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Abstract

Background: Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal
cancers due to its high metastasis rate in the liver. However, little is known about the
molecular features of hepatic metastases due to difficulty in obtaining fresh tissues
and low tumor cellularity.

Results: We conduct exome sequencing and RNA sequencing for synchronous
surgically resected primary tumors and the paired hepatic metastases from 17 hepatic
oligometastatic pancreatic ductal adenocarcinoma and validate our findings in
specimens from 35 of such cases. The comprehensive analysis of somatic mutations,
copy number alterations, and gene expressions show high similarity between primary
tumors and hepatic metastases. However, hepatic metastases also show unique
characteristics, such as a higher degree of 3p21.1 loss, stronger abilities of proliferation,
downregulation of epithelial to mesenchymal transition activity, and metabolic
rewiring. More interesting, altered tumor microenvironments are observed in hepatic
metastases, especially a higher proportion of tumor infiltrating M2 macrophage and
upregulation of complement cascade. Further experiments demonstrate that
expression of C1q increases in primary tumors and hepatic metastases, C1q is mainly
produced by M2 macrophage, and C1q promotes migration and invasion of PDAC
cells.

Conclusion: Taken together, we find potential factors that contribute to different
stages of PDAC metastasis. Our study broadens the understanding of molecular
mechanisms driving PDAC metastasis.

Keywords: Pancreatic ductal adenocarcinoma, Hepatic metastasis, Genomics,
Transcriptomics, Tumor microenvironment, Clq
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Background

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive and lethal ma-
lignancies worldwide [1, 2]. Approximately 50% of newly identified PDAC patients are
diagnosed with distant metastases, and the liver metastasis is the leading cause of death
[3, 4]. So far, surgery remains the only curative treatment for pancreatic cancer. How-
ever, once distant metastases are diagnosed, the NCCN Clinical Practice Guidelines do
not recommend radical surgical therapy, leading an extremely low 5-year survival rate
(1%) with a median survival time of approximately 5.4—8.4 months [5]. To help devel-
opment of effective treatment and improve survival, it is crucial to understand the mo-
lecular mechanisms of the hepatic metastasis of PDAC.

Metastasis is a complex multi-step process involving local invasion, intravasation, sur-
viving in the blood circulation, extravasation, adapting to survival in new microenviron-
ment, and finally colonization and outgrowth in distant body site [6]. However, our
understanding in molecular mechanisms of tumor formation at the primary site of
PDAC has far outpaced that in molecular traits of metastatic spread. Comprehensive
genomic profiling of PDAC primary tumors revealed highly altered driver genes, such
as KRAS, TP53, CDKN2A, and SMAD4 [7-9]. Increase in dosage of KRAS mutant has
been showed to drive early PDAC dissemination [10]. However, the heterogeneity of
other driving genes in primary and metastatic tumors is limited [11, 12], indicating
there are other factors driving PDAC metastasis. Transcriptomic characteristics of
PDAC primary tumors have also been systematically studied [7, 9, 13]. Dysregulated
processes such as epithelial to mesenchymal transition (EMT), morphological pattern
formation, cancer stem cell regulation, and microenvironment remodeling [14—17] are
critical for tumor cells to acquire metastatic capacity. Since metastatic PDACs are gen-
erally un-resectable based on the guidelines, there is little study concerning transcrip-
tomic profile of metastatic lesion. A recent work revealed increased cell cycle in PDAC
metastases by comparing primary PDACs to unpaired distant metastases [18]. However,
there is not a study investigating transcriptomic profiles of matched primary tumor and
hepatic metastasis of same PDAC patient. The transcriptomic features of PDAC metas-
tases still remain largely unknown.

Growing evidences including our previous clinical study indicated synchronous sur-
gery of hepatic oligometastasis and primary tumor would achieve encouraging survival
with a median OS of 14.5-16.8 months in highly selective PDAC cases [19]. Here, for
the first time, we systematically investigated the genomic and transcriptomic profiles of
synchronous resected primary tumors (PTs), paired hepatic metastases (HMs), and pri-
mary tumor-adjacent normal pancreatic tissues (Ns) from 40 treatment-naive (chemo-
or radiotherapy) PDACs carrying hepatic oligometastasis. We sought to unravel the
underlying mechanism of PDAC metastasis which would shed light on the development
of novel therapeutic strategies for metastatic PDAC patients.

Results

Patients and study design

Forty treatment-naive and synchronous surgically resected hepatic oligometastatic
PDACs (Male, 25; Female, 15) were enrolled in this study (Fig. 1 sample set 1). The
mean age of these patients is 62.2. Clinicopathological characteristics of all enrolled
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Fig. 1 Study design and sample sets used in this study. Forty patients (sample set 1) were enrolled in this
study. Genomic and transcriptomic profiling were performed to specimens from 17 patients of sample set
1. Experimental validation was performed using specimens from 35 patients of sample set 1, 105 non-
metastatic patients from sample set 2, and two human PDAC cell lines from sample set 3. To explore the
biological and clinical significance of identified events, molecular and survival data from previously
published non-metastatic PDACs were used (sample set 4)

patients are provided in Additional file 1: Table S1. Genomic DNA of paired primary
tumors (PTs) and hepatic metastases (HMs) from 11 patients (9 N-PT-HM trios and 2
PT-HM pairs) were assessed by WES. All tumor samples are of high purity (median
56.8%, Additional file 1: Figure S1A). Paired PTs and HMs from 13 patients (6 N-PT-
HM trios and 7 PT-HM pairs) and one single HM specimen were evaluated by tran-
scriptome sequencing. To validate our findings and explore their effects on PDAC me-
tastasis, 35 N-PT-HM trios from sample set 1, specimens of 105 non-metastatic
PDACs (105 N-PT pairs) from sample set 2, and two human PDAC cell lines in sample
set 3 were used. Additionally, the molecular profiles and survival data of previously
published non-metastatic PDAC cases (175 from TCGA [9], 199 from ICGC [7], Fig. 1
sample set 4) were used to investigate the biological and clinical significance of recur-
rently altered events of metastatic PDACs.

