancer (Cleary et al. 2014;
Marusyk et al. 2014). This concept is consistent with recent genetic studies in Drosophila establishing that oncogenic Kras promotes tumor growth through non-cellautonomous mechanisms (Uhlirova et al. 2005; Ohsawa
et al. 2012). In addition, interclonal interaction appears
to facilitate the establishment of distal metastasis as
shown by lineage tracing in an oncogenic Kras-driven
PDAC model (Maddipati and Stanger 2015). While paracrine factors such as interleukin 6 (IL6) and WNT have
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been shown to promote PDAC growth (Morris et al. 2010;
Ohsawa et al. 2012; Zhang et al. 2013a,b), additional novel
mechanisms involving tumor cell-derived exosomes may
also contribute to such interclonal tumor progression by
delivering oncogenic miRNAs to target cells and promoting tumor growth (Kharaziha et al. 2012; Melo et al. 2014).
Although the activating mutation per se commandeers
KRAS function, it is also important to appreciate that the
oncogenic allele is subject to regulation by the wild-type
KRAS allele as well as other RAS family members. The
wild-type KRAS allele may serve to counter the function
of the oncogenic KRAS allele (Zhang et al. 2001; To
et al. 2013; Staffas et al. 2015). This concept derives
from LOH of the wild-type KRAS allele in lung cancer
and PDAC with oncogenic KRAS mutation (Li et al.
2003; Qiu et al. 2011) and is consistent with the selective
amplification of the oncogenic Kras allele in the GEMM of
PDAC (Bardeesy et al. 2006a). In contrast, wild-type
HRAS and NRAS play a supportive role in tumor growth
by keeping the oncogenic KRAS-induced DNA damage response in check (Grabocka et al. 2014). The mechanisms
through which the various RAS isoforms influence oncogenic KRAS signaling are not understood, although some
recent studies have begun to elucidate how KRAS might
play a distinct and dominant oncogenic role in PDAC
(Wang et al. 2015b).
KRAS signaling surrogates in tumor development
and maintenance
The major downstream effectors of KRAS signaling include the RAF/MEK/MAPK, PI3K/PTEN/AKT, and
RAL-GDS pathways. The MAPK pathway is a critical mediator of the oncogenic KRAS-induced mitogenic effect,
and genetic deletion of Mek1/2 or Erk1/2 completely prevents oncogenic Kras-induced lung adenocarcinoma development (Blasco et al. 2011). RAF kinases, including
A-RAF, B-RAF, and C-RAF, are the direct KRAS effectors
that mediate MAPK activation. B-RAF is generally regarded as the dominant mediator for oncogenic KRAS signaling to activate MAPK (Cseh et al. 2014). Accordingly, in
a Kras-driven PDAC GEMM, C-Raf deletion had minimal
effect on tumor development (Eser et al. 2013), which is in
contrast to significant tumor suppression in an oncogenic
Kras-driven lung cancer model with C-Raf deletion (Blasco et al. 2011; Karreth et al. 2011). The importance of
BRAF in human PDAC is consistent with the occurrence
of BRAF V600E mutation in ∼3% of human PDAC cases
(Witkiewicz et al. 2015). Moreover, oncogenic BRAF mutations are mutually exclusive with KRAS mutations and
are present in >30% of the KRAS wild-type PDAC cases
(Witkiewicz et al. 2015). Genetic studies in autochthonous models further showed that oncogenic Braf is sufficient to induce PDAC development (Collisson et al.
2012), consistent with a strong epistatic relationship between oncogenic BRAF and KRAS mutations in PDAC
and implicating the utility of BRAF inhibitors in PDAC.
However it should be stressed that any clinical trial
with RAF inhibitors should be restricted to patients
with confirmed BRAF mutation, since targeting wild360
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type BRAF with RAF inhibitors can lead to paradoxical activation of ERK signaling through transactivation of
CRAF (Poulikakos et al. 2010) Together, these observations underscore the complex roles of cellular context in
oncogenic KRAS signaling and the need for in-depth genetic analysis of the role and requirement of RAF/MEK/
MAPK pathway components in KRAS-driven PDAC genesis and tumor maintenance.
In the PI3K pathway, studies have consistently shown
that, among the major kinase subunits of PI3K, p110α,
but not p110β, is the major oncogenic KRAS effector to activate PI3K and promote tumor growth of PDAC and multiple other cancer types (Gupta et al. 2007; Baer et al. 2014;
Gritsman et al. 2014; Wu et al. 2014). The essential role of
the PI3K pathway is supported by additional genetic studies showing that oncogenic Kras-driven PDAC development is abolished upon deletion of Pdk1, the central
downstream kinase mediating PI3K signaling (Eser et al.
2013). Human PDAC genomic studies have revealed the
presence of oncogenic mutations in components of the
PI3K pathway, including activating mutations in the catalytic PI3K subunit (PIK3CA/p110α), mutations in the
regulatory PI3K subunit (PIK3R1/p85α), amplification of
the PI3K downstream effector AKT2, and deletion/loss
of tumor suppressor PTEN, a major negative regulator of
PI3K (Aguirre et al. 2004; Schonleben et al. 2006; Jaiswal
et al. 2009; Ying et al. 2011; Witkiewicz et al. 2015).
Mutations in the PI3K pathway, including PIK3CA and
AKT1, are relatively common in IPMN-associated PDAC
and account for >10% of cases (Schonleben et al. 2006;
Garcia-Carracedo et al. 2013). Interestingly, the prognosis
of these IPMN patients is strongly associated with loss of
PTEN expression (Garcia-Carracedo et al. 2013). Although constitutively active Pik3ca can induce PDAC formation in a GEMM (Eser et al. 2013), PIK3CA mutations
in human PDAC are largely concurrent with oncogenic
KRAS mutation, suggesting that PI3K activation cooperates with oncogenic KRAS during pancreatic tumor development (Witkiewicz et al. 2015). Along these lines,
genetic studies have shown that Pten haploinsufficiency
or complete deficiency dramatically promotes Kras-driven PDAC development, further underscoring the importance of the PI3K pathway for pancreatic tumorigenesis
(Hill et al. 2010; Kennedy et al. 2011; Ying et al. 2011). Indeed, heterozygous or homozygous deletion of the PTEN
locus, typically associated with large regions of 10q chromosome loss, was identified in 15% of human PDAC samples (Ying et al. 2011).
Compared with the RAF and PI3K effector pathways,
the role of the RALGDS pathway in KRAS-driven PDAC
is less well understood. Among the RALGDS effectors,
RALA has been shown to be critical for oncogenic
KRAS-mediated tumorigenesis of human PDAC cells,
while RALB appears to be more involved in tumor cell invasion and metastasis (Lim et al. 2005, 2006; Martin et al.
2014).
Various in vivo and in vitro studies indicate that all wellestablished RAS effectors are critical for KRAS-induced
PDAC initiation and development. However, whether
these RAS surrogates are all equally required for tumor
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maintenance remains an open question and is critically
important in developing more effective therapeutic strategies. It has been illustrated that RAS transformed human
cells rely on the PI3K pathway to sustain their tumorigenic activity (Lim and Counter 2005). The requirement for
PI3K in tumor maintenance is further supported by a recent GEMM study showing that Kras-driven lung adenocarcinoma growth is halted by the disruption of Pi3k
interaction with Ras or inducible p110α deletion in advanced tumors (Castellano et al. 2013). Interestingly, in
contrast to the rapid tumor regression observed upon
Kras extinction in advanced tumors (Collins et al. 2012;
Ying et al. 2012), Pi3k deficiency leads to sustained tumor
stasis, and gross tumor regression is only achieved upon
cotreatment with a MEK inhibitor, suggesting that both
the PI3K and RAF pathways are critical for KRAS-mediated tumor maintenance. However, pharmacological coinhibition of the PI3K and MEK pathways has yielded
modest tumor regression in the oncogenic Kras-driven
PDAC as well as in a phase Ib trial (Alagesan et al. 2015;
Bedard et al. 2015), suggesting that additional signaling circuits may operate to enable oncogenic KRAS signaling in
PDAC or that sufficient pharmacological inhibition of
these signaling molecules was not adequately achieved.

Targeting the KRAS pathway
The essential role of KRAS for tumor maintenance underscores the importance of efforts targeting oncogenic
KRAS to achieve major therapeutic advances for PDAC.
The significant opportunity, coupled with the meager progress so far in achieving this goal, prompted the launch of
the National Cancer Institute (NCI) RAS initiative (“Kill
RAS”) to stimulate novel strategies to attack oncogenic
RAS and its signaling surrogates in cancer (http://www.
cancer.gov/research/key-initiatives/ras). The direct targeting of RAS has proven elusive due to the lack of a targetable pocket on the RAS protein, the high affinity of
mutant RAS to GTP (picomolar range), and the abundance
of intracellular GTP (millimolar range) (McCormick 2015;
Singh et al. 2015). Nevertheless, the discovery of a new
pocket generated by the mutant cysteine of KRASG12C, a
mutant form relatively rare in PDAC (Witkiewicz et al.
2015), has led to the development of a small molecule inhibitor specifically targeting this mutant oncoprotein
(Ostrem et al. 2013). Direct RAS targeting is also using
“structure–activity relationships (SARs) by NMR” strategies that search for molecules binding to several weak
pockets that can then be bridged together as a means of
strengthening interactions and improving specificity
(Shuker et al. 1996; Sun et al. 2014). Beyond this specific
program, other more general oncogenic RAS targeting
strategies directly inhibit oncogenic KRAS expression
with siRNA nanoparticles, which have shown positive results in xenograft models (Zorde Khvalevsky et al. 2013;
Yuan et al. 2014). Current in vivo siRNA delivery methods remain inadequate to target cancer cells (Williford
et al. 2014), although exosome-based delivery particles
may offer improved pharmacology (Wahlgren et al. 2012).

