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CXCR4 in Tumor Epithelial Cells Mediates Desmoplastic
Reaction in Pancreatic Ductal Adenocarcinoma
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Pancreatic ductal adenocarcinoma (PDAC) features abundant
stromal cells with an excessive extracellular matrix (ECM), termed
the desmoplastic reaction. CXCR4 is a cytokine receptor for stromal
cell-derived factor-1 (CXCL12) expressed in PDAC, but its
roles in PDAC and the characteristic desmoplastic reaction remain
unclear. Here, we generated a mouse model of PDAC with condi-
tional knockout of Cxcr4 (KPC-Cxcr4-KO) by crossing Cxcr4
flox mice with Pdx1-Cre;KrasLSL-G12D/+;Trp53LSL-R172H/+
(KPC-Cxcr4-WT) mice to assess the development of pancreatic
intraepithelial neoplasia (PanIN) and pancreatic cancers. Tumor
cell characteristics of those two types were analyzed in vitro. In
addition, CXCR4 expression in human pancreatic cancer specimens
was evaluated by IHC staining. In KPC-Cxcr4-KO mice, the
number and pathologic grade of PanIN lesions were reduced, but
the frequency of pancreatic cancers did not differ from that in KPC-
Cxcr4-WT mice. The pancreatic tumor phenotype in KPC-Cxcr4-
KO mice was significantly larger and undifferentiated, characterized
by abundant vimentin-expressing cancer cells, significantly fewer

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly lethal dis-
ease. Despite progression in the development of therapies, the 5-year
survival rate of PDAC remains around 5% to 10% because of its
resistance to anticancer drugs (1, 2). Therefore, novel therapeutic
targets of PDAC are urgently needed and clarifying the molecular
mechanisms of this distinct disease can critically contribute to patient
management.

Pancreatic lesions are considered to progress step-by-step due to
multiple genetic alterations. PDAC arises from precancerous lesions
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fibroblasts, and markedly less deposition of ECM. In vitro, KPC-
Cxcr4-KO tumor cells exhibited higher proliferative and migratory
activity than KPC-Cxcr4-WT tumor cells. Myofibroblasts induced
invasion activity in KPC-Cxcr4-WT tumor cells, showing an epi-
thelial-mesenchymal interaction, whereas KPC-Cxcr4-KO tumor
cells were unaffected by myofibroblasts, suggesting their unique
nature. In human pancreatic cancer, undifferentiated carcinoma did
not express CXCR4 and exhibited histologic and IHC features
similar to those in KPC-Cxcr4-KO mice. In summary, the
CXCL12/CXCR4 axis may play an important role in the desmo-
plastic reaction in PDAC, and loss of CXCR4 induces phenotype
changes in undifferentiated carcinoma without a desmoplastic
reaction.

Significance: The current study uncovers CXCR4 as a key
regulator of desmoplastic reaction in PDAC and opens the way
for new therapeutic approaches to overcome the chemoresistance in
patients with PDAC.

with a ductal morphology, termed pancreatic intraepithelial neoplasia
(PanIN; ref. 3). On the basis of findings from a pancreatic cancer
mouse model, pancreatic cells bearing mutant Kras transform into
PanIN through acinar-to-ductal metaplasia, which eventually pro-
gresses to PDAC. Several genetic alterations, transcriptional factors,
and chemokines are involved in the transformation (3, 4).

A characteristic pathologic feature of PDAC is the abundance of
stromal tissues, including activated fibroblasts (myofibroblasts) and
extracellular matrix (ECM), referred to as the desmoplastic reac-
tion (5), which is considered to be a major contributor to chemore-
sistance in PDAC. Although a number of previous works have
identified pathways and fibroblast subtypes involved in the deposition
of matrix in PDAC, the mechanism leading to the desmoplastic
response has not been fully elucidated yet (6-8). On the other hand,
a pancreatic cancer with few fibroblasts also exists. Undifferentiated
carcinoma of the pancreas is a rare malignant epithelial neoplasm
accounting for 0.8% to 5.7% of pancreatic cancer (9) that exhibits more
aggressive clinical behavior and has a poorer prognosis than conven-
tional PDAC (10). Its pathologic features include the lack of cell
differentiation, such as keratinization, glandular structure, or mucin
production, and also fewer desmoplastic changes. The reasons for
these differences between conventional PDAC and undifferentiated
carcinoma of the pancreas, however, are not well understood.

Stromal cell-derived factor-1, now termed CXCL12, is a homeo-
static chemokine that signals through its receptor CXCR4. CXCL12
and CXCR4 have a wide range of important roles in development,
including hematopoiesis and immune system organization (11).
CXCR4 is a G-protein-coupled receptor encoded on chromosome
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2 (12) that promotes the downstream protein kinase B/mitogen-
activated protein kinases signaling pathway, leading to alterations in
gene expression, actin polymerization, cell skeleton rearrangement,
and cell migration (12). CXCR4 is expressed in many types of cancer
cells, including PDAC, and is involved in growth, invasion, metastasis,
and prognosis (13-17). Stimulation of CXCL12, which is mainly
secreted by fibroblasts, increases the proliferation activity of cancer
cells in vivo (18). Evaluation of tumors using Cxcr4 global knockout
(KO) or conditional-KO mice, however, has not been reported.

In the current study, we investigated how CXCR4 in epithelial cells
affects the initiation and characteristics of PDAC using a mouse model
with pancreas-specific Cxcr4 deletion. Here, we provide evidence that
CXCR4 plays a pivotal role in the desmoplastic changes in PDAC
through cross-talk with CXCL12 from myofibroblasts.

Materials and Methods

Human samples

For THC and hematoxylin and eosin (H&E) staining of human
samples, surgically resected specimens were obtained from patients
with PDAC or pancreatic undifferentiated carcinoma who had been
admitted to Kyoto University Hospital (Kyoto, Japan).

