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Abstract

Peritoneal dissemination and malignant ascites in pancreatic ductal adenocarcinoma
(PDAC) patients represent a major clinical issue. Lysophosphatidic acid (LPA) is a lipid
mediator that modulates the progression of various cancers. Based on the increasing
evidence showing that LPA is abundant in malignant ascites, we focused on autotaxin
(ATX), which is a secreted enzyme that is important for the production of LPA. This
study aimed to elucidate the importance of the ATX-LPA axis in malignant ascites in
PDAC and to determine whether ATX works as a molecular target for treating peri-
toneal dissemination. In a PDAC peritoneal dissemination mouse model, the amount
of ATX was significantly higher in ascites than in serum. An in vitro study using two
PDAC cell lines, AsPC-1 and PANC-1, showed that ATX-LPA signaling promoted can-
cer cell migration via the activation of the downstream signaling, and this increased
cell migration was suppressed by an ATX inhibitor, PF-8380. An in vivo study showed
that PF-8380 suppressed peritoneal dissemination and decreased malignant ascites,
and these results were validated by the biological analysis as well as the in vitro study.
Moreover, there was a positive correlation between the amount of ATX in ascites and
the degree of disseminated cancer progression. These findings demonstrated that
ATX in ascites works as a promotor of peritoneal dissemination, and the targeting of
ATX must represent a useful and novel therapy for peritoneal dissemination of PDAC.
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autotaxin, malignant ascites, molecular targeted therapy, pancreatic cancer, peritoneal
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1 | INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is well-known as one
of the cancers with the poorest prognosis, and the 5-year survival
rate is reported to be <5%.' Compared with gemcitabine, which
was the previous standard chemotherapy, new regimens with com-
bined cytotoxic agents, ie, a combination chemotherapy regimen
consisting of oxaliplatin, irinotecan, fluorouracil and leucovorin
(FOLFIRINOX), and gemcitabine plus nanoparticle albumin-bound
paclitaxel (GEM + nabPTX), contribute to a longer survival.
However, their efficiency is still far from satisfaction (the median
overall survival of metastatic pancreatic cancer is 11.1 months
with FOLFIRINOX,? and 8.5 months with GEM + nabPTX®). Even
though molecular targeted therapy has an established role in var-
ious cancers, it does not achieve the desired therapeutic effects
for PDAC.

Lysophosphatidic acid (LPA) is a naturally occurring lipid medi-
ator that acts through G protein-coupled receptors, LPA receptors
(LPARs) and modulates a variety of cellular functions; it is present
in all mammalian cells and tissues.*> Through the downstream acti-
vation of LPA-LPAR signaling, LPA promotes cell proliferation, inva-
sion, adhesion, angiogenesis, survival, immune evasion, metastasis,
and treatment resistance.®” The regulation of LPA signaling is widely
recognized as a promising molecular target for therapy in many
fields. Focusing on PDAC, previous studies have reported that LPA
signaling plays an important role in the regulation of cellular func-
tions during tumor progression,® and LPA promotes the activities
related to cell invasion in PDAC cells,” demonstrating that therapy
targeted at LPA signaling is promising.

Among several sources of LPA production, it is widely rec-
ognized that LPA in biological fluids is primarily produced by the
cleavage of lysophospholipids by the lysophospholipase D en-
zyme, autotaxin (ATX).#410 ATX is an autocrine motility-stimulat-
ing factor that was originally identified in the culture supernatant
of metastatic melanoma cells.'* Recently, ATX has been reported
as a novel target for fibrotic diseases, eg, pulmonary fibrosis'? and
liver fibrosis.'® Regarding cancer, previous studies have reported
that various cancers secrete higher amounts of ATX, which con-
tributes to cell invasion.}*” Interestingly, there is also a report
showing that serum ATX activity is increased specifically in PDAC
patients.18

A serious issue of advanced PDAC patients is peritoneal dis-
semination with malignant ascites, and a significant association be-
tween ascites and a poor prognosis has been shown.'? Thereis also a
report showing that metachronous ascites, which developed during
the treatment course, and a massive amount of ascites were poorer
prognostic factors.?° The effects of cytotoxic agent therapies pro-
vide little therapeutic benefit in such cases,?! and the management
of the accumulated ascites is challenging.