Pharmacological RAS targeting strategies have explored
its requirement to attach to the plasma membrane for activated signaling. In the case of KRAS, this attachment
requires the post-translational lipid modification of farnesylation (Cox et al. 2015). While early efforts to target
KRAS farnesylation have failed therapeutically, new
small molecule inhibitors have been developed that instead target PDEδ, which binds to farnesylated KRAS
and enhances its localization to plasma membranes
(Chandra et al. 2012; Zimmermann et al. 2013).
As noted above, another important RAS targeting strategy has focused on inhibitor combinations targeting major
RAS signaling surrogates such as the MAPK and PI3K
pathways. To date, preclinical experimental therapeutics
and early stage clinical trials cotargeting MEK and PI3K
in PDAC have been disappointing (Alagesan et al. 2015;
Bedard et al. 2015). While one of the major limitations of
such combination has been the dose-related cutaneous
and gastrointestinal (GI) toxicities, these poor results
may relate to the need to target additional RAS effectors
such as RALGDS. RAL inhibition—either indirectly
through the cyclin-dependent kinase CDK5 (Feldmann
et al. 2010) or directly with a pharmacological inhibitor
of Ral signaling (Yan et al. 2014)—has been shown to inhibit the growth of Ras mutant tumors in preclinical models, underscoring the potential of leveraging this pathway
as a therapeutic target. More broadly, the profound tumor
regression upon genetic extinction of oncogenic Kras in
the GEMM of PDAC provides a platform to compare signaling upon genetic extinction of oncogenic KRAS with
pharmacological inhibition of RALGDS, MAPK, and/or
PI3K. Such unbiased signaling comparisons may point to
bypass “gaps” that are not covered by these agents. Such
a genetic versus pharmacological comparative strategy
has proven effective in identifying combinations for the
targeting of NRAS mutant melanomas with MEK and
CDK4 inhibitors that are now in early stage clinical trials
with promising results (Kwong et al. 2012). In addition to
targeting immediate RAS downstream surrogates, several
indirect targets are also emerging as alternative ways to
block RAS-driven tumors, including SMYD3, which
mediates lysine methylation of MAP3K2 (Mazur et al.
2014), and IQGAP1, which is a scaffold protein critical
for MAPK activation (Jameson et al. 2013).
Oncogenic KRAS escapers
With the ultimate successful targeting of oncogenic KRAS
in PDAC, mounting experimental evidence points to the
emergence of KRAS-independent resistance mechanisms,
hence the need for expanding our therapeutic vistas. That
oncogenic KRAS is not an obligate event in PDAC development is suggested by the occurrence of KRAS wild-type
PDAC cases. More relevant to the targeting of oncogenic
KRAS, recent studies using the inducible Kras GEMM of
PDAC, coupled with clinical correlation studies blocking
MEK/PI3K pathways, have revealed a quiescent subpopulation of Kras extinction-resistant cells with tumor-initiating potential (Viale et al. 2014). These observations
have prompted speculation that the KRAS extinctionGENES & DEVELOPMENT
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resistant cells may provide a reservoir for tumor relapse.
Indeed, targeting pathways essential to sustain these
cell populations, such as mitochondrial respiration or
autophagy (see the detailed discussion in “PDAC Metabolism”), can effectively wipe out the KRAS extinction-resistant cells and prevent tumor relapse (Viale et al. 2014).
The inducible oncogenic Kras GEMM of PDAC has also
revealed Kras-independent signaling mechanisms of resistance. In this model, oncogenic Kras extinction permanently eliminates most tumors; however, a subset of
tumors can bypass Kras dependency and undergoes spontaneous recurrence (Kapoor et al. 2014). Multidimensional genomic, transcriptomic, and proteomic profiling has
revealed several distinct mechanisms, including, most
prominently, amplification of the Yap1 oncogene of the
Hippo pathway (Kapoor et al. 2014). Interestingly, YAP1
was also identified in multiple genetic screens as one of
the top hits that confer resistance to KRAS suppression
or targeted cancer therapy with RAF and MEK inhibitors
(Shao et al. 2014; Lin et al. 2015), further corroborating
the role of the YAP1 pathway in driving resistance to targeted therapy. In addition, YAP1 mediates the expansion
of pancreatic progenitors during embryonic development
and may also cooperate with oncogenic KRAS-driven
PDAC development (Zhang et al. 2014a; Cebola et al.
2015). Therefore, the targeting of YAP1 and its pathway
may be a critical component of a successful therapeutic
strategy for oncogenic KRAS-driven PDAC that would target both the KRAS and YAP1 axes to eliminate bulk tumor as well as potential bypass mechanisms. Finally, in
addition to YAP1-mediated resistance, unbiased profiling
has also identified the activation of RTK growth factor
pathways as another mechanism for oncogenic KRAS-independent tumor growth (Shao et al. 2014). Correspondingly, growth factor receptors such as FGFR1 are
amplified in human PDAC cases (Waddell et al. 2015), presaging the need for further evaluation of the role of specific RTKs in both PDAC pathogenesis and bypassing KRAS
dependency. More importantly, while multiple mechanisms leading to resistance to KRAS inactivation have
been identified in various experimental models, these
KRAS-bypass pancreatic tumors exhibit expression signatures reminiscent of a subset of human PDACs; namely,
the quasimesenchymal subtype (Kapoor et al. 2014). Transcriptional profiles have defined human PDAC into three
subtypes: classical, quasimesenchymal, and exocrine-like
(Collisson et al. 2011). Such classification has since been
updated into four subgroups by most recent large-scale
transcriptional analysis of PDAC samples; namely, (1)
the squamous subtype, mostly reflecting the old quasimesenchymal subtype; (2) the pancreatic progenitor subtype,
reflecting the old classic subtype; (3) the ADEX (aberrantly
differentiated endocrine exocrine) subtype, reflecting the
old exocrine-like subtype; and (4) the immunogenic subtype, which is a novel group associated with significant
immune infiltration (Bailey et al. 2016). Interestingly,
one characteristic of the quasimesenchymal tumors or
the squamous type tumors is the decreased reliance on oncogenic KRAS for survival (Singh et al. 2009; Collisson
et al. 2011). Therefore, a pre-existing subpopulation of
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PDAC cells with an inherent resistance to KRAS pathway
blockade may exist up front in which durable therapeutic
responses would be anticipated by targeting both the oncogenic KRAS pathway and the aforementioned oncogenic KRAS-bypass mechanisms.
Altogether, the above discussion underscores the extreme complexity and robustness of the oncogenic
KRAS signaling network and the capacity of PDAC cells
to adopt KRAS-independent bypass mechanisms for sustained tumor growth. While various anti-KRAS approaches such as synthetic-lethal screens and genome-wide
genetic epistasis studies have been pursued for more
than a decade, these efforts have yet to provide consistent
hits effective across multiple experimental systems
(Downward 2015). Beyond targeting KRAS directly, these
efforts point to the need to expand beyond targeting specific oncogenic drivers to include collateral lethality approaches (Muller 2015) as well as the targeting of PDACspecific metabolic dependencies and immune evasion,
among other hallmarks.
PDAC metabolism
To fuel their elevated demand for energy and macromolecular biosynthesis, cancer cells show augmented nutrient
acquisition that is coupled to increased flux through
downstream anabolic pathways for the biosynthesis of
proteins, lipids, and nucleic acid (Dang 2012; Ward and
Thompson 2012; Vander Heiden 2013; Boroughs and
DeBerardinis 2015). This reprogramming of cellular metabolism to support continuous proliferation has been recognized in the updated “hallmarks of cancer” (Hanahan
and Weinberg 2011). In the case of PDAC, such alterations
in metabolic programs may be particularly important for
the growth and survival of cancer cells given the nutrientand oxygen-poor tumor microenvironment, perhaps due
to dense stroma and hypovascularization (Sousa and Kimmelman 2014). Indeed, a prevailing view posits that a key
function of oncogenes such as KRAS is to reprogram cellular metabolism back to the building blocks that sustain
unrestricted tumor growth (Kimmelman 2015). These tumor microenvironment- and genotype-specific metabolic
adaptations may therefore provide possible cancer-specific therapeutic vulnerabilities with minimal impact on
normal cells.
KRAS-dependent glucose metabolism reprogramming
One of the classic features of tumor metabolism is enhanced glycolysis and conversion of glucose into lactate
even when oxygen is available for OXPHOS (Vander Heiden et al. 2009). This phenomenon, known as the Warburg
effect, is observed in PDAC and many other tumor types
(Zimny et al. 1997; Boros et al. 2002; Ying et al. 2012). Elevated glucose uptake by tumor cells has stimulated studies to exploit this process for therapeutic purposes. Efforts
have explored mechanisms to block the enhanced glucose
metabolism in cancer cells used to fuel anabolic processes
(Vander Heiden et al. 2009) and possibly to restrict anti-
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tumor immune responses, as effector T cells also rely
heavily on glycolysis for activation (Biswas 2015; Chang
et al. 2015). In PDAC, oncogenic KRAS plays an important
role in rewiring anabolic glucose metabolism (Ying et al.
2012) through its ability to induce glucose uptake and enhance glycolysis (Racker et al. 1985; Yun et al. 2009; Ying
et al. 2012), which is achieved in part through the transcriptional up-regulation of multiple key glycolysis enzymes, including glucose transporter type 1 (GLUT1),
hexokinase 1/2 (HK1/2), phosphofructokinase 1 (PFK1),
and lactate dehydrogenase A (LDHA) (Fig. 1; Racker
et al. 1985; Yun et al. 2009; Gaglio et al. 2011; Ying
et al. 2012). Inhibition of LDHA has shown promising effects in preclinical models (Le et al. 2010; Rajeshkumar
et al. 2015), underscoring the important role of aerobic
glycolysis in PDAC. In addition, oncogenic KRAS signaling induces the expression of monocarboxylate transporter 4 (MCT4), a lactate transporter, in PDAC cells to
promote lactate efflux and thus mitigate the toxic effects

of intracellular lactate accumulation due to elevated glycolysis (Baek et al. 2014).
