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ARTICLE INFO ABSTRACT

The pancreas is an organ prone to inflammation, fibrosis, and atrophy because of an abundance of acinar cells
that produce digestive enzymes. A characteristic of pancreatic cancer is the presence of desmoplasia, in-
flammatory cell infiltration, and cancer-associated acinar atrophy (CAA) within the invasive front. CAA is
characterized by a high frequency of small ducts and resembles acinar-to-ductal metaplasia (ADM). However,
the clinical significance of changes in acinar morphology, such as ADM with acinar atrophy, within the tumor
microenvironment remains unclear. Here, we find that ADM within the invasive front of tumors is associated
with cell invasion and desmoplasia in an orthotopic mouse model of pancreatic cancer. An analysis of resected
human tumors revealed that regions of cancer-associated ADM were positive for TGFa, and that this TGFa
expression was associated with primary tumor size and shorter survival times. Gene expression analysis iden-
tified distinct phenotypic profiles for cancer-associated ADM, sporadic ADM and chronic pancreatitis ADM.
These findings suggest that the mechanisms driving ADM differ according to the specific tissue microenviron-
ment and that cancer-associated ADM and acinar atrophy contribute to tumor cell invasion of the local pan-
creatic parenchyma.
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1. Introduction essential for the development of an effective diagnosis and treatments

for this disease.

Pancreatic cancer remains one of the most lethal human cancers
among all malignancies, with a 5-year survival rate of approximately
8% [1]. Pancreatic cancer is predicted to become the second leading
cause of cancer mortality by the year 2030 [2]. Because the disease is
commonly diagnosed at a late stage, less than 20% of patients present
with localized, potentially curable tumors. Even after potentially
curative resection, most patients will eventually have local recurrence.
The biology of pancreatic cancer contributes to early recurrence and
metastasis, and resistance to chemotherapy and radiotherapy [3]. Un-
derstanding the mechanisms underlying each phase of pancreatic
cancer progression: initiation, invasion and metastasis, is therefore

Pancreatic cancer is characterized by a dense stroma called des-
moplasia, which plays a crucial role during tumor development [4,5].
The LSL-Kras®'2P/*;LSL-Trp53%172H/* ;pdx-1-Cre (KPC) genetically en-
gineered mouse model of pancreatic cancer faithfully recapitulating this
histopathological feature of the human disease [6]. KPC mice therefore
represent a potentially powerful tool to understand the pathophy-
siology of human pancreatic cancer [7]. However, in the primary tu-
mors of KPC mice, unlike human pancreatic tumors, cancer cell inva-
sion into the local pancreatic parenchyma is macroscopically and
microscopically apparent before tumor cell dissemination or the for-
mation of metastases. Such aggressive local invasion in the KPC mouse
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model may result from the fact that these mice have been engineered to
express oncogenic Kras in all types of pancreatic epithelia, including
duct, acinar, and islet cells. In the KPC mouse model, a small number of
dominant cancer cells invade a wide range of pancreatic parenchyma
[8]. This suggests that, in contrast to the human pancreas, the pancreas
of the KPC mouse, which is composed of acinar cells with Kras or p53
mutation, provides a specific microenvironment conducive to the local
invasion of pancreatic cancer cells within the pancreatic parenchyma.

Ductal lesions such as acinar-to-ductal metaplasia (ADM) are fre-
quently observed in the pancreas of mice in which PDX-1-positive
progenitor cells express oncogenic Kras®'?P [9-11]. In preliminary
studies, we observed that ADM-like lesions frequently formed around
the tumors of KPC mice. ADM induction is dependent upon the phe-
notypic plasticity of pancreatic acinar cells, and is accompanied by an
altered gene expression, which includes a decrease in acinar markers,
and the acquisition of ductal markers [12-14]. ADM is common in
chronic pancreatitis where acinar atrophy and fibrosis are extensive
[15,16]. ADM has been described in humans and mice, especially in the
context of carcinogenesis [17,18]. Furthermore, in human pancreatic
tissues, the surrounding acinar atrophy accompanying ADM is also as-
sociated with pancreatic intraepithelial neoplasia (PanIN), a precursor
lesion of pancreatic cancer [19]. This suggests that acinar atrophy ac-
companying ADM is involved in pancreatic carcinogenesis associated
with PanIN. We have previously observed acinar atrophy frequently
associated with fibrosis remodeling in the invasive fronts of human and
murine pancreatic tumors [20]. However, changes in acini morphology,
such as acinar atrophy with ADM within the invasive front of a locally
invasive tumor, have yet to be examined.