The components of the LPA signaling pathway are upregulated
in a coordinated manner in ascites.?? In fact, the LPA levels in the
ascites of ovarian cancer patients are highly elevated.?? It has also
been reported that LPA in ascites stimulates the motility of PDAC
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cells.?® This indicated that LPA in ascites must have an important role
in the progression of PDAC. However, in terms of the regulation of
LPA signaling, no studies have yet proven the existence or elucidated
the role of ATX in ascites. To determine a novel therapeutic target
for peritoneal dissemination and malignant ascites in PDAC, in this
study, we clarified the importance of the ATX-LPA axis and the major
role of ATX in ascites. We determined whether the inhibition of ATX
activity would attenuate the progression of peritoneal dissemination
in a mouse model. We found that inhibition of ATX attenuated LPA
signaling via mitogen-activated protein kinase (MAPK) suppression,
which resulted in the suppression of PDAC progression in an in vivo
model as well as in an in vitro study. Moreover, our study showed a
positive correlation between the tumor volume and the amount of
ATX in ascites. We took a particular note of the efficacy of target-
ing AT X regulation for the treatment of peritoneal dissemination and

malignant ascites in PDAC.

2 | MATERIALS AND METHODS
2.1 | Cell cultures

The PDAC cell lines, AsPC-1 (ATCC), PANC-1 (RIKEN Cell Bank),
and stably luciferase-transfected AsPC1/luc (JCRB Cell Bank) cells
were newly purchased for the present study. Cultures of AsPC-1
and PANC-1 were maintained in RPMI-1640 medium (WAKO Pure
Chemical Corporation) supplemented with 10% fetal bovine serum
(FBS) in an incubator with 5% CO, at 37°C.

2.2 | Wound-healing assay (scratch assay)

A wound-healing assay was conducted to measure cell migration.
Cells were grown to confluence in 12-well plates, serum-starved for
24 hours, then a straight wound was made by using a sterile 200-uL
pipette tip. Cells in the plates were followed by the addition of se-
rum-free media with 10 pmol/L 18:1 lysophosphatidylcholine (LPC;
Sigma-Aldrich), 10 pmol/L 18:1 LPA (Sigma-Aldrich), and 10 pmol/L
ATX inhibitor (PF-8380; Cayman Chemical) at O and 24 hours. As
the control for LPA, LPC, and PF-8380, the same amount of 0.1%
bovine serum albumin (BSA; Sigma-Aldrich) that was used for the
dilutions was added into the control wells. The straight wound
was photographed and measured under a microscope at 0, 24, and
48 hours. These investigations were carried out in three independ-

ent experiments.

2.3 | ATX measurement

Blood and ascites were collected from mice. Using the collected sam-
ples, the ATX concentration and activity were measured with an ATX
Sandwich ELISA Kit (Echelon Biosciences Inc) and an ATX Activity Kit

(Echelon Biosciences Inc), according to the manufacturer's instructions.
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2.4 | Animals and model of peritoneal
dissemination of PDAC

Female nude mice (BALB/c Slc-nu/nu) aged 7-8 weeks were obtained
from Japan SLC. To prepare the in vivo peritoneal dissemination model,
AsPC1/luc cells were injected intraperitoneally with 1 x 10° cells in
200 pL of media. All animal experiments were performed using proto-
cols approved by the Institutional Animal Care and Use Committee of
Nagoya City University Graduate School of Medical Sciences.