Beyond glycolysis, oncogenic KRAS also promotes the
expression of rate-limiting metabolic enzymes in multiple biosynthesis pathways in order to coordinate the increased flux of glycolysis intermediates through various
anabolic processes. In particular, oncogenic KRAS induces the expression of glucosamine-fructose-6-phosphate
aminotransferase 1 (GFPT1), the rate-liming enzyme for
the hexosamine biosynthesis pathway (HBP) (Fig. 1; Ying
et al. 2012). The HBP provides the precursor for various
glycosylation processes, such as protein N-glycosylation
or O-glycosylation and glycolipid synthesis. Recent studies indicate that the HBP in tumor cells is important for
the coordination of nutrient uptake, partially through
modulating the glycosylation and membrane localization
of growth factor receptors (Wellen et al. 2010). Inhibition
of the HBP in PDAC cells by knocking down GFPT1
strongly suppresses tumorigenic activity in vitro and in

Figure 1. Metabolism reprogramming in PDAC. KRAS-driven PDAC is characterized by enhanced glycolysis, including increased glucose uptake and lactate production. Oncogenic KRAS also promotes the efflux of lactate to mitigate the toxic effect of intracellular lactate
accumulation due to elevated glycolysis. The flux of glycolysis intermediates was directed by oncogenic KRAS into biosynthetic pathways, including the nonoxidative pentose phosphate pathway (PPP) for nucleotide biosynthesis and the hexosamine biosynthesis pathway
(HBP) to support glycosylation. The reprogramming of glucose metabolism in PDAC cells by oncogenic KRAS is mediated by up-regulation of multiple enzymes in a MYC-dependent manner. Oncogenic KRAS also induces a noncanonical glutamine metabolism pathway to
maintain redox homeostasis in PDAC cells through the induction of aspartate transaminase 1 (GOT1) expression. The redox balance is
also maintained by KRAS-mediated activation of NRF2, which is a master transcription factor for antioxidant genes. Another feature of
PDAC metabolism is the activation of nutrient salvage pathways to fuel tumor growth. Oncogenic KRAS induces macropinocytosis and
uptake of protein from extracellular space, which leads to lysosomal degradation and the release of nutrients to support the tricarboxylic
acid (TCA) cycle. In addition, KRAS-driven PDAC cells are also characterized by increased autophagy, which leads to the degradation of
organelles and proteins and the production of amino acids and other components that support metabolism. The activation of autophagy is
achieved through the MiT/TFE-mediated expression of autophagy and lysosome genes. Enzymes whose expression is induced in oncogenic KRAS are indicated in red. (GFPT1) Glucosamine-fructose-6-phosphate aminotransferase 1; (ME1) malic enzyme 1; (ROS) reactive oxygen species; (RPE) ribulose-5-phosphate-3-epimerase; (RPIA) ribulose-5-phosphate isomerase.
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vivo, supporting the critical role of HBP-mediated glucose
flux into the glycosylation pathway in the maintenance of
PDAC (Ying et al. 2012).
Another key function of oncogenic KRAS in PDAC metabolism reprogramming is the channeling of glycolysis intermediates, specifically through the nonoxidative arm of
the pentose phosphate pathway (PPP) (Fig. 1; Ying et al.
2012). The major function of the PPP is to generate ribose-5-phosphate for de novo nucleotide biosynthesis.
The PPP is composed of oxidative and nonoxidative arms,
both of which function in ribose biogenesis. The oxidative
arm also provides NADPH for macromolecule biosynthesis and reactive oxygen species (ROS) detoxification and
is regarded as important for tumorigenesis in many cancer
types (Deberardinis et al. 2008). Interestingly, the activity
of the oxidative PPP is not significantly regulated by
KRAS signaling, as shown in a PDAC GEMM driven by inducible KrasG12D (Ying et al. 2012). In contrast, oncogenic
Kras drives the flux of glycolysis intermediates specifically
through the nonoxidative arm of the PPP, at least partially
through the transcriptional up-regulation of PPP enzymes,
including ribulose-5-phosphate isomerase (Rpia) and ribulose-5-phosphate-3-epimerase (Rpe). Inhibition of the nonoxidative PPP blocks the integration of glucose-derived
carbon for de novo nucleic acid biosynthesis and impairs
PDAC tumorigenicity. This is consistent with the observations that human PDAC cells depend preferentially on the
nonoxidative PPP for proliferation (Boros et al. 1997).
Therefore, unlike current standard anti-metabolism therapeutics for PDAC such as gemcitabine, which inhibits
deoxyribonucleotide synthesis and blocks DNA replication in proliferating cells, targeting the nonoxidative PPP
may provide a more effective and cancer-specific therapeutic means of blocking DNA synthesis.
Glutamine metabolism and ROS homeostasis
It is well documented that oncogenic RAS plays a major
role in ROS generation, with several studies establishing
that ROS is critical for oncogenic KRAS-mediated transformation and growth of PDAC cells (Irani et al. 1997;
Mitsushita et al. 2004; Vaquero et al. 2004; Weinberg
et al. 2010; Hu et al. 2012; Du et al. 2013). However, while
most cancer cells exhibit elevated ROS levels, excessively
high ROS levels are detrimental, thus requiring potent oxidative defense mechanisms in order to maintain redox
balance for viability (Gorrini et al. 2013; Schieber and
Chandel 2014). Indeed, oncogenic KRAS is known to activate an oxidative defense program to quench intracellular
ROS, which is essential for redox homeostasis and PDAC
tumorigenesis (DeNicola et al. 2011). One of the major
factors for redox balance is the level of reduced glutathione that is maintained by the oxidative PPP through
NADPH production (Trachootham et al. 2008). As discussed above, oncogenic KRAS in PDAC has minimal impact on the flux of glucose through the oxidative PPP
(Ying et al. 2012), which is in agreement with minimal alteration of the redox state in PDAC cells upon glucose
starvation (Son et al. 2013). These observations revealed
the presence of alternative metabolism pathways for the
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maintenance of redox homeostasis in PDAC cells. Specifically, PDAC cells use glutamine metabolism for redox
balance, as evidenced by significant induction of ROS
upon glutamine withdrawal (Son et al. 2013).
Glutamine is the most abundant and versatile amino
acid in the cytoplasm. It has been long established that
PDAC cells are addicted to glutamine for survival in tissue
culture (Wu et al. 1978; Wang and Permert 2002). Canonical glutamine metabolism in cancer cells is mostly used to
fuel the mitochondrial tricarboxylic acid (TCA) cycle for
ATP generation and to provide precursors for macromolecular biosynthesis (Hensley et al. 2013). In contrast, in the
mitochondria of PDAC cells, glutamine is converted by
GOT2 (mitochondrial aspartate transferase 2) into aspartate, which is shuttled to the cytoplasm and further converted into oxaloacetate by GOT1 (cytosolic aspartate
aminotransferase 1) (Son et al. 2013). Oxaloacetate is
used for the generation of NADPH through the action of
malate dehydrogenase 1 (MDH1) and malic enzyme 1
(ME1). NADPH produced by this noncanonical glutamine
metabolism pathway is essential to maintain redox homeostasis and support PDAC growth (Fig. 1). Importantly,
many of the enzymes involved in the noncanonical pathway are essential for PDAC growth but not normal cells,
thus providing a potential PDAC-specific vulnerability.
In addition to the regulation of NADPH production
through the GOT1-dependent pathway, oncogenic KRAS
signaling also controls the redox balance by the induction
of NRF2, a master transcriptional regulator for antioxidant
genes (Fig. 1; DeNicola et al. 2011). Interestingly, NRF2
also modulates the expression of multiple glutamine metabolism genes, including ME1 (Mitsuishi et al. 2012).
Moreover, oncogenic KRAS also controls the expression
of GOT1 (Son et al. 2013). Therefore, oncogenic KRAS
controls redox balance in PDAC through the orchestration
of multiple mechanisms in which glutamine plays a central role.
Salvage pathways—a hallmark of PDAC metabolism
As noted above, the PDAC tumor microenvironment sustains local hypoxia and low nutrient availability. Accordingly, PDAC employs an intriguing set of scavenging
mechanisms that fuel growth in the face of limited nutrients from the vasculature. One prominent salvage pathway is macroautophagy (referred to here as autophagy).
Autophagy is a process of bulk recycling of cellular components (Kroemer et al. 2010). Damaged or dispensable organelles, lipids, or proteins and their aggregates are
sequestered in autophagosomes, which eventually fuse
with lysosomes, leading to degradation of the cargo. Degraded cargo is recycled back into the cytoplasm, where
the amino acid, lipid, and nucleoside building blocks are
used in macromolecular biosynthesis and bioenergetics.
In addition to its quality control function in clearing damaged structures, autophagy can be triggered by stresses
such as starvation and can serve to restore nutrient levels
to those consistent with cell survival (Neufeld 2010).
However, with sustained autophagy, primary cells can
incur critical depletion of organelles and experience
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subsequent cell death. In keeping with these contrasting
effects of autophagy, experimental studies reveal a dual
function of autophagy in cancer (Kimmelman 2011; White
2013). In normal cells, autophagy serves as a barrier for tumorigenesis through its quality control function; reciprocally, inactivation of autophagy causes accumulation of
damaged cellular components, which results in genotoxic
levels of ROS and the promotion of early neoplastic changes (Galluzzi et al. 2015). However, autophagy is beneficial
for malignant cells through its recycling function, providing various nutrients such as amino acids, fatty acids, nucleotides, and ATP for cancer cell growth (Rabinowitz and
White 2010). Indeed, autophagy has been shown to support
mitochondrial metabolism as well as glycolysis and is required for the growth of oncogenic RAS-driven tumors, including PDAC (Fig. 1; Guo et al. 2011; Kim et al. 2011;
Lock et al. 2011; Wei et al. 2011; Yang et al. 2011; Guo
and White 2013). However, a recent study has called into
question the role of autophagy in promoting oncogenic
KRAS-driven tumor cell lines (Eng et al. 2016). This discrepancy with numerous prior studies may relate to several experimental issues, including the use of short-term in
vitro growth assays not mimicking the in vivo situation as
well as the possible emergence of autophagy-independent
clones through the selective pressures of gene editing.