The aim of this study was to determine whether ADM exists within
the invasive front of pancreatic cancer and whether the change in
acinar morphology is associated with local tumor invasion. In human
resected pancreatic cancer tissues, we observed ADM-like lesions in the
invasive front of the tumor where acinar atrophy was apparent. We
further demonstrate that cancer-associated ADM lesions induce des-
moplasia and tumor cell invasion of the local parenchyma in a mouse
model of pancreatic cancer. We demonstrate for the first time that ADM
is a distinct characteristic of the invasive front in pancreatic cancer.

2. Materials and methods

Detailed information is provided in the Supplementary Materials
and methods.

2.1. Human pancreatic tissues

Tissue samples were obtained from patients who underwent surgical
resection for pancreatic cancer at Kyushu University Hospital. The
study was approved by the Ethics Committee of Kyushu University and
conducted according to the Ethical Guidelines for Human Genome/
Gene Research enacted by the Japanese Government and the Helsinki
Declaration.

2.2. Immunohistochemistry

Human and mouse tissues were cut into 4-um-thick sections and
then subjected to hematoxylin and eosin (H&E) staining. In addition,
immunohistochemistry was performed using rabbit anti-transforming
growth factor alpha (TGFa; ab9585, Abcam, Cambridge, UK; 1:100
dilution), mouse anti-CK19 (sc-376126, Santa Cruz Biotechnology,
Dallas TX, USA; 1:100 dilution), mouse anti-amylase (sc-46657, Santa
Cruz Biotechnology; 1:100 dilution), or mouse anti-a-smooth muscle
actin (aSMA) (#MO0851, Dako, 1:100) primary antibody, followed by
incubation with secondary antibody (En Vision System; K4002, Dako,
Troy, MI, USA).
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2.3. Cells and culture conditions

Human pancreatic stellate cell (PSC) lines were established from
fresh surgical specimens of pancreatic cancer using the outgrowth
method [21-23]. Pancreatic cancer cell (PCC) lines from the primary
tumors of KPC mice were also established using an outgrowth method
as described previously [24]. In addition, eleven other PCC lines were
used in this study: SUIT-2, MIAPaCa-2 (Japanese Cancer Resource
Bank, Osaka, Japan), Panc-1 (RIKEN BRC, Tsukuba, Japan), AsPC-1,
SW1990, Capan-2, CFPAC-1, BxPC-3 (American Type Culture Collec-
tion, VA, USA), KP-3, H48N, and KP-2 (Dr. H. Iguchi, National Shikoku
Cancer Center, Matsuyama, Japan). All PCC lines were obtained be-
tween 2011 and 2016, and propagated and frozen immediately after
arrival. Cell lines were regularly authenticated by matched short
tandem repeat DNA profiling. All cells were maintained as described
previously [24].

2.4. Transgenic mouse models and in vivo experiments

The KPC and LSL-Kras®'?P’*;Pdx-1-Cre (KC) mouse models have
been described previously [6,9]. Mice were genotyped by PCR using
primers specific for transgenic alleles. KPC-derived PCCs (1 x 10°)
were orthotopically implanted into the tail of the pancreas of 7-week-
old KC mice, which is before the formation of ADM in the host pan-
creatic parenchyma that results from the influence of Kras®?” muta-
tion. The mice were sacrificed on day 14 to exclude the possibility that
acinar cells of the host pancreas change into cancerous lesions via
multistep carcinogenesis. All orthotopic tumors, along with sur-
rounding tissue, were excised and weighed. Tumor volume was calcu-
lated by the formula /6 x (L X W?2), where L is the largest tumor
diameter and W is the smallest tumor diameter. All animal experiments
were approved by the Ethics Committee of Kyushu University.