2.5 | Invivo experiments and
bioluminescence imaging

One day after the implantation, the mice were randomly allocated
into two groups. The ATX inhibitor, PF-8380, was solubilized in 2:1
dimethyl sulfoxide (DMSO, WAKO Pure Chemical Corporation)-saline
and injected intraperitoneally at the dose of 10 mg/kg twice a day for
3 weeks. Control animals received DMSO-saline as the control. Every
week after the implantation of cells, bioluminescence was measured
using a multifunctional in vivo imaging system (IVIS; MIIS, Molecular
Devices Japan) to monitor the disseminated cells. For scanning by VIS,
the mice were anesthetized and intraperitoneally injected with p-lucif-
erin (150 pg/g; WAKO Pure Chemical Corporation) diluted in PBS. We
acquired monochrome photographs and in vivo fluorescence images
by bioluminescence acquisition for 3 minutes. Mice without any fluo-
rescence signal detected under IVIS at 1 week after the implantation
were excluded from this study. The total luminescence flux on Days 9,
16, and 23 was quantified using MetaMorph-MIIS software (Molecular
Devices Japan) to calculate the total volume of disseminated tumor.
The body weight of the mice was monitored twice a week. On day 23,
the mice were sacrificed. The peritoneal disseminated tumor samples,

serum, and ascites were collected for biological analysis.

2.6 | Statistical analysis

The statistical significance of differences was determined using
Student's t test as appropriate. Regression analysis was performed
with the data obtained from the in vivo study. Differences were con-
sidered statistically significant at P < .05. Data are expressed as the
mean + standard error (SE).

We described fundamental materials and methods in Appendix S1.

3 | RESULTS

3.1 | Asignificant amount of ATX was present in
malignant ascites

Based on the evidence that peritoneal dissemination with ascites is
found at high frequency in advanced PDAC patients, and that the

presence of ascites is recognized as a poor prognostic factor, we first
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FIGURE 1 Autotaxin (ATX) concentration in nude mice

and the peritoneal dissemination model of pancreatic ductal
adenocarcinoma (PDAC). Measurement of ATX concentration in
nude mice and the peritoneal dissemination model. We checked
ATX concentration in the sera of mice with or without tumors and
in ascites in the peritoneal dissemination model. The mean of ATX
concentration in sera obtained from mice without tumors (n = 7)
and in the sera and ascites from mice with tumors on day 23 after
AsPC1/luc cell implantation (n = 8). Bars, standard error; *P < .001

investigated the presence of ATX in ascites with the murine peritoneal
dissemination model. Sera from mice with intraperitoneally implanted
tumors did not show a significant increase in ATX (n=8; 10.4 + 0.7 ng/
mL) compared with the sera of the control mice (n = 7; 9.6 + 0.6 ng/
mL). However, ascites in mice with intraperitoneally implanted tumors
had significantly higher amounts of ATX (n = 8; 37.6 + 4.5 ng/mL) than
the sera (P <.001; Figure 1). In addition, we confirmed that ATX activ-
ity showed similar findings to ATX concentration (Figure S1). These
results indicated that ascites have a significantly increased amount of
ATX in peritoneal dissemination of PDAC.

3.2 | LPA promoted the migration, proliferation, and
phosphorylation of ERK1/2 and AKT in PDAC cells

To evaluate the effects of LPA on PDAC cell migration, we conducted
the wound-healing assay. AsPC-1 and PANC-1 were confirmed to
have the significant expression of ATX (Figure S2), so we selected
AsPC-1 and PANC-1 in this study. As expected, LPA significantly
promoted cell migration in both AsPC-1 (48 hours, 23% + 3.1%
vs 41% + 1.7%, P < .01) and PANC-1 (48 hours, 29% + 2.9% vs
60% + 1.1%, P < .001) cells (Figure 2A-D). We also confirmed that
cell proliferation was significantly promoted in AsPC-1 (cell num-
ber; 48 hours, 12.9 x 10* + 0.7 x 10% vs 15.6 x 10* + 0.2 x 10%,
P < .01) and PANC-1 (48 hours, 23.2 x 10* + 1.5 x 10* vs
31.5 x 10* + 0.6 x 10, P < .01) cells (Figure S3A,B).