Most importantly, some of the most robust tumor responses to autophagy loss are seen in autochthonous models with homotypic tumor–stromal interactions and an
intact immune system (Wei et al. 2011; Guo et al. 2013;
Strohecker et al. 2013; Yang et al. 2014) and appear to be
even more profound with systemic autophagy loss (Karsli-Uzunbas et al. 2014). Together, this suggests that, in addition to important cell-autonomous effects of autophagy
in PDAC and other KRAS mutant tumors, there are also
non-cell-autonomous factors for which autophagy is critical yet cannot be assessed in cell culture and standard xenograft studies in immunocompromised mice. Ongoing
and future studies, including clinical trials, should explore
the role of the immune system and other features of the tumor microenvironment.
In PDAC, exuberant levels of basal autophagy have been
observed (Yang et al. 2011), and genetic disruption of
autophagy with Atg5 deletion or pharmacological blockade of autophagic flux with hydroxychloroquine (HCQ)
has been shown to suppress tumor growth in autochthonous oncogenic Kras-driven PDAC models (Yang et al.
2011, 2014). Furthermore, HCQ treatment in PDAC patient-derived xenograft (PDX) models shows significant
inhibition of tumor growth in the majority of cases
(Yang et al. 2014). While HCQ inhibits the lysosome and
can affect other lyososomal pathways (such as macropinocytosis) (discussed below), studies have shown that, at certain dose ranges, the anti-tumor effects of HCQ are likely
through autophagy inhibition (Amaravadi et al. 2007).
Mixed outcomes have been observed in various clinical
trials using HCQ to target autophagy in several cancer
types, including PDAC (Kimmelman 2015). A recent
phase I/II clinical trial indicates that neoadjuvant HCQ
may have efficacy in PDAC, prompting randomized clinical trials (Boone et al. 2015). Despite this possible clinical

activity of HCQ, the therapeutic validation of autophagy
inhibition will benefit from the development of more
potent and specific inhibitors targeting autophagosome
formation and fusion with lysosome as well as the definition of a clear patient responder hypothesis.
While the supporting role of autophagy during tumor
progression has been generally recognized (White 2015),
the mechanisms that lead to autophagy activation in tumor cells, including PDAC, are less well known. In normal cells, autophagy is tightly controlled, in large part
by mTOR and the FOXO family of transcription factors
(Salih and Brunet 2008; Zhang et al. 2011; Efeyan et al.
2015), which are activated when nutrients are plentiful
and act to suppress autophagy and other nutrient uptake
mechanisms (Palm et al. 2015). Paradoxically, PDAC cells
maintain active mTOR signaling while simultaneously
sustaining high levels of autophagy (Yang et al. 2011;
Ying et al. 2012). This hyperactivation of autophagy in
PDAC is mediated in part by the MiT/TFE family of transcription factors (MITF, TFE3, and TFEB), which are critical for lysosome biogenesis (Fig. 1; Perera et al. 2015). In
PDAC, MiT/TFE knockdown leads to pronounced impairment in lysosome structure and function, loss of autophagic flux, and abrogation of tumorigenicity. Importantly,
while MiT/TFE proteins are normally sequestered in
the cytoplasm and inactivated by mTOR-mediated phosphorylation (Settembre et al. 2013), MiT/TFE proteins escape mTOR-mediated inhibition via aberrant nuclear
translocation mediated by the nuclear import proteins
IPO7 and IPO8 (Perera et al. 2015). Preventing the nuclear
accumulation of MiT/TFE may provide an alternative
therapeutic strategy to block autophagy specifically in
PDAC cells.
In addition to recycling intracellular substrates, PDAC
cells are also capable of taking up extracellular macromolecules through macropinocytosis or receptor-mediated
uptake to sustain tumor growth. It has been long established that oncogenic RAS strongly activates macropinocytosis, a type of endocytosis designed to engulf large
portions of extracellular space through enhanced membrane ruffling (Bar-Sagi and Feramisco 1986; Swanson
and Watts 1995). The cargo carried in the large vesicles
formed through macropinocytosis, also called macropinosomes, is eventually delivered to the lysosome for degradation to fuel anabolic processes (Swanson and Watts
1995; McMahon and Boucrot 2011). Oncogenic KRAS-induced macropinocytosis in PDAC cells leads to the salvage of extracellular proteins as a source of amino acids
and as fuel for the TCA cycle (Fig. 1; Commisso et al.
2013). In addition, oncogenic KRAS-transformed primary
pancreatic ductal cells are able to scavenge extracellular
lipids to support growth (Kamphorst et al. 2013; Guillaumond et al. 2015). Such nutrient salvage pathways are particularly important to fuel the metabolism in human
PDAC in the setting of limiting nutrients in the tumor microenvironment (Kamphorst et al. 2015; Palm et al. 2015).
Indeed, inhibition of macropinocytosis attenuates oncogenic KRAS-driven tumorigenesis in vitro and in vivo
(Commisso et al. 2013). At the same time, it is important
to appreciate that enhanced macropinocytosis in PDAC
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cells may also serve to promote tumor-specific drug delivery, as has been implicated in the clinical success seen
with nab-paclitaxel, an albumin-conjugated form of paclitaxel (Von Hoff et al. 2013). Together, multiple levels of
therapeutic intervention appear possible, although clear
strategies are needed to identify the optimal salvage pathway target in the right patient subpopulation. Along these
lines, it is tempting to speculate that, given the lysosome
as the common destination for macropinosomes and autophagosome, targeting the lysosome pathway by inhibition
of lysosome fusion or MiT/TFE nuclear accumulation
(discussed above) may disrupt both nutrient salvage pathways that are critical for PDAC maintenance.
Intratumoral metabolic heterogeneity
Cancer cells of the same tumor can also exhibit very different metabolic profiles. This characteristic came to light
in the inducible oncogenic Kras-driven PDAC model,
which showed that, upon extinction of oncogenic Kras,
the persistent Kras-independent tumor-initiating cells
(TICs) exhibited a metabolic profile very different from
that of the Kras-dependent cancer cells of the bulk tumor
(Viale et al. 2014). Whereas oncogenic Kras-dependent
cancer cells exhibited high levels of glycolysis, the Krasindependent TICs showed impaired glycolysis and increased mitochondrial respiration. Similar observations
were made in TICs derived from human PDAC PDX models, which exhibited decreased glucose flux through glycolysis and elevated OXPHOS activity (Sancho et al.
2015). These TICs are equipped with limited metabolic
plasticity and are thus particularly sensitive to inhibition
of mitochondrial respiration (Viale et al. 2014; Sancho
et al. 2015). Similar OXPHOS-addicted subpopulations
with TIC properties have also been identified in other cancer types, such as leukemia and melanoma (Lagadinou
et al. 2013; Vazquez et al. 2013). It is notable that
OXPHOS inhibition works synergistically with targeted
therapies directed against driving oncogenes (Haq et al.
2013; Alvarez-Calderon et al. 2015). Thus, it is possible
that an effective strategy to eliminate both bulk cancer
cells and TICs in PDAC would combine targeted therapy
directed against the oncogenic KRAS pathway such as
MEK as well as drugs that directly inhibit mitochondrial
respiration (Viale et al. 2015).
The PDAC stroma impacts metabolism through key interactions between cancer cells and stromal fibroblasts, involving the exchange of nutrient sources such as glucose,
lactate, and other energy-rich molecules (Hanahan and
Coussens 2012; Lisanti et al. 2013). Adipocytes have
been shown to play a supportive role in cancer progression
by providing free fatty acids to fuel ovarian cancer metastasis (Nieman et al. 2011). Similar lipid scavenging may
also be operative in PDAC cancer cells, as suggested by increased pancreatic adipocyte infiltration in tumors (Hori
et al. 2014; Rebours et al. 2015; Wang et al. 2015a). Metabolic interactions in the microenvironment may also enable tumor progression through suppression of immune
responses. Specifically, competition for limiting energy
molecules such as glucose was shown to limit the avail366
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ability of energy sources needed for the activation of effector T cells, resulting in immune suppression in the tumor
microenvironment in a mouse sarcoma model (Chang
et al. 2015). In addition, lactate excreted by tumor cells
has been shown to suppress anti-tumor immunity by suppressing natural killer (NK) cells and enhancing myeloidderived suppressor cell (MDSC) functions (Fig. 2; Husain
et al. 2013). The lack of effector T-cell infiltration and activation is a hallmark of the PDAC microenvironment
(Laheru and Jaffee 2005; Clark et al. 2007; Feig et al.
2013), although the basis for immune suppression in
PDAC is not completely understood. Understanding the
mechanisms of immune suppression and its relationship
to cancer metabolism is an area of investigational opportunity in the development of effective therapies for PDAC.

PDAC stroma
The PDAC stroma exhibits a strong desmoplastic feature,
with stromal components outnumbering cancer cells, and
can comprise as much as 90% of the total tumor volume
(Maitra and Hruban 2008; Neesse et al. 2011). The PDAC
stroma is composed of myofibroblasts, suppressor immune cells such as MDSCs, regulatory T (Treg) cells, tumor-associated macrophages (TAMs), and acellular
components such as collagen, cytokines, and soluble
growth factors (Fig. 2; Maitra and Hruban 2008; Neesse
et al. 2015). This prominent desmoplastic response has
been attributed to signaling between cancer and host cells
involving paracrine and autocrine signaling pathways.
