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Abstract: Both autotaxin (ATX) and Forkhead Box M1 (FOXM1) have been commonly recognized as oncogenes in 
multiple types of human malignancies. However, the expression and biological functions of ATX in pancreatic ductal 
adenocarcinoma (PDAC), and its correlation with FOXM1 are poorly understood. The present study aimed to investi-
gate their correlation and biological consequences in PDAC development. By dual luciferase reporter and chromatin 
immunoprecipitation assays, we found that ATX was a downstream transcriptional target gene of FOXM1. Further 
cellular functional experiments indicated that ATX was required for FOXM1-mediated PDAC cell proliferation and 
migration. Data from molecular biological experiments showed that ATX could enhance FOXM1 expression in turn by 
inhibiting the Hippo signaling pathway, suggesting that ATX and FOXM1 formed a positive feedback loop to facilitate 
PDAC progression. Using immunohistochemistry (IHC) method, both ATX and FOXM1 expression were found to be 
frequently up-regulated in PDAC tumor tissues when compared with adjacent normal tissues, and elevated ATX and 
FOXM1 expression were positively correlated with each other. In conclusion, the present work identified a positive 
feedback loop between ATX and FOXM1 which promotes PDAC cell proliferation and migration.
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Introduction

As the most common type of pancreatic cancer, 
pancreatic ductal adenocarcinoma (PDAC) is 
one of the most lethal human malignancies 
worldwide, with an extremely low 5-year surviv-
al rate [1, 2]. Although big efforts have been 
made to improve the prognosis of patients with 
PDAC in the past decades, little improvement 
has been achieved due to the high tendency of 
PDAC to metastasize and resistance to chemo-
radiation therapy [3]. Therefore, a better under-
standing of the molecular mechanisms underly-
ing the tumorigenesis and metastasis of PDAC 
is needed to identify novel potential therapeu-
tic targets for the clinical management of PDAC.

Autotaxin (ATX), also known as nucleotide py- 
rophosphatase-phosphodiesterase 2 (ENPP2) 
[4], is a secreted glycoprotein that primarily 
catalyzes the hydrolysis of lysophosphatidyl-
choline to produce lysophosphatidic acid (LPA) 
[5], which is well-known to stimulate the prolif-
eration, migration, and survival of many human 

malignancies [6, 7]. High expression of ATX has 
been reported in different tumors and ATX over-
expression contributes to tumor proliferation 
and invasion mainly through the induction of 
LPA [6, 8, 9]. In PDAC, increased serum ATX 
activity was found in patients with pancreatic 
cancer [10], and higher expression of ATX was 
observed in a highly invasive PANC-1 cell line 
[11]. Although these studies strongly suggest 
an aggressive role of ATX in PDAC development, 
its expression and biological functions in PDAC 
are largely unknown, and the molecular mecha-
nisms that regulate ATX expression in PDAC as 
of yet remain unclear. 

Forkhead box M1 (FOXM1) is a key member of 
the forkhead family of transcription factors [12, 
13]. Numerous studies have reported that 
FOXM1 plays a critical role in regulating cell 
cycle transition, cell proliferation and chromo-
some stability [13-16]. Like ATX, FOXM1 is also 
highly expressed in various types of human 
malignancies including PDAC [17, 18], and over-
expression of FOXM1 can stimulate tumor cell 
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proliferation, invasion and angiogenesis in dif-
ferent tumors [17, 19]. Although over-activation 
of both ATX and FOXM1 occur in many human 
cancers, it is unclear whether they are function-
ally correlated with each other. In the present 
study, we resorted to investigate their correla-
tion and underlying molecular mechanisms in 
PDAC development.