The MAPK pathway and phosphatidylinositol-3-kinase (PI3K) path-
way is well-known as the major downstream pathways of LPA-LPAR
signaling. To confirm the biological status of the signaling activated by
LPA, the phosphorylation of ERK1/2 and AKT was examined in AsPC-1
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FIGURE 2 Cell migration and protein expression in AsPC-1 and PANC-1 cells. Representative images obtained at 0, 24, and 48 h

after a scratch wound was made in confluent monolayers of AsPC-1 (A) and PANC-1 (C) cells. At O and 24 h after the scratch, 10 pmol/L
lysophosphatidic acid (LPA [+]) or 0.1% BSA (LPA [-]) was added. Quantification of the wound-healing assay in AsPC-1 (B) and PANC-1 (D)
cells. Data represent the means of three independent experiments. Bars, standard error; *P < .01; **P < .001. Western blotting analysis of
ERK1/2 and AKT phosphorylation after the addition of 10 pmol/L LPA in AsPC-1 (E) and PANC-1 (F) cells

and PANC-1 cells. Figure 2E (AsPC-1) and Figure 2F (PANC-1) show that
LPA induced ERK1/2 and AKT phosphorylation in both PDAC cells.
These results confirmed that LPA activated LPA-LPAR signaling, which

resulted in the activation of the migratory activity of PDAC cells.

3.3 | LPC promoted LPA-LPAR signaling via the
phosphorylation of ERK1/2 and AKT, which was
regulated by ATX

Lysophosphatidylcholine is an LPA precursor that is hydrolyzed to
LPA by ATX activity. As shown in Figure 3A,B, we confirmed that a
significant amount of ATX was being stably expressed in PDAC cells,
and the expression was slightly upregulated by LPC administration.

We also checked the phosphorylation of ERK1/2 and AKT to inves-
tigate the biological status of the signaling activated by the LPA precur-
sor. LPC also induced ERK1/2 and AKT phosphorylation as well as LPA.
However, treatment with an ATX inhibitor, PF-8380, suppressed the
LPC-induced ERK1/2 and AKT phosphorylation (Figure 3C,D). These
results confirmed that LPC, as well as LPA, activated the MAPK path-
way and PI3K pathway, and its biological activity was ATX-dependent.

3.4 | ATXinhibition suppressed the migration and
proliferation of PDAC cells

Next, we conducted the wound-healing assay to evaluate the ef-
fects of ATX on PDAC cell migration. Compared with the control,

FIGURE 3 Autotaxin (ATX) mRNA, protein expression, and cell migration in AsPC-1 and PANC-1 cells. RT-PCR analysis of ATX in

AsPC-1 (A) and PANC-1 (B) cells. One hour after the addition of 0.1% BSA (Ct) or 10 pmol/L lysophosphatidylcholine (LPC), we harvested
mRNA. Data represent the means of three independent experiments. Bars, standard error. Western blotting analysis of ERK1/2 and AKT
phosphorylation after the addition of 10 pmol/L LPC plus 0.1% BSA or 10 pmol/L LPC plus 10 umol/L PF-8380 in AsPC-1 (C) and PANC-1 (D)
cells. Representative images obtained at 0, 24, and 48 h after a scratch wound was made in confluent monolayers of AsPC-1 (E) and PANC-1
(G) cells. At 0 and 24 h after the scratch, 0.1% BSA (Ct), 10 pmol/L LPC only (LPC [+]), 10 pmol/L LPC plus 10 pmol/L PF-8380 (LPC + PF-
8380), 10 pmol/L LPA only (LPA [+]), 10 pmol/L LPA plus 10 pmol/L PF-8380 (LPA + PF-8380), or 10 pmol/L PF-8380 only (PF-8380) was
added. In addition, 0.1% BSA was added as a control. Quantification of the wound-healing assay in AsPC-1 (F) and PANC-1 (H) cells. Data
represent the means of three independent experiments. Bars, standard error; *P < .05; **P < .01; ***P < .001
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FIGURE 4 Assessment of peritoneal dissemination in an in vivo peritoneal dissemination model. A, Measurement of autotaxin (ATX)
activity in murine serum. PF-8380, solubilized in 2:1 dimethyl sulfoxide (DMSQO)-saline, was injected intraperitoneally at the dose of 10 mg/
kg body weight twice a day for 3 d. Using the ATX Activity Kit, ATX activity in the serum collected 8 h after the last PF-8380 injection

or DMSO-saline injection in the control group was measured. Data represent the means of the control group (n = 8) or PF-8380 group