2.5. 3D culture of pancreatic acinar cells

For 3D explant cultures [25,26], cell culture plates were coated with
collagen I in Waymouth's media. Isolated pancreatic acinar cells (PACs)
were resuspended in a mixture of collagen I/Waymouth's media and
added on the top of this layer. Waymouth's complete media was then
added on top of the cell/gel mixture. The media was replaced the fol-
lowing day and then every other day during the course of explant
culture. Ductal area was measured using ImageJ software at day four of
explant culture.

2.6. Gene expression analysis

Gene expression was analyzed using the Mouse PanCancer
Pathways Panel (XT—CSO—MPATH1-12) on the nCounter system
(NanoString Technologies, Seattle, WA) [27] according to manufac-
turer's instructions. Raw data were normalized to the stable house-
keeping gene, which was selected automatically by the system. The
gene expression heatmap was generated in MultiExperiment Viewer
version 4.9. Venn diagram analysis was performed using the VENNY
tool (Bioinformatics for Genomics and Proteomics). Functional anno-
tation clustering analysis was performed using the DAVID database
(National Institute of Allergy and Infectious Diseases). Gene set en-
richment analysis (GSEA) was performed for the three types of ADM by
comparing expression data with that of normal acini. Comparisons were
made by entering fold-change expression data from the nCounter ana-
lysis into the GSEA software (Broad Institute, UC San Diego) [28].

2.7. Statistical analysis
Data are represented as the mean = standard deviation (SD).

Comparisons between two groups were carried out using the Student's t-
test, with a P value < 0.05 considered to be statistically significant.
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A Non-invasive front : Encapsulated tumor by fibrosis

Amylase CK19

Fig. 1. ADM-like lesions are formed within the invasive front of pancreatic cancer. (A) Human pancreatic cancer samples stained with H&E. The border between the
tumor and the acini can be divided into two histopathologically distinct regions, the invasive front and the non-invasive front. The invasive front is associated with
CAA. In the non-invasive front, the tumor is encapsulated by fibrosis. (B) Immunohistochemical analysis of amylase and CK19 expression in serial sections of
pancreatic cancer containing regions of CAA. Red arrowheads indicate the duct-like features of ADM stained with amylase and CK19. Scale bars, 100 pm.

The Kaplan-Meier method was used to analyze survival, with curves 3. Results

compared using the log-rank test. All statistical analyses were per-

formed using JMP Pro 12 software (SAS Institute, Cary, NC, USA). 3.1. ADM-like lesions are formed within the invasive front of pancreatic
cancer

Histopathologically, the border between the tumor and the acini can
be divided into two visibly distinct zones, the invasive front and the
non-invasive front, as we have reported previously by collagen fiber
analysis [20]. In the invasive front, cancer cells and/or cancer-
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Fig. 2. TGFa is expressed in ADM-like lesions associated with CAA and is associated with poor prognosis. (A) Representative micrographs of TGFa staining in normal
acini and regions of CAA. (B) ADM:-like lesions positive for TGFa expression are found in regions of CAA (n = 46) but not in regions of normal acini (n = 49). (C)
Representative micrographs of H&E, amylase, CK19 and TGFa staining in normal acini, pancreatic ductal adenocarcinoma (PDAC) and ADM-like lesion. (D) As with
ADM:-like lesions (n = 46), pancreatic cancer cells (n = 106) were positive for TGFa expression. (E) Representative immunohistochemistry images of pancreatic
cancer tissue sections demonstrating low and high-intensity TGFa staining. (F) Kaplan-Meier analysis of overall survival according to TGFa expression in patients
with pancreatic cancer (n = 106). TGFa expression was associated with shorter patient survival times. Data shown represent the mean = SD. ***P < 0.001. Scale