Animals

All procedures were performed when mice were anesthetized by
isoflurane (Pfizer) and all efforts were made to minimize the number of
animals used and their suffering. Cxcr4 flox mice (19), Pdx1-Cre
mice (20), LSL-Kras®"?®* mice (21), and LSL—Trp53RI72HPr mice (22)
were described previously. All mice were maintained on a mixed
background.

Cell culture

All tumor tissues were isolated by surgical dissection from KPC-
Cxcr4 wild-type (WT) mice and KPC-Cxcr4-KO mice in 2017. Three
primary culture cell lines were established from each of the tumors
arising from the two strains of mice (no authentication). The
fibroblasts we used were established from pancreatic tissues of
C57BL/6 mice by conventional primary culture method without
immortalization (no authentication). Homologous recombination
in Cxcrd™10%, Kras"St-G12P/% | or Trp53tSERIZZHIY yas confirmed
by PCR using primers in Supplementary Table S1. Cells were
maintained at 37°C under a humidified atmosphere of 5% CO, in
DMEM) (Gibco) growth medium supplemented with 10% FBS
(Gibco) and 100 pg/mL each of penicillin and streptomycin (Invi-
trogen). Cell passage were conducted every 24 to 48 hours before
confluence. Five to 10 passage cells were used for experiments.
Mpycoplasma testing was conducted and confirmed negative using
MycoAlert (Lonza) on February 5, 2020.

Cell culture using two chamber wells (Transwell clear insert 6 wells;
Corning) was performed to assess the activation of myofibroblasts by
tumor cells. Myofibroblasts (3 x 10° cell/wells) derived from C57BL/6
mice pancreatic stellate cells were seeded in lower wells and incubated
overnight in DMEM/10% FBS. After incubation, the medium was
changed to serum-free DMEM incubated for starvation, and incubated
for 24 hours. KPC-Cxcr4-WT and KPC-Cxcr4-KO tumor cells (3 x 10°
cells/well) were seeded on upper chambers of other wells (pore size
0.4 um) and incubated overnight in DMEM/10%FBS. After washing
with PBS, upper chambers with tumor cells from each strain were
placed on the lower wells with myofibroblasts and incubated for
24 hours. Then, the concentration of collagen lal in each culture
medium were measured by ELISA.
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Histology
Tissues were sliced at 5 to 10 um, fixed in 10% neutral phosphate-
buffered formalin, embedded in paraffin, and stained with H&E.

IHC

The IHC study was performed according to the standard method.
For mouse Cxcr4 staining, tissue sections were dephosphorylated by
Lambda Phosphatase treatment (Santa Cruz Biotechnology) for 30
minutes at room temperature followed by antigen retrieval with
autoclave treatment (10 mmol/L citrate buffer, ph6). For human Cxcr4
staining, antigen retrieval was performed by autoclave (ph9 tris-EDTA
buffer) without dephosphorylation. Primary antibodies used in this
study are listed in Supplementary Table S2. Sections were incubated
overnight with primary antibodies at 4°C. The peroxidase reaction was
carried out with Liquid DAB+ Substrate Chromogen System (Dako).
Finally, slides were counterstained with hematoxylin (Wako).

Alcian blue staining

Alcian blue staining was performed as described previously (23).
Briefly, slides were stained with pH 2.5 Alcian blue solution for 45
minutes at room temperature and counterstained with nuclear fast red
solution (Sigma-Aldrich) for 10 minutes.

Sirius red staining

Sirius red staining was performed according to a general manual.
Briefly, slides were stained in Picro-sirius red solution for 45 minutes at
room temperature, then rinsed twice quickly with acetic acid solution
followed by ethanol.

Quantitative RT-PCR

Total RNA was extracted from the pancreatic tissues or cell lines
collected in RNA Later (Thermo Fisher Scientific) using an RNeasy Kit
(QIAGEN) according to the manufacturer's instructions. For com-
plementary DNA synthesis, 1 g of total RNA was reverse-transcribed
using ReverTra Ace qPCR RT Master Mix (Toyobo) and subjected to
quantitative RT-PCR. Quantitative RT-PCR was performed by using
the LightCycler system (Roche). The mRNA expression of specific
genes was measured using FastStart Universal SYBR Green Master
(Roche). RNA levels were normalized to the level of the housekeeping
gene, GAPDH, and calculated as the A-A threshold cycle (AC,).
Primers used for quantitative RT-PCR are listed in Supplementary
Table S1. All reactions were performed in triplicate

ELISA

Collagen 1al in the culture medium was quantified using Simple-
Step ELISA KIT (Abcam: ab 229425) according to the manufacturer's
instructions. Briefly, 100 uL of 20-fold diluted culture solution was
incubated on an ELISA Kit plate coated with mouse pro-collagen lal
for 1 hour at room temperature and shaken at 400 rpm. After three
washes with washing solution and subsequent removal of the solution,
100 pL of the reaction substrate was added to each well and the plate
was incubated for 10 minutes in the dark on a plate shaker set to
400 rpm. After adding 100 pL of stopping solution, absorbance was
determined at OD 450 nm. Control wells that were not coated with
candidate proteins were also used as a negative control for each of the
serum studies. All assays were performed in triplicate.

Proliferation assay

KPC-Cxcrd-WT and KPC-Cxcr4-KO tumor cells (2 x 10° cells/well)
were seeded in 96-well plates and cultured in DMEM/10% FBS. The
medium was changed to serum-free DMEM for overnight incubation.
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Cell growth was analyzed at 24 and 48 hours using the MTS Reagent
Kit (Promega) added 1 hour before taking the spectrophotometric
reading, according to the manufacturer’s directions.

