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Genomic and Molecular Analyses Identify Molecular Subtypes of ®

Pancreatic Cancer Recurrence

Pancreatic cancer (PC) remains a highly lethal ma-
lignancy, and most patients with localized disease
that undergo surgical resection still succumb to recurrent
disease. Pattern of recurrence after pancreatectomy is
heterogenous, with some studies illustrating that site of
recurrence can be associated with prognosis." Another
study suggested that tumors that develop local and distant
recurrence can be regarded as a homogenous disease with
similar outcomes.” Here we investigate novel molecular
determinants of recurrence pattern after pancreatectomy
for PC.

Recurrence patterns were classified as liver, lung, local
only, and other distant, whereas the no recurrence group was
defined as those that did not develop any recurrence during
the study period (minimum of 24 months of follow-up).®
Genomic, transcriptomic, immunohistochemical, and clinical
data of primary resected tumor specimens from the Austra-
lian Pancreatic Cancer Genome Initiative (Australian contri-
bution to the International Cancer Genome Consortium) PC
cohort were used in the molecular analysis (n = 435). Full
methods and description of cohort undergoing each analysis
are available in the Supplementary Methods section.

Liver metastases after pancreatectomy (median survival,
16.0 months) was associated with significantly worse
disease-specific survival than lung (29.7 months) and local
recurrence (25.6 months; P < .001; Supplementary
Figure 1a). Liver recurrence after pancreatectomy was
associated with poor tumor differentiation (P < .001).
Margin status (P = .217) and lymph node status did not
predict recurrence patterns (P = .062).

Patients from the Australian Pancreatic Cancer Genome
Initiative cohort were categorized based on transcriptional
expression of the primary tumor as squamous (basal-like)
or classical.® Squamous tumors correlated with liver
recurrence and short disease-free survival after pancrea-
tectomy (P < .001; Figure 1a, Supplementary Figure 1b).
Conversely, lung recurrence significantly correlated with the
classical subtype (P = .007).

The proportion of BRAF and RNF43 mutations were
higher in the liver and no recurrence groups, respectively
(Supplementary Figure 1c). These failed to be below the P <
.05 significance level, likely due to insufficient power due to
the infrequent mutations. Significantly mutated gene ana-
lyses identified RNF43 mutations (q < 0.001) to be associ-
ated with the no recurrence group and BRAF mutations (q =
0.020) to be associated with the liver recurrence group
(Supplementary Figure 1d). No other gene mutation was
significantly associated with a recurrence pattern. Only 1
RNF43 mutant was pathologically described as an intra-
ductal papillary mucinous neoplasm (IPMN) with invasion
(Supplementary Figure 1e). In those that developed no
recurrence, almost all patients (90%) had balanced KRAS
allelic status® (Supplementary Figure 2a), whereas KRAS

imbalance was a feature of primary tumors that developed
liver recurrence (Figure 1b, Supplementary Figure 2a).
KRAS wild type or mutation type did not associate with any
recurrence pattern (Supplementary Figure 2a).

Transcriptional networks and gene programs that were
identified as key features of the squamous subtype®®
significantly associated with liver recurrence (Figure 1a,
Supplementary Figure 2b). Pathways that predispose to
liver recurrence included cell cycle checkpoint activation,
epidermal growth factor signaling, glycolysis, and hypoxia
(Figure 1c, Supplementary Figure 2c).

Lung recurrence was strongly associated with the clas-
sical subtype and was enriched for transcriptional pathways
regulating pluripotent stem cells and endoplasmic reticulum
stress (Figure 1c¢).

Next, we investigated additional molecular differences
between liver and lung recurrence, the most common met-
astatic sites in PC. In addition to enrichment in the gene
programs described, liver recurrence was, relative to lung
recurrence, enriched in pathways associated with innate
immune response, interferon signaling, and antiviral
response (Figure 1c).