bars, 100 um.
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associated fibroblasts (CAFs) invade the pancreatic parenchyma. Acinar
atrophy is frequently observed in this region while fibrotic encapsula-
tion is uncommon. We define such acinar atrophy within the invasive
front of pancreatic cancer as cancer-associated acinar atrophy (CAA).
Within the non-invasive front, the tumor is encapsulated by fibrotic
tissue and there are no cancer cells and CAFs invading the pancreatic
parenchyma (Fig. 1A). Close examination of the CAA region within the
invasive front revealed duct-like structures, which are similar to ADM
(Fig. 1B). It is difficult to distinguish between small intra-acinar term-
inal ducts and ADM by morphology alone. Therefore, to confirm the
origin of the duct-like structures within the invasive front, we per-
formed immunohistochemistry for amylase and CK19 using serial sec-
tions of pancreatic tissues. The duct-like lesions stained positive for
both amylase and CK19 (Fig. 1B), suggest that duct-like changes in acini
such as ADM occur in the invasive front of pancreatic cancer. We define
such duct-like changes in acini within the invasive front as cancer-as-
sociated ADM-like lesions. We next assessed the number of ADM-like
lesions positive for TGFa expression (Fig. 2A). TGFa is a member of the
epidermal growth factor (EGF) family of protein ligands, and transgenic
mice overexpressing TGFa in the pancreas display multiple duct-like
structures derived from differentiated acinar cells [29,30]. As expected,
our analysis revealed that ADM-like lesions were positive for TGFa.
Moreover, these lesions were frequently seen in regions of CAA, when
compared with regions containing normal acini (Fig. 2B). Interestingly,
as with the CAA region, the cancerous region was also positive for TGFa
(Fig. 2C and D). We also evaluated TGFa expression in the cancer cells
of 106 resected tumor samples. We divided pancreatic cancer patients
into two groups according to the intensity of TGFa staining in cancer
cells (Fig. 2E) and found that TGFa expression was associated with
shorter postoperative survival times (Fig. 2F). Analysis of mRNA ex-
pression data from The Cancer Genome Atlas (TCGA) pancreatic cancer
database also revealed that high TGFA gene expression was associated
with shorter overall survival times (Fig. S1). TGFa expression was
significantly associated with pathologic T category (Table 1), sug-
gesting that TGFa is associated with the local progression of pancreatic
cancer.

3.2. In KPC mice, tumor cell invasion into the local pancreatic parenchyma
is extensive

To assess the mechanism driving cancer cell invasion into the local
pancreatic parenchyma, we used KPC mice that recapitulate the clinical

Table 1
Relationship between TGFa expression and clinicopathologic factors.
Characteristics TGFa low staining  TGFa high staining P value
n = 53 (50%) n = 53 (50%)

Age < 65 24 (45.3) 18 (34.0) .234
=65 29 (54.7) 35 (66.0)

pT category pT1/pT2  5(9.4) 0 (0) .022
pT3/pT4 48 (90.6) 53 (100)

PN category pNO 12 (22.6) 10 (18.9) .632
pN1 41 (77.4) 43 (81.1)

UICC stage I/1IA 19 (35.8) 16 (30.2) .536
IIB/II/IV 34 (64.2) 37 (69.8)

Histologic grade G1/G2 44 (83.0) 43 (81.1) .800
G3 9 (17.0) 10 (18.9)

pPL No 50 (94.3) 49 (92.5) .696
Yes 3(5.7) 4 (7.5)

pPV No 41 (77.4) 39 (73.6) .652
Yes 12 (22.6) 14 (26.4)

PA No 53 (100) 51 (96.2) .153
Yes 0 (0) 2(3.8)

Pathlogic margin  Negative 40 (75.5) 35 (66.0) .286
Positive 13 (24.5) 18 (34.0)

UICC, International Union Against Cancer.
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and pathological features of human pancreatic cancer (Fig. 3C). In KPC
mice, as with human pancreatic cancer, ADM-like ducts with acinar
atrophy were seen in the invasive front of the tumor (Fig. 3B). Inter-
estingly, the tumors of KPC mice demonstrated extensive local invasion,
almost replacing the entirety of the pancreatic parenchyma, even before
the formation of metastatic lesions (Fig. 3A). Indeed, there was no
significant difference in primary tumor volume between KPC mice with
or without metastasis and/or dissemination (Fig. 3D). There was also no
significant difference in the overall survival rate between these two
groups of mice (Fig. 3E).