Genetic heterogeneity between paired PTs and HMs revealed potential mechanisms of
PDAC metastasis

We performed WES on specimens from 11 PDAC cases with hepatic oligometastasis.
The average sequencing coverage of 129x and 63x were achieved on targeted regions
for tumor samples and normal controls, respectively. In total, 1745 high-confident som-
atic point mutations (Additional file 2: Table S2) were identified which accounted for
an average of 1.25/Mb tumor mutation burden (TMB) in PTs and an average of 1.22/
Mb TMB in HMs. There is no significant difference of TMB between paired PTs and
HMs (P >0.1). Large proportions of somatic mutations identified in PTs were also
present in paired HMs (ranged from 48 to 95.24%, Additional file 1: Figure S1B). In line
with previous studies [7, 9, 11], PDAC driver genes such as KRAS (82%), TP53 (63%),
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CDKN2A (45%), and SMAD4 (45%) were highly mutated in enrolled patients (Add-
itional file 1: Figure S1C). Somatic copy number (CN) amplification at 8q23.1 and
16p13.3 as well as CN deletion at 3p21.1, 6p24.3, 11q22.3, 12q12, 13q12.13, and
15q25.2 were recurrently occurred in hepatic oligometastatic PDACs (Fig. 2a and Add-
itional file 3: Table S3).

Paired samples made it possible to compare the somatic mutation and copy
number alterations (CNAs) of primary tumor to matched metastasis of individual
patients. Consistent with previously studies [11], PTs and HMs showed limited het-
erogeneity in PDAC driver genes (Additional file 1: Figure S1C). KRAS mutations
present in PTs were completely inherited by their corresponding HMs (Additional
file 1: Figure S1C and Additional file 2: Table S2). Unlike mutations on driver
genes, CN loss of 3p21.1 significantly occurred in HMs rather than in PTs (Fig.
2a). Comparing to paired PTs, HMs of several patients exhibited higher degree of
3p21.1 loss (Additional file 1: Figure S1D) suggesting a pre-existing clone harboring
3p21.1 deletion seeded the hepatic metastasis. Genes located at 3p21.1 encompass
BAP1 and PBRM1 which involve in chromatin remodeling. Loss of 3p21.1 has been
reported to precede metastasis of clean cell renal carcinoma [20, 21]. Deletion of
BAP1 could facilitate metastasis of uveal melanoma [22, 23]. Moreover, studies on
autopsy samples gathered from PDAC cases with multiple metastases also observed
high frequency of CN deletion or loss of heterozygosity on 3p21.1 in their metasta-
ses [11, 12]. Therefore, we highly suspected that deletion of 3p21.1 was a potential
mechanism of PDAC metastasis.

Unique CNA signatures present in hepatic metastatic PDAC rather than non-metastatic
cases imply great potential of clinical significance

Compared to non-metastatic PDACs, CNAs mentioned above were overrepresented in
metastatic PDACs (Fig. 2b—e and Additional file 1: Figure S1E). For example, 10 of 11
sequenced cases carried deletion of 13q12.13 (91%) while there were only about 2—5%
of non-metastatic PDACs harboring this CNA (Fig. 2b), indicating these highly altered
CNAs were unique features of hepatic metastatic PDACs.

Genes located at 13q12.13 contain BRCA2 which plays an important role in
homologous DNA repair pathway. It has been recently reported that PDAC pa-
tients with deficient homologous DNA repair system resulted from germline or
somatic mutations on BRCA1 or BRCA2 are susceptible to Poly (ADP-ribose) poly-
merase (PARP) inhibitor therapy [24, 25]. However, cases harboring targetable mu-
tations occur at quite low frequency (4-7%) [25]. To be noted, in our dataset, the
two cases (RJPDAC04 and RJPDACO08) which showed most CN loss on BRCA
genes were exactly the two with highest TMB (Fig. 2b). It suggested CN loss of
BRCAs may also result in deficient DNA damage repair. As dysfunctional BRCAs
offer possibility of targeted therapy for metastatic PDAC patients, this highlights
the need to further investigate CN loss as candidate for loss-of-function event of
BRCAs.

Additionally, some CNAs were of prognostic values. Patients with 8q23.1 gain tended
to have worse disease-free survival (DFS). Moreover, the DFS decreased as the ampli-
tude of 8q23.1 gain increased (Fig. 2c). Similar to findings in prostate cancer [26],
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amplification of chromatin 16p13.3 was associated with worse overall survival (OS) and
worse DFS in PDAC (Fig. 2d). PDAC patients with deletion on 11q22.3 tended to have
better OS (Fig. 2e). Thus, amplification of 8q23.1 and 16p13.3 may serve as biomarkers
for predicting metastatic risk of PDAC while deletion of 11q22.3 may indicate better

prognosis.