Several signaling pathways that are potent modulators of
the stroma are highly activated in PDAC. For example,
Sonic hedgehog (SHH) ligands secreted by cancer cells
act on fibroblasts promoting desmoplasia and cell motility
(Fig. 2; Berman et al. 2003; Bailey et al. 2008, 2009; SpivakKroizman et al. 2013), and, reciprocally, the SHH pathway
inhibitor (IPI-926) in combination with gemcitabine can
deplete the pancreatic stroma in GEMMs of PDAC (Olive
et al. 2009).
The role of the stroma in PDAC initiation, progression,
metastasis, immune infiltration, and drug resistance has
been an area of intense investigation and contrasting
theories. Pancreatic stellate cells (PSCs) are the predominant fibroblasts present in the PDAC stroma. In the
healthy pancreas, PSCs are resident lipid-storing cells
that secrete matrix metalloproteinases (MMPs) such as
MMP2, MMP9, and MMP13 and play an important role
in extracellular matrix (ECM) turnover and normal tissue
architecture (Fig. 2; Phillips et al. 2003). In the quiescent
state, PSCs store vitamin A in cytoplasmic lipid droplets
and produce a lower amount of ECM (Apte et al. 2012). In
contrast, upon pancreatic injury, such as chronic pancreatitis and/or PDAC growth, PSCs lose their cytoplasmic
lipid storage, increase ECM production, acquire a myofibroblast-like phenotype, and express the fibroblast activation marker α-smooth muscle actin (αSMA) (Wehr et al.
2011). These activated PSCs secrete excessive amounts
of ECM components, leading to the classical fibrosis pathology observed in PDAC (Apte and Wilson 2012).
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Figure 2. Immune network, prospective
targets, and therapies in PDAC. PDAC cancer cells secrete cytokines such as TGFβ,
CXCL5, and GM-CSF (granulocyte-macrophage colony-stimulating factor), which
mobilizes bone marrow-derived, immunesuppressive immune cells such as myeloid-derived suppressor cells (MDSCs) and
regulatory T (Treg) cells. The secretion of
these protumorigenic cytokines by the cancer cells is tightly regulated by oncogenic
KRAS-dependent pathways. These tumorinfiltrated MDSCs and Treg cells create an
immune-suppressive environment by suppressing the activity and functions of
CD8+ cytotoxic T cells and blocking the
M1 phenotype of tumor-associated macrophages (TAMs). PDAC cells also secrete
metabolites such as lactate, which suppresses CD8+ cytotoxic T-cell activity. Furthermore, the paracrine network between
PDAC cancer cells and myofibroblasts
such as pancreatic stellate cells (PSCs) creates a desmoplastic response leading to fibrosis and immune suppression. Also,
cancer cells secrete factors such as Sonic
hedgehog (SHH) ligands that activate PSCs
to produce matrix metalloproetinases
(MMPs) that promote invasion and extracellular matrix (ECM)—mostly collagens.
In addition, PDAC cancer cells and the infiltrating MDSCs secrete proinflammatory
cytokines such as IL6, which further promotes JAK/STAT-mediated pathways,
leading to cancer cell survival, proliferation, and diminished tumor antigen presentation to the dendritic cells. Numerous strategies are being pursued to manipulate the immunosuppressive environment in PDAC and
reduce immune evasion by cancer cells. Unlike melanoma, the immune modulation strategies such as anti-CTLA4 (cytotoxic T-lymphocyte-associated protein 4) and anti-PD1/PD-L1 (programmed cell death 1 ligand 1) have yet to show any promising outcome as monotherapies, although, in a αSMA-Tk-KPC GEMM, the depletion of stroma creates a therapeutic opportunity for checkpoint blockers such as PD1.
Clinical trials involving GVAX (allogeneic pancreatic cancer cells modified to express GM-CSF) alone and/or in combination with CRS207 (live attenuated Listeria monocytogenes expressing mesothelin) have shown positive outcomes and generated excitement among the
immunotherapy community. Other immune-modulating therapies currently being tested and showing some efficacy include the adaptive
T-cell therapy such as the mesothelin chimeric antigen receptor (CAR) T-cell therapy. (αSMA) α-Smooth muscle actin.

In cell culture studies, human PSCs stimulate proliferative, migratory, and invasive activity of PDAC cancer
cell lines, and, similarly, orthotopic coinjection of human
PSCs and PDAC cancer cells stimulates aggressive tumor
progression and metastasis (Hwang et al. 2008; Xu et al.
2010). Moreover, excessive desmoplastic responses, together with a hypovascular microenvironment, have been
proposed as a basis for chemoresistance and protection
against the host immune system (Bissell and Radisky 2001).
Recently, the vitamin D receptor (VDR) was identified
as a master transcriptional inhibitor of the PSC activation
state and found to be overexpressed in human and mouse
PSCs during PDAC progression. Hypothesizing that VDR
may provide a novel therapeutic target for PDAC, Sherman et al. (2014) explored the potential of the VDR ligand,
calcipotriol in a murine cerulein-induced pancreatitis
model, demonstrating marked reduction in fibrosis. In a
GEMM of PDAC, orthotopic allograft growth was im-

paired with combined treatment of calcipotriol and gemcitabine, resulting in a 57% increase in survival relative
to gemcitabine treatment alone. Correspondingly, the
combination treatment decreased stromal fibrosis and increased intratumoral gemcitabine availability (Sherman
et al. 2014).
Along similar lines, the PDAC stroma also contains a
large amount of hyaluronic acid, a matrix glycosaminoglycan that increases interstitial fluid pressure and promotes hypovascularity, which impairs perfusion and
diffusion and may cause inefficient drug delivery (Toole
2004). Accordingly, intravenous delivery of pegylated
hyaluronidase (PEGPH20) has been shown to decrease interstitial fluid pressure in the stroma, increase vascularity, and improve drug delivery in a GEMM of PDAC
(Provenzano et al. 2012).
While these and other studies support the view that the
stroma plays a vital role in PDAC initiation and
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progression, three recent genetic studies have concluded
that the stroma (or at least certain components such as
myofibroblasts) serves to restrain rather than promote
PDAC progression by facilitating host immune response
and opposing vascularization (Lee et al. 2014; Ozdemir
et al. 2014; Rhim et al. 2014a). Employing a sophisticated
ganciclovir-induced ablation system, Ozdemir et al.
(2014) showed that somatic depletion of αSMA+ myofibroblasts in a GEMM of PDAC carrying a thymidine kinase
gene under the control of the αSMA promoter results in
more aggressive tumors with prominent stem cell and
EMT features, high invasiveness, increased hypoxia, and
reduced survival. In this setting, anti-CTLA4 (cytotoxic
T-lymphocyte-associated protein 4) therapy reversed this
phenotype and increased survival, suggesting that tumor
stroma may play important roles in immune modulation
and that stroma depletion creates vulnerability for immune checkpoint therapy. In second set of studies, the genetic deletion of the Shh gene in a GEMM of PDAC
decreased myofibroblast content, causing increased vascularity, poorly differentiated histology, and increased cancer
cell proliferation. These genetic observations align with
an earlier study in which a Kras-driven PDAC GEMM
treated with a Smoothened inhibitor, vismodegib, experienced enhanced tumor progression and shortened survival.
Furthermore, a VEGFR inhibitor reversed the aggressive
phenotype, suggesting that the SHH-supported stroma
suppresses tumor growth partly by restraining tumor vascularization (Rhim et al. 2014a). Finally, a third study employing pharmacological inhibition of Hh signaling
showed a reduction in the desmoplastic stroma and a
more aggressive progression of PanIN lesions. This phenotype could be reversed by a small molecule agonist of Hh
that caused stromal hyperplasia and a corresponding reduction in epithelial proliferation (Lee et al. 2014). Together, these studies highlight the complexity of the PDAC
stroma and underscore the need for deep experimentation
investigating the role of each stromal component and the
complex homotypic and heterotypic signaling interactions
in the PDAC microenvironment. Such knowledge may illuminate new avenues for therapy (Bijlsma and van Laarhoven 2015).

Immune components of the pancreatic cancer
microenvironment
Inflammation plays a pivotal role in cancer initiation, progression, invasion, and metastasis (Strobel et al. 2007;
Greer and Whitcomb 2009; Solinas et al. 2010; Coffelt
and de Visser 2014). In PDAC research, data derived
from mouse models, human genetic studies, and clinical
and epidemiological investigations have established a
modest link between pancreatitis and an increased risk
of pancreatic cancer development (i.e., 5% of patients
will develop PDAC over a 20-year period following pancreatitis) (Guerra et al. 2007). Most compelling is the dramatic increase in PDAC in the setting of familial
pancreatitis (Malka et al. 2002; Raimondi et al. 2009), in
which there is a 69-fold lifetime risk of PDAC in heredi368
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tary pancreatitis with germline mutations of either
PRSS1 or SPINK1 (Becker et al. 2014). Local inflammation
may also play a major role in modulating the function of
the host immune system in the tumor microenvironment.
Here, we summarize the resident immunocytes and their
function in PDAC biology.
T lymphocytes
T cells constitute the major cellular components of the
adaptive immune system and serve to identify nonself antigens that are presented by antigen-presenting cells
(APCs) such as dendritic cells. Upon activation by
APCs, T cells proliferate and migrate to the site of antigens and perform distinct functions such as cell-mediated
cytotoxicity by CD8+ cytotoxic T lymphocytes or cytokine production by CD4+ T-helper lymphocytes. The
presence of CD8+ effector T cells (also loosely known as
tumor-infiltrating lymphocytes [TILs]) correlates with improved prognosis across many cancer types, including
melanoma and cancers of the head and neck, prostate,
lung, colon, breast, bladder, and ovary. In human PDAC,
the TIL numbers are quite variable and are likely impacted by mutation load in the individual tumor. The problem
is likely to be a function of TIL cell activation due to the
presence of MDSCs, Treg cells, and immune-suppressive
cytokines dominating the tumor microenvironment.
