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KEY POINTS

� Pathogenesis of pancreatic ductal adenocarcinoma (PDAC) involves the accumulation of genetic mutations that provide a
survival advantage to dividing tumor cells. The most prevalent genetic mutations in PDAC include KRAS, TP53, CDKN2A,
and SMAD4; however, many more low-prevalence mutations exist within each tumor.

� The mutations found within each tumor can be clustered into 10 to 12 molecular pathways that regulate 3 main cellular
processes: cell survival, cell fate, and genome maintenance.

� Three main molecular subtype classifications predominate for PDAC: Collisson, Moffitt, and Bailey classifications;
however, no consensus classification currently exists and the clinical application of these classifications are still being
determined.

� TheMoffitt tumor classification has thus far shown themost promise, as it is able to predict treatment response and overall
survival. Tumors that are basal-like show resistance to mFOLFIRINOX therapy.
INTRODUCTION
Pancreatic cancers are renowned for an aggressive
biology and have been associated with late stage of dis-
ease presentation and high rates of recurrence following
surgical resection [1]. Before the past decade, improve-
ments in median overall survival for all stages of disease
had been hindered by the lack of effective therapeutic
treatment options and physician reluctance to consider
alternative treatment sequencing approaches. Collec-
tively, these grim statistics contributed to a nihilistic
belief that all pancreatic cancers were uniformly fatal
[2]. However, over the past decade, the chemothera-
peutic options for patients with pancreatic cancer have
evolved from single-agent gemcitabine to multiagent
regimens, such as modified 5-fluorouracil, oxaliplatin,
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and irinotecan and gemcitabine/nab-paclitaxel, which
has translated into significant gains in overall survival
[3,4]. It is increasingly appreciated that the spectrum
of patient response to treatment is quite varied in pat-
terns of disease recurrence and length of patient survival
[5]. This suggests that pancreatic cancer is a heteroge-
neous disease and improvements in the understanding
of the molecular basis of disease may hold a key to un-
derstanding treatment response. Advances in large-
scale, high-throughput analysis of molecular character-
istics of tumors have recently been applied to pancreatic
cancer with the goal of developing an improved under-
standing of the intersection between molecular biology
and clinical phenotype. In this review, we provide an
overview of the current classifications of molecular
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subtyping for pancreatic cancer and the clinical implica-
tions of molecular profiling of pancreatic cancer with an
emphasis on actionable genetic alterations.
UBIQUITOUS SOMATIC MUTATIONS IN
PANCREATIC CANCER
Even before the advent of next-generation sequencing
technology, the pathogenesis of pancreatic cancer was
known to be dominated by somatic alterations in
KRAS, CDKN2A, TP53, and SMAD4; advances in
sequencing technology have served to confirm this [6–
9]. Activating mutations of KRAS are near ubiquitous,
present in more than 90% of cases; inactivation of
TP53, CDKN2A, and SMAD4 occur at rates of greater
than 50%, suggesting a common evolutionary path
[10,11]. However, tumor sequencing also identified sig-
nificant interpatient heterogeneity with an average of 63
genetic alterations in the 12 cellular signaling pathways
FIG. 1 Genetic mutations in pancreatic cancer. (A) The
cancer are shown in decreasing order of prevalence. Bl
greater than 8 copies; purple 5 deletions; green 5 struct
pathways and processes involved in cell fate, cell surviv
Bailey, P., Chang, D.K. et al. Molecular subtypes of pan
207–220 (2019); with permission. (Figure 1 in original).)
and processes that are genetically altered in most tu-
mors [7,12]. The prevalence of mutated genes then
drops to w10% for a handful to genes involved in
cell cycle regulation, DNA damage repair, chromatin
modification, RNA processing, and other mechanisms
involved in carcinogenesis. An even larger number of
low-prevalence mutated genes exist, such as KDM6A,
RBM10,MLL3, ARID1A, and TGFBR2,whose prevalence
is approximately 5% to 10%. With the exception of
KRAS, CDKN2A, TP53, and SMAD4, most mutations
occurred at a prevalence less than 5% with a median
of less than 1% [7]. Fig. 1 summarizes the genetic mu-
tations implicated in pancreatic cancer, the relative
prevalence rate, and the cellular pathways involved.