Page 5 of 20
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HM possessed basic transcriptomic hallmarks of PDAC

Although the genetic features of metastatic PDAC have been broadly explored, tran-
scriptomic characteristics of human PDAC metastases remain largely unknown. Here,
we conducted bulk RNA sequencing to 33 freshly frozen specimens of 14 PDACs with
hepatic oligometastasis. As showed in principal component analysis, PTs and HMs
were closely clustered together, while they were well separated from Ns (Fig. 3a). Up to
66% of differentially expressed genes (DEGs) between PTs and Ns were also identified
as DEGs between HMs and Ns, including 2500 shared up-regulated genes and 1983
shared down-regulated genes (Fig. 3b, Additional file 1: Figure S2A). They involve in
many biological processes such as loss of pancreatic functions, metabolic reprogram-
ming, activation of PI3K-Akt signaling, and upregulation of cell migration (Fig. 3c,
Additional file 1: Figure S2B).

On the other hand, HMs and PTs displayed higher expression level of genes involved
in ECM remodeling and inflammation comparing to Ns (Fig. 3c). When referred to
tumor ecosystem, both PTs and HMs displayed infiltration of T cells and macrophages
(Fig. 3d). These findings indicated that both PTs and HMs comforted to the character-
istics of desmoplasia which is a common trait of PDAC [27]. Collectively, PTs and
HMs shared many common traits in their transcriptome.

Hepatic metastases showed reverse of EMT and rewiring of metabolism comparing to
primary tumors

It is worth noting that the extensive clinical heterogeneity with respect to treatment re-
sponse [28] suggested there are substantial differences between PTs and HMs. Here,
we studied the dynamic regulation pattern of gene expression across Ns, PTs, and HMs
in pathway level.

We observed that oncogenic pathways were differentially regulated in PTs and HMs.
For instances, TGF and WNT signaling were upregulated in both PTs and HMs compar-
ing to Ns. However, when compared to PTs, these two pathways were downregulated in
HMs (Fig. 4a). This partially reversed pattern was validated by immunohistochemistry
(IHC) staining assays that TGFf1 (ligand of TGFp signaling, P = 0.0280) and WNT5a (lig-
and of WNT signaling, P = 0.0002) were downregulated in HMs compared to correspond-
ing PTs (Fig. 4b). Interestingly, EMT which is regulated by TGFp signaling and WNT
signaling displayed similar changing pattern as these two upstream pathways. The par-
tially reversed EMT in HMs was verified by the upregulation of E-cadherin (P = 0.0003)
and downregulation of N-cadherin (P = 0.0204) (Fig. 4c). To be noted, recent study about
breast cancer revealed that the upregulation of E-cadherin could promote cell survival in
circulation and tumor seeding in distant organ via the downregulation of TGFp signaling
[29]. Herein, we suspected that the upregulation of EMT in primary tumors would en-
hance their metastatic abilities while the reduced EMT activity in hepatic metastases
would contribute to the colonization and outgrowth at new organ. Consistent with our
postulate, we found the upregulation of G2M checkpoint and E2F targets in HMs (Fig.
4a). IHC assays of proliferation marker ki67 (P = 0.0320) and CCNA2 (P = 0.0056) con-
firmed the stronger proliferation of HMs (Fig. 4d).

Comparing to Ns, we found genes involved in oxidative phosphorylation pathway
(OXPHOS) and pentose phosphate pathway (PPP) were inhibited in PTs while



Yang et al. Genome Biology (

2021) 22:4

e N
PT

e HM

Anti-apoptosis

Apoplo

Inflammation

Metabolism
reprogramming

TGFp

Dysregulated
signaling pathway

cascades signaling Glycolysis Cylokine rec

MAPK
signaling

Integrin-ECM  Hippo

proteinases _Interation

ECM remodeling

metallo-

L[]
=)
3 A
X 8
Q []
L o
T o °
~ °
£ L
a o -4 0@ $ Y
. »?
$ le .. :
-100 -50 0 50
Dim.1 (19.89)%
HM
| i PTF1A
il
Loss of pancreatic
phenotype

i
ot
P
‘. /
AARER 12

] g .

ity
= -.l

Lr R |'l.1"'
e et

| INSR

PNLIP
PRSS1
CELAZA

ABCC8
GCK.
FXYD2

:. .. BeaL1

STAT3
H.1 )\

GAPDH
PGK1
TGFB2

TGFBR1

MEFZC

B | MAPBKB

YAP1
BIRCS

i STK3

ITGA1
ITGAM
ITGB2
ITGA4

Tecells CD4 memory activated + +

Dendritic cells activated 4 -

Tcells regulatory(Tregs) 4 +

PTvsN

HMvsN

1268

D

Up-regulated

PT

Neutrophils <
Mast cells activated -

Mast cells resting 4

Dendritic cells resting
Macrophages M2
Macrophages M1 -
Macrophages M0 -

Monocytes 4 «

NK cells activated -

NK cells resting <

T cells follicular helper 4 +

Tcells CD4 memory resting -

High

Expression level

Low

Tcells CD8 +

Plasmacells+ « «

B cells naive -

c0eQo - o
.00--0-
06000¢:0-000- -
O0++--900-0-:0
6+ 0-0:+--0-0. -
@0 ©0000@O00@O
©00000e0:00000
0o .00Q00000OO0CO
6000 -0+0-o0-o0
00000000 0000Q
6+00 000
0+ +000000000
©0:++0:0-0:9000
OOOOOO000000°
0000Qc0s 0000