(n = 3). Bars, standard error; *P < .01. B, Representative images of nude mice with peritoneal dissemination on day 23 after AsPC1/luc cell
implantation. Upper, bioluminescence imaging; middle, image under white light; lower, magnified images of peritoneal disseminated tumors.
Red arrows indicate the peritoneal disseminated tumors. C, Quantification of bioluminescence imaging. Data represent the means of the
control group (n = 11) and the PF-8380 group (n = 13). Bars, standard error; *P < .001. D, Measurement of the amount of ascites. Data
represent the means of the control group (n = 11) and PF-8380 group (n = 13). Bars, standard error; *P < .001

LPC significantly promoted the migration in both AsPC-1 (48 hours,
15% + 2.8% vs 45% + 5.6%, P < .01) and PANC-1 (48 hours,
16% + 1.6% vs 51% + 0.8%, P < .001) cells as well as LPA. In con-
trast, PF-8380 treatment significantly suppressed the migration in-
duced by LPC in both AsPC-1 (48 hours, 45% + 5.6% vs 19% + 5.4%,
P <.05) and PANC-1 (48 hours, 51% + 0.8% vs 10% + 2.1%, P < .001)
cells, although PF-8380 alone did not influence the migratory ac-
tivity of PDAC cells, and PF-8380 treatment did not suppress the
LPA-induced migration in both PDAC cells (Figure 3E-H). In ad-
dition, PF-8380 treatment significantly suppressed cell prolif-
eration induced by LPC in both AsPC-1 (cell number; 48 hours,
19.7 x 10* + 0.4 x 10* vs 15.6 x 10* + 0.5 x 10% P < .001) and

PANC-1 (48 hours, 21.6 x 10% + 1.0 x 10* vs 11.6 x 10* + 0.4 x 10,
P < .001) cells. However, PF-8380 alone did not influence the prolif-
erate activity of PDAC cells (Figure S3C,D). These results suggested
that the ATX inhibitor suppressed the migratory and proliferate ac-
tivity of PDAC cells via the modulation of LPC-derived LPA signaling.

Furthermore, we verified the effects of ATX on PDAC cell mi-
gration with RNA interference knockdown cells. As expected, ATX
knockdown significantly suppressed the migration induced by LPC
in both AsPC-1 (48 hours, 41.8% + 1.7% vs 11.9% + 1.0%, P < .001)
and PANC-1 (48 hours, 35.7% + 3.9% vs 10.9% + 3.0%, P < .05) cells
(Figure S4A-F). These results were consistent with the results of the
ATX inhibitor.
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3.5 | ATX inhibitor suppressed PDAC progression in
a murine peritoneal dissemination model

Prior to the in vivo study, we intraperitoneally injected 10 mg/kg
PF-8380 dissolved in DMSO (25 mg PF-8380 plus 8.3 mL DMSO)
twice a day in nude mice for 3 days and then measured the ATX
activity in the sera of the nude mice (control group, n = 8; PF-8380
group, n = 3). We confirmed that this protocol could provide satis-
factory pharmacological effects for inhibiting ATX activity (suppres-
sion rate of 86.5%, P < .01; Figure 4A). To investigate the roles and
effects of ATX on peritoneal dissemination and malignant ascites,
10 mg/kg PF-8380 was intraperitoneally injected into nude mice
with intraperitoneally implanted AsPC1/luc cells. There was no sig-
nificant body weight loss in the control and treatment groups during
the treatment (data not shown), which suggested that the volume
of PF-8380 used was not harmful to the mice. During the treatment
protocol, we monitored the states of intraperitoneal dissemination
with bioluminescence imaging. Mice without any fluorescent signals
under IVIS at 1 week after implantation were excluded, and finally,
11 mice in the control group and 13 mice in the treatment group
were included in this experiment. We could detect the strong in-

hibitory effect of PF-8380 on intraperitoneal dissemination as it was

(A) ct PF-8380 (D)