3.3. Autocrine and paracrine effects of TGFa on pancreatic tumor, stellate
and acinar cells

To investigate the autocrine and paracrine effects of TGFa in the
tumor microenvironment, we examined the relative expression of this
ligand and its cognate receptor, epidermal growth factor receptor
(EGFR), in PCCs, PSCs and PACs, and we also determined the effects of
TGFa treatment on the migratory and invasive behavior of these cells.
TGFa and EGFR mRNA expression levels were measured in eleven PCC
lines and three independent PSC primary cultures using qRT-PCR. All
PCC lines exhibited higher levels of TGFa expression than the three PSC
lines tested (Fig. 4A). Although relative TGFa expression was lower in
PSCs, EGFR expression was detected in all cell lines tested (Fig. 4B).
Both PCCs and PSCs exhibited a dose-dependent increase in migration
and invasion in response to TGFa treatment (Fig. 4C and D).

Immunofluorescence analysis of primary mouse PACs revealed that
these cells expressed amylase but not CK19 (Fig. 4E and F). To assess
the effects of TGFa secreted by PCCs on the plasticity of PACs with or
without Kras®?” mutation, we performed an in vitro ADM assay.
Kras®!2P PAC clusters exhibited greater changes in ductal morpholo-
gical than Kras"" clusters. Although changes in ductal morphology
were observed in Kras"'" PAC clusters following treatment with TGFa,
the effects of this ligand were more pronounced for the Kras®?? clus-
ters (Fig. 4G). Although, Kras"T PAC clusters that were not treated with
TGFa did not form a ductal structure, either TGFa treatment or
Kras®"?P mutation resulted in the formation of large ductal structures
that were similar to ADM (Fig. 4H).

3.4. ADM-dependent changes in acinar morphology contribute to pancreatic
cancer cell invasion and desmoplasia

To investigate the effect of ADM on the local invasion of PCCs in
vivo, we orthotopically transplanted KPC-derived PCCs into KC mice, a
model in which ADM is commonly observed [9,10]. ADM-like ducts
were frequently seen in the invasive front of tumors in Kras®'?/ * mice,
as determined by histopathologic analysis. However, the histological
appearance of the tumor core did not differ between Kras"” and
KrasS'?P’* mice (Fig. 5A, S2A). Immunohistochemical analysis re-
vealed that ADM-like ducts in Kras®’?”/* mice exhibited acinar-to-
ductal changes, with increased expression of CK19 and decreased ex-
pression of amylase (Fig. 5A). Tumor volume was significantly en-
hanced in the Kras®*?”/* mice (Fig. 5B and C), which commonly ex-
hibited ADM within the invasive front. Liver metastasis and peritoneal
dissemination were not detected in either Kras"" or Kras®'??’* mice
(Table 2). We then examined the extent of desmoplasia in the invasive
front of tumors. The desmoplastic area, identified by positive staining
for aSMA, Sirius red and Masson trichrome, was significantly increased
around the ADM:-like ducts in Kras'??’* mice (Fig. 5D and E). Similar
observations were made for the other KPC-derived PCCs (Figs. S2B,
S2C, S2D). These findings suggest that the morphological changes in
acini resulting from ADM-like lesions contribute to desmoplasia and the
local invasion of pancreatic cancer in vivo.
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Fig. 3. KPC mice demonstrate extensive cancer cell invasion into the local pancreatic parenchyma. (A) Representative photos and a photomicrograph of KPC mouse
tumors. (B) Immunohistochemistry analysis of regions of cancer-associated acinar atrophy reveals CK19-positive duct-like structures with aSMA-positive desmo-
plasia. Scale bars, 100 pm. (C) Clinical findings for KPC mice summarizing the presence or absence of metastasis, peritoneal dissemination, and ascites. (D) Primary
tumor volume was not associated with metastasis and/or dissemination. (E) Overall survival was not associated with metastasis and/or dissemination.
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Fig. 5. Pancreatic acinar conversion to ADM-like lesions within the invasive front induces the local invasion of pancreatic cancer cells and desmoplasia in murine
orthotopic transplantation models. (A) Immunohistochemical analysis of ADM-like lesions within the invasive front of Kras®?? mice showing increased CK19
expression and decreased amylase expression associated with acinar-to-ductal change. Red-framed images highlight examples of ADM-like lesions. (B) Two weeks
after orthotopic transplantation of KPC-derived PCCs, tumor volume in Kras®’?” mice was significantly larger than that in Kras"” mice. (C) Representative pho-
tographs of the abdomen 2 weeks after implantation; yellow circles show pancreatic tumors. (D) Representative microphotographs of orthotopic tumor sections
showing CK19, aSMA, Sirius red and Masson trichrome staining. (E) CK19-positive ADM-like lesions are surrounded by areas of desmoplasia, as determined by
aSMA, Sirius red and Masson trichrome staining. Data shown represent the mean + SD. **P < 0.01, ***P < 0.001. Scale bars for images in the left-hand column
of A = 500 um. All other scale bars = 100 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)