Local recurrence was enriched for networks associated
with neuronal signaling and neuron cell-cell interaction
(Figure 1c). This may reflect the local infiltrative nature of
these tumors into the peri-pancreatic nerve plexuses which
predisposes to local recurrence despite negative resection
margins.

Local and no recurrence groups were associated with
transcriptional networks associated with immunogenic
activation and infiltration (Figure 1c). By applying the
stromal subtypes described by Puleo et al,” enrichment of
the structural vascularized stroma subtype (P = .020) was
found in the local recurrence group (Figure 1d). Immu-
nohistochemistry of the International Cancer Genome
Consortium (ICGC) cohort showed that those that devel-
oped no recurrence were enriched for infiltration of CD3+
T cells (P = .009), and the local and no recurrence groups
were enriched for CD163+ macrophages (P = .029;
Figure 1e). The liver and other recurrence groups were
relatively enriched for CD68+ macrophages (P = .034).

Here we demonstrate the impact of novel, previously
undefined molecular features of the primary tumor on
spatiotemporal recurrence patterns after pancreatectomy
for PC. Liver recurrence is associated with significantly
shorter disease-free and overall survival. TP63 expression,
cell cycle checkpoint activation, epidermal growth factor
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likely driven by chronic inflammation secondary to genomic
instability and constitutional STING (Stimulator of Inter-
feron Genes) activation that is a feature of the squamous

signaling, glycolysis, and hypoxia are features of the squa-
mous (basal-like) subtype and strongly associated with liver
recurrence. When compared with lung recurrence, the liver

recurrence group was enriched for inflammatory pathways subtype.”
A) 2
(-4
[
fioo pattern Liver Other Lung |Local m E
§§ Su:Pr:/Ze . T S —— E
§8{S,WMEII.F-'T— = e Bl o SRS Sl "= s == 3
= ,, [ GATAG o (7]
§§§ﬁ£§§i : _I' i ] — -ﬁ-t'ﬂ ol Ba i
S © | ANFiG [ m | [ ] ™
gg{s%fé" m RN~ ool "Rl Bl B Ban N Bp oSy ™ == B N
5% =m B BN TN BN BN L | = I - =

Z-Score Recurrence Pattern Survival
[ ] ;2 [ | tlver B Other Metastatic = Short [l Classical Pancreatic
| = L:::I only No recurrence Long M squamous
.
B) ' ) L iver Module [l groen [T orange [T yotow
0.25 Cell Cycle Checkpoints
2 g0 P——
o Activation of ATR in response to replication stress { [N
=
2 P =.013 p53-Independent G1/S DNA damage checkpoint |
T 0.15 Signaling by EGFR{ [
ks} Glucose catabolic process to pyruvate] [
é Canonical glycolysis{ [_]
'g 0.10 Glycolysis / Gluconeogenesis{ [ |
g HIF-1 signaling pathway{ [_]
0.05 [ 10 20 30 40 50
L u n -log10(adjusted p-value)
h- g Module [ areyeo [ twrauoise:
Lty ————— — — — POUSF1 (OCT4), SOX2, NANOG aclivate genes related to proliteration{ [ )
> o o @ @ @ o “Transoriptional regulation of pluripotent stem celis| [T ]
Qc':z’ (aé’ fbé) é’é’q?() Qc;‘g7 é’ {§° & §° é,zt? 3 \Qo ATF4 activates genes in response to endoplasmic reiculum stress{ [T
FIS £33 £33 LT £ Ganedncatetoun cyce | [N
37 £E g) £ :b £E 'ﬁb £ ‘z‘:b & ER Quality Control Compartment (ERQC){ [
L 8 88 s &8 00 05 10 15 20 25
\7§§ \/§ N §§ 6’§ o L i ver vs Lu n ~log10(adjusted p-value)
A A > > > A § Q@ g
2.8 § FE ¢ &9 Module [I] arkorey
S 5 o0 ESEENEN
™ N N N~ (@) %0 Celular response 1o type | interferon.
D Structural Vascularized Stroma Immune Type linterteron signaiing pahway {
4 P=.020 3m P=.520 Response to type | interferon