Methods

Tissue microarray (TMA) and immunohisto-
chemistry (IHC) analysis

For IHC analysis, a human PDAC TMA (#HLiv- 
HPanA150Su01) containing 60 tumor tissues 
and paired adjacent normal tissues as well as 
andditional 30 tumor tissues derived from  
90 patients with PDAC was purchased from 
Shanghai Outdo Biotech CO., LTD., China. Stan- 
dard IHC procedures were performed using 
specific antibodies against ATX (1:500, Abcam, 
#ab77104) and FOXM1 (1:200, Santa Cruz 
Biotechnology, #sc-502). The staining results 
were evaluated by two pathologists blinded to 
the clinical information independently accord-
ing to the percentage of ATX/FOXM1-positive 
cells and staining intensity. Specifically, the per-
centage of ATX/FOXM1-positive cells was clas-
sified into 5 groups: < 10% (0), 10-25% (1), 
25-50% (2), 50-75 (3), and > 75% (4). The stain-
ing intensity was divided into 4 groups: no 
staining (0), light brown (1), brown (2), and dark 
brown (3). Finally, the overall scores were calcu-
lated using the following formula: overall score 
= percentage score × intensity score. The sam-
ples with an overall score ≤ 6 were defined as 
weak, and > 6 were defined as strong.

Cell culture and reagents

Human PDAC cell lines PANC-1 and SW1990 
were purchased from Shanghai Cell Bank of the 
Chinese Academy of Sciences Shanghai, China. 
Cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM, Corning, Inc., Corning, 
NY, USA) supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin 
(M&C Gene Technology Ltd., Beijing, China). All 
of these cell lines were maintained in a humidi-
fied incubator at 37°C with 5% CO2. The Hippo 
signaling pathway (MST1/2) inhibitor XMU-
MP-1 was purchased from Selleckchem, Hou- 
ston, TX, USA.

Cell Transfection

The FOXM1-expressing plasmids pcDNA3.1-
FOXM1 (isoform C) were gifts from Dr. Xie 
Keping (The University of Texas MD Anderson 
Cancer Center, Houston, TX, USA), and lentivi-
rus carrying FOXM1-shRNA or FOXM1-ORF plas-
mids and the siRNAs against ATX (2’-O-methyl 
modified) were synthesized by GenePharma 
Co., Ltd., Shanghai, China. PDAC cells were 
transfected with plasmids or siRNAs using 
Lipofectamine 3000 (Invitrogen, USA) accord-
ing to the protocol of the manufactures. To gen-
erate lentiviral stable cell lines, PDAC cells were 
infected with the lentiviruses described above 
with the assistance of polybrene (4 μg/ml), and 
puromycin (2 μg/ml, Sigma, MO, USA) was used 
to selected stably infected PDAC cells.

Western blots analysis

PDAC cells were lysed using a Radioimmu- 
noprecipitation assay (RIPA) buffer supplemen- 
ted with a protease inhibitor cocktail (Sigma‑ 
Aldrich; Merck KGaA, Darmstadt, Germany) to 
extract total proteins. Standard western blot 
analysis was performed using primary antibod-
ies anti-FOXM1 (1:200, Santa Cruz Biotech- 
nology, #sc-502), anti-ATX (1:500, Abcam, 
#ab77104), and anti-β-actin (1:1000, Santa 
Cruz Biotechnology, #sc-81178), anti-mouse 
(Cell Signaling Technology) and anti-rabbit (Cell 
Signaling Technology) antibodies were used as 
secondary antibodies. The bands were visual-
ized and quantified using a Li-Cor Odyssey pro-
tein imaging system (LI-COR Biosciences, 
Lincoln, NE, USA). 

Quantitative real-time polymerase chain reac-
tion (qPCR) analysis

Total RNAs were extracted from PDAC cells with 
Trizol reagent (Sigma‑Aldrich, MO, USA) and 
quantified by a Fisher Scientific NanoDrop™ 
2000 spectrophotometer (NanoDrop; Thermo 
Fisher Scientific, Inc., Wilmington, DE, USA) 
according to the manufacturer’s specifications, 
after which 1 μg RNA was reverse-transcribed 
into cDNA using the PrimeScript™ RT reagent 
kit (Takara Bio, Inc., Otsu, Japan). Standard 
qPCR analysis was performed with an ABI 
QuantStudioTM 6 Flex system (Thermo Fisher 
Scientific, Inc.) using SYBR green reagent 
(TaKaRa, Japan). Relative mRNA expression 
levels of FOXM1 and ATX were determined 
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using the 2-ΔΔCt method and β-actin was used as 
an internal control. The following qPCR primers 
were used: For ATX, 5’-ACAACGAGGAGAGCTG- 
CAAT-3’ (forward), 5’-AGAAGTCCAGGCTGGTGA- 
GA-3’ (reverse); for FOXM1, 5’-GGGCGCACGG- 
CGGAAGATGAA-3’ (Forward), 5’-CCACTCTTCCA- 
AGGGAGGGCTC-3’ (Reverse); for β-actin: 5’- 
CCTGGCACCCAGCACAATG-3’ (forward), 5’-GG- 
GCCGGACTCGTCATACT-3’ (reverse).