In vitro wound-healing assays

Wound-healing assays were evaluated with KPC-Cxcr4-WT and
KPC-Cxcr4-KO tumor cells. Cells (1 x 10* cells/well) were seeded in
12-well plates and grown into a monolayer. A pipette was used to
scratch the monolayer and the medium was replaced with serum-free
medium. After 20 hours, the wound closure percentage in 8 high-
power fields (HPF) were quantified by Image] software analysis.

Experimental model of liver metastases

Ten-week-old C57BL/6 mice were anesthetized with isoflur-
ane. Tumor cells (2 x 10°) derived from KPC-Cxcr4-WT and
KPC-Cxcr4-KO mice were suspended in DMEM/10% FBS. The
cells were injected in the mouse spleens with a 27G syringe during
open laparotomy. After 3 weeks, the number of liver metastases at
the liver surface was counted.

Microarray analysis

Total RNA from each of the 3 KPC-Cxcr4-WT and KPC-Cxcr4-KO
tumor cell cultures was examined using the SurePrint G3 Mouse Gene
Expression 8 x 60K v2 (Agilent Technologies). Gene expression data
were analyzed using gene set enrichment analysis (GSEA) software and
the Molecular Signature Database (MsigDB).

Cell invasion assay

The invasion assay was performed using a Transwell invasion assay
(Corning) with 24 wells according to the manufacturer's instructions.
Briefly, KPC-Cxcr4-WT and KPC-Cxcr4-KO tumor cells (2 x 103 cells/
well) were placed in the upper chambers of Matrigel-coated 8-um
transwells. The bottom chambers were seeded with myofibroblasts (2
x 10 cell/well) derived from C57BL/6 mice pancreatic stellate cells
filled with serum-free DMEM and incubated for 48 hours. After
incubation for 20 hours, noninvading cells were carefully removed
with a cotton swab. Cells that had penetrated through the Matrigel
located on the underside of the filter were fixed with cold methanol for
15 minutes, then stained with Crystal violet and the number of
invading cells was counted. Anti-CXCL12 antibody (Abcam; ab9797)
was added to some wells to confirm that the myofibroblast-induced
invasion was blocked.

Statistical analysis

Statistical analysis was performed using JMP (SAS Institute) or
Excel (Microsoft Corp.) software. Intergroup comparisons were per-
formed using Student ¢ test for normally distributed unpaired data and
the Mann-Whitney U test for nonnormally distributed unpaired data.
Differences were assessed using Student ¢ test, log-rank test, ANOVA
test, and Fisher exact test for categorical data. A P value of <0.05 was
considered statistically significant. For P values, the following scale
was applied: *, P < 0.05; **, P < 0.01; and ***, P < 0.001. Data are
presented as means == SEM. Five to 10 nonoverlapping HPFs were
analyzed by counting positive cells or measuring positive area for
each staining. Each area was evaluated by Image] software.

In Fig. 6Q, it was judged as positive when Cxcr4 was more than 70%
positive in those cancer cells.

Study approval
All animal care and experiments were conducted according to the
guidelines for the Japan’s Act on Welfare and Management of Animals.
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All animal experiments and materials and methods described herein
were approved by the review board of Kyoto University Graduate
School (Kyoto, Japan). Written informed consent for the use of their
resected tissues were obtained from all patients in accordance with the
Declaration of Helsinki.

Results

PanIN formation was reduced in Cxcr4 conditional KO mice

To investigate the role of Cxcr4 in pancreatic development, we
first evaluated the phenotype of pancreas-specific KO of the Cxcr4
gene by analyzing PdxI-Cre;Cxcr4"° (Cxcr4-KO) mice (Supple-
mentary Fig. S1A). Successful Cxcr4 gene recombination in pan-
creatic tissue was confirmed by PCR (Supplementary Fig. S1B
and S1C). We observed Cxcr4-KO mice for up to 48 weeks of
age, but detected no abnormalities or body weight loss compared
with Pdx1-Cre;Cxcrd" YT (Cxcr4-WT) mice (Supplementary
Fig. S1D). Histologic analysis by H&E staining and ITHC for amylase
and insulin also showed no abnormalities in pancreatic exocrine
and endocrine tissues in the Cxcr4-KO mice (Supplementary
Fig. SIE-S1L), suggesting that Cxcr4 KO does not affect pancreatic
development.

Next, to evaluate the role of Cxcr4 in the development of PanIN and
PDAC, we crossed Cxcr4°* mice with PdxI-Cre;Kras-SL"012P/+;
Trp53-SL-RIZZH (KPC-Cxcrd-WT) mice and generated PdxI-Cre;
KrastSt-01207 *;TrpSSLSL'RUZH/ +.Cxcralox!flox (KPC-Cxcr4-KO) mice
(Fig. 1A). The KPC mouse model is reported to develop PanIN and
PDAC within 4 and 16 to 20 weeks, respectively (24), and therefore,
we evaluated PanIN lesion formation in KPC-Cxcr4-WT and KPC-
Cxcr4-KO mice by H&E staining and Alcian blue staining at 16 weeks
of age. PanIN developed in both mouse strains, but the area of
PanIN analyzed by Alcian blue staining was significantly smaller in
KPC-Cxcr4-KO mice than in KPC-Cxcr4-WT mice (11.3% vs. 23.5%,
P = 0.02; Fig. 1B-E and H). IHC revealed weaker expression of
phosphorylated ERK (pERK), a downstream of Cxcr4, in PanIN
lesions of KPC-Cxcr4-KO mice than those of KPC-Cxcr4-WT mice
(Fig. 1F and G). In addition, not only the total number of PanIN
lesions, but also the grade was significantly lower in KPC-Cxcr4-KO
mice than in KPC-Cxcr4-WT mice (Fig. 1I). These findings indicate
that Cxcr4 promotes the initiation and development of PanIN.