L S S N S S

RN A S & & L & &

Inflammatory Stroma
P=.883

E)

I High
l Low

Histoscore

T T
3 ) >

e @ &

& ‘;oq' N RN

CD3 CD68 CD163

e
1 | [

CDs8

of

Interferon alpha/beta signaling

Interferon Signaling

Antiviral mechanism by IFN-stimulated genes
1SG15 antiviral mechanism

Interferon gamma signaling

Local

No Recurrence

B cell activation

Regulation of lymphocyte activation
Postsynaptic membrane assembly
Neuron cell-cell adhesion
Voltage-gated sodium channel acivity-
Positive regulation of synapse assembly-
Poslsynapse assembly

Gell-cell junction

Neurexins and neuroligins

Membrane depolarization during action potential
Regulaion of synapse assembly-

1

o

10 20
-log10(adjusted p-value)
Module [] tightyetow [l red

T cell activation

complex

]

o

1 2
—log10(adjusted p-value)
Module [Jl] Red [[] Tan

Regulation of lymphocyte activation{

B cell activation

Lymphocyte differentiation {

TNFs bind their physiological receptors {
Immunoglobulin complex

Integrin activation{
Biosynthesis of the N-glycan precursor

paragine N-linked

T o

P=300 P=.009

Local Antigen

- No recurrence

P=.034 P=.029

Class | MHC mediated antigen ing &

lipid i process

TNFR2 non-canonical NF-kB pathway
Immunoglobulin complex, circulating {
 itination & 2

TIIHHHII““

1 2
~log10(adjusted p-value)



B
g
-
z

322 Dreyer et al

Lung recurrence was associated with the classical
subtype and longer disease-free and overall survival. In
addition, local and no recurrence groups had very similar
transcriptomic profiles with favorable immune signaling
compared with those that develop distant metastases
based on transcriptome. The no recurrence group was
enriched for CD3+ immune cell infiltration. Quantification
of immune cell infiltration alone may be insufficient to
delineate specific stromal signaling and its influence of this
on recurrence pattern and highlights the potential contri-
bution of a cell autonomous signaling mechanism. The no
recurrence group was enriched for RNF43 mutations, yet
only 1 (lung recurrence group) of the RNF43 mutants
histologically resembled IPMN with invasion and this does
not explain the better prognosis associated with these
mutations. This highlights the association of these muta-
tions with primary PC out with the setting of transformed
[PMN.

This study is limited by only having primary tumor
samples available for analysis. Parallel molecular profiling of
primary and metastatic tumors, accrued through multi-
institutional studies, such as Precision-Panc, will allow
more detailed analyses of pathways and processes that
define and promote recurrent disease.

In summary, our results demonstrate that resected
pancreatic cancers should not be considered to harbor the
same “systemic” disease. Liver recurrence is the dominant
spatiotemporal phenotype, with primary tumors enriched
for specific molecular features that differ from those that
develop lung or local recurrence. Delineating these pro-
cesses, and their influence on priming the metastatic niche,
dissemination, and seeding of tumor cells warrants further
study to inform personalized adjuvant antimetastatic agents
and surveillance strategies.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j-gastro.2021.09.022.
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Figure 1. (A) Heatmap of RNA sequenced cases with disease recurrence pattern. Heatmap demonstrates recurrence pattern,
molecular subtype, relative expression of key genes of PC, classical and squamous subtype lineage, and outcome. (B) KRAS
allelic imbalance and whole genome doubling in recurrence patterns. Scale is based on proportion of overall cohort. Dark
shade represents no whole genome doubling and light shade whole genome doubling for each recurrence pattern stratified by
KRAS allelic status. P value calculated for KRAS imbalance in liver versus all other recurrence patterns using chi-square test.
(C) Relevant molecular pathways enriched in specific recurrence patterns categorized by gene module defined by Bailey et al.”
Size of bar proportional to statistical weight, horizontal scale numerical for P. (D) Stromal signatures as defined by Puleo et al’
for each recurrence pattern. P calculated as analysis of variance between groups. (E) Heatmap of relative immune cell infil-
tration histoscore in different recurrence patterns. Histoscore represents cumulative score for all tissue microarray cores per

patient.
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Supplementary Methods

