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Abstract Pancreatic cancer is the fourth leading cause of
cancer death in our society, with a mortality that virtually
parallels its incidence, a median survival of <12 months
even with maximal therapy, and a 5-year survival rate of
<5 %. The diversity of clinical outcomes and the molec-
ular heterogeneity of histopathologically similar cancer
types, incomplete knowledge of the genomic aberrations
that drive carcinogenesis and the lack of therapeutics that
specifically target most known genomic aberrations
necessitates large-scale detailed analysis of cancer gen-
omes to identify novel potential therapeutic strategies. As
part of the International Cancer Genome Consortium
(ICGC), the Australian Pancreatic Cancer Genome Initia-
tive (APGI) used exomic sequencing and copy number
analysis to define genomic aberrations that characterize a
large, clinically focused, prospectively accrued cohort of
patients with pancreatic cancer. The cohort consisted of
early (clinical stages I and II) non-pre-treated patients with
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pancreatic ductal adenocarcinoma who underwent opera-
tive resection with curative intent. We devised approaches
to adjust for low epithelial content in primary tumours and
to define the genomic landscape of pancreatic cancer to
identify novel candidate driver genes and mechanisms. We
aim to develop stratified, molecular phenotype-guided
therapeutic strategies using existing therapeutics that are
either rescued, repurposed, in development, or are known
to be effective in an undefined subgroup of PC patients.
These are then tested in primary patient-derived xenografts
and cell lines from the above deeply characterized cohort.
In addition, we return information to treating clinicians that
influences patient care and are launching a clinical trial
called IMPaCT (Individualized Molecular Pancreatic
Cancer Therapy). This umbrella design trial randomizes
patients with metastatic disease to either standard first-line
therapy with gemcitabine, or a molecular phenotype-gui-
ded approach using next-generation sequencing strategies
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to screen for actionable mutations defined through the
ICGC effort.

Keywords Pancreatic cancer - Genome sequencing -
Molecular heterogeneity - Functional genomics - Molecular
taxonomy - Clinical trial

Introduction

Pancreatic cancer is the fourth leading cause of cancer
death, with an overall 5-year survival rate of <5 % [1].
Pancreatectomy remains the single most effective treat-
ment modality, with recent advances in neoadjuvant and
adjuvant chemotherapeutic regimens resulting in some
added improvement in outcomes. Only 20 % of patients
present with disease which is suitable for resection [2].
Those who undergo resection and receive adjuvant therapy
have a median survival of 12-22 months and a 5-year
survival of 20-25 % [3]. Although there is evidence of
significant efficacy in subgroups of patients, systemic
therapies on the whole are only modestly effective, and the
median survival for patients with metastatic disease
remains around 6 months. A better understanding of the
molecular pathology of pancreatic cancer will facilitate the
delineation of molecular phenotypes and as a consequence
define subgroups of patients that respond to specific
therapies.

Molecular pathology of pancreatic cancer

Pancreatic cancer most commonly develops through a
series of intraductal epithelial lesions called pancreatic
intraepithelial neoplasms (PanIN) [4], where minimally
dysplastic epithelium progresses to more severe dysplasia
and finally to invasive carcinoma with the successive
accumulation of genetic mutations. The molecular events
include the activation of the KRAS oncogene, inactivation
of the CDKN2A tumour suppressor gene (pl6™ "), and
mutation and/or inactivation of TP53 and SMAD4 tumour
suppressor genes. Pancreatic cancer can also arise from
other precursor lesions including intraductal papillary
mucinous neoplasms (IPMN) and mucinous cystic neo-
plasms (MCN).