Colony formation assay

Briefly, PDAC cells were seeded into a 6-well 
plate at a density of 1 × 103 cells per well and 
then incubated for 2 weeks at 37°C with 5% 
CO2. 4% paraformaldehyde and crystal violet 
were used for the fixation and staining of the 
colonies, respectively. Next, the colonies were 
photographed, and the number of colonies was 
counted with image J software. Each experi-
ment was performed in triplicate and repeated 
at least three times independently.

Cell proliferation assay

Cell viability of PDAC cells were evaluated using 
Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, 
Japan) according to the manufacturer’s proto-
col. Briefly, the selected PDAC cells were seed-
ed into a 96-well plate (3 × 103 cells/well) and 
incubated under normal conditions. At each 
scheduled time point (0, 24, 48, 72, 96 h), 10 μl 
of CCK-8 reagents were added into each well, 
and after incubation for 1 h at 37°C, the absor-
bance was measured using an automated 
microplate reader (SpectraMax M5, Molecular 
Devices LLC, CA, USA) at a wavelength of 450 
nm.

Cell migration assay

Cell migration assay was conducted using a 
24-well Transwell filter (pore size, 8 μm; Costar; 
Corning, Inc.). In brief, 800 μl DMEM containing 
10% FBS was added to the bottom chamber, 
and 3 × 104 cells maintained in 400 μl DMEM 
without FBS were added into the upper cham-
ber. After incubation under normal conditions 
for 24 h, the cells that stayed in the upper 
chamber were removed with a cotton swab, 
and the migrated cells were fixed in 4% parafor-
maldehyde for 15 min followed by staining with 
crystal violet for additional 15 min. Finally, five 
random fields were selected and the migrated 
cells were photographed and counted under an 

upright metallurgical microscope (Leica, Ger- 
many).

Dual luciferase reporter assay

To construct ATX promoter-activated luciferase 
reporter plasmid, wild or mutant ATX promoter 
was cloned into pGL3 basic luciferase reporter 
vector and the products were verified by DNA 
sequencing. A FOXM1 promoter-activated lucif-
erase reporter plasmid containing 5’ FOXM1 
sequences from -2430 to +66 bp relative to the 
transcription initiation site (designated as pFO- 
XM1-2496) was constructed as described pre-
viously [20]. To conduct luciferase reporter 
assay, PDAC cells were seeded into a 24-well 
plate and transfected with the indicated pro-
moter reporters. 24 h after transfection, the 
Dual-Glo® Luciferase Assay Kit (Promega, WI, 
USA) was used to evaluate the promoter activi-
ties of ATX or FOXM1 by quantifying both firefly 
and Renilla luciferase activity on a GloMax® 96 
Microplate Luminometer (Promega, WI, USA).

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed on PANC-1 cells 
using a ChIP assay kit (Millipore, CA, USA) as 
per the manufacturer’s instructions. Briefly, an 
aliquot of the immunoprecipitated DNA sam-
ples was subjected to PCR and two primers 
were used to amplify the FOXM1-binding sites 
in the ATX promoter. Afterwards, the PCR prod-
ucts were resolved electrophoretically with a 
2% agarose gel in 1 × TAE and the results were 
visualized using the ChemiDoc MP system (Bio-
Rad Laboratories, Hercules, CA, USA). ChIP-
qPCR analysis was performed using ChIP sam-
ples and SYBR green reagent (TaKaRa, Japan) 
according to the manufactures’ protocols. The 
primers used for ChIP assays were as follows: 
#1 site: 5’-AGCCATTGCACTCCAGCCT-3’ (forwa- 
rd) and 5’CTGCTTGTTACCCAATATCC-3’ (rever- 
se), CD81#2: 5’-GAATCTGTAATGAAACCCA-3’ 
(forward) and 5’-TGCGTAAACAAATACGAGAC-3’ 
(reverse).