PCNA l S S . S _—— i I pERK1/2
Cloavel . | — = | ERKA/2
Caspase-3 rwﬁ —— - - — — '-I B-actin
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clearly visualized by bioluminescence imaging and under white-light
imaging (Figure 4B). Quantified data from bioluminescence imaging
proved that PF-8380 significantly reduced the total volume of intra-
peritoneal dissemination compared with the control group (biolumi-
nescence, integrated intensity; day 23, 317.4 x 107 + 21.6 x 107 vs
94.4 x 107 + 30.3 x 107, P < .001; Figure 4C). We also observed that
PF-8380 significantly decreased the amount of ascites compared
with the control group (0.22 + 0.03 g vs 0.09 + 0.01 g, P < .001;
Figure 4D). These results suggested that ATX inhibition could sup-
press intraperitoneal dissemination and reduce ascites in PDAC.
Using tumor samples, Western blotting analysis was performed
for biological investigation. Compared with the control group, the
treatment group had lower expression levels of proliferating cell nu-
clear antigen (PCNA), which is a marker of proliferation. In terms of
the expression of cleaved caspase-3, which is a marker of an apop-
tosis, some samples from the treatment group showed evident ex-
pression of cleaved caspase-3, while others did not; in contrast, no
detectable expression was observed in the control group (Figure 5A).
In the immunohistochemical analysis, the number of Kié7-positive
cells was significantly suppressed in the PF-8380 treatment group
(43.9% + 2.1% vs 24.6% + 6.1%, P < .01; Figure 5B,C) compared

with the control group, although the expression level of cleaved
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FIGURE 5 Western blot, immunohistochemical, and RT-PCR analysis of disseminated peritoneal tumors. A, Representative Western
blotting analysis of PCNA and cleaved caspase-3 in the two groups. B, Representative immunohistochemical images of Ki67 and cleaved
caspase-3 in the two groups. C, Quantification of Ki67 and cleaved caspase-3-positive cells in the two groups. Data represent the means
of the control group (n = 11) and PF-8380 group (n = 9). Bars, standard error; *P < .01. D, Representative Western blotting analysis of
ERK1/2 phosphorylation in the two groups. E, Representative immunohistochemical images of ERK1/2 phosphorylation in the two groups.
F, Quantification of phospho-ERK1/2-positive cells in the two groups. Data represent the means of the control group (n = 11) and PF-8380
group (n = 9). Bars, standard error; *P < .001. G, RT-PCR analysis of LPAR1-3 in the two groups. Data represent the means of the control
group (n = 3) and PF-8380 group (n = 3). Bars, standard error. H, Representative immunohistochemical images of autotaxin (ATX) in the
peritoneal dissemination model. Insets show magnified views of the boxed area. Left box, adipose tissues; right box, cancer cells
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caspase-3 did not differ significantly in either group (1.0% + 0.4%
vs 1.0% + 0.3%; Figure 5B,C). In addition, Western blotting analysis
revealed that the treatment group had a lower ERK1/2 phosphoryla-
tion level (Figure 5D) than the control group; this was consistent with
the results of the immunohistochemical analysis (48.4% + 2.3% vs
21.7% + 4.0%, P < .001; Figure 5E,F). It was also confirmed that the
mRNA expression level of LPAR1-3 in tumors did not differ signifi-
cantly between the control and treatment groups (Figure 5G), which
could validate the consistency of the subsequent circumstance after
ATX-LPA signaling. Moreover, we confirmed that ATX staining was
observed in both peritoneal disseminated tumors which were orig-
inally implanted and adjacent adipose tissues (Figure 5H). These
results suggested that the ATX inhibitor suppressed disseminated
tumor proliferation via the suppression of LPA production and the
subsequent MAPK signaling; this was consistent with the results of

the in vivo study.