o
o
o
o o

PTvsN HMvsN

923 1983 @ 766

Down-regulated

HM
I
000020200000«

Lo-0

OOOOO.O.OO“O
000000000000
20000000000
©0000:++0:0000

0000000000000

c00:0Q+++-00

©00000000000Q

0+ s+ .0

o
o

RIPDACOTPT | O
RJPDACO7PT 9 ©
RJPDAC10PT 7 O
RJPDAC13PT 1
RJPDAC14PT 4 O
RIPDACO3PT | O
RUPDACOSPT 4 ©
RIPDAC18PT | O
RJPDACO9PT 4
RJPDAC12PT 4 O
RIPDACI7PT |
RIPDACTSPT
RIPDACO4PT 7 *

RIPDACOTHM { O
RJPDACO7HM o

RJPDACI0HM 4 O
RJPDAC13HM 4 o
RJPDAC14HM+ O
RJPDACO3HM 4 ©
RJPDACOBHM 4 O
RJPDAC18HM < O
RJPDACOSHM - o
RJPDAC1ZHM 4 O
RJPDAC17HM o

RJPDAC1SHM 4 o
RJPDACO4HM 4 o

Fig. 3 HMs bear basic transcriptomic hallmarks of PDAC. a Principal component analysis based on whole
transcriptome showed that HMs have similar transcriptome as PTs. As showed in first two principal components
that HMs and PTs are closed clustered together. b Compared to Ns, there are many common DEGs shared by
PTs and HMs, including 2500 upregulated and 1983 downregulated genes. ¢ Similar as PTs, HMs showed basic
molecular hallmarks including loss of pancreatic phenotype, anti-apoptosis, inflammation, metabolic remodeling,
dysregulated signaling pathways, and ECM remodeling. Genes showed in heatmap were those common DEGs
identified in b. d PTs and HMs shared similar tumor-infiltrating-lymphocytes profiles

0O@000 : 00000 0|

+ 00
0 01
Qo2
Qos
Qo4

.
I04
' 03

02
0.1
0.0

those involved in glycolysis were upregulated in PTs (Fig. 4a). The observation is
consistent with previous studies that cancer cells prefer glycolysis rather than
OXPHOS for ATP production even in the presence of oxygen (Warburg effect)
[30]. That meets stringent bioenergetic demands of tumor cells as they are highly

proliferative

and PPP were partially reversed in HMs while the upregulation of glycolysis was
further enhanced in HMs (Fig. 4a, e, and f). Interestingly, this phenomenon was
also showed in breast cancer that, expression level of enzymes which played a role
in glycolysis, OXPHOS, and PPP were increased in brain metastases compared to
primary tumors [32]. To be noted, upregulated OXPHOS and PPP have been re-
ported to be associated with enhanced proliferation of tumor cells [33, 34]. Given
the stronger proliferation in HMs, we suspected the coexistence of these metabolic
pathways would ensure the energy supply thus help tumor cells accommodate to
new environment. Therefore, tumor cells would regulate pathway activities to bet-

[31].

ter meet their needs in multi-step metastatic cascade.

However, when compared to PTs, the depression of OXPHOS
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Fig. 4 Reversed EMT and metabolism rewiring in HMs. a Compared to PT, HMs showed decreased activities of
EMT and EMT related pathways (upper panel) as well as increased cell cycle activity (bottom panel). This
phenomenon was experimentally validated by IFH assays of 35 paired PTs and HMs. b HMs showed significant
upregulation of epithelial marker E-cadherin and downregulation of mesenchymal marker N-cadherin. ¢ TGFS1
and WNT5A that are ligands of TGFp signaling and WNT signaling, respectively, were significantly upregulated
in HMs. d Proliferative marker Ki67 and CCNA2 were upregulated in HMs compare to PTs. *0.01 < P < 0.05;
**0,001 < P <0.071; ***P < 0.001. e Oxidative phosphorylation, pentose phosphate pathway, and glycolysis were
up-regulated in HMs. Top panel shows results of between-group comparisons. Bottom panel shows difference
between HMs and PTs of individual cases. Green indicates up regulation while purple indicates down
regulation in HM. f Gene expression heat-map of key components of pathways showed in e

C1q acts in tumor microenvironment as a pro-metastasis factor

Besides tumor-cell intrinsic alterations, tumor microenvironment also displayed spatial
heterogeneity between PTs and HMs. Comparing to Ns, PTs got stronger immune re-
sponse which was further upregulated in HMs (Fig. 5a). The similar changing pattern
was found in multiple immune-related pathways (Fig. 5b). Genes involved in these
pathways were gradually upregulated across sample groups (Fig. 5c). Among these
pathways, chemokine signaling [35], JAK-STAT signaling [36, 37], B cell receptor
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signaling [38, 39], T cell receptor signaling [17], Toll-like receptor signaling [40], and
natural killer cell-mediated cytotoxicity [41] have been broadly investigated in initi-
ation, progression, or metastasis of PDAC. However, the contribution of complement
system to metastasis of PDAC still remains unclear.