Patient Cohort Description

Clinicopathologic and complete outcome data were ob-
tained from prospectively maintained independent cohorts
of patients with PC that underwent attempted curative
resection. Patients were accrued prospectively for the
Australian Pancreatic Cancer Genome Initiative (APGI)
cohort (n = 437) (www.pancreaticcancer.net.au) as part of
the International Cancer Genome Consortium (ICGC; www.
icgc.org). Additional clinical cohorts were recruited from
the West of Scotland Pancreatic Unit, Glasgow Royal In-
firmary, United Kingdom (n = 367) and the Royal North
Shore Hospital, Sydney, Australia (n = 283). Patients with
resected oligometastatic disease were excluded. Seven
hundred four developed recurrence in the study period. All
patients were meticulously followed up. Patients with mo-
lecular data were followed up as per APGI protocol in
keeping with standards of a prospective clinical trial. This
included regular medical case notes review and contact
with primary care providers and patients.

In this study, 324 had molecular and recurrence data. All
molecular analyses were performed on tissue from primary
resected tumors. Those with transcriptomic profiling
included 96 who underwent RNA sequencing and 179 who
underwent microarray gene expression. Also, 278 had both
genomic (mutational) and recurrence data for analysis of
mutation frequency in each recurrence pattern, whereas 78
had whole genome and recurrence data and underwent
KRAS allelic imbalance and whole-genome doubling analysis
as part of the PCAWG (Pan-Cancer Analysis of Whole Ge-
nomes) project.

Recurrence pattern were defined as the dominant
recurrence phenotype: (1) liver (liver metastases along with
any other sites), (2) lung (lung metastases and other sites
but not liver metastases), (3) local only (only local recur-
rence in pancreatic bed, not lymph nodes or peritoneal
metastases), and (4) other sites (this includes all other sites
including peritoneal, brain, bone, and disseminated lymph
nodes). No recurrence group were patients that had at least
24 months follow-up with no evidence of disease recur-
rence at any stage.

Ethical approval for the acquisition of data and biolog-
ical material was obtained from the Human Research Ethics
Committee at each participating institution.

Statistical Analysis

Categorical variables were compared using the c” test.
Patients alive at the time of follow-up point were censored.
The last follow-up period for patients still alive was October
2020. Kaplan-Meier survival analysis and log-rank rest
were used to analyze disease-specific survival.

Fine Grays analysis was used to investigate the cumu-
lative incidence of recurrence in different subtypes. Recur-
rence type was classed as the event of interest, and time
was classed as disease-free-survival. Events with P < .05
were classed as significant. Smoothened hazard plots were
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then generated with patterns of recurrence and subtype
plotted against disease-free survival. Smoothing was esti-
mated from B splines assuming a Poisson distribution.
Hazard ratios, P values, and confidence intervals were
produced using univariate cox regression analysis on the
hazard plots. Analysis was carried out using SPSS (Version
25.0; IBM SPSS Statistics, IBM Corporation, Armonk, NY)
and R 3.6.3 (The R Project for Statistical Computing, Vienna,
Austria) using packages cmprsk, bshazard, and complex
heatmap.

Nucleic acid extraction. DNA and RNA extraction
were performed using previously published methods.

Whole-genome library preparation. Whole-genome
libraries were generated using either the Illumina TruSeq
DNA LT sample preparation kit (part no. FC-121-2001 and
FC-121-2001; Illumina, San Diego, CA) or the Illumina Tru-
Seq DNA PCR-free LT sample preparation kit (part no. FC-
121-3001 and FC-121-3002; Illumina, San Diego, CA).