3.6 | The correlation between the degree of
peritoneal dissemination and the amount of ATX
in ascites

We next focused on the characteristics and correlations among
the tumor volume, the amount of ascites, and the amounts of
ATX in ascites and serum. Possibly due to experimental error,
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data on ATX could not be obtained within the detectable range
for two mouse samples from the PF-8380 group, and they were
excluded from the analysis. Eleven mice in the control group and
11 mice in the treatment group were finally included in this ex-
periment. Although the amount of ATX in serum did not show
any positive correlation with the other factors that indicate the
status of cancer progression, there was a significant positive cor-
relation between the amount of ATX in ascites and the integrated
tumor volume (R = .572, P < .01; Figure 6A,C). There was also
a significant positive correlation between the integrated vol-
ume of peritoneal tumors and the volume of ascites (R = .552,
P < .01; Figure 6B,C). These results revealed that, unlike ATX in
serum, there was a positive correlation between the degree of
disseminated cancer progression and the amount of ATX in as-
cites, indicating that ATX in ascites could not only contribute to
the promotion of intraperitoneal dissemination but also work as

a tumor marker in ascites.

4 | DISCUSSION

Many molecular targeted therapies for PDAC, such as the targeting of
growth factor receptors,?* major downstream pathways,?> and angio-
genesis,24'26 have been reported in the basic research field. However,
none of the many molecular targeted therapies that seemed promising
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The amount of ATX in ascites and the amount of ascites 0.093 0.679
The amount of ATX in serum and the amount of ascites 0.159 0.479
The amount of ATX in serum and in ascites 0.264 0.235

FIGURE 6 Regression analysis of autotaxin (ATX) in murine ascites. A, Data on the correlation between the amount of ATX in ascites and
the integrated volume of peritoneal pancreatic ductal adenocarcinoma (PDAC) cells were plotted. B, Data on the correlation between the
integrated volume of peritoneal PDAC cells and the amount of ascites were plotted. C, Pearson correlation coefficients among murine liquid
samples obtained from the control group (n = 11) and PF-8380 group (n = 11). R, Pearson correlation coefficient. P-value, statistical analysis
for multiple comparisons. Statistically significant correlations are underlined
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based on basic research has led to a breakthrough clinical treatment.
Moreover, peritoneal dissemination and malignant ascites in PDAC pa-
tients are recognized as factors of a poorer outcome.*’

Recent progress in deciphering malignant ascites has unveiled that
ascites serve as an important tumor microenvironment that is enriched
in protumorigenic signals, which contribute to enhanced invasive-
ness.??8 |n particular, because the PDAC microenvironment suffers
from the hypovascular conditions, the presence of ascites has an im-
portant role as a special “nutrition source,” which must be a notable
therapeutic target. We have considerable interest in the ATX-LPA axis
in malignant ascites due to the increasing evidence of high levels of LPA
in ascites of ovarian cancers®’ and high levels of serum ATX in PDAC.8

The expression of LPA and LPARs is upregulated in various can-
cers. LPARs transmit and activate downstream signals, such as the
MAPK pathway, and LPA signaling modulates cancer progression.®”
To confirm the biological evidence showing that LPA-LPAR signaling
works as a cancer promotor, we validated that LPA promoted cell
migration via LPA-LPAR signaling in PDAC cells.

A reasonable way to regulate LPA signaling is to block LPARs.
Some currently available receptor inhibitors that showed good ef-
fectiveness in basic research are: Ki16425,%C which is an LPA1, LPA2,
and LPA3 antagonist; AM095%! and ONO-7300243,%? which are
LPA1 antagonists; and Ki16198,%% which is an LPA1 and LPA3 antag-
onist. However, these LPAR inhibitors still have not reached clinical
application due to toxicity issues. In addition, these LPAR inhibitors
are not sufficient in fully regulating LPA signaling due to the selectiv-
ity of inhibitors and the variety of LPAR subtypes.>* Another method
of regulating LPA signaling is to block LPA itself. However, LPA is an
unstable mediator that has a very short half-life of approximately
3 minutes.* To generate a significant amount of LPA stably, ATX has
an important role as the main producer of LPA. The inhibition of ATX
is expected to block LPA generation and stop LPA signaling. We first
discovered that ATX expression was remarkably increased in murine
ascites compared with murine serum in PDAC.