Undifferentiated pancreatic cancer without a desmoplastic
reaction formed in Cxcr4 conditional KO mice

We next analyzed PDAC formation in KPC-Cxcr4-KO mice at 16 to
20 weeks of age. Although PanIN development in KPC-Cxcr4-KO mice
was much lower, as described above, the pancreatic tumor formation
rate did not differ between KPC-Cxcr4-KO and KPC-Cxcr4-WT mice
(23.0% vs. 26.3%, P = 0.62; Fig. 2A). In addition, overall survival time
did not differ between KPC-Cxcr4-KO and KPC-Cxcr4-WT mice
(Fig. 2B). The morphology of the developed tumors, however,
markedly differed between the two strains of mice. Tumors that
formed in KPC-Cxcr4-KO mice were significantly larger than those
in KPC-Cxcr4-WT mice (12.3 mm vs. 7.4 mm, P = 0.039; Fig. 2C), and
the tumor boundaries were unclear, suggesting more aggressive and
invasive characteristics (Fig. 2D and E). The number of Ki67-positive
cells was significantly higher in tumors of KPC-Cxcr4-KO mice than
those of KPC-Cxcr4-WT mice, confirming this higher proliferative
phenotype (100.5 vs. 37.5 P = 0.049; Fig. 2F-H). Regarding angio-
genesis, IHC analysis showed that the area of CD31-positive cells in the
tumor did not differ between KPC-Cxcr4-KO and KPC-Cxcr4-WT
mice (1.96% vs. 1.97% P = 0.98; Fig. 2I-K). Histologic analysis by
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Figure 1.

PanIN formation was reduced in Cxcr4
conditional KO mice. A, Design of
Cxcr4 flox mouse model used in this
study, which employs the Kras-St6720/+
Pdx1-Cre, Trp53-SER72H+ and  Cxcrd
alleles. Cre-mediated deletion results in
the expression of mutated Kras and Trp53
genes and deletion of both alleles of
Cxcr4. B and C, H&E staining of pancreatic
lesions of KPC-Cxcr4-WT (B) and KPC-
Cxcr4-KO (C) mice at 16 weeks. D and
E, Alcian blue staining showing represen-
tative histology from KPC-Cxcr4-WT (D)
and KPC-Cxcr4-KO (E) mice at 16 weeks.
F and G, IHC for pERK of KPC-Cxcr4-WT
(F) and KPC-Cxcr4-KO (G) mice at
16 weeks. H, Area of PanIN lesions in
KPC-Cxcr4-WT and KPC-Cxcr4-KO mice
(n = 4/6). 1, Numbers of PanlIN lesions for
each grade in KPC-Cxcr4-WT and KPC-
Cxcr4-KO mice (n = 5 for each group).
PanIN grades were classified into three
groups (PanIN1, PanIN2, and PanIN3).
Ten nonoverlapping HPFs were analyzed.
*, P < 0.05, Student t test. Scale bars,
50 um (B, C, F, and G); 2 mm (D and E).
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Figure 2.

Cxcr4 conditional-KO did not affect the incidence of pancreatic tumors but increased their size. A, Frequency of pancreatic tumors in KPC-Cxcr4-WT (26.3 %, 5/19)
and KPC-Cxcr4-flox (23.0 %, 5/22) mice at 16 to 20 weeks. P = 0.79. Fisher exact test. B, Kaplan-Meier survival data showed that the survival rate of KPC-Cxcr4-WT
and KPC-Cxcr4-KO mice did not differ (n =14/12). P= 0.55, log-rank test. C, Average tumor diameter of KPC-Cxcr4-WT and KPC-Cxcr4-KO tumors (n =5/5). Dand E,
Macroscopic view of pancreatic tumors from KPC-Cxcr4-WT (D) and KPC-Cxcr4-KO (E) mice. Yellow arrowheads show the border of tumor. F and G, IHC for Ki67 of
KPC-Cxcr4-WT (F) and KPC-Cxcr4-KO (G) tumors. H, Histologic analysis of Ki67-positive tumor cells in KPC-Cxcr4-WT and KPC-Cxcr4-KO mice (n = 3/3). Five to 10
nonoverlapping HPFs were analyzed. 1 and J, IHC for CD31 of KPC-Cxcr4-WT (1) and KPC-Cxcr4-KO (J) tumors. K, Percentage of CD31-positive tumor cells (n = 3/3).
Five to 10 nonoverlapping HPFs were analyzed. Values in graphs are mean + SEM. *, P < 0.05 Student ¢t test (C, H, and K). Scale bars, 50 um.
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Figure 3.