RNA sequencing library generation and sequen-
cing. RNA-seq libraries were generated using TruSeq
Stranded Total RNA (part no. 15031048 Rev. D April 2013)
kits, used on a Perkin Elmer’s Sciclone G3 NGS Workstation
(product no. SG3- 31020-0300; Perkin Elmer, Waltham, MA).

Library sequencing. All libraries were sequenced
using the Illumina HiSeq 2000/2500 system with TruSeq
SBS Kit v3 - HS (200-cycles) reagents (part no. FC-401-
3001; Mlumina, San Diego, CA), to generate paired-end
101 bp reads.

Identification of and verification of point muta-
tions. Substitutions and indels were called using a
consensus calling approach that included qSNP, GATK, and
Pindel. The details of call integration, filtering and verifi-
cation were done using orthogonal sequencing and matched
sample approaches.

RNAseq Analysis

ICGC cohort sequencing reads were mapped to tran-
scripts corresponding to ensemble 70 annotations using
RSEM.” RSEM data were normalized using TMM imple-
mented in “edgeR,”® converted to counts per million and
log, transformed as previously described.” Genes without at
least 1 cpm in 20% of the sample were excluded from
further analysis.

Transcriptomic Profiling

The molecular subtyping criteria was generated as part
of the ICGC landmark study of PC." Individual tumors were
classified as either squamous or classical pancreatic sub-
types. The classical pancreatic subtype encompassed the
pancreatic progenitor, ADEX (aberrantly differentiated
endocrine exocrine), and immunogenic subclasses
described by Bailey et al."

Module Derivation and Association With
Recurrence Pattern

Gene modules were derived from a transcriptional
network generated from the normalized and transformed
ICGC expression data as previously described.! The
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weighted gene co-expression network analysis (WGCNA)*
workflow was used to generate the network and define 26
modules of coexpressed genes that were assigned colors as
names." Module eigengenes were calculated and can be
used as a measure of module expression in a given sample.
Sample traits can be correlated to the module eigengenes to
identify modules associated with those traits.

Module eigengenes for the previously defined gene
modules’ were correlated with recurrence pattern to iden-
tify modules associated with recurrence. Lung, liver, local,
and other patterns were compared to each other in a one
versus rest comparison. No recurrence was compared to all
other types of recurrence. Only samples with reported
recurrence data were considered.

Gene enrichment analysis for significantly associated
modules was performed using the Bioconductor/R package
“clusterProfiler.”” Module genes significantly associated
with each recurrence pattern were selected for enrichment
analysis using WGCNA’s “networkScreening” and filtering
for genes with “q.Weighted” < 0.05 and “cor.Weighted” > 0.
Module association with recurrence type in the microarray
samples was achieved by calculating module gene set
enrichment scores using the same module genes as used in
enrichment analysis. Enrichment scores for each sample
were calculated using the package “singscore.”

Puleo Stromal Component Classification

Gene set enrichment scores were calculated (“sing-
score”) for each sample using the 300 unique genes with
highest Pearson correlation coefficient for each stromal
component as previously described.®

KRAS Copy Number and Whole-Genome
Doubling

Copy number calls and whole-genome doubling data for
samples included in the PCAWG project were obtained from
the ICGC (n = 96). Samples were defined as: (1) KRAS
balanced when major allele and minor allele counts were
equal; (2) KRAS minor imbalance when the number of major
alleles exceeded the number of minor alleles by 1 or 2; and
(3) KRAS major imbalance when the number of major alleles
exceeded the number of minor alleles by 3 or more.”

Significantly Mutated Gene Analysis

The “dNdScv”® was used to detect cancer driver genes
(genes under positive selection) within each recurrence
pattern. Driver genes are identified by using the normalized
ratio of nonsynonymous to synonymous mutations (dN/dS)
within the gene, where synonymous mutation rate can be
taken as a proxy for expected mutation density. A high dN/
dS ratio for a gene indicates that there are many more
nonsynonymous mutations than expected and many of
these will be genuine driver events. Mutation data for ICGC/
APGI samples from the latest ICGC DCC release (26/11/

Gastroenterology Vol. 162, No. 1

2019) for which recurrence pattern information data exis-
ted were used. Results for gene-level dN/dS ratios for
missense, nonsense, and essential splice mutations were
obtained for all genes. Genes were reported if they had a
global q value < 0.1 (q value that integrates missense,
nonsense, and essential splice mutations). Genes identified
as significant typically exhibit very high dN/dS ratios, indi-
cating that they are potential driver genes.