Almost all pancreatic cancers harbour one or more of
these four genetic aberrations; however, as we understand
more about the genomic landscape of pancreatic cancer, we
are uncovering significant complexity and heterogeneity.
Despite this heterogeneity of individual genetic events,
they can be organized into 12 functional cancer-related
pathways (Fig. 1) [5].
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Fig. 1 The 12 core cellular pathways and processes proposed by
Jones et al. [§] showing mutations in component genes in a survey of
24 pancreatic cancers (reprinted with permission from Macmillan
Publishers Ltd: Nature Reviews Gastroenterology Hepatology [5],
copyright 2011)

The genomic landscape of pancreatic cancer

The International Cancer Genome Consortium (ICGC;
http://www.icgc.org/) was organized to coordinate the
generation of comprehensive catalogues of the genomic
abnormalities present in 50 different cancer types and/or
subtypes that are of clinical and societal importance around
the world [6]. The APGI is Australia’s main contribution to
the ICGC, and aims to sequence the genome, epigenome
and transcriptome of ~ 350 pancreatic cancers in a project
primarily incorporating the Garvan Institute of Medical
Research in Sydney and the Institute of Molecular Bio-
sciences (University of Queensland) in Brisbane, with
centres Australia-wide. Strict Standards of Procedure
(SOP) relating to sample acquisition, clinical data man-
agement and biospecimen handling were put in place from
the outset, allowing for a high-quality, well annotated
clinical cohort to be collected with real-time follow-up in a
prospective non-intervention cohort design.

Cellularity, mutation detection and copy number
variation analysis

Desmoplasia is a key feature of pancreatic cancer and is a
major challenge for genomic research and clinical diag-
nostics. The extensive desmoplastic reaction results in a
low percentage of neoplastic epithelial content, which in
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turn reduces the sensitivity for detecting somatic mutations,
copy number events, tumour-specific expression and
alterations in DNA methylation. In order to better inform
the impact of tumour cellularity on the sensitivity of
mutation detection, we recently described two novel
approaches. First, deep amplicon-based sequencing of
KRAS (average depth of 1,000x) to estimate mutant allele
counts for KRAS, and second, high-density single nucleo-
tide polymorphism (SNP) array-based cellularity estimates
using a novel algorithm (qpure) [7]. KRAS mutation was
identified in 93 % of samples with cellularity ranging from
5 to 85 %. The sensitivity of mutation detection was esti-
mated by sequencing samples from a mixing experiment
with a known proportion of DNA from a cancer cell line
and matched germline. This provided the ability to predict
the confidence of mutation detection across samples.

In a set of 99 samples, we detected 2,627 high-confi-
dence mutations, 2,016 of which were non-silent (Fig. 2).
Approximately 75 % of these events (1,502 of 2,016) were
independently validated via an orthogonal sequencing
method such as targeted sequencing using Ion Torrent®.
There was an average of 26 mutations per patient and they
ranged between one and 116 mutations. In the 79 mutated
genes that were observed to occur more than once, 38
(48 %) were reported previously by Jones et al. [8] and 189
of all 998 (19 %) mutated genes were reported by the same
study of 24 samples. However, 1,456 novel mutations were
also identified, most of which occurred at low frequency,
further demonstrating the molecular heterogeneity of pan-
creatic ductal adenocarcinoma (PDAC).

We then used Significant Mutated Gene analysis [9]
with genes containing non-silent mutations that occurred in
two or more cancers, and identified 16 genes. These 16

Fig. 2 The genomic landscape
of pancreatic cancer. This word
cloud represents mutated
somatic genes of 99 patients
with PDACs [10]. The font size
of each gene corresponds to the
frequency of mutation. KRAS,
TP53, CDKN2A and SMADA4,
making up the top four
frequently mutated genes,
dominate a landscape where the
vast majority of genes are
mutated at low frequency (word
cloud created using wordle.net)

genes included those known to occur in PDAC: KRAS,
TP53, CDKN2A, SMAD4, MLL3, TGFBR2, ARIDIA and
SF3B1. Novel significantly mutated genes [10] were also
identified and included genes involved in chromatin mod-
ification (EPCI and ARID2) and ATM. ATM was recently
implicated as a PDAC susceptibility gene through bi-allelic
inactivation in a case of familial PDAC [11]. Additionally,
there were also mutations detected in five other genes not
previously reported: ZIM2, MAP2K4, NALCN, SLC16A4
and MAGEA6. When copy-number variation analysis was
performed, GISTIC2.0 analysis [12] identified 30 genes
affected by copy-number alterations with a Q < 0.0001,
which included losses of CDKN2A and SMAD4 [10].