Undifferentiated pancreatic cancer
without a desmoplastic reaction was
formed in Cxcr4 conditional-KO mice.
Histologic analysis of tumors formed
in KPC-Cxcr4-WT and KPC-Cxcr4-KO
mice. A and B, H&E staining. C and
D, IHC for AE1/AE3. E, Percentage of
AE1/AE3-positive tumor cells (n = 3/3).
F and G IHC for vimentin. H, Percentage
of vimentin-positive tumor cells (n = 3/3).
land J, IHC for Cxcr4. Kand L, Picro-sirius
red staining. M, Picro-sirius red-positive
area (n = 4/4). N and O, IHC for aSMA.
P, aSMA-positive area (n = 4/4).Q@andR,
IHC for PDGFRo. S, PDGFRo-positive
area (n = 3/3). Values in graphs are mean
+ SEM.*, P<0.05; **, P< 0.01, Student ¢
test. Scale bars, 50 um. Five to 10 non-
overlapping HPFs were analyzed.
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H&E staining and IHC for pan-cytokeratin (AE1/AE3) and vimentin
showed typical images of ductal adenocarcinoma with pan-cytoker-
atin—positive cancer cells and abundant vimentin-positive cancer-
associated fibroblasts in the tumors of KPC-Cxcr4-WT mice
(Fig. 3A, C, F, and E). In contrast, the tumors of KPC-Cxcr4-KO
mice exhibited a higher density of cancer cells with pleomorphic
nuclei that weakly expressed pan-cytokeratin and strongly expressed
vimentin, but the characteristic desmoplastic changes were not
observed (AE1/AE3 88.3% vs. 3.3% P < 0.01, vimentin 33.4% vs.
88.2% P = 0.02; Fig. 3B, D, G, and H). IHC for Cxcr4 revealed Cxcr4
expression in cancer cells in KPC-Cxcr4-WT mice and loss of its
expression in KPC-Cxcr4-KO mice (Fig. 31andJ), whereas expressions
of Cxcr4 in immune cells in the tumor microenvironment as well as
in the spleen were equivalently observed in both strains of mice
(Supplementary Fig. S2A and S2B). Picro-sirius red staining
and IHC for oi-smooth muscle actin («tSMA) and PDGFR0 revealed
significantly lower collagen deposition and myofibroblast activa-
tion, respectively, in tumors of KPC-Cxcr4-KO mice compared with
KPC-Cxcr4-WT mice (Picro-sirius red; 15.3% vs. 3.2% P = 0.027,
aSMA; 8.8% vs. 3.5% P = 0.002, PDGFRo; 24.4% vs. 3.4% P =
0.042; Fig. 3K and S), confirming the phenotype of a decreased
desmoplastic reaction in tumors of KPC-Cxcr4-KO mice. We also
performed THC for CD3, CD8, Gr1, F4/80 to evaluate infiltration of
immune cells. As a result, a substantial number of F4/80-positive
monocytes and a few CD3-positive T cells were found in the tumors,
but few CD8-positive T cells and Grl-positive neutrophils were
observed. Importantly, we could not find any differences in the
infiltrations of these immune cells between the tumors of KPC-
Cxcr4-WT and KPC-Cxcr4-KO mice (Supplementary Fig. S3A-S3I).
Expression of pERK in cancer cells was weaker in KPC-Cxcr4-KO
mice than in KPC-Cxcr4-WT mice (Supplementary Fig. S4A). These
findings suggested that the characteristic desmoplastic reaction in
PDAC is meditated by Cxcr4 in epithelial cells, and thus, condi-
tional Cxcr4 gene KO induces the formation of undifferentiated
cancer with little stroma.

Cxcr4 KO induced aggressive characteristics in cancer cells
through an epithelial-mesenchymal transition

To further examine the features of vimentin-positive tumors with
the characteristic morphology in KPC-Cxcr4-KO mice, we established
primary cancer cell lines from KPC-Cxcr4-KO and KPC-Cxcr4-WT
mice using a previously reported method (25). Successful gene recom-
bination of Cxcr4, Kras"S:"¢1?P'* and Trp53LSL'R172H/ " in these cells
were confirmed by PCR (Fig. 4A), and loss of Cxcr4 expression was
confirmed by quantitative RT-PCR analysis and immunofluorescent
analysis (Fig. 4B and C). Quantitative RT-PCR analysis also showed a
complete loss of Epcam mRNA expression and a marked increase in
vimentin mRNA expression in cancer cells derived from KPC-Cxcr4-
KO mice compared with KPC-Cxcr4-WT mice (Fig. 4D and E),
confirming the results of the IHC for pan-cytokeratin and vimentin.
Under these conditions, an MTS assay (Fig. 4F) and wound-healing
assay (Fig. 4G and H) revealed that cancer cells from KPC-Cxcr4-KO
mice exhibited significantly higher proliferative activity and migratory
activity (78% vs. 39%, P = 0.03; wound-healing assay could be affected
by proliferative activity), respectively, than cancer cells from KPC-
Cxcr4-WT mice. Microarray analysis using these tumor cells revealed
reduced Kras/MAPK signaling, decreased Syk expression that pro-
motes epithelial differentiation, and increased epithelial mesenchymal
transition (EMT)-related gene expression in cancer cells from KPC-
Cxcr4-KO mice (Supplementary Fig. S4B). Furthermore, GSEA on
RNA sequence data showed upregulation of EMT-related gene expres-
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sion in cancer cells from KPC-Cxcr4-KO mice (Supplementary
Fig. $4C). Both cell lines from KPC-Cxcr4-KO and KPC-Cxcr4-WT
mice did not express Colalal mRNA, suggesting no stromal contam-
ination (Supplementary Fig. S5A).

Thus, in contrast to previous reports using CXCR4 inhibitors or
knockdown (26, 27), CXCR4 KO induced an EMT and stimulated the
proliferation and migration of tumor cells both in vivo and in vitro.

On the other hand, CXCR4 is known to play a definitive role in
promoting cancer metastasis. Because KPC-Cxcr4-KO and KPC-
Cxcr4-WT mice did not have spontaneous metastasis during their
lifetime, we next analyzed the metastatic ability of cancer cells by
splenic injection. Consistent with previous reports (17), the number of
liver metastases was significantly lower in cancer cells from KPC-
Cxcr4-KO mice than in those from KPC-Cxcr4-WT mice (Supple-
mentary Fig. S6A-S6F), suggesting that the CXCL12/CXCR4 axis is
important for metastasis.