Much of the genetic data come from tumor analysis of
treatment-naïve PDAC surgical specimens from patients
with localized pancreatic cancer. However, Yachida and
colleagues [13] proposed a model of genetic evolution
of metastatic disease using rapid autopsy specimens
most commonly mutated genes found in pancreatic
ue 5 non-silent mutations; red 5 amplifications
ural variants. (B) Mutated genes can be grouped into
al, and genome maintenance. (From Collisson, E.A.,
creatic cancer. Nat Rev Gastroenterol Hepatol 16,
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from 7 individuals with stage IV pancreatic cancer. They
examined the genetic mutations found in distinct meta-
static lesions (specifically examining lung, liver, and peri-
toneal metastases) and compared themwith those found
within in the primary pancreatic tumor. Regions within
the primary tumors were microdissected and sequenced
(Fig. 2A). The investigators found that mutations in the
FIG. 2 Genetic heterogeneity of metastases reflects th
Representation of the pancreatic specimen and the plan
clone and subclones as determined by comparative seq
metastases are non-randomly located within slice 3 (blu
peritoneal metastases (green circles) in the same patien
subclones based on the sequencing data. After developm
the primary carcinoma with progressive accumulation o
et al. Distant metastasis occurs late during the genetic ev
(2010). https://doi.org/10.1038/nature09515; with permis
metastatic tumors were present in most cells of that
lesion (ie, were clonal; Fig. 2C) and arose from large sub-
clones identified within the primary tumor. Thus, not
surprising, the genetic heterogeneity of clonal metastatic
lesions reflects the heterogeneity that exists within the
primary carcinoma. Moreover, subclones from the pri-
mary tumor could be put into an ordered hierarchy
e heterogeneity within the primary carcinoma. (A)
es of histologic sectioning. (B) Mapping of parental
uencing. Subclones that give rise to liver and lung
e circles) and are distinct from clones giving rise to
t. (C) One proposed evolutionary pathway of
ent of the parental clone, evolution continues within

f mutations. (From Yachida, S., Jones, S., Bozic, I.
olution of pancreatic cancer. Nature 467, 1114–1117
sion. (Figure 2 in original).)
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establishing an evolutionary path for tumor progression
(Fig. 2B).

Currently, there is not an effective therapeutic strat-
egy that takes advantage of the commonly mutated
genes in pancreatic cancer. Of the 4 most common mu-
tations, KRAS is the only oncogene and RAS mutations
have yet to be successfully therapeutically targeted,
although substantial efforts are under way. The remain-
ing highly prevalent mutated genes (TP53, CDKN2A,
and SMAD4) are inactivated through mutation. There-
fore, there has been a growing interest in understanding
the heterogeneity of pancreatic cancer with the goal of
developing therapeutic strategies that capitalize on
interpatient and intertumoral diversity. Greater under-
standing of the genetic alterations that lead to the devel-
opment of pancreatic cancer and metastatic disease
theoretically allows for the development of clinically
relevant biomarkers that are both predictive and prog-
nostic. By linking molecular and genetic data to clinical
outcomes, researchers are attempting to identify the
most useful biosignatures.
SUBTYPE CLASSIFICATION OF
PANCREATIC CANCER
The genomic heterogeneity of pancreatic cancer has
been organized into several classification systems. In
2011, Collisson and colleagues [9] were the first to
describe phenotypic differences among pancreatic can-
cers. They examined gene expression microarray data
from 27 microdissected pancreatic cancers that were
linked to clinical information, including patient sur-
vival. The investigators defined 3 subtypes: classical,
quasimesenchymal (QM), and exocrinelike. The clas-
sical subtype had high expression of adhesion-
associated and epithelial genes; the QM subtype had
high expression of mesenchyme-associated genes; and
the exocrinelike subtype showed relatively high expres-
sion of tumor cell–derived digestive enzyme genes.
Moreover, in adjusted proportional hazards modeling,
patients with classical subtype experienced better over-
all survival after resection of the primary tumor
(P 5 .04, log rank).

Two additional classification systems were pub-
lished in 2015. Moffitt and colleagues [8] performed
microarray analysis of 145 primary tumors and 61 met-
astatic lesions as well as RNA sequencing on 15 primary
tumors and 37 patient-derived xenografts. Unique to
their study, the investigators examined both the genetic
profile of the stroma and the cellular component of the
tumor. Tumors were classified into 2 subtypes: classical
and basal-like. Using non-negative matrix factorization
of the expression profiles, they identified basal-like
genes as those encoding laminins and keratins, consis-
tent with basal subtypes previously defined in bladder
and breast cancer. Patients with basal-like tumor sub-
types experienced a worse median overall survival of
11 months versus 19 months for classical, and a 1-
year survival rate of 44% versus 70% for patients with
the classical subtype. Similarly, stroma was classified
as normal or activated. Normal stroma was character-
ized by a relatively high expression of known markers
for pancreatic stellate cells and smooth muscle
(ACTA2, VIM, and DES). Activated stroma was charac-
terized by a more diverse set of genes associated with
macrophages, such as the integrin ITGAM and the che-
mokine ligands CCL13 and CCL18. Patients with an
activated stromal subtype experienced a worse median
survival time of 15 months versus 24 months for
normal, and 1-year survival rate of 60% versus 82%
for patients with normal stroma. The authors also
compared the Collisson classification with their classifi-
cation and found genetic overlap between the Collisson
classical subtype and the Moffitt classical subtype.
Genes from the Collisson QM subtype were a mixed
collection of genes from the Moffitt basal-like and stro-
mal subtypes.