Complement cascade is triggered by three mechanisms: classical pathway, lectin path-
way, and alternative pathway. Genes coding key components of classical pathway were
stepwise unregulated across sample groups (Fig. 5c), including those coding Clg
(C1QB, and CIQC) that serves as a recognition and regulatory protein of classical path-
way. Interestingly, the overexpression of C1q was emerged as early as tumor cells had
not metastasized. In 105 non-metastatic PDACs, we found Clg was significantly upreg-
ulated in primary tumors than paired normal controls (Fig. 5d). It suggested overex-
pression of CIg was an early event and contributes to tumor metastasis.

To be noted, Clq is the only complement of classical pathway that expressed in
tumor stroma of both PTs and HMs (Fig. 5d, e, Additional file 1: Figures S3 and S4A).
Additionally, compared to normal liver tissues, C1g was overexpressed at HM adjacent
normal livers (Additional file 1: Figure S5). These implied C1g might be involved in for-
mation of tumor-friendly microenvironment. Moreover, Clg could be clearly detected
at the tumor infiltration edge in HMs (Fig. 5d) suggesting it might play a role in tumor
invasion and metastasis. In vitro experiments proved that exogenous purified human
Clq could promote migration and invasion of PDAC cells (Fig. 5f). Thus, Clq acts in
tumor environment might be a potential mechanism of PDAC metastasis.

To further explore the role of Clq in PDAC metastasis, we investigated the resources
of Clg. According to previous study which evaluated PDAC tumor ecosystem at single-
cell resolution [42], most of sequencing reads mapped on CIQA, CIQB, and CIQC
were contributed by macrophage (Additional file 1: Figure S4B), demonstrating macro-
phage might be the main resource of Cig. Macrophage is among the most abundant
tumor infiltrating immune cells (Fig. 3d), which exhibited elevated relative proportions
in HMs compared to corresponding PTs (P =0.003, Fig. 5h). By immunofluorescence
assays, we found CIq was co-localized with macrophage (CD68), especially M2 macro-
phage (CD163) (Fig. 5g, Additional file 1: Figure S4A). Herein, M2 macrophage-derived
Clgq in tumor microenvironment might act as a metastasis-promoting factor in PDAC.

Discussion

This study systematically investigated the molecular profiles of synchronous resected
PTs and HMs from 40 hepatic oligometastatic PDAC patients. We observed concord-
ance in genomic and transcriptomic hallmarks between HMs and paired PTs. And we
deciphered the molecular heterogeneities between paired PTs and HMs both in tumor
cells and tumor microenvironments. The significantly occurred deletion of 3p21.1 in
HMs rather than PTs reversed EMT process as well as reprogramed metabolism in
HM, and overexpression of CIg at tumor microenvironment could enhance tumor cell
invasion and migration (Fig. 6). Moreover, by compared to non-metastatic PDACs,
some CNAs were of great clinical potential. These findings provide new authentic in-
sights into molecular mechanisms of hepatic metastases of PDAC that may have con-
siderable implications for the prognosis and precise medical treatment of PDAC
patients bearing oligometastasis.
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Fig. 5 Tumor stroma plays important roles in PDAC metastasis. a Immune response was found gradually
activated through N, PT, and HM. Comparing to Ns, the activity of immune response was increased in PTs
(left panel). And it was further increased in HMs (right panel). b Multiple immune related pathways were
found showing similar changing pattern as immune response. ¢ Expression heatmap of representative
genes of pathways showed in b. Among them, C1q that is involved in complement cascade was found
mainly expressed at tumor stroma rather in tumor cells (d and e). Non-metastatic PDACs also showed
overexpression of C1g in PTs compared to Ns (d). f Trans-well tests and wound healing test using PDAC
cells lines CFPAC-1 and SW1990 showed that C1g would promote invasion and metastasis. g Identification
of Clg-positive cells in PDAC. PDAC sections were double-stained for IF: Clqg (green), CD68 (macrophage
marker, red; left panel), CD163 (M2 macrophage marker, red; right panel). The double-positive cells appear
in yellow (arrows). h In tumor microenvironment, M2 macrophages exhibited higher proportions in HMs
compared to corresponding PTs

Resected specimens used in our study offer great chance to systematically depict gen-
etic and transcriptomic features of human PDAC metastases, which cell lines, biopsy
specimens, genetically engineered mouse models, patient-derived xenografts, or autopsy
specimens [7, 11, 44, 45] are not sufficient to unravel. Additionally, we attached great
importance to investigate treatment-naive cases, as chemotherapy and target therapy
could alter genetic and transcriptomic features of tumor cells as well as the composi-
tions of tumor microenvironment [46, 47]. Moreover, synchronously resected paired
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PTs and HMs provide unique opportunity to investigate both initial and end stage of
metastatic cascade. Thus, without external interventions, our specimens allowed us to
explore the true nature of how PDAC evolves.