Myofibroblasts induced cancer cell migration through the
CXCL12/CXCR4 axis

To elucidate the characteristic tumor phenotype without a desmo-
plastic reaction of KPC-Cxcr4-KO tumor cells, we focused on epithe-
lial-mesenchymal interactions between cancer cells and myofibro-
blasts. We first assessed the effects of secretory factors from cancer cells
on myofibroblasts utilizing a two chamber assay in which cancer cells
from KPC-Cxcr4-KO or KPC-Cxcr4-WT mice were placed into the
upper chamber and myofibroblasts were seeded into the lower cham-
ber and cultured for 24 hours (Fig. 5A). On the basis of the concen-
tration of collagen 1al in the culture media, cancer cells from both
strains activated myofibroblasts compared with myofibroblasts with-
out tumor cells, but there were no differences between strains
(Fig. 5B). mRNA expression of «SMA in myofibroblasts also did not
differ between strains. (Fig. 5C). Next, we evaluated the effects of
myofibroblasts on cancer cells using the two-chamber invasion assay.
After culturing myofibroblasts for 24 hours in the lower wells,
cancer cells from KPC-Cxcr4-KO or KPC-Cxcr4-WT mice were
placed in the upper wells and their invasion ability was evaluated
after 20 hours (Fig. 5D). Myofibroblasts strongly induced cell
migration across the well of cancer cells from KPC-Cxcr4-WT mice,
but not of cancer cells from KPC-Cxcr4-KO mice (Fig. 5E), while
both types of tumors migrated little without myofibroblasts during
the observation time. Furthermore, this migratory effect of cancer
cells from KPC-Cxcr4-WT mice was markedly inhibited by treat-
ment with the anti-CXCL12 antibody (Fig. 5F). Together with
our findings that Cxcll2 is produced by myofibroblasts and not
by cancer cells (Supplementary Fig. S6G), these results indicate
that CXCL12 secreted from myofibroblasts induces cancer cell
migration via CXCR4. Thus, cancer cells from KPC-Cxcr4-WT
mice are likely to form a tumor microenvironment by epithelial-
mesenchymal interactions through CXCL12/CXCR4 signaling, but
cancer cells from KPC-Cxcr4-KO mice appear to survive more
independently from mesenchymal cells.

Loss of CXCR4 expression was observed in human
undifferentiated pancreatic cancer

We next investigated the characteristics of human undifferentiated
carcinoma focusing on CXCR4. We histologically evaluated specimens
of seven consecutive cases with undifferentiated pancreatic cancer
surgically resected at Kyoto University Hospital from 1996 to 2014 in
comparison with typical PDAC (Supplementary Table S3). In undif-
ferentiated cancer specimens, H&E staining showed a higher density of
cancer cells with pleomorphic nuclei and no desmoplastic reaction,
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Figure 4.

Cxcr4 KO induced aggressive characteristics in cancer cells through an EMT. A, PCR analysis for Cxcr4, Kras, and Trp53 recombination in KPC-Cxcr4-WT and KPC-
Cxcr4-KO primary tumor cells. B, IHC for Cxcr4 with primary cultured tumor cells established from KPC-Cxcr4-WT and KPC-Cxcr4-KO (Hoechst, blue; Cxcr4, green).
C, Quantitative RT-PCR analysis of Cxcr4 mRNA expression in pancreatic tumor cells of KPC-Cxcr4-WT and KPC-Cxcr4-KO tumors (n = 3/3/3).**, P < 0.01, ANOVA
test. D and E, Quantitative RT-PCR analysis of Epcam mRNA (D) and vimentin mRNA (E) expressed by KPC-Cxcr4-WT and KPC-Cxcr4-KO tumor cells (n = 3/3/3).
**, P < 0.01, Student t test. F, Assessment of the cell proliferation ability of KPC-Cxcr4-WT and KPC-Cxcr4-KO tumor cells using MTS assay. Each of 6 wells
was analyzed. Values in graphs represent the mean & SEM. **, P< 0.01, Student ¢ test. G and H, Assessment of cell migration in wound closure assay was performed in
KPC-Cxcr4-WT and KPC-Cxcr4-KO tumor cells at 0 and 20 hours (G). Quantification of wound closure after 20 hours (H). Values in graphs represent the mean £ SEM.
*, P < 0.05, Student ¢ test (n = 8/8). Scale bars, 50 um.
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Figure 5.

Myofibroblasts induced cancer cell migration through CXCL12/CXCR4 axis. A, The schema of the two-chamber cell culture assay. Pore size of the upper chamber is
0.04 um (cells cannot migrate). Tumor cells and myofibroblasts were incubated with serum-free DMEM medium. B, Collagen 1al (Colalal) concentration of
supernatant in which KPC-Cxcr4-WT or KPC-Cxcr4-KO tumor cells or myofibroblasts (Fib) on the upper wells and myofibroblasts on the lower wells (n = 4 for each
group) were cultured. Values in graphs are mean + SEM. ANOVA test. C, Quantitative RT-PCR analysis of «SMA mRNA of lower well myofibroblasts in which KPC-
Cxcr4-WT or KPC-Cxcr4-KO tumor cells or myofibroblasts on the upper wells (n = 3 for each group) were cultured. Values in graphs are mean + SEM. ANOVA test. D,
The schema of the two-chamber invasion assay. Pore size of the upper chamber was 8 um (cells can migrate). Tumor cells and myofibroblasts were incubated with
serum-free DMEM medium. After 20 hours, the area of invaded tumor cells was evaluated. E, Invasion assay was performed on KPC-Cxcr4-WT or KPC-Cxcr4-KO
tumor cells with or without myofibroblasts (Fib + or Fib —) on lower wells. Invasive tumor cells were stained with Crystal violet and the numbers were counted under
aninverted microscope. Scale bars, 50 um. F, The areas of invading cells were analyzed statistically. KPC-Cxcr-WT with myofibroblasts (Fib +), n = 6; KPC-Cxcr4-WT
without myofibroblasts (Fib —), n = 3; KPC-Cxcr4-WT with myofibroblasts and anti-CXCL12 antibody, n = 3; KPC-Cxcr4-KO with fibroblasts, n = 3; KPC-Cxcr4-KO

without myofibroblasts, n = 3. The cell invasive effects of the myofibroblasts were blocked in the well to which anti-CXCL12 antibody was added. Values in graphs
are mean + SEM. *, P < 0.05, ANOVA test.
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Figure 6. Ductal adenocarcinoma