Statistical analysis

Data was shown as mean ± standard error of 
the mean (SEM). Categorical data was analyzed 
using χ2 test, the significance of the data from 
independent experiments were determined 
using the two-tailed Student t-test or one-way 
analysis of variance (ANOVA), and the correla-
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tion between FOXM1 and ATX expression in 
PDAC tumor tissues was assessed using Pear- 
son’s correlation. GraphPad Prism 7.0 software 
was used to perform statistical analysis. P val-
ues less than 0.05 were considered statistical-
ly significant.

Results

ATX expression is positively regulated by 
FOXM1 in PDAC cells

To evaluate the relationship between ATX and 
FOXM1 expression in PDAC, we generated sta-
ble PANC-1 and SW1990 cells with FOXM1 
knockdown, and ATX expression was examined 
by western blots and qPCR analyses. As shown 
in Figure 1A and 1B, both protein and mRNA 
levels of ATX in PANC-1 and SW1990 cells were 
significantly decreased when FOXM1 was kno- 
cked down. On the contrary, ATX expression 
was enhanced in FOXM1 stably overexpressed 
PANC-1 and SW1990 cells (Figure 1C, 1D). 
These findings suggested that FOXM1 has a 
positive effect on ATX expression in PDAC cells.

FOXM1 is a transcriptional activator of ATX

Considering that FOXM1 functions as an impor-
tant transcription factor, we next investigated 
whether FOXM1 regulates ATX expression at 
transcription level. -2 kb promoter region of hu- 
man ATX gene was scanned to search potential 
FOXM1 DNA binding consensus sequence (5’-
AT/CAAAT/CAA-3’), and two regions with puta-
tive FOXM1-binding sites were identified. Sub- 
sequently, we generated a series of luciferase 
reporter constructs containing wild-type (WT) 
and mutant (MUT) promoter region of ATX as 
presented in Figure 2A. The results of dual 
luciferase reporter assays indicated that FOX- 
M1 knockdown decreased the promoter activi-
ty of WT-ATX, while no obvious effect was found 
on MUT-ATX promoter activity (Figure 2B). Con- 
cordantly, overexpression of FOXM1 significant-
ly increased the WT-ATX but not MUT-ATX pro-
moter activity in a dosage-dependent manner 
(Figure 2C), implying that FOXM1 regulates ATX 
expression via the putative FOXM1-binding si- 
tes. Furthermore, results of ChIP assay showed 
that the DNA fragments containing #1 site or 

Figure 1. Regulation of ATX expression by FOXM1 in PDAC cells. (A and B) Proteins and RNAs were isolated from 
PANC-1 and SW1990 cells stably infected with LV-FOXM1 lentivirus or control lentivirus, and western blot (A) and 
qPCR (B) analyses were performed, respectively. (C and D) Proteins and RNAs were extracted from PANC-1 and 
SW1990 cells with stable expression of FOXM1, respectively. And western blot (C) and qPCR (D) analyses were 
carried out to determine the effects of FOXM1 on ATX expression. *P < 0.05, **P < 0.01.
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#2 site sequence could be precipitated from 
PANC-1 cells with anti-FOXM1 antibody but not 
control IgG (Figure 2D, 2E), suggesting FOXM1 
can directly bind to ATX promoter and activate 
ATX transcription in PDAC cells.