Bailey and colleagues [14] similarly performed inte-
grated genomic analysis using whole genome and deep
exome DNA sequencing, total RNA library sequencing,
microarray, and DNA methylation techniques on 456
tumors and identified 32 recurrently mutated genes
that they aggregated into 10 cellular pathways. Expres-
sion analysis defined 4 subtypes that corelated with his-
topathologic characteristics: squamous, pancreatic
progenitor, immunogenic, and aberrantly differentiated
endocrine exocrine (ADEX). The investigators
compared their transcriptome classification with Collis-
son and Moffit. Three of the classes directly overlapped
with the Collisson classification with the exception of
their novel immunogenic subtype. The Collisson QM
subtype was renamed “squamous”; “classical” was
termed “pancreatic progenitor” based on the promi-
nence of transcriptional networks involved in early
pancreas development; and “exocrinelike” contained
transcriptional networks characteristic of endocrine dif-
ferentiation and was renamed ADEX.

Most recently, the Cancer Genome Atlas (TCGA)
Research Network examined 150 PDAC tumors using
integrated genomic, transcriptomic, and proteomic
profiling [15]. Deep exome sequencing identified recur-
rent somatic mutations in KRAS, TP53, CDKN2A,
SMAD4, RNF4, ARID1A, TGFBR2, GNAS, RREB1, and
BRM1. The investigators confirmed 2 tumor-specific
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subtypes: basal-like/squamous and classical/pancreatic
progenitor. GNAS mutations were enriched in tumors
of the classical subtype, whereas TP53 mutations were
more prevalent in tumors of the basal-like subtype.

All 4 studies assist in our understanding of bio-
signatures of pancreatic cancer, yet no consensus classi-
fication exists. Although the Bailey and TCGA studies
are the most comprehensive multiomic analyses, these
do not directly correlate molecular profiles with clinical
outcomes. Moreover, the 4 studies used different
methods for mutational analysis on independent co-
horts of patients, making direct comparison and consol-
idation challenging. Collisson and colleagues [16]
summarized these classification schemas in a phylo-
transcriptomic tree with the Moffit and TCGA
FIG. 3 Phylotranscriptomic tree of pancreatic cancer c
Collisson, E.A., Bailey, P., Chang, D.K. et al. Molecular s
Hepatol 16, 207–220 (2019); with permission. (Figure 4 i
classifications at the top of the tree. They proposed a
harmonized nomenclature that combines the major
molecular classes identified (Fig. 3). Whether or not
this proposed harmonized nomenclature will be used
clinically remains to be seen.
CLINICAL APPLICATION OF MOLECULAR
PROFILING
Comprehensive multiomic profiling of pancreatic
cancer has yielded a variety of subtype classifications
of emerging clinical relevance and has also identified
a subset of potentially targetable mutations that have
available clinical therapeutic agents. Analysis of the
TCGA identified DNA damage repair pathway (ATM,
onsolidated from previously published data. (From
ubtypes of pancreatic cancer. Nat Rev Gastroenterol
n original).)
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BRCA1, BRCA2, PALB2) alterations in 10% of pancre-
atic cancer specimens [15]. Additional low-prevalence
alternations in several genes were also identified that
could be potentially amenable to targeted therapies,
including mutations in BRAF, PIK3CA, RNF43,
STK11, JAK1, and ERBB2. Excluding KRAS and
CDKN2A, 42% of the patient specimens had at least
1 genomic alteration that could potentially confer
eligibility for a clinical trial. The potential of uncover-
ing of a targetable mutation has led to a surge in the
use of commercially available molecular profiling as-
says in the clinical setting.