3.5. ADM is classified into three phenotypical subtypes that are determined non-invasive front, cancer cells and areas of desmoplasia are en-
by the tissue microenvironment capsulated by fibrosis. We also found extensive ADM-like lesions in
areas of CAA observed within the invasive front of pancreatic tumors in
To further characterize the ADM phenotype associated with dif- both humans and KPC mice. In the orthotopic transplantation model,
ferent pathological conditions, we performed gene expression analyses we also observed extensive ADM-like lesions and desmoplastic changes
of tissues associated with three distinct forms of ADM by RNA se- within the invasive front of tumors in the pancreas of mice. Further-
quencing (RNA-seq). Laser-capture microdissection (LCM) was used to more, tumor volumes were also significantly larger, possibly because of
capture tissues containing regions of cancer-associated ADM (CA-ADM) the extensive ADM found in Kras®*??/* mice. These results suggest that
from the invasive front of pancreatic cancers, from pancreas with ADM-like lesions within CAA regions of the invasive front enhance
chronic pancreatitis-associated ADM (CP-ADM), and from pancreas tumor invasion into the local pancreatic parenchyma.
with sporadic-ADM (SP-ADM) (Fig. 6A). Total RNA was isolated from Pancreatic acinar cells show plasticity termed ADM [12-14]. In
the captured tissues, and the expression of 770 genes from 13 cancer- previous reports, ADM has been described in humans and mice, espe-
associated canonical pathways were subsequently analyzed using the cially regarding carcinogenesis [17,18], [32,33]. In our study, ADM-
NanoString nCounter gene expression system [27]. The heatmap ana- like lesions were observed in the invasive front, especially where acinar
lysis revealed that CA-ADM, CP-ADM, and SP-ADM exhibit distinct atrophy and invasion into the pancreatic parenchyma were extensive.
phenotypical gene expression profiles (Fig. 6B). Venn diagram analysis In addition, a strong desmoplastic reaction was observed around these
identified both differentially and co-expressed genes (Fig. 6C). In our ADM-like lesions. When we induced temporary acute pancreatitis by
analysis of the RNA-seq data, we found functional annotation clusters of administration of caerulein in KPC mice that had already formed
genes uniquely up or down-regulated in each of the three types of ADM, palpable invasive cancer, tumor progression was accelerated (data not
when compared with normal acini (Fig. 6D). For each ADM subtype, shown). This is possibly a consequence of the Kras mutation, which
representative genes with a fold change > 2 or < 0.5 were identified promotes ADM within the pancreas around the established tumor.
(Fig. S3B). In particular, growth factor, cytokine, and secretory factor- Changes in the physical structural of the surrounding tumor micro-
related genes were up-regulated in CA-ADM. Inflammatory response environment, including collagen matrix remodeling within regions of
related genes were up-regulated in CP-ADM. Differentiation-related desmoplasia, are known to contribute to the process of cancer invasion
genes were up-regulated in all three subtypes of ADM. Apoptosis-re- [20,34]. These data suggest that ADM-like lesions with acinar atrophy
lated genes were up-regulated in both CA-ADM and CP-ADM. However, and associated areas of desmoplasia within the invasive front of the
SP-ADM did not exhibit significant changes that were unique from the tumor contribute to the formation of a microenvironment that favors
others forms of ADM (Fig. 6D). Additionally, GSEA analysis revealed local invasion in pancreatic cancer.
that, when compared with normal acinar tissues, CA-ADM exhibited an Several mechanisms linking ADM to carcinogenesis have been de-
up-regulation of pancreatic cancer-related genes, CP-ADM exhibited an scribed [18,35], but the significance of ADM within the invasive front
up-regulation of inflammatory response genes, and SP-ADM revealed an of the tumor has remained unclear. It has been reported that factors
up-regulation of genes associated with carcinogenesis (Fig. S3A). These secreted by cancer cells, such as TGFa and TGFp, are involved in ADM
results suggest the possibility that the mechanisms driving ADM differ formation [17,36]. Our immunohistochemical analysis revealed that
according to the given tissue microenvironment. ADM lesions within the invasive front of the tumor were positive for