Making sense of genomic data

Simply cataloguing mutations or copy number alterations
in a tumor is informative, but it does not define oncogenic
drivers, tumor dependencies or targetable mechanisms to
inform novel therapeutic strategies. This requires in-depth
understanding of the functional importance of the genetic
aberrations, which often requires multi-disciplinary input
of functional data and the application of other approaches
such as comparative genomics. To this end, we have
adopted an integrative approach to enrich for “driver” as
compared to “passenger” mutations. Briefly, this includes:

1. Definition of recurrent events, particularly affecting
specific functional regions; this has been the mainstay
of historic oncogene discovery, but the discovery of
such events is diminishing.

2. Exploration of known characteristics of cancer genes
(e.g. multiple forms of inactivation of tumor
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Fig. 3 Integrative strategy to enrich for driver mutations in PDAC.
Genes affected by a range of mechanisms, including mutation and
copy number alteration, are identified from genome sequencing and
array-based analyses. In-vivo Sleeping Beauty mutagenesis screens
were performed in mice with conditional KRAS S?P mutant pancre-
ases, which result in tumor formation if the transposon insertion
disrupts a key tumor suppressor or oncogene. In-vitro functional

suppressor genes) and computational approaches that
predict the functional consequences of specific muta-
tions (e.g. Polyphen2).

3. Integrative analysis of genomic, transcriptomic and
epigenomic data and other approaches such as proteo-
mics, phosphoproteomics and metabolomics, which
likely enriches for drivers, particularly since multiple
forms of regulation are a characteristic of normal
cellular processes which can be dysregulated in many
different ways in cancer.

4. Correlation with independent large-scale functional
screens including in-vitro shRNA knockdown and
murine Sleeping-Beauty-mediated transposon screens.

5. Pathway analysis.

6. Comparative genomics through sequencing genetically
engineered and other mouse models of PDAC.

7. Correlation with clinico-pathological variables.
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screens target cancer cell lines with short hairpin RNA, which results
in either diminished or enhanced ability to survive, depending on
whether an oncogene or tumor suppressor gene is targeted, respec-
tively. The intersection of these datasets can identify high-priority
driver genes and pathways. (Reprinted and adapted with permission
from Macmillan Publishers Ltd: Nature Reviews Cancer [23],
copyright 2012)

Integrative functional genomics of PDAC

Despite significant advances in computational algorithms,
experimental evidence of functional relevance is pivotal,
and computational approaches only enrich and prioritize
candidate driver genes for ongoing investigation. In our
recent study, we integrated data from three experimental
biological screens to infer functional consequences for the
individual genomic events and pathways (Fig. 3). These
included data from two independent Sleeping Beauty
transposon (SB) mutagenesis screens in Kras transgenic
mouse models of PDAC [13, 14] and an in-vitro short
hairpin RNA (shRNA) screen which examined the conse-
quences for survival of down-regulating 11,194 putative
cancer genes in a panel of 102 cell lines [15]. Data from
these screens confirmed the functional importance of KRAS,
TP53, CDKN2A and SMAD4 mutations and attributed
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potential functional relevance to other significantly mutated
genes in our study—MLL3, TGFBR2, SF3BI, EPCI,
ARIDIA, ARID2, MAP2K4, ATM, NALCN, ZIM?2,
SLCI16A4—and many other genes mutated at low
frequency.