Pishvaian and colleagues [17] first reported on the
data generated from commercial platforms, which un-
like prior subtype classification, used a targeted
approach to sequence specific genetic hotspots. Data
from the Know Your Tumor program, which was spon-
sored by the patient advocacy group PasnCAN,
included genomic, proteomic, and phosphoprotein-
based molecular profiling data from commercial lab-
oratories. In the study of 677 patient specimens, the
investigators identified 50% of tumors to contain
“actionable” molecular alterations. This proportion
should be interpreted cautiously, as the investigators
included mutations that do not have a clearly estab-
lished drug target; for example, TP53 is frequently
mutated and included in the actionable category.
Similar to the TCGA study, the most common highly
actionable pathway affected was the DNA damage
repair pathway (15%), with 8% of patient specimens
containing a BRCA, PALB2, or ATM mutation. The in-
vestigators reported that patients with actionable mo-
lecular alterations who received a matched therapy
had significantly longer median overall survival than
did those patients who received only unmatched ther-
apies (2.6 years vs 1.5 years, P<.01). The median over-
all survival was not different between patients who
received unmatched therapy and those without an
actionable molecular alteration. The largest series to
use a commercial registry of somatic sequencing
data from patients with pancreatic cancer included
3594 patients [12]. The investigators of this study
again observed DNA damage repair proteins to be
altered in 14% of patients and identified an addi-
tional 4% of patients with potentially actionable mu-
tations, with candidate drug targets involving receptor
tyrosine kinase inhibitors or Ras/MAP kinase
signaling. The potential benefit of such molecular
profiling being in the 18% range, perhaps call it
20% for ease of patient discussion, is likely a more
realistic number than the 50% reported from the
Know Your Tumor program.
THE FUTURE IS NOW
Multiple studies have corroborated the finding that a
small proportion of patients with pancreatic cancer
will have a BRCA2 or BRCA1 pathogenic variant
within their tumor. In addition, the response of
such patients to platinum-based and poly(ADP-
ribose) polymerase (PARP) inhibitor-based regimens
has been well described [18]. These agents cause
DNA crosslinking and induce DNA strand breaks
that are unable to be repaired in cells with deficient
DNA repair mechanisms, such as BRCA1 and
BRCA2. Early studies of PARP inhibitors in patients
with pancreatic cancer and BRCA mutations were per-
formed by O’Reilly and colleagues [19]. Of the 9 pa-
tients treated, 5 patients demonstrated a partial
response and the remaining 4 patients demonstrated
stable disease. This early success suggested that preci-
sion medicine could be successful in some patients
with pancreatic cancer. The subsequent POLO trial
was designed to evaluate the benefit of maintenance
olaparib after disease stability or response to a mini-
mum of 4 months of platinum-based therapy in pa-
tients with metastatic pancreatic cancer and a
germline pathogenic variant in BRCA1 or BRCA2
[20]. Although the study screened 3315 patients to
identify 154 (4.6%) with a germline variant, the pa-
tients who received maintenance olaparib experienced
a near doubling in progression-free survival (7.4 vs
3.8 months; hazard ratio [HR] 0.53 [95% confidence
interval 0.35–0.82], P 5 .004).

Although the therapeutic implications for DNA
damage repair pathway alternations is important, this
affects only a small proportion of patients. Returning
to whether cancer subtyping could potentially impact
clinical decision making, Rashid and colleagues [21]
assessed the Collisson, Moffitt, and Baily classifications
as a predictor of chemotherapy response in the context
of 2 recently reported clinical trials and publicly avail-
able expression datasets. The investigators observed
that the Moffitt classification was most robust, repli-
cable, and clinically relevant. They found a significant
association between treatment response based on
RECIST criteria and pretreatment subtype classification.
For example, basal-like tumors showed no response to
mFOLFIRINOX therapy. There was no relationship be-
tween subtype and treatment response using the Collis-
son and Bailey schemas. In addition, the Moffit
classification reliably differentiated survival across indi-
vidual datasets, showing significant associations with
overall survival in most individual studies (stratified
HR 1.98, P<.0001).
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OBSTACLES TO TRANSLATING
MOLECULAR PROFILING INTO CLINICAL
RELEVANCE
Although the promise of precision medicine for pancre-
atic cancer has come into greater focus in the past decade,
the implementation of real-time molecular profiling re-
mains a challenge. The cost of next-generation
sequencing has dropped significantly; however, the
sequencing and bioinformatic analysis remains time-
intensive. One of the first reported precision medicine
trials for patients with pancreatic cancer was the IMPaCT
trial [22]. This was a pilot study of 76 patients with met-
astatic or recurrent pancreatic cancer who underwent tar-
geted sequencing of BRCA1, BRCA2, PALB2, ATM, or
KRAS, as well as an assessment of HER2 amplification
from formalin-fixed, paraffin-embedded samples. Pa-
tientswere then randomized to single-agent gemcitabine
or target-specific therapy, which included 5-fluorouracil
and mitomycin C for those with tumors deficient in the
homologous recombinant DNA repair pathway
received, gemcitabine and trastuzumab for those with
HER2 amplification, and gemcitabine and erlotinib for
KRAS wild type. A genetic target was identified in 22
(28%) patient samples (14 KRAS wild type, 5 HER2
amplification, 2 BRCA2, and 1 ATM). The median time
from enrollment to the receipt of test results was
21.5 days; no patient was successfully treated on trial.
The investigators recognized that rapid disease progres-
sionmade the return of genomic results in a meaningful
time frame very challenging.