FOXM1 promotes PDAC cell proliferation and 
migration via ATX 

To examine whether FOXM1 exerts its oncogen-
ic function through ATX expression, CCK-8 
assays were first employed to test cell growth 
in PDAC cells. The ATX knockdown was detect-
ed in PANC-1 cells by western blot analysis 
(Figure 3A). Results from CCK-8 assays re- 
vealed that ATX knockdown reduced PDAC cell 

growth compared with control cells. Meanwhile, 
ATX knockdown impaired the enhanced cell 
growth induced by FOXM1 overexpression in 
the two PDAC cell lines: PANC-1 and SW1990 
(Figure 3B). Furthermore, we performed colony 
formation assays using PANC-1 cells and SW- 
1990 cells stably overexpressing FOXM1, and 
consistently, promotion of colony formation by 
FOXM1 overexpression was also abolished by 
ATX knockdown (Figure 3C). On the other hand, 
cell migration results from transwell assays 
showed that FOXM1 promoted cell migration 
dependent on ATX expression in PANC-1 and 
SW1990 cells (Figure 3D). Therefore, these 
data above suggested that ATX may mediate 
the oncogenic role of FOXM1 in PDAC.

Figure 2. Direct binding of FOXM1 to the ATX promoter. A. Sequences and positions of putative FOXM-binding sites 
(#1 site and #2 site) in the ATX promoter and two types of ATX promoter (wild type and mutant type) used in 
dual luciferase reporter assays were shown. B. Stable PANC-1 cells with FOXM1 knockdown were transfected with 
0.2 μg of the wild/mutant type of ATX promoter-luciferase construct, and after 24 hours, the promoter activity 
was examined by dual luciferase reporter assays. C. Normal PANC-1 cells were co-transfected with 0.2 μg of the 
wild/mutant type of ATX promoter-luciferase construct and 0/0.1/0.25/0.5 μg of FOXM1-expressing plasmids, 
respectively, and 24 h after transfection, the promoter activity was examined by dual luciferase reporter assays. D. 
ChIP assays on putative FOXM1-binding sites of the ATX promoter were performed in PANC-1 cells. A specific anti-
FOXM1 antibody was used, normal IgG was used as control, and one percent of the total cell lysates was used for 
PCR before immunoprecipitation (input control). E. ChIP-qPCR analysis of two FOXM1-binding elements on the ATX 
promoter was conducted using chromatins immunoprecipitated from PANC-1 cells. *P < 0.05, **P < 0.01.
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ATX stimulates FOXM1 expression via inhibit-
ing the Hippo signaling in PDAC cells

Previous researches have clarified that FOXM1 
is a downstream target gene of Hippo signaling 
pathway [21], and inhibition of Hippo pathway 
will induce dephosphorylation and nuclear lo- 
calization of its main effector molecule Yes-
Associated Protein (YAP), resulting in elevated 
FOXM1 transcription in tumor cells [22]. Intere- 
stingly, recent studies have shown that LPA, a 
primary downstream target gene of ATX, can 
suppress the Hippo/YAP signaling and thus 
mediates the up-regulation of FOXM1 mRNA 
and protein expression [23, 24]. Therefore, we 
assumed that ATX might regulate FOXM1 ex- 
pression in PDAC cells through inhibiting the 

Hippo/YAP signaling. To validate our hypothe-
sis, western blots and qPCR analyses were per-
formed after ATX knockdown in PANC-1 cells. 
As shown in Figure 4A and 4B, ATX knockdown 
significantly decreased FOXM1 protein and 
mRNA expression in PANC-1 cells. Next, we 
investigated whether this effect could be 
reversed by XMU-MP-1, a selective Hippo path-
way (MST1/2) inhibitor. Western blots analysis 
suggested that XMU-MP-1 treatment strongly 
reversed the ATX knockdown-mediated effects 
on FOXM1 expression (Figure 4C), which was 
validated by further qPCR analysis (Figure 4D). 
In addition, a dual luciferase reporter assay 
was employed to further explore the molecular 
mechanism via which ATX promoted FOXM1 
expression. The results showed that FOXM1 