Pathway analysis and the Axon Guidance Pathway

To gain greater insight into underlying mechanisms of
importance in PDAC, a series of pathway analyses was
performed. Genes that were recurrently mutated in two or
more individual cancers were analyzed using GeneGO
[16]. Mechanisms known to be important in cancer—G1/S
checkpoint machinery, apoptosis, regulation of angiogen-
esis and TGF-B—signaling were identified as previously
described (Fig. 1). Novel gene signatures were also enri-
ched, including axon guidance, which had one of the
strongest associations. Published mutation data of the 24
PDACs from Jones et al. [8] was subsequently included,
and strengthened this association.

Genes traditionally described as being involved in axon
guidance (semaphorins, slits, netrins and ephrins) are
involved in regulating normal neuronal migration and
positioning during embryonic development. They have
recently been implicated in cancer cell growth, survival,
invasion and angiogenesis [17]. Mutations in SLIT2 and its
receptors ROBOI and ROBO2, and copy number loss to
SLIT2 and ROBOI were identified in 20 % of the cohort.
Based on these findings, we hypothesized that aberrant
SLIT/ROBO signaling may be a common feature of
PDAC. In addition, 21 % of tumors had mutations (3 %) or
copy number amplification (18 %) in class 3 semaphorins
(SEMA3A and SEMA3E). SEMA3A amplification corre-
lated with high mRNA expression and patients with high
SEMA3A and PLXNAI (another molecule central to sem-
aphorin signaling) mRNA expressing tumors had a poor
prognosis. Further supportive evidence for the potential
importance of axon guidance came from experiments using
in-vitro acinar-to-ductal metaplasia and in-vivo pancreatic
injury models. Expression levels of components of SLIT/
ROBO and semaphorin signaling changed progressively
from normal pancreas, through acinar-to-ductal metaplasia
and pancreatic injury, to genetically engineered murine
PDAC. These findings further supported a role for the
dysregulation of axon guidance genes in pancreatic cancer
initiation and progression.

Although characterization of the genomic events present
in PDAC enriches for candidate driver genes and mecha-
nisms, promising novel strategies will require validation in
well-characterized pre-clinical models and well-designed
biomarker-driven early-phase clinical trials. Efficient
translation into clinical patient care remains challenging,
but holds the promise of improved outcomes for cancer.

Translation into patient care

Developing genotype-guided therapies for pancreatic
cancer

Dramatic improvements in overall survival have been
observed in various other cancer types such as breast
cancer and haematological malignancies owing in large
part to the development of targeted therapeutic strategies.
Pancreatic cancer is characterized by substantial genomic
heterogeneity. Based on this heterogeneity, responsive
phenotypes for each targeted therapy are likely to fall
below the detection threshold of even large randomized
trials. A molecular taxonomy in addition to the existing
organ and morphology-based classification where individ-
ual cancers are grouped and selected for optimal therapy
based on their molecular phenotype or “biotype” may
improve outcomes for PDAC (Fig. 4).

Currently, the common recurrent mutations in pancre-
atic cancer, namely KRAS, TP53, SMAD4 and CDKN?2A,
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Fig. 5 Translation and
implementation strategy for
APGI. Genomic sequence data
is used to inform a biomarker-
driven early-phase clinical trial
for target—drug combinations
ready for clinical testing. The
study has been designed and is
now open for recruitment. For
target—drug combinations yet to
be ready for clinical testing, the
data is used to inform well-
characterized pre-clinical
therapeutic testing models for
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are not treatable with drugs. Therefore, in the case of
pancreatic cancer, genotype-guided therapeutic strategy
could be developed on two fronts. First, known molecular
aberrations with target-drug combinations that are
approved for treatment in other malignancies could be
tested in the appropriate molecular subtype. Second, novel
molecular aberrations defined through genomic sequencing
efforts that may or may not have a specific inhibitor would
focus ongoing investigation. To advance such genotype-
guided strategies, novel approaches are being developed to
test molecular target—drug combinations. For target—drug
combinations ready for clinical testing, a biomarker-driven
early-phase clinical trial has been designed for PC and is now
open for recruitment (see below). For target—-drug combina-
tions not yet ready for clinical testing, well-characterized pre-
clinical models including ~25 patient-derived cell lines
(PDCL) and ~70 patient-derived xenografts (PDX) have
been generated for functional interrogation and validation
(Fig. 5) [18].