Loss of CXCR4 expression was
observed in human undifferentiated
pancreatic cancer. A and B, PDAC
(A) and undifferentiated carcinoma
(B) were stained for H&E. € and
D, IHC for AEI/AE3 of PDAC (C)
and undifferentiated carcinoma (D).
E, Percentage of AEI/AE3-positive
tumor cells in PDAC and undifferenti-
ated carcinoma (n = 3/3).Fand G, IHC
for vimentin of PDAC (F) and undif-
ferentiated carcinoma (G). H, Percent-
age of vimentin-positive tumor cells in
PDAC and undifferentiated carcinoma
(n = 3/3). 1 and J, IHC for aSMA of
PDAC (I) and undifferentiated carci-
noma (J). K, aSMA-positive area in
PDAC and undifferentiated carcinoma
(n = 3/3). L and M, Picro-sirius red
staining of PDAC (L) and undifferen-
tiated carcinoma (M) mice. N, Picro-
sirius red-positive area in PDAC and
undifferentiated carcinoma (n = 3/3).
0-Q, Immunostaining of CXCR4 pro-
tein in cancer lesion, ductal adenocar-
cinoma (0), and undifferentiated car-
cinoma (P). The rate of CXCR4-posi-
tive cancer tissues in ductal carcinoma
(72.7%, 8/11) and undifferentiated car-
cinoma (0%, 0/7; Q). Values in graphs
are mean + SEM. *, P< 0.05, Student ¢
test (E, H, K, and N) and Fisher exact
test (Q). Scale bar, 50 um. Five to 10
nonoverlapping HPFs were analyzed.
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and THC showed weaker pan-cytokeratin expression and stronger
vimentin expression (AE1/AE3 71.4% vs. 28.4% P = 0.26, vimentin
3.7% vs. 98.1% P < 0.01; Fig. 6A-H). IHC for «SMA and Picro-sirius
red staining revealed significantly lower fibroblast activation and
collagen deposition, respectively, than in ductal adenocarcinoma
(0SMA 39.5% vs. 13.1%, P = 0.02, Picro-sirius red 68.5% vs. 23.8%
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P = 0.03; Fig. 6I-N). Notably, these features of human undifferen-
tiated pancreatic cancer were quite similar to those of the tumors that
formed in KPC-Cxcr4-KO mice. As for CXCR4, IHC showed CXCR4
expression in 72.7% (8/11) of cases with ductal adenocarcinoma, as
reported previously (Supplementary Fig. S7A-S7]; ref. 14). In contrast,
CXCR4 expression was not detected in any of the cases with
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undifferentiated cancer (0/7, 0%, P = 0.04; Fig. 60-Q). These findings
indicated that loss of CXCR4 could be associated with the development
of human undifferentiated pancreatic cancer.

Discussion

PDAC is a highly lethal disease. Highly characteristic pathologic
findings of PDAC are the abundant activated fibroblasts and
extracellular matrix, referred to as the desmoplastic reaction. The
molecular mechanisms of the desmoplastic reaction are poorly
understood. In the current study, our analysis of pancreas-
specific Cxcr4 conditional-KO in a PDAC mouse model revealed
that the Cxcl12/Cxcr4 axis contributes to the desmoplastic reaction.
This finding was further supported by our observation that CXCR4
expression was markedly reduced in human undifferentiated pan-
creatic carcinoma, in which few desmoplastic reactions are seen.

First, we evaluated the role of CXCR4 in pancreatic organogenesis
and maintenance of homeostasis. In general, CXCR4 is expressed on
progenitor cells during embryonic development and plays a critical
role in the development and differentiation of many organs (28, 29). As
for the pancreas, CXCR4 is reported to be expressed on endocrine
progenitor cells and to promote the proliferation and maturation of 8
cells (30). In contrast to previous reports, however, we found no
pancreatic phenotype or growth defects in Pdx1 Cre;Cxcrd™71°% mice,
in which Cxcr4 was knocked out in both the pancreatic exocrine and
endocrine tissues. Our findings suggested that CXCR4 is not essential
for the development of pancreas.

Next, we analyzed the role of CXCR4 in PanIN formation. Thomas
and colleagues evaluated CXCR4 expression in PanIN lesions in both
murine model and human tissues, and found that the frequency of
CXCR4 expression increased with the progression of PanIN (31).
Consistent with this report, our genetically engineered mouse models
clearly demonstrated that both the number and grade of the PanIN
lesions were significantly lower in Cxcr4 KO mice compared with
Cxcr4 WT mice. These findings suggest that CXCR4 plays an impor-
tant role in the formation and progression of PanIN, namely the
initiation of PDAC.

On the basis of these results, we next compared the rate of pancreatic
tumor formation between KPC-Cxcr4-WT and KPC-Cxcr4-KO mice,
expecting that tumor formation would be suppressed in KPC-Cxcr4-
KO mice. CXCR4 is expressed in many types of human cancers
including PDAC, and strong CXCR4 expression in tumors is report-
edly associated with a lower survival rate (32). Indeed, CXCR4 is
reported to promote cancer progression through an EMT and subse-
quent metastasis (17, 33, 34). Furthermore, Feig and colleagues
reported that targeting CXCL12 from stromal cells promotes T-cell
infiltration and improves the effects of anti-PD-L1 immunotherapy on
PDAGC:s (35). Chen and colleagues reported that blocking of CXCL12/
CXCR4 caused reduction of tumor fibrosis, alleviates immunosup-
pression, and significantly enhances the effect of immune checkpoint
blockers in metastatic breast cancer (36). Therefore, many studies have
investigated CXCR4 as a cancer therapeutic target, for example,
neutralizing antibody immunotherapy in colorectal cancer (37), poly-
meric anti-CXCR4 drug AMD3100 nanoparticles for small interfer-
ence RNA delivery in melanoma (38), etc. Quite surprisingly, however,
our analysis of the PDAC mouse model revealed that Cxcr4 KO did not
reduce the tumor frequency, and rather increased the tumor size while
precancerous lesion PanIN was reduced in KPC-Cxcr4-KO mice. This
reason is unclear; however, one possibility is that pancreatic cancer of
KPC-Cxcr4-KO mice is not generated from canonical PanIN to cancer
cascade but from other precancerous cells. Another possibility is that
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CXCR4 is essential for the maintaining of PanIN's apparent form but
not so involved in its carcinogenic function but in its differentiation
form.