The metastases spawned by carcinomas are formed following the completion of a
complex succession of cell-biological events including local invasion, intravasation into
blood vessels, survival in circulation, extravasation, survival in foreign microenviron-
ments, and outgrowth at the metastatic site (Fig. 6) [6, 43]. Only a small fraction of
cells disseminated from primary tumor could enter the circulation, and 0.01% of these
could successfully establish metastases [48]. Through our investigation, we thought that
PDAC tumor cells could interconvert between various strategies to best meet their re-
quirements in every step of metastatic cascade. In the early phase, KRAS mutation, CN
loss of 3p21.1, and upregulation of EMT facilitate dissemination from primary tumor.
However, when tumor cells arrive at distant body locations, the top priority shift from
dissemination to survival, colonization, and further outgrowth in new environment. To
this end, disseminated tumor cells downregulated EMT in late phase of metastasis, to
re-acquire epithelial phenotype (up-regulation of E-cadherin). Study in breast cancer
observed similar phenomenon that E-cadherin inhibited local invasion but promote
metastatic colonization while its depletion would reduce colony formation at distant
organ [29]. In addition, we observed that OXPHOS, PPP, and glycolysis were upregu-
lated in distant metastases, demonstrating tumor cells in hepatic metastasis adopt dis-
tinct metabolism fashion as those in primary tumor. Altered glucose metabolism is
often linked to highly proliferative phenotype in tumor. For instance, C-MYC can con-
currently drive aerobic glycolysis and OXPHOS according to the tumor cell micro-
environment [49]. As a major contributor to anabolism, the PPP has been well-
described to support tumor cell proliferation [34], which displayed an enhanced activity
in brain metastases of breast cancer compared to circulating tumor cells [32] and in
metastatic lesions compared to primary tumors in renal cell carcinoma [50]. Thus, re-
wiring of metabolism in HMs might ensure the energy supply for the highly prolifera-
tive tumor cells thus better accommodate and outgrowth at distant organ.

Except the tumor cell intrinsic features, factors generated from tumor environ-
ment also play crucial roles in PDAC metastasis [17]. Our analysis showed HMs
had higher percentage of macrophage M2 that was previously related to worse sur-
vival of PDAC patients [51]. We also confirmed that multiple immune-related
pathways, such as complement and coagulation cascades, remarkably activated in
HMs compared to PTs. Furthermore, we demonstrated the M2 macrophage-
derived complement Clg acting in tumor microenvironments would promote inva-
sion and migration of pancreatic cancer cell. To be noted, accumulation of Clg
would induce systematic inflammation and further recruit tumor-associated im-
mune cells [52, 53]. Those are characteristics defining pre-metastatic niche [53].
Given the observation that upregulation of Clg was an early event in metastatic
process as well as it was overexpressed in HM adjacent liver tissues compared to
normal liver, we suspected that the hostile milieu of the liver was selectively pre-
conditioned by Clg at an early stage to render liver more conducive to the en-
graftment and growth of disseminated PDAC cells (Fig. 6). However, further
investigations are needed to unravel the detailed mechanisms of Clq in the meta-
static cascade of PDAC.
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Most importantly, these findings have great clinical significance. Synchronous surgery
of liver metastasis and primary tumor is theoretically considered as a treatment that
has potential to offer improved survival and better life quality for PDAC patients with
hepatic oligometastases. However, resection of hepatic oligometastasis is still a contro-
versial issue. Re-acquired epithelial phenotype of HMs implied colonization and out-
growth rather than further metastasis were the top priority of PDAC cells in distant
organ. This point of view was corroborated by Nicole and colleagues who showed
metastatic cells appear to re-acquire an epithelial phenotype with increasing lesion size
in both mouse and human PDAC [44]. The lower metastatic but higher proliferative
capabilities of HMs suggested the theoretical feasibility of surgical synchronous resec-
tion of HMs and PTs in metastatic PDAC. Additionally, IHC staining indicated that
CD8+ T cell (CD8A) were more abundant in HMs comparing to corresponding PTs
(P =0.006, Additional file 1: Figure S6A), suggesting the possibility of immune therapy
of PDAC cases with oligometastases. Moreover, we found the upregulation of tumor
immunity in HMs is accompanied with the downregulation of NOTCH signaling (Add-
itional file 1: Figure S6B). NOTCH signaling has been reported playing an immunosup-
pressive role in tumor progression [54] which suggested combination of NOTCH
inhibitor and immune therapy might achieve better clinical efficacy. In addition, unique
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CNA signatures of hepatic metastatic PDAC suggested genomic gain at 16p13.3 as well
as 8q23.1 may act as biomarkers indicating higher metastatic risk in PDAC.

Conclusion

To the best of our knowledge, this is the first study that comprehensively explores the
genomic and transcriptomic profiles of synchronous resected PTs and matched HMs
from treatment-naive oligometastatic PDACs. Factors that contribute to metastasis may
emerge at the any stage of the cascade. Genetic mutations of KRAS, copy number deletion
of 3p21.1, and activated EMT process enhance the metastatic ability of primary tumor
cells. And primary tumor might educate tumor infiltrating immune cells to secrete pro-
metastatic factors (such as Clg) to help pre-metastatic niche formation in the liver. When
tumor cells arrive at liver, tumor cells might remodel energy metabolism (upregulation of
OXPHOS and PPP program) and regulate their gene expression (downregulation of EMT
process) to better meet their demands at new microenvironments.

This study broadens our understandings of mechanisms of PDAC metastasis. Our
findings are of great clinical relevance. Identification of factors that predict metastatic
risk would help stratify patients of different metastatic risk. That would help optimize
clinical treatment of pancreatic cancer. Moreover, the lower metastatic but higher pro-
liferative capabilities of HM provide theoretical feasibility of surgical synchronous re-
section of HMs and PTs of hepatic oligometastatic PDAC.