The subsequent COMPASS trial was also designed to
provide comprehensive real-time genomic analysis for
patients with advanced pancreatic cancer [23]. In this
trial, 63 patients underwent tumor biopsy from which
whole genome sequencing and RNA sequencing was
performed. The primary endpoint of the trial was the
feasibility of reporting the sequencing results before
8 weeks from biopsy. This would theoretically allow
second-line therapy to be based on molecular profiling
if first-line therapy did not yield a clinical/radiographic
response. This endpoint was achieved in most patients;
fresh tumor samples were obtained by core biopsy
(18G) with a minimum of 3 passes and successful
sequencing within the desired time frame occurred in
62 (98%) patients for whole genome and 60 (95%) pa-
tients for RNA sequencing. Results were reported at a
median of 35 (range 19–52) days from biopsy. Overall,
18 (28%) patients were identified to have actionable
mutations (5 ARID1A, 1 BRAF, 4 CDK4/6, 4 PIK3CA,
3 PTEN, 2 FNG43); however, only 5 patients had
second-line therapy based on the COMPASS results,
as disease progression on first-line therapy was again a
major obstacle. Notably, 2 of the 3 patients with
CDK4/6 pathogenic variants did not derive a benefit
from matched therapy with CDK4/6 inhibitors. These
results serve as a sobering reminder that somatic vari-
ants are not absolute predictors of prognosis or treat-
ment response and that the pace of disease
progression is a formidable adversary. The investigators
also subsequently categorized the tumors based on the
Moffitt subtypes (classical and basal-like) and
compared responses to first-line chemotherapy based
on molecular subtype. They observed improved
progression-free survival among patients with the clas-
sical subtype who were treated with FOLFIRINOX.
Importantly, GATA6 protein expression was found to
be a robust surrogate biomarker for differentiating clas-
sical and basal-like subtypes, suggesting that simple
proteomic correlates may be identified as surrogates
of genomic subtyping.

Although the clinical value of genetic sequencing
from these early experiences is mixed, the necessity of
having a robust clinical infrastructure to support the
acquisition and analysis of biospecimens for next-
generation sequencing within a reasonable time frame
has become indisputable. The investigators of the
IMPaCT trial summarized the need for programmatic
infrastructure as a need for (1) a sufficient volume of pa-
tients, (2) the ability to acquire suitable tumor speci-
mens for the testing platform, (3) a clinically
acceptable turnaround time, and (4) an attractive clin-
ical trial design for patients [22]. Implicit in these re-
quirements is a cooperative and integrated
relationship among themolecular laboratories, the clin-
ical staff, and a variety of clinical disciplines, with dedi-
cated resources to expedite the molecular profiling
services. As previous studies have suggested, higher
levels of physician engagement in multidisciplinary
teams are associated with more rapid initiation of treat-
ment and increased enrollment of patients in clinical
trials [24,25].
FUTURE DIRECTIONS
Precision medicine for pancreatic cancer is promising.
Using next-generation sequencing technology, a large
amount of genomic data has been amassed and the
clinical significance and application of these data will
be realized within the next decade. To improve diag-
nostic, prognostic, and predictive biosignatures, re-
searchers and clinicians must continue to collaborate
in the development of robust infrastructures to support
the acquisition and rapid analysis of biospecimens. As
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new targets and therapies are developed, the turnover
for next-generation sequencing platforms becomes
even more important if the full potential of precision
medicine is to be realized.
CLINICS CARE POINTS
� The goal of precision medicine is to identify diag-
nostic, prognostic, and predictive biosignatures that
will assist in the diagnosis and treatment of human
disease.

� The pathogenesis of PDAC involves the accumulation
of genetic mutations that allows for rapid disease
progression in most affected patients. The most
prevalent genetic mutations in PDAC include KRAS,
TP53, CDKN2A, and SMAD4.

� Currently, 3 molecular classifications describe the
functional biology PDAC: Collisson, Moffitt, and
Bailey. The Moffit classification system has the most
direct application to clinical medicine through the
recently appreciated correlation with chemotherapy
sensitivity.
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