PDAC mouse models exhibit few TILs and poor anti-tumor immune response (Fogar et al. 2006; Feig et al.
2013). One explanation for poor CD8+ T-cell infiltration
may be the general lack of neoantigen in PDAC. In contrast to the abundance of mutation-induced neoantigen
formation in other major KRAS-driven cancers such as
lung and colorectal cancers, the mutational load in
PDAC falls below one mutation per megabase, a threshold
less likely to express neoantigens that can be recognized
by autologous T cells (Alexandrov et al. 2013; Schumacher
and Schreiber 2015). Moreover, the function of TILs is
largely suppressed in the tumor microenvironment.
As the major modulator for CD8+ T cell’s function, the
role of CD4+ T cells in PDAC is complicated by many
CD4+ T-cell variants such as Th1, Th2, and Th17 cells.
The determination of the effector Th1 or Th2 cell response
is dependent on the cytokine environment at the tumor
site, such as the presence of IL2 and IL12, which trigger
a Th1 response, while IL4 triggers a Th2 response. The importance and immunosuppressive nature of dominant
CD4+ T-cell subpopulations in PDAC is underscored by
observations that depletion of CD4+ T cells in an inducible Kras-driven PDAC GEMM blocks PanIN formation
largely through the activation of CD8+ T cells (Zhang
et al. 2014c). Indeed, Th2-type cells are found to reside in
the PDAC microenvironment and suppress the function
of CD8+ T cells by producing cytokines such as IL-4,
IL-5, and IL-10 (Tassi et al. 2008; De Monte et al. 2011).
In contrast to the protumor activity of Th2 cells, Th1 cells
likely antagonize tumor growth through the production of
IL-2 and IFN-γ, an essential step for induction of cellular
immunity, and both are required for proliferation and activity of CD8+ T cells (Ostrand-Rosenberg 2008; Joyce
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and Pollard 2009). Consistent with the opposing roles of
Th1 and Th2 cells, the Th1/Th2 ratio is essential for net
outcome of the immune response in PDAC (Chen et al.
2010; De Monte et al. 2011; Ochi et al. 2012).
Besides Th2 cells, another major type of immunosuppressive T cell is the Treg cell, which is also abundant in
the PDAC microenvironment (Fig. 2; Nummer et al.
2007; Zhang et al. 2014c). While Treg cells function primarily as suppressors of host innate and adaptive immunity via
production of granzyme B, which further inhibits NK cells
(Cao et al. 2007) and B cells (Gondek et al. 2005) and perturbs the maturation of dendritic cells (Tadokoro et al.
2006), Treg cells may also directly promote tumor progression by secretion of protumorigenic cytokines such as the
receptor activator of NF-κB (RANK) ligand, TGFβ1, TNFα,
and IL-6 (Byrne et al. 2011). The number of Treg cells in the
tumor correlates positively with advancing histological
grade and increased lymph node metastasis (Jiang et al.
2014). In addition, increased levels of Treg cells and MDSCs
are associated with more poorly differentiated tumors (Shibuya et al. 2014). A number of factors attract, convert, and
expand Treg cells in the tumor microenvironment. For example, tumor hypoxia promotes production of chemokine
CCL28 by the cancer cells, which drives Treg cell recruitment via the CCL28–CCR10 (CC-chemokine receptor
10) axis (Facciabene et al. 2011). TGFβ produced by the
PDAC stroma can also drive the conversion and expansion
of Treg cells from conventional CD4+ T cells in the tumor
microenvironment, and this process can be blocked by systemic injection of anti-TGFβ antibody (Moo-Young et al.
2009). While the exact function of Treg cells in PDAC development remains to be established using in vivo models,
depletion of Treg cells with cyclophosphamide has been
shown to enhance the inflammatory response induced by
a cancer vaccine targeting oncogenic Kras in a Kras-driven
PDAC GEMM (Keenan et al. 2014). Compared with the
anti-immunity function of Th2 and Treg cells, the role of
Th17 T cells in PDAC remains unclear. Although Th17
cells have been shown to promote CD8+ T-cell activation
and inhibit tumor growth in a lung melanoma mouse model (Martin-Orozco et al. 2009), Th17 cells were found to be
required for tumor initiation and progression in a Krasdriven PDAC model through signaling via a hematopoeitic–epithelial axis (McAllister et al. 2014). Understanding these tumor type-specific differences would be
useful in accurately prosecuting anti-Th17 therapeutic opportunities in the clinic.
MDSCs and TAMs
Along with CD4+ T cells, MDSCs and TAMs appear to
play important regulatory roles in the activation of effector T cells (Fig. 2). Tumor-associated MDSCs are a heterogeneous population of mostly immature cells with
immune-suppressive function and are defined by myeloid
origin and precursors of granulocytes, macrophages, dendritic cells, and monocytes. MDSC characteristics also include expression of extracellular degradation enzymes,
reactive oxygen and nitrogen species, chemokines, and cytokines (Gabrilovich et al. 2001). MDSCs primarily medi-

ate immune suppression through inhibition of the T cell’s
anti-tumor functions by mechanisms that include (1) producing nitric oxide (NO) and ROS such as peroxynitrite
and hydrogen peroxide, which cause T-cell apoptosis; (2)
interfering with cytokine signaling, such as IFNγ, which
is crucial for T-cell anti-tumor activity and functions;
(3) inhibiting T-cell migration to the tumor site by nitration of chemokines, such as CCL2, and T-cell receptors
(TCRs); (4) depriving T cells of essential metabolites
such as arginine and cysteine by increasing arginase activity; and (5) mediating T-cell anergy by activation of Treg
cells (Bogdan 2001; Ezernitchi et al. 2006; Huang et al.
2006; Rodriguez and Ochoa 2006; Ostrand-Rosenberg
2010; Srivastava et al. 2010; Mundy-Bosse et al. 2011). Experimental support of the immunosuppressive function of
MDSCs derives from anti-Ly6G antibody depletion of
MDSCs in an autochthonous GEMM of PDAC, which increased CD8+ T-cell infiltration and activation and induced cancer cell apoptosis (Stromnes et al. 2014).
During tumor development, MDSCs migrate from their
normal residence in the bone marrow to secondary and
tertiary lymphoid organs, peripheral blood, and the tumor
microenvironment (Strober 1984; Bronte et al. 1999).
MDSC migration and expansion to peripheral organs
and tumor microenvironment are stimulated by secretory
factors released from cancer cells and their surrounding
stroma. In PDAC, MDSC infiltrations are observed as early as the preinvasive PanIN lesions and progressively increase throughout the evolution of the tumor (Clark
et al. 2007; Zhao et al. 2009; Zhang et al. 2014b). G-CSF
and GM-CSF (Bayne et al. 2012; Pylayeva-Gupta et al.
2012); IL-3, M-CSF, and IL-6 (Serafini et al. 2006); and
CCL2 chemokine (Tjomsland et al. 2011) have been
shown to be released by PDAC cancer cells to promote
MDSC recruitment to the tumor microenvironment (Porembka et al. 2012) and suppress antigen-specific T cells.
G-CSF and GM-CSF expression is driven by oncogenic
KRAS via the RAS/MEK/MAPK pathway through the
ETS transcription factor (Bayne et al. 2012); correspondingly, MEK or PI3K inhibitors can attenuate the release
of G-CSF and improve survival in an orthotopic allograft
mouse model established by injecting primary ductal epithelial cells (PDECs) isolated from a GEMM of PDAC into
the pancreata of syngeneic C57Bl/6 mice (Cox and Olive
2012; Pylayeva-Gupta et al. 2012).
TAMs are another prominent population of myeloid
cells in the PDAC tumor microenvironment (Hermano
et al. 2014). A distinct characteristic of TAMs is their plasticity and polarizability between the proinflammatory M1
phase and anti-inflammatory M2 phase. TAMs originate
from circulating monocytes upon activation by CCL2, a
chemotactic chemokine secreted by PDAC cancer cells
(Baumgart et al. 2013). Similar to MDSCs, TAMs can
also be recruited to the tumor microenvironment by cytokines such as M-CSF and VEGF expressed by pancreatic
cancer cells (Pollard 2004). In addition, PDAC cancer cells
secrete heparenase, which is associated with increased
TAM infiltration in human and mouse PDAC (Hermano
et al. 2014). These tumor-derived factors can promote
the M2 polarized TAM phenotype (Mantovani et al.
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2002, 2004), and M2 TAMs in turn promote tumor growth
by secreting immunosuppressive factors such as IL10, arginase I, and TGFβ to block effector T-cell activation (Biswas and Mantovani 2010). TAMs also express scavenger
receptors such as CD206 and CD163, which facilitate tumor angiogenesis and migration (Movahedi et al. 2010;
Laoui et al. 2011). These factors are associated with worse
prognosis and increased metastasis. TAMs express the
chemokine receptors CCR2 and CSF1R, which interact
with CCL2 (Mitchem et al. 2013). Inhibitors of CCR2 or
CSF1R, while used in combination with gemcitabine
treatment, resulted in effective depletion of TAMs and increased infiltration of CD8+ T cells, leading to significantly blunted tumor growth in a syngeneic orthotopic
model of PDAC (Mitchem et al. 2013; Zhu et al. 2014).
On the other hand, when TAMs acquire a classical M1
phenotype, they can function to oppose tumor growth in
PDAC by production of proinflammatory cytokines and
presentation of antigen to T cells (Mantovani et al. 2002;
Mantovani and Sica 2010). In PDAC patients with a
high density of TAMs at the tumor–stroma interface, chemotherapy treatment modulated TAMs to acquire an
anti-tumor phenotype and was associated with improved
clinical outcome (Klug et al. 2013; Di Caro et al. 2015).