IMPaCT Clinical Trial
Individualised Molecular Pancreatic Cancer Therapy

Patients are screened for actionable mutations,

Recument +
recruited and randomised between standard ;ﬁﬁ;’z ca E’
therapyand a biomarker driven “Individualised” i

strategy which evolves and adapts as new
information comes to light.
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Fig. 6 Schema of IMPaCT (Individualized Molecular Pancreatic
Cancer Therapy) trial: an early phase trial where patients with pre-
defined molecular phenotypes are randomized to standard or
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Individualized Molecular Pancreatic Cancer Therapy

The Individualized Molecular Pancreatic Cancer Therapy
(IMPaCT) trial screens patients for actionable molecular
phenotypes using genomic sequencing and other assays and
randomizes between standard therapy and a personalized
therapeutic approach (Fig. 6). Initially, patients with
tumors of specific molecular phenotypes (that have been
comprehensively determined through the APGI) are being
recruited. Three subgroups with pre-defined actionable
mutations will be tested initially. This trial was designed to
be “adaptive” so that additional arms can be added as
molecular sub-types and/or novel agents targeting these
specific pathways are identified.
The three actionable mutations tested initially include

1. HER2 amplified: Targeting HER2 amplified disease
with trastuzumab has proven benefit in malignancies
other than early and advanced breast cancer, as
exemplified by the improvement in overall survival
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phenotype-guided therapy. This trial is designed to be “adaptive”,
so that novel target—drug combinations can be added
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when trastuzumab was administered in HER2-positive
metastatic gastric cancer [19]. Furthermore, the
encouraging results observed with TDM-1 in patients
with advanced breast cancer suggest that novel HER2
targeting agents may have additional benefit [20].

2. DNA damage response (DDR) defective: Clinical
observations have demonstrated that there are subsets
of PDAC patients who are sensitive to DNA-damaging
anti-cancer agents such as cisplatin and radiation: an
assertion suggested by the recent demonstration of
efficacy with the FOLFIRINOX regimen in metastatic
PDAC [21]. DDR defects can be detected using next-
generation sequencing (manuscript submitted), and are
associated with response to platinums and mitomycin
C.

3. Anti-EGFR responsive: Small improvements in overall
survival may be achieved with the addition of erlotinib
to gemcitabine in combination therapy regimens in
unselected patients with advanced disease [22]. By
extrapolating findings from colorectal cancer, we
hypothesize that patients with mutations in KRAS are
unlikely to benefit from inhibition of EGFR, and
therefore patients with KRAS wild-type tumors will be
recruited.

The ability to forecast prognosis and predict response to
a specific therapy could better stratify patients to optimal
therapy without delay. This approach would improve
overall outcomes and quality of life by minimizing unnec-
essary side effects of ineffective treatments. Furthermore,
directing ongoing studies towards resistant phenotypes
would facilitate the development of novel therapeutic
strategies. Advances in genomic sequencing provide the
potential opportunity to measure actionable genomic aber-
rations in parallel to facilitate the development of person-
alized (stratified) therapeutic strategies for cancer.

Conclusion

Novel technologies have provided significant opportunities
for a deeper understanding of disease pathophysiology.
Early results have indicated extensive genomic diversity,
which requires novel approaches to tackle tumor hetero-
geneity. Purpose-built translational infrastructure and
informatics systems, together with well-characterized pre-
clinical models, are required to facilitate translation into
clinical care.
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