Figure 3. Effects of FOXM1 on PDAC cell proliferation and migration were mediated by regulating ATX expression. 
A. 10 μL of ATX-specific siRNAs (siATX-1 and siATX-2) were transfected into PANC-1 cells, respectively. And after 
incubation for 48 h, the efficiencies of siATX-1 and siATX-2 were verified by western blots. B. PANC-1 and SW1990 
cells were transfected with pFOXM1 or siATX-1 as indicated, and after 24 h, CCK-8 assays were performed using 
the indicated PANC-1 and SW1990 cells and cell viability was measured at the indicated time points. C. PANC-1 
and SW1990 cells with stable expression of FOXM1 were transfected with siATX-1/siNC as indicated, and colony 
formation assays were performed 24 h after transfection. D. PANC-1 and SW1990 cells with stable expression 
of FOXM1 were transfected with siATX-1/siNC as indicated, and cell migration assays were performed 24 h after 
transfection. *P < 0.05, **P < 0.01.
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promoter activity was significantly suppressed 
by knockdown of ATX, which was abolished by 
the treatment of XMU-MP-1 (Figure 4E), hinting 
to us that ATX mediated transcriptional activa-
tion of FOXM1 by inhibiting the activity of Hippo 
signaling pathway. These findings mentioned 
above demonstrated that ATX was critical for 
FOXM1 expression, and Hippo signaling plays 
important roles in this process.

Positive correlation of elevated expression of 
ATX and FOXM1 in PDAC

To verify the role of ATX in PDAC development 
and its relationship with FOXM1, a TMA was 
used to investigate ATX and FOXM1 protein 
expression by IHC analysis, and representative 
images were exhibited in Figure 5A. By statisti-
cal analysis, we found that both ATX (Table 1) 
and FOXM1 (Table 2) expression were signifi-
cantly higher in tumor tissues as compared 
with adjacent normal tissues. Moreover, in- 

creased FOXM1 expression was positively cor-
related with elevated ATX expression in tumor 
tissues (R=0.66, P < 0.01, Figure 5B). These 
findings further confirmed the oncogenic role of 
ATX and its positive correlation with FOXM1 in 
PDAC.

Discussion

In the present study, we demonstrated for the 
first time that FOXM1 transcriptionally activat-
ed ATX, and ATX stimulated FOXM1 expression 
via inhibiting the Hippo/YAP signaling, thus 
forming a positive feedback loop and promoted 
PDAC cell proliferation and migration (Figure 
5C). 

ATX has been commonly recognized as an 
oncogene mainly by catalyzing the production 
of LPA, which enhances cell proliferation, 
migration and survival in different solid tumors 
such as prostate, breast, pancreatic and other 

Figure 4. ATX regulated FOXM1 expression via inhibiting the Hippo/YAP signaling. (A and B) 48 h after transfection 
with siATX-1, proteins or RNAs were isolated from PANC-1 cells and western blots (A) and qPCR (B) analyses were 
performed to investigate the effects of ATX knockdown on FXOM1 protein and mRNA expression. (C and D) 42 h 
after transfection with siATX-1, PANC-1 cells were treated with a Hippo signaling-specific inhibitor XMU-MP-1 (3 μM) 
for 6 h, and western blots (C) and qPCR analyses (D) were performed to examine the expression changes of FOXM1 
at protein and mRNA levels. (E) PANC-1 cells were co-transfected with siATX-1/siNC and pFOXM1-2496 for 18 h, and 
then treated with XMU-MP-1 (3 μM) for 6 h. Finally dual luciferase reporter assays were performed to investigate the 
changes of FOXM1 promoter activity. *P < 0.05, **P < 0.01.
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cancers [25-27]. Previously, several researches 
have suggested ATX is related with the develop-
ment of pancreatic cancer. For example, Yatomi 
et al. found that ATX level in the serum of pa- 
tients with pancreatic cancer [10], and in- 

compared with adjacent normal tissues, and 
elevated ATX and FOXM1 expression were posi-
tively correlated with each other. Therefore, 
these findings strongly indicated that FOXM1 is 
a critical regulator of aberrant activation of ATX 
in PDAC.