Inflammatory cytokines and chemokines
The PDAC tumor microenvironment produces a complex
mix of cytokines that collectively favor tumor growth and
metastasis. Proinflammatory and anti-inflammatory cytokine production is increased in PDAC and acts on cancer cells and other cells in the tumor microenvironment
(Ling et al. 2012). Specifically, proinflammatory cytokines
such as IL6, TNFα, MIF, IL-1β, and IL8 play critical roles in
proliferation, angiogenesis, invasion, migration, and EMT
(Miron et al. 2010; Lesina et al. 2011; Dima et al. 2012;
Funamizu et al. 2013), whereas anti-inflammatory cytokines such as TGFβ and IL10 are involved in immune evasion and immune tolerance.
IL6 is a well-studied protumor cytokine that plays
prominent and diverse roles in PDAC progression. Oncogenic KRAS induces secretion of IL6, which is essential for
maintenance and progression of PDAC through both cellautonomous and paracrine mechanisms (Fig. 2), as genetic
or pharmacological inhibition of IL6 eliminates KRASdriven tumorigenesis (Ancrile et al. 2007; Zhang et al.
2013b). For example, IL6 cooperates with oncogenic
KRAS to amplify MAPK/ERK signaling. In addition, IL6
is required for oxidative defense in PDAC, as the KRASmediated IL6 pathway activates the ROS detoxification
program, leading to cancer cell survival and generation
of a protumorigenic microenvironment (Ancrile et al.
2007; Zhang et al. 2013b). Elevated circulating IL6 is observed in advanced PDAC and correlates with poor survival and cancer cachexia (Bellone et al. 2006b; Holmer
et al. 2014), prompting its use as a biomarker for cancer cachexia (Scheede-Bergdahl et al. 2012). Furthermore, IL6 is
secreted by myeloid cells in the tumor microenvironment
and promotes activation of the Stat3/Socs3 pathway via
IL6 trans-signaling in the development of early PanIN le370
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sions and in more advanced PDAC (Fig. 2; Lesina et al.
2011). Furthermore, IL6, along with TGFβ and IL10, creates an immunosuppressive tumor microenvironment
by inhibition of dendritic cell proliferation and function
(Bellone et al. 2006a). These many functions of IL6 elevate
the need for its further study as a key therapeutic target in
PDAC. A multidose, phase I/II dose escalation study to assess the safety, efficacy, and pharmacokinetics of intravenous anti-IL6 antibody (siltuximab) has been recently
completed for multiple solid tumors, including PDAC,
and is awaiting final analysis (clinical trial information:
NCT00841191). Another approach is to use JAK inhibitors that block the IL6-induced STAT3 pathway. Indeed,
a randomized, double-blind, phase II study of an antiJAK1/JAK2 inhibitor (ruxolitinib) in combination with
capecitabine showed improved survival in patients with
metastatic PDAC that failed gemcitabine therapy (Hurwitz et al. 2015).
Prospect of PDAC immunotherapy
In evaluating the immune biology and immune therapy
opportunities for PDAC, it is important to appreciate
that a key aspect of anti-tumor immunity is the effector
to tumor ratio (i.e., the level of the functioning effector
T cells present in the vicinity of the cancer cell). Multiple
factors can affect effector T-cell infiltration, survival, proliferation, and cytotoxic activity. Heterotypic interactions
among different immune effector cells in the tumor microenvironment challenge our ability to fully understand the
basis for reduced T-cell activation in PDAC. While one
perspective posits that PDAC is a nonimmunogenic tumor
that displays a paucity of antigens to be recognized as foreign by the host immune system, the presence of peripheral T cells specific for an abundant PDAC antigen,
mesothelin, and the lack of these T cells in the tumor microenvironment are consistent with the existence of local
immunosuppression (Johnston et al. 2009).
Many studies have now demonstrated the importance
of T cells in anti-tumor immunity and the profound clinical benefits of T-cell-based immunotherapy in many cancer types by harnessing the cytotoxic potential of T cells
(Houot et al. 2015). This has led to the development of numerous therapies tailor-made to activate T-cell proliferation or function, including T-cell checkpoint inhibitors
such as anti-CTLA4 and anti-PD1/PD-L1 (programmed
cell death 1 ligand 1), which have revolutionized the treatment of melanoma, renal cell carcinoma, and lung cancer
and show promising clinical responses in other cancer
types (Sharma and Allison 2015). However, a notable exception to checkpoint blockade success is PDAC, where
treatment of PDAC patients with the single agent checkpoint inhibitors ipilimumab (anti-CTLA-4 antibody) or
nivolumimab (anti-PD1/PD-L1 antibody) has been disappointing and without survival benefit despite the observation of PD1 expression in such patients (Nomi et al. 2007;
Brahmer et al. 2010; Royal et al. 2010). Interestingly, recent work in Kras-driven PDAC GEMMs has shown that
depletion of tumor stroma or targeting Cxcl12 from tumor-associated fibroblasts exhibits a synergistic effect
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with immune checkpoint therapies (Feig et al. 2013;
Ozdemir et al. 2014), suggesting that conditioning of the
PDAC stroma might be a prerequisite for attaining therapeutic responses to immunotherapies. In addition,
stroma-derived Cxcl13 has been shown to induce the infiltration of B-cell subpopulations and promote tumor
growth, likely through programming TAMs toward an
M2 phenotype (Gunderson et al. 2015; Lee et al. 2015;
Pylayeva-Gupta et al. 2015). Importantly, targeting Bruton’s tyrosine kinase (BTK), a key kinase for B-cell and
TAM function, suppresses tumor progression in an orthotopic PDAC mouse model through the induction of TILs
(Gunderson et al. 2015). These preclinical data strongly
support the ongoing clinical trials combining inhibitors
of BTK and checkpoint blockade.
A path forward has been suggested by recent work
showing that a therapeutic cancer vaccine, GVAX, may
stimulate immune responses in PDAC (Le et al. 2013),
supporting the idea that nonimmunogenic tumors can
be converted to more immunogenic ones via T-cell priming with vaccination. GVAX is an irradiated allogeneic
PDAC cell line that expresses GM-CSF, which is administered into patients with a low dose of cyclophosphamide
to eliminate Treg cells. In these patients, post-GVAX treatment revealed intratumoral tertiary lymphoid aggregates,
and microarray analysis of those aggregates revealed a
gene expression signature of immune cell activation and
trafficking. T-cell infiltration was associated with up-regulation of immunosuppressive regulatory mechanisms,
including up-regulation of the PD-1/PD-L1 pathway, an
observation that suggests that a combination of cancer
vaccine and immune checkpoint blockade might facilitate effector T-cell function (Lutz et al. 2014). In a recent
early stage clinical trial, combination of GVAX with another vaccine, CRS-207, led to improved outcome in previously treated PDAC patients with metastatic disease
(Fig. 2; Le et al. 2015). CRS-207 is a live attenuated form
of Listeria monocytogenes engineered to promote the expression of mesothelin and induce both innate and adaptive immunity. Strikingly, overall survival in pretreated
PDAC patients receiving combination GVAX/CRS-207
therapy was significantly longer (6.1 mo) compared with
GVAX alone (3.9 mo), a meaningful improvement in the
treatment of previously refractory metastatic PDAC,
where many other therapies have failed (clinical trial information: NCT02243371) (Le et al. 2015).
An alternative T-cell therapy approach uses cloned
TCR or chimeric antigen receptor (CAR) therapy, in
which autologous T cells are isolated from a patient, and
their TCRs are modified to recognize the cancer cell antigen. These modified T cells are then transferred back into
the patient. Robust clinical responses have been observed
in a number of cancer types such as chronic lymphocytic
leukemia and B-cell lymphoma (Lee et al. 2012; Kochenderfer and Rosenberg 2013). Although TCRs against mesothelin, a native antigen highly expressed in PDAC,
exhibited a promising survival benefit in a Kras-driven
PDAC GEMM (Stromnes et al. 2015), the effectiveness
of these engineered T-cell therapies for human tumors remains to be determined. While multiple clinical trials are

ongoing to test the safety and anti-tumor effects of various
anti-mesothelin-based CARs in PDAC patients (clinical
trial information: NCT01583686, NCT02465983, and
NCT02580747), a phase I trial in six PDAC patients indicated that it was well tolerated (Fig. 2; Beatty et al. 2015).
Another potential tool is endogenous T-cell therapy, a
strategy used effectively in melanoma, where antigen-specific T cells are isolated from peripheral blood, enriched
and expanded ex vivo, and infused into patients (Hunder
et al. 2008; Yee 2014).
Beyond PD1/PD-L1 and CTLA4 checkpoint blockers,
other ongoing modulation strategies focusing on immune
checkpoints include targeting additional coinhibitory
molecules (Lag-3, TIM-3, VISTA, etc.), costimulatory molecules (4-1BB, OX40, CD27, GITR, etc.) and indoleamine2,3-dioxygenase (IDO) (Colombo and Piconese 2007; Pardoll 2012; Moran et al. 2013; Lines et al. 2014). One ongoing trial is testing the use of IDO inhibitors in PDAC. IDO
is a tryptophan-metabolizing enzyme targeting the kynurenine pathway, whose products, tryptophan metabolites,
are toxic to effector T cells, thereby creating an immunosuppressive microenvironment in tumors by increasing
Treg cell survival (Witkiewicz et al. 2008; Lob et al. 2009).
Moreover, studies show that IDO expression in PDAC is
associated with poor disease outcome and correlates
with aggressive disease progression (Godin-Ethier et al.
2011). In a preclinical study, IDO inhibition increased Tcell response and showed a synergistic effect along with
chemotherapy (Muller et al. 2005). A phase Ib clinical trial
is currently evaluating the IDO inhibitor indoximod in
combination with nab-paclitaxel plus gemcitabine in advanced PDAC (clinical trial information: NCT02077881).

Major frontiers and opportunities
The vast knowledge accumulated for PDAC research in
recent years has laid a strong foundation of discoveries
with the potential for practice-changing advances. Given
the rising incidence of disease, current efforts must now
focus on accelerating the translation of such knowledge
into early detection diagnostics and truly effective therapeutics with a survival benefit.