PC Gene Mutation Frequency

Mutation frequency of known PC-associated genes was
calculated within each recurrence type. Genes were
considered to be mutated in a patient if they harbored a
variant of type: disruptive inframe deletion/insertion,
frameshift variant, missense variant, or stop gained. Muta-
tion data for ICGC PACA-AU (release 28) were downloaded
from ICGC and were used to determine mutation frequency.
Pearson chi-square tests were performed in R on the mu-
tation frequency of each gene.

Immunohistochemistry

Immunohistochemistry was carried out on patients
(n = 213) using standard immunohistochemistry methods
with markers CD3 (Vector Laboratories, Burlingame, CA),
CD8 (DAKO Omnis, Agilent, Santa Clara, CA), CD68 (DAKO
Omnis, Agilent, Santa Clara, CA), and CD163 (Leica Bio-
systems Ltd, Milton Keynes, United Kingdom). Images were
analysed using the digital imaging platform HALO (Indica
Labs, Albuquerque, NM). Specific analysis algorithms were
developed for individual markers using an optimization
tissue microarray. Briefly, the algorithm ranks Immune
markers according to cellular staining intensity, giving in-
tensity scores ranging from 0 (no positive stain) to 3 (high
expression stain). Each score was then multiplied by the
percentage of positively stained cells of the respective in-
tensity score and added together. This semiquantitative
measure is referred to as a Histo (H) score. A H score was
generated for individual cores (3 per patient) and the
overall score was calculated. Heatmaps were generated by
plotting H score against recurrence type using Bio-
conductor/R package “ComplexHeatmap.”’
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Supplementary Figure 1. (A) Kaplan-Meier curve of disease-specific survival stratified by recurrence pattern in all 3 cohorts
(total n = 1087). Only those with recurrent disease (n = 704) are shown. (B) Proportion of each recurrence pattern in patients
with classical and squamous subtype. Squamous subtype enriched for liver recurrence (P < .001); classical subtype asso-
ciated with lung recurrence (P = .007). Bar chart demonstrates the relative proportions of each molecular subtype in different
recurrence patterns. Proportion is based on the frequency of each recurrence pattern per molecular subtype. (C) Proportion of
gene mutations in each recurrence pattern. P value calculated using chi-square. (D) Table of significantly mutated gene
analysis in recurrence patterns. A significant q value (<0.05) represents an association between mutation and recurrence
pattern. Only BRAF (liver) and RNF43 (no recurrence) were significant in specific recurrence patterns. (E) Table of clinical,
molecular, and pathologic features of RNF43 mutants in analyzed cohort.
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Supplementary Figure 2. (A) Table demonstrating frequency of KRAS allelic imbalance and whole genome doubling in
recurrence patterns of PCAWG cohort. (B) Transcriptional modules defined as significant by Bailey et al* in each recurrence
group for patients with RNA sequencing data. Significant modules that are associated with recurrence patterns are highlighted
with black arrow on left y-axis. Key processes and gene programs previously described by Bailey et al* that define squamous
and classical pancreatic (pancreatic progenitor, immunogenic, ADEX) subtypes are highlighted along right-hand y-axis. (C)
Relative enrichment score of genes associated with recurrence pattern in each module that associated with recurrence
pattern, from the APGI microarray cohort. Statistical significance levels are *<.05, **<.01, **<.001, and ***<.0001 with the
first given recurrence pattern as reference (for example, for green, yellow, and orange modules the reference is liver, for light
yellow it is local, and for turquoise and grey 60 the reference is lung).
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