Methods

Sampling and DNA extraction

Samples were acquired basing on our previous clinic study. All the samples were col-
lected with documented informed consents from the enrolled patients. The normal
liver specimens were provided by Professor Li Jun (State Key Laboratory of Oncogenes
and Related Genes, Shanghai Cancer Institute, Renji Hospital, Shanghai Jiao Tong Uni-
versity School of Medicine). The tissue taken for analysis was enriched for tumor cells
after the evaluation of hematoxylin and eosin (H&E)-stained slides by a pathologist and
another gynecologic pathologist to confirm histological diagnosis. Based on this evalu-
ation, 2.0- or 2.5-mm tissue punches were taken from the selected tumor foci in the
FFPE block using a tissue microarrayer (Beecher Instruments, Sun Prairie, WI, USA).
DNA was extracted with QIAamp DNA Mini Kit according to the manufacturer (Qia-
gen, Germany). The DNA sample quality and integrity were analyzed by A260/280 ratio
and agarose gel electrophoresis using Qubit 2.0 (Life Technologies, USA) and Nano-
drop 2000 (ThermoScientific, USA).

Whole-exome sequencing

For library preparation, 1 pg genomic DNA were sheared to fragments of ~ 250 bp by
Covaris’ ultrasonicator (Covaris, Germany), then end-repaired, A-tailed and ligated to
[llumina sequencing adapters. The ligated products were size selected 300~400 bp on
AMpure XP beads (Beckman, Germany) and amplified by LM-PCR. The amplified
samples were hybridized to capture exon/target regions by SeqCap EZ Human Exome
Library v3.0 (Roche, Sweden) for at least 20 h at 42 °C. After hybridization, the captured
products were purified by Dynabeads® M-270 Streptavidin (Life Technologies, USA),
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then amplified by KAPA HiFi PCR Master Mix (KAPA Biosystem, USA). The libraries
were sequenced on Illumina Hiseq X-Ten with 2 x 150bp paired-end sequencing,
which were controlled by Hiseq Control Software (HCS).

Whole-exome sequencing data processing

FASTQC was used to assess the quality of raw sequencing reads. Bad quality reads or
bases were removed. Then, the clean reads were mapped to human reference genome
(hgl9) using BWA-MEM algorithm (v0.7.12) [55]. Duplicated reads were marked for
filtering using Picard MarkDuplicates (v2.3). INDELs were realigned using GATK
(v3.5) [56] IndelRealigner and the base quality scores were recalibrated using GATK
BaseRecalibrator. The resulting BAM files were used to identify germline and somatic
alterations.

Germline and somatic mutations calling

Germline variants were generated by GATK HaplotypeCaller. To identify high
confident somatic mutations, we combined the results of multiple variation calling
tools. MuTect (v1.1.7) [57], VarScan2 (v2.3.9) [58], and Strelka (v2.7.1) [59] were
employed to call somatic mutations. For INDELs, VarScan2, lofreq (v2.1.2) [60], and
Strelka were used. Only high-quality variations that identified by at least two methods
were considered as candidates of somatic mutations for individual samples. For tumors
without normal controls, we generated a reference list consisting of all germline alter-
ations of all normal samples. Only alterations that are other than those in the reference
list were considered candidates of somatic mutation for these samples. All candidates
were further annotated using Oncotator (hgl9) [61]. INDELs present in repeat regions
were removed. Mutations with allele frequency greater than 0.1% in 1000 Genome Pro-
ject were removed. The resulting mutations were regarded as somatic mutations for in-
dividual tumor samples.

Copy number alteration calling and tumor purity

Somatic CNAs were calculated by CNVkit (v0.9.1) [62] which used a pooled reference of
per-bin copy number estimates from all normal samples. Regions with |log2ratio| value
greater than 0.3 were regarded as CNA regions. To further confirm that sequenced tumor
samples are those of relative high tumor purity, the outcomes of CNVkit were used as in-
put for ABSOLUTE algorithm [63] to infer tumor purity and ploidy. In consistent with
our previous operations (enrichment of tumor cells), ABSOLUTE showed that our tumor
samples are of high tumor purity (Additional file 1: Figure S1A). Significantly altered
CNA regions were informed using GISTIC2 algorithm [64].

Comparisons with non-metastatic PDACs and survival analysis

We retrieved survival data and public accessible copy number segment file of non-
metastatic pancreatic ductal adenoma were from TCGA and ICGC. Both segment files
were generated from SNP array data. And germline alterations had already been
marked. Regions with [log2ratio| value (segment mean) greater than 0.3 were regarded
as CNA regions. To compare occurrence rate of CNA events that were highly altered
in our metastatic PDACs to those of non-metastatic cases, regions with at least 10%
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overlapped were compared. One-sided fisher’s exact tests were used to test if individual
CNA events had increased occurrence rate in metastatic PDAC than in non-metastatic
cases. P value less than 0.05 was considered significant.

To further explore whether these CNA events were associated with overall survival
or metastatic risk, we used R package “survival” [65] to test whether there were differ-
ences in OS or DFS between patient groups. DFS was defined as time interval between
surgical treatment and the date of diagnosed of distant metastasis. Univariate cox re-
gressions were used to calculate p value. P value less than 0.05 was considered
significant.