As a key regulator of cell proliferation, invasion, 
metastasis, metabolism, angiogenesis and 
stem cell maintenance, FOXM1 has been iden-
tified as an oncogenic transcription factor in 
different human malignancies including PDAC 
[17, 18]. However, the molecular mechanisms 
underlying increased expression of FOXM1 and 
in PDAC still require further studies. Combined 
with previous studies that ATX/LPA axis can 
inhibit the activity of the Hippo signaling path-
way and that inhibition of the Hippo signaling 
promotes the expression and transcriptional 
activity of FOXM1 through increasing the nucle-
ar localization of YAP [22-24], we assumed that 
ATX might influence FOXM1 expression in PDAC 

Figure 5. Positive correlation between FOXM1 and ATX expression in PDAC 
specimens. A. Representative IHC images of FOXM1 and ATX in PDAC tumor 
tissues and adjacent normal tissues were shown. Magnification: 200 ×. B. 
The correlation between ATX and FOXM1 expression in PDAC tumor tissues 
was analyzed using Pearson’s correlation coefficient analysis (n=90, R=0.66, 
P < 0.01), some of the dots represented more than one specimen. C. A 
model of the FOXM1/ATX positive feedback loop in PDAC was shown. FOXM1 
transcriptionally activated ATX in PDAC cells, and ATX further promoted the 
transcriptional activity of FOXM1 by inhibiting the Hippo/YAP signaling, 
thus forming a positive feedback loop, which finally promoted PDAC cell 
proliferation and migration via inducing the production of its downstream 
oncogenic genes such as LPA.

Table 1. Differential expression of ATX 
between PDAC tumor tissues and adjacent 
normal tissues
ATX Weak (%) Strong (%) P value
Normal 45 (75%) 15 (25%) < 0.01
Tumor 21 (35%) 39 (65%)

Table 2. Differential expression of FOXM1 
between PDAC tumor tissues and adjacent 
normal tissues
ATX Weak (%) Strong (%) P value
Normal 37 (62%) 23 (38%) < 0.01
Tumor 18 (30%) 42 (70%)

creased ATX expression was 
observed in a highly invasive 
PANC-1 cell line [11]. How- 
ever, molecular mechanisms 
underlying aberrant activa-
tion of ATX/LPA signaling in 
cancers remains unclear yet. 
Herein, we reported that ATX 
is a downstream target gene 
of transcription factor FOX- 
M1. Knockdown of FOXM1 si- 
gnificantly increased ATX ex- 
pression whereas FOXM1 
overexpression resulted in 
reduced ATX expression at 
both mRNA and protein lev-
els. Furthermore, luciferase 
reporter assays and ChIP 
assays demonstrated that 
FOXM1 bound directly to spe-
cific regions of ATX promoter 
and positively regulated ATX 
promoter activity. Cell biologi-
cal experiments suggested 
that the positive effects of 
FOXM1 on PDAC cell prolifer-
ation and migration abilities 
were dependent on the regu-
lation of ATX expression. By 
IHC analysis, we confirmed 
that both ATX and FOXM1 
were frequently up-regulated 
in PDAC tumor tissues when 
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cells by regulating the Hippo/YAP signaling. By 
molecular biological techniques we found that 
knockdown of ATX significantly reduced both 
mRNA and protein expression of FOXM1 in 
PDAC cells, which could be greatly reversed by 
treatment of a specific inhibitor of Hippo signal-
ing pathway (MST1/2), XMU-MP-1. More impor-
tantly, results of dual luciferase reporter assays 
indicated that knockdown of ATX significantly 
inhibited the activity of FOXM1 promoter, which 
was strongly attenuated by treatment of XMU-
MP-1. Hence, these data identified that tran-
scriptional activation of ATX by FOXM1 increa- 
sed the transcriptional activity of FOXM1 in turn 
via inhibiting the Hippo/YAP signaling, thus 
forming a positive feedback loop and promoted 
PDAC cell proliferation and migration.

Conclusions

In summary, the present study not only identi-
fied a positive feedback loop formed by ATX 
and FOXM1 and its important role in promoting 
PDAC cell proliferation and migration, but also 
indicated that inhibition of both ATX and FOXM1 
might be a promising therapeutic strategy 
against human PDAC.
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