Due to the low incidence of PDAC in the general population, screening for asymptomatic early stage cancers is
not feasible. Rather, we propose smart screening strategies that incorporate major risk factors, including a strong
family history of PDAC with two or more first-degree relatives (FDRs) (Canto et al. 2013), germline-predisposing
mutations such as BRCA2 or PALB2, familial pancreatitis,
patients with mucinous pancreatic cysts, and those with
new-onset diabetes in the elderly population. PDAC is a
diabetogenic cancer, with 50%–66% of cancers associated
with paraneoplastic hyperglycemia irrespective of the volume of disease and loss of pancreatic parenchyma. This
newly recognized subtype of pancreatogenic or type 3c
diabetes provides an unprecedented opportunity for early
diagnosis of PDAC, as one in 100 elderly new-onset
diabetics will harbor an occult malignancy (Andersen
2013; Sah et al. 2013). The ideal early detection diagnostic
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strategy will likely use multiple biomarkers of various analytes and also incorporate confirmatory dynamic imaging with robust specificity for high-risk PanINs and
early PDAC lesions. Rapid progress in biomarker discovery is now possible as a result of in-depth genomic, proteomic, transcriptomic, and metabolomic profiles of human
PDAC as well as faithful GEMMs of PDAC, which have
proven to be effective filters in the prioritization of these
myriad human PDAC biomarkers.
This fast-evolving area is converging on the development of “liquid biopsy” strategies, including the detection
and molecular profiling of CTCs with EMT features that
likely represent more advanced precursor lesions (Rhim
et al. 2012; Qu et al. 2015). Cell-free circulating tumor
DNA (ctDNA) offers another avenue for the development
of blood-based material for the detection of cancer-associated mutations. Indeed, ctDNA and associated KRAS mutations have been detected in almost half of the pancreatic
cancer patients, including patients with localized PDAC
(Bettegowda et al. 2014; Sausen et al. 2015). However, given that PDAC signature mutations, specifically KRAS, are
also found in low-grade precursors such as PanIN1 (Kanda
et al. 2012), the development of a clinically useful ctDNAbased diagnostic for the detection and monitoring of
PanIN2/3 and PDAC and their associated mutations
will require a combination of markers specific for these
pancreatic lesions. Along these lines, the glycoprotein
GPC1 was recently identified on the surface of serum exosomes from pancreatic cancer patients and patients with
precursor lesions such as noninvasive IPMN with high
sensitivity and specificity (Melo et al. 2015). Significantly,
oncogenic KRAS mutations were found exclusively in
GPC1+, but not GPC1−, exosomes. Moreover, genetic alterations spanning the whole tumor genome have been
identified in these serum-derived exosomes (Kahlert
et al. 2014), underscoring the potential translational significance of exosome-based detection methods combined
with genetic profiling for accurate detection and profiling
of much earlier stage malignancies. Finally, cross-species
serum proteomic analysis has proven to be another productive avenue for the identification of novel protein biomarkers that can detect early PDAC neoplasms well
before the onset of clinical signs and symptoms of
PDAC (Faca et al. 2008; Day et al. 2015; Mirus et al.
2015). Such protein biomarkers may add sensitivity and
specificity when combined with ctDNA and exosome
strategies and accelerate the development of reliable early
detection and liquid biopsy technologies.
In addition, novel probes need to be developed for
molecular imaging to target tumor-specific surface proteins, metabolites, enzymatic reactions, or infiltrating
cells specific for the tumor microenvironment. While
many biomarkers will emerge from such efforts, a concerted effort is needed to convert these biomarkers into
a robust diagnostic for use in the clinic and at-risk populations. Such efforts will require strong academia–industry
partnerships for the stringent prospective validation of
such markers in large clinical samples as well as sufficient
resources for the full development and commercialization
of the diagnostic—both elements need to be addressed to
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bridge the valley of death in the development of tests for
early PDAC detection.
On the therapeutic front, recent advancements in the
development of targeting strategies against oncogenic
drivers, epigenetic programs, DDR pathways, tumor metabolism, and immune modulation have offered unprecedented opportunity to break the current status quo of
PDAC treatment. However, significant knowledge gaps
remain to be filled to inform smart clinical trials with patient responder and target engagement biomarkers.
(1) While the development of agents that directly target
oncogenic KRAS could be anticipated in the future,
our knowledge on the roles of various KRAS mutations
during PDAC development/maintenance, the dependency on their signaling surrogates, and the developmental stage and microenvironment factors
influencing KRAS dependency remains largely superficial in PDAC. In-depth studies using robust model systems, including GEMMs and genetically edited
primary human organoid or PDX models, are needed
to understand the function of driving pathways in various genetic contexts and elucidate mechanisms leading to resistance upon targeting oncogenic drivers.
Given that oncogenic KRAS will likely be successfully
targeted in the near future, drug development should
also include targeting these bypass mechanisms for
combination therapies. Finally, additional efforts are
also needed toward unveiling the epidemiology and
molecular underpinning of KRAS wild-type PDACs.
(2) While the epigenetic pathway components are frequently targeted during PDAC development, further
investigation is needed to define their specific contributions to tumor genesis and maintenance. Moreover,
the characterization of the functional interaction between the oncogenic KRAS pathway and mutant epigenetic regulators may inform the development of novel
combinatory strategies. The development of small
molecule inhibitors for BET domain proteins and other
key components of transcriptional machinery such as
CDK7 and CDK9 has made it possible to target transcriptional programs for cancer therapy. One key issue
is to understand how these transcriptional modulators
are involved in defining the biological phenotype of
PDAC—such as deregulated proliferation/apoptosis,
metabolism reprogramming, and immune modulation—and identify the associated master transcriptional factors. In addition, knowledge on how epigenetic
reprogramming and transcriptional modulation may
hijack normal pancreatic development programs will
offer novel actionable targets specific for PDAC cells.
It has been shown in an inducible Kras-driven PDAC
GEMM that the resistance to Kras extinction in the
TIC subpopulation is not due to acquisition of genetic
alterations (Viale et al. 2014), indicating that such subclones are likely driven by epigenetic modulations. Defining the epigenetic regulators in the TIC population
versus bulk tumors will certainly help in designing
more effective targeting strategies. It is clear that the
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tumor microenvironment, including stroma and immune infiltration, plays an important role for tumor
development and therapeutic responses. While the dynamic change of the tumor microenvironment is mostly regulated at the epigenetic level, the molecular
mechanism remains largely unknown. It is critical to
identify the epigenetic drivers that mediate the remodeling of the tumor microenvironment and understand
their cross-talk with tumor cells.
(3) Deep analysis of PDAC metabolism programs has revealed multiple tumor-specific pathways for nutrient
utilization such as the activation for the nonoxidative
PPP for nucleotide biosynthesis and the novel GOT1dependent mechanism for redox homeostasis. Such
PDAC-specific metabolism rewiring has provided
unique and targetable vulnerabilities. However,
given the highly adaptive nature of metabolism regulation, it is critical to characterize the coping mechanisms upon targeting key metabolism pathways to
provide rational anti-metabolism combinations. An
alternative approach to directly targeting cancer-specific metabolism pathways would be targeting the oncogenic signaling pathways that drive metabolism
reprogramming, including the oncogenic KRAS pathway. At the same time, the identification of TIC subpopulations resistant to KRAS extinction and their
unique oxidative metabolism features clearly indicates that the targeted approaches should be used in
conjunction with OXPHOS or autophagy inhibitors
to eliminate both KRAS-dependent bulk cancer cells
and these KRAS extinction-resistant TICs.
(4) The lack of meaningful responses to date for PDAC immunotherapy trials points to the urgent need to understand patient response mechanisms. More emphasis is
required to exhaustively profile the dynamic population of intratumoral immune cells using modern tools
such as CyTOF, stratification of tumors based on immune cells (Immunoscore), and PanCancer Immune
Profiling Panel in both preclinical and clinical settings.
In addition, it remains to be addressed how the oncogenic KRAS pathway may lead to the immune evasion
of PDAC cells. The involvement of tumor metabolism
and epigenetic programs in PDAC immune modulation is also an uncharted area. Combinatory targeting
of PDAC-specific oncogenic signaling, metabolism
programs, or epigenetic pathways may help to improve
or thwart the efficacy of immunotherapy.
(5) In addition to immune checkpoint therapies, we need
to expand our efforts to include other immunotherapy
modalities, such as the adoptive T-cell therapies (CAR
and TCR therapies) as well as DNA-based, peptidebased, and autologous dendritic cell-based vaccines.
We need to engineer novel CARs with new T-cell specificities based on the PDAC antigens, increase in vivo
persistence by humanizing Fcv built-in costimulatory
anchors into the CAR, and prevent toxicity by incor-

porating inducible suicide genes. We also need to pay
attention to other T-cell immunomodulators—such
as 4-1BB, OX40, GITR, CD27, vista, Lag-3, and Tim3—to re-energize the pre-existing cytotoxic T cells.
Also, a rational combination of immunotherapy needs
to be explored to treat nonresponsive tumors and
broaden the therapeutic window. A recent success in
the combination of vaccines with checkpoint blockers
(GVAX/CRS-207 + anti-CTLA4) provides some optimism in that direction (Le et al. 2015).
Overall, current technology development has allowed
in-depth molecular profiling of patient samples, including
blood and tumor samples, for the detailed characterization
of systematic and local alterations in tumor cells, the
stroma, and infiltrating immune cells. These comprehensive characterizations should be included in all future clinical trials for serial analysis in real time of the response to
various therapies. Such information will also be instructive for patient stratification and prediction of therapeutic
responses. We have made significant advances during the
last decade in understanding the genetics and biology of
PDAC. The focus for the coming decade is to translate
our knowledge into meaningful patient benefit.
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