Various cancers have been reported to secrete ATX, which con-
tributes to their autocrine and paracrine activities. In terms of PDAC,
datasets obtained from databases have validated that the copy number
of the gene encoding ATX (enpp2 gene) is elevated in 8% to 11% of
PDAC patients (Figure S5); this was corroborated by our in vitro data.

To further understand the roles of ATX in PDAC, we clarified
that ATX inhibition suppressed cell migration via inhibition of the
MAPK pathway and PI3K pathway when LPC was present in vitro.
Following the in vitro results and the novel evidence of increased
amounts of ATX in malignant ascites, we successfully demonstrated
that the pharmacological inhibition of ATX reduced intraperito-
neal dissemination and malignant ascites in an in vivo model; this
was supported by biological validation showing that the ATX inhib-
itor suppressed the cell proliferation markers, Ki67 and PCNA, and
the MAPK pathway in peritoneal disseminated tumors. Although
we could confirm the result of the in vitro study showing that the
ATX inhibitor suppressed the PI3K pathway, the in vivo study could

not validate the same result because of the quite wide variability

of immunoblotting and the blurredness of its immunohistochemical
staining (data not shown).

Autotaxin is secreted not only by tumor cells but also by cells
of the tumor environment,'® where it prepares a metastatic niche
and promotes invasion.?¢” Stromal ATX has been highlighted in
the bone metastasis of breast carcinoma.*®*! The stromal cel-
lular components of ascites mainly include fibroblasts, endo-
thelial or mesothelial cells, adipose tissue-derived stromal cells,
bone marrow-derived stem cells, immune cells, and adipocytes.
Adipocytes are important structural components of the perito-
neal cavity. Apart from cancer cells, adipocytes are well-known
as a rich source of stromal ATX.#>*% The results of immunochem-
ical analysis for ATX with peritoneal disseminated tumors and
the adjacent tissues are contributory to prove that ATX can be
derived from both cancer cells and noncancer cells. Although
further studies are needed to clarify the other components that
act as ATX producers, the increasing evidence and our present
data strongly support the logic that ATX is supplied by both can-
cer and noncancer cellular components in malignant ascites, and
that increased levels of ATX in enriched ascites accelerate PDAC
development.

The management of ascites is important for PDAC patients. In
the past, studies have attempted to treat ascites by intraperitoneally
injecting chemotherapeutic agents because PDAC survives in hypo-
vascular microenvironment.***° In the present study, we noted that
the amount of ATX increased in malignant ascites, and we showed
that the pharmacological inhibition of ATX by the intraperitoneal ad-
ministration of an ATX inhibitor successfully suppressed the burden
of ascites. In addition, we found that ATX in malignant ascites was
a potential biomarker because there was a positive correlation be-
tween the amount of ATX in ascites and the integrated peritoneal
dissemination of tumors. These results obtained from in vitro and
in vivo studies would require further clinical validation with clinical
samples.

In conclusion, we proved that the intraperitoneal adminis-
tration of an ATX inhibitor suppressed peritoneal dissemination
and malignant ascites in an in vivo PDAC peritoneal dissemina-
tion model as well as in in vitro experiments. This is because ATX
was abundant in malignant ascites, and the inhibition of ATX sup-
pressed the ATX-LPA axis and LPA signaling. We strongly believe
that (a) ATX is a promising biomarker in malignant ascites, and (b)
ATX inhibition will become a new molecular targeted therapy for
advanced PDAC, notably for peritoneal dissemination and malig-
nant ascites.
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