Furthermore, Cxcr4 KO changed the tumor phenotype to less of a
desmoplastic reaction with a higher density of tumor cells and scant
fibroblasts and collagens. In vitro analysis revealed that Cxcr4 KO
tumor cells had a more proliferative and more active migration
phenotype with more mesenchymal features, whereas in vivo anal-
ysis showed less metastatic phenotype. These contrasting results
indicate a difference between the effects of Cxcr4 KO on the tumor
cells themselves and on tumor cell-organ interactions. Cxcl12/
Cxcr4 may play a role in the organ microenvironment, including
intravascular invasion, chemotaxis, adhesion, or extravasation
required for metastasis, as previously reported (18, 39, 40). Our
analysis is the first report of conditional-KO of Cxcr4 in a PDAC
mouse model, and may represent a much truer phenotype than the
previous analysis using Cxcr4 knockdown or inhibitors. Cxcr4 KO
could directly alter the characteristics of tumor cells. Indeed, IHC
and microarray analysis revealed reduced activation of MAPK/ERK
pathway downstream of CXCR4 signaling in tumor cells from KPC-
Cxcr4-KO mice (41, 42). It is known that, in Kras-driven cancer
model, suppression of Kras/MAPK signaling activates alternative
pathways for cancer proliferation and survival (43, 44). These
observations suggest that knockout of Cxcr4 affected the canonical
MAPK/ERK pathway and contributed to the acquisition of a Kras-
independent and EMT phenotype, leading to the rather autono-
mous proliferations of KPC-Cxcr4-KO tumor cells that do not
require stromal cells (45). Another possibility is that changes in
the tumor microenvironment, such as the diminished desmoplastic
reaction by Cxcr4 KO may reversely affect the characteristics of
tumor cells.

To elucidate the mechanisms of the changing tumor phenotype in
KPC-Cxcr4-KO mice, we focused on the interaction between tumor
cells and the tumor microenvironment, including fibroblasts. CXCR4
and its ligand CXCL12 are key factors in the cancer microenvironment
that induce activation of fibroblasts and angiogenesis in cancer
tissues (18, 46, 47). To clarify the mechanisms of the undifferentiated
and fewer desmoplastic characteristics in Cxcr4 KO tumors, we
focused on cancer cell-fibroblast interactions. Although the limi-
tation of the in vitro 2D system need to be considered, we found that
myofibroblasts, but not cancer cells, produce and secrete Cxcl12 and
induce tumor cell migration toward myofibroblasts in a Cxcl12/
Cxcr4 signaling-dependent manner. On the other hand, Cxcr4 KO
tumor cells were not affected by myofibroblasts and appeared to
survive more independently from mesenchymal cells. Several stud-
ies have suggested that myofibroblasts surrounding cancer cells
have a tumor-promoting function in solid tumors via angiogene-
sis (48) and protect against anticancer drug exposure (49). On the
other hand, some studies report that depletion of myofibroblasts
exacerbates the pancreatic tumor phenotype (7, 50). Rhim and
colleagues reported that removal of myofibroblasts surrounding
pancreatic cancer tissues weakened the invasive ability of the tumor
and changed the tumor phenotype to undifferentiated carcino-
ma (7). Collison and colleagues reported that human pancreatic
cancer with few fibroblasts demonstrate Kras-independent pheno-
type and poor prognosis (45). Taking these previous findings into
consideration, the characteristic phenotype of undifferentiated
features and less desmoplasia in Cxcr4 KO tumors could be due
to the lack of interaction between tumor cells and myofibroblasts,
and the aggressive proliferation/invasion trait may increase inde-
pendent of the Cxcl12/Cxcr4 axis.

CANCER RESEARCH

Downloaded from cancerres.aacrjournals.org on April 16, 2021. © 2020 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

Published OnlineFirst June 30, 2020; DOI: 10.1158/0008-5472.CAN-19-2745

Finally, we used IHC to evaluate CXCR4 protein expression in
surgically resected specimens of human pancreatic cancer. Most of
cancer cells in PDAC with a characteristic desmoplastic reaction
strongly expressed CXCR4. Surprisingly, in human pancreatic undif-
ferentiated carcinoma without a desmoplastic reaction, the cancer cells
express vimentin but not CXCR4, which is quite similar to the
phenotype of Cxcr4 KO mice. These findings indicated that Cxcr4
KO mice can be considered as a mouse model correlating with human
undifferentiated cancer and that CXCR4 may also be associated with
the desmoplastic reaction in human PDAC.

In summary, this study is the first to analyze the role of CXCR4 in
the formation of PDAC using Cxcr4 conditional-KO mice. We provide
evidence that the CXCR12/CXCR4 axis plays an essential role in the
development of the characteristic desmoplastic reaction in PDAC and
loss of CXCR4 induces phenotype alterations to undifferentiated
carcinoma without a desmoplastic reaction. The current study will
reveal that CXCR4 is one of the key regulator of desmoplastic reaction
in PDAC and open the way for new therapeutic approaches to
overcome the chemoresistance in patients with PDAC.
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