TGFa expression. In addition, when PACs were stimulated with TGFa in
an in vitro 3D explant culture model, they formed ADM-like structures.
ADM can also be induced following pancreatic inflammation [37] and
in response to macrophage-secreted cytokines [16]. Our present find-
ings suggest that ADM can be classified according to three distinct
phenotypical profiles that are dependent upon the properties of the
local pancreatic microenvironment.

The KIf4 gene, which is known to be essential for the induction of
ADM [35,38], was up-regulated in all three subtypes of ADM. In CA-
ADM, growth factor, cytokine, and secretory factor-related genes, such
as Bmp, Fgf, I, Tnf and Mmp, were up-regulated. Bone morphogenetic
protein belongs to the TGF[} superfamily and has been implicated in the
invasion and metastasis of cancer cells during epithelial-mesenchymal
transition [39]. Fibroblast growth factor and Interleukin are

4. Discussion

The pancreas is an organ in which inflammation, fibrosis and
atrophy are easily induced because most of the pancreatic parenchyma
is composed of acini that produce digestive enzymes [31]. However, the
significance of the changes in acinar morphology within the sur-
rounding microenvironment of the tumor during the development and
progression of pancreatic cancer are unknown. In this study, we have
found that the border between the tumor and the acini is largely di-
vided into two histopathologically distinct regions, the invasive front
and the non-invasive front. In the invasive front, cancer cells and/or
CAFs demonstrate extensive invasion of the pancreatic parenchyma
that is accompanied by desmoplastic changes and acinar atrophy. In the

Table 2

Effects of Kras mutation on ADM-associated changes in acini in the orthotopic pancreatic cancer models employed in this study.
Group Pancreatic tumor Tumor volume (mm3) Liver metastasis Peritoneal dissemination Body weight (g)
KrasWT (5, @7) 12/12 82.1 = 40.6 0/12 0/12 27.88 + 4.99
KrasG12D (5, @3) 8/8 258.2 + 112.4 0/12 0/8 31.06 = 7.4
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CP-ADM CA-ADM

SP-ADM

CP-ADM CA-ADM SP-ADM

C

Upregulated genes

CP-ADM
(281 Genes)

CA-ADM
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(304 Genes)

(68 Genes)
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Downregulated genes

CP-ADM
(59 Genes)

16
(16.7%)