RNA sequencing

Total RNA was prepared with QIAzol Lysis Reagent and RNeasy MinElute Cleanup
Kit (Qiagen, Germany). The RNA quality and integrity were analyzed by Qubit
2.0(Life Technologies, USA) and Bioanalyzer 2100 (Agilent, Germany). For library
preparation, 3 ug total RNA were captured by NEBNext Oligo d(T) 25 beads
(NEB, USA), sheared to fragments of ~250bp, and reverse transcripted by NEB-
Next RNA first and second Strand Synthesis Module (NEB, USA). The products
were end-repaired, A-tailed, and ligated to Illumina sequencing adapters and ampli-
fied by PCR. The sequencing library were qualified by Qubit 2.0 (Life technologies,
USA) and Bioanalyzer 2100 (Agilent, Germany), then sequenced on Illumina Hiseq
X-Ten with 2x150bp paired-end sequencing, which were controlled by Hiseq
Control Software (HCS).

RNAseq data processing

The sequencing quality of raw reads was firstly assessed with FASTQC. Next, the trim-
Galore (v0.5.0) were used to trim bad-quality bases or reads. The resulting clean reads
were then mapped to human genome reference (hgl9) by using STAR (v2.5.2b) algo-
rithm [66]. After that, the htseq-count (v0.6.0) [67] were used to count the total num-
ber of uniquely mapped reads mapped to each gene. The raw count data was further
normalized by size factor described as previous work [68].

PCA, differential expressed genes, and gene set enrichment analysis

Genes with at least 5 normalized counts in at least 90% of all samples were used
to perform principal component analysis by FactoMineR R package [69]. DESeq2 R
package [70] was used to call differential expressed genes (DEGs) between two
groups. Genes with adjust p value (FDR)<0.05 and |log2(fold change)|>1 were
considered as DEGs. Function annotation and pathway enrichment of DEGs were
performed using DAVID [71]. Unsupervised hierarchical clustering was conducted
on log2-tranformed normalized counts to explore expression pattern across normal
tissues, primary tumors, and distant metastases. Gene Set Enrichment Analysis
(GSEA) was employed to detect gene sets that show significant differences between
two given groups. Gene sets with FDR values less than 0.25 were considered as
significantly different. Gene set variation analysis (GSVA) [72] was used to conduct
pathway analysis at single-sample level.
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Deciphering the proportion of tumor infiltrating immune cells

We employed both CIBERSORTx [73] and xCell algorithms [74] to estimate the abun-
dance of tumor infiltrating immune cells. For a specific sample, we identified top abun-
dant types of immune cells within TME by using CIBERSORTx in “relative” mode
which allows between-cell type comparisons [75]. As xCell is capable of deciphering
dozens of types of immune cells and the result of which is allowed for between-sample
comparison [75], we identified differentially infiltrated immune cells between paired
PTs and HMs using the results of xCell. The xCell algorithm that packed in immunde-
conv R package [76] is used. TPM (transcript per million) matrix is used as input for
both CIBERSORTx and xCell. One-sided Wilcox rank sum test is used for testing
whether a specific type of immune cell is more (or less) abundant in HMs compared to
paired PTs.

Correlation between oncogenic signatures with tumor infiltrating immune signatures

To explore the association between oncogenic pathways and tumor immunity during
PDAC metastasis, we firstly identified oncogenic pathways that are significantly corre-
lated with immune-related signatures. Correlations between oncogenic pathways and
immune-related pathways were measured by Spearman correlation between NES values
(GSVA) of the former and those of the latter. Correlations between oncogenic pathways
and relative proportions of immune cells were calculated as Spearman correlations be-
tween NES values of oncogenic pathways and xCell scores of tumor infiltrating im-
mune cells.

Tissue microarray (TMA) construction

Tissue microarrays (TMA) were constructed using diameter of 1.5-mm cores including
35 cases of matched HMs, PTs, and non-tumor tissues specimens. Twelve of 35 pa-
tients were our sequencing patients. After screening and marking representative spots
of tissues, the tissues were punched out and squeezed into the paraffin array blocks.

Immunohistochemistry

Immunohistochemical staining was performed on a TMA and paraffin sections at 4-um
thickness as previously described. An intensity score of 0 to 3 was assigned for the in-
tensity of tumor cells (0, none; 1, weak; 2, intermediate; 3, strong). A proportional score
was given by the estimated proportion of positive tumor cells in percentage. To assess
the average degree of staining within a tumor, multiple regions were analyzed, and at
least 100 tumor cells were assessed. The cytoplasmic expression was assessed by H-
score system. The formula for the H-score is Histoscore = X(I x Pi), where I = intensity
of staining and Pi = percentage of stained tumor cells, producing a cytoplasmic score
ranging from 0 to 300. We implemented immunohistochemistry for E-cadherin (Servi-
cebio, GB13083), Cyclin A2 (Abcam, ab181591), N-cadherin (Servicebio, GB13136),
ki67 (Servicebio, GB13030-2), Wnt5a (Proteintech, 55184-1-AP), TGFP1 (Servicebio,
GB11179) on TMA and Clq (Dako, Code A0136), CD68 (Abcam, ab955), CD163
(Abam, ab87099), CD8A (Abam, ab93278). DAPI (Life Technologies, 62247) was used
as a nuclear counterstain. Images were obtained using the Zeiss Axioplan 2 Fluores-

cence microscope.
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