SP-ADM SP-ADM

(282 Genes) (50 Genes)
Functional Annotation Chart of Upregulated Genes
CA-ADM P-Value
Growth factor (Bmp8a, Fgf22, Fgf8, Gdf6, Inhbb, 11123, 112, Lefty2) 1.3E-9
Cytokine (Fasl, Bmp8a, Gdf6, Ifna1, Ifng, l112a, 112, Lefty2, Tnf) 3.1E-8
Secreted factor (Angpt2, Bmp8a, Efna1, Fgf22, Fgf8, Mmp7, Mmp9) 1.3E-6
Apoptosis (Bax, E2f1, Fasl, Gzmb, Gdf6, Stk4) 1.1E-3
CP-ADM
Proto-oncogene (Abl1, Myb, Pdgfra, Pdgfd, Ret) 9.0E-8
Inflammatory response (Mecom, 1115, Irak2, Nfe2I2, Pparg) 1.3E-2
Apoptosis (Mecom, Abl1, Casp9, Chek2, Mapk3, Map2k6, Pak7) 8.9E-7
SP-ADM
Disulfide bond 4.9E-3
Cleavage on pair of basic residues 8.6E-3
Calcium 1.1E-2
Common to three types of ADM
Secreted 9.0E-29
Cytokine 2.1E-9
Differentiation 1.7E-9
Activator (KIf4, Gata3, Gli1, Gli3, Trp53) 1.0E-3
Functional Annotation Chart of Downregulated Genes
CA-ADM P-Value
Developmental protein (Bmp4, Creb3I1, Dvi3, Foxo4, Spry2) 9.5E-3
Stress response (Idh2, Pik3r1) 6.4E-2
CP-ADM
Cyclin (Ccnet, Ccne2, Ccno) 3.5E-4
Cell division (Cdc25¢c, Ccne1, Ccne2, Ccno) 1.7E-3
Cell cycle (Cdc25¢c, Cene1, Ccne2, Ccno) 7.4E-3
SP-ADM
Growth arrest (Ddit3, Gas1) 4.0E-3
Developmental protein (Lfng, Lefty1, Wnt10b) 1.7E-2
Wht signaling pathway (Ddit3, Wnt10b) 3.8E-2
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Fig. 6. ADM is associated with distinct phenotypical profiles that are determined by the specific tissue microenvironment. (A) Representative images of LCM. CA-
ADM was derived from the invasive front of pancreatic cancer. CP-ADM was derived from chronic pancreatitis surrounded by inflammatory cells. SP-ADM was
derived from regions of normal pancreas. Tissues from ADM lesions were captured from two cases of each ADM subtype. (B) Heatmap summarizing the results of the
ADM gene expression analysis. Data represent log, fold changes in mean gene expression for each ADM subtype vs. normal acini. (C) Venn diagrams for differentially
expressed genes (up or down-regulated) associated with each subtype of ADM. (D) Representative annotation chart of changes in gene expression (up or down-
regulated) for the three subtypes of ADM. (E) Proposed model for ADM induction associated with different microenvironments.

extracellular signaling factors that regulate fibroblasts and in-
flammatory cells [40,41]. Tumor necrosis factor (TNF) activates NF-xB
in acinar cells to induce the expression of numerous genes related to
extracellular matrix degradation, ADM, and cancer cell invasion, such
as matrix metalloproteinases (MMPs) [16, 34]. These data suggest that
CA-ADM exerts effects on the surrounding microenvironment, im-
pacting on various cell types including cancer cells, CAFs and in-
flammatory cells. In CP-ADM, inflammatory response-related genes,
such as Mecom, 1115 and Nfe2l2, were up-regulated, indicating that this
subtype of ADM is induced by inflammation associated with pancrea-
titis. Interestingly, Nfe2l2, which is an anti-inflammatory gene that is
associated with resentence responses to various forms of environmental
stress [42,43], was up-regulated in addition to the inflammatory re-
sponse genes. This suggests that CP-ADM is a defense mechanism in-
duced to protect acinar cells from damage resulting from adverse
conditions such as pancreatitis. However, CAF and inflammatory cell
infiltration were not apparent features of SP-ADM, which is associated
with a relatively normal microenvironment, suggesting that SP-ADM
has less of an impact on the surrounding tissue. Further studies are now
needed to understand the biological significance of, and molecular
mechanisms associated with, the changes in gene expression observed
for each specific subtype of ADM.

In conclusion, we have found that ADM lesions are associated with
the invasive front of pancreatic cancer. The mechanism of ADM in-
duction is dependent upon the characteristics of the local micro-
environment. Such environmental factors can include interactions with
cancer cells and infiltration by CAFs and/or inflammatory cells. CA-
ADM, which exists within a tumor microenvironment, promotes des-
moplastic changes and the invasion of cancer cells into the local pan-
creatic parenchyma. Our present data suggest that inhibition of ADM
formation within the invasive front of the tumor may be a new ther-
apeutic strategy to regulate the local invasion of pancreatic cancer.
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