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Evironmental pollutant perfluorodecanoic acid upregulates
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Abstract. The role of perfluorodecanoic acid (PFDA) in
gastric carcinogenesis and its mechanism remains unknown.
Our previous research revealed that PFDA regulated the
growth of human gastric cells. However, its core molecules
and basic mechanisms are still not clear. In the present study,
cDNA microarrays were used to determine mRNA changes
in AGS cells after treatment with PFDA. DAVID analysis of
the genes with >2-fold increased expression in microarray data
revealed five genes which were involved in cancer pathways.
The most upregulated gene was cIAP2, whose upregulation in
AGS was confirmed by western blot analysis and quantitative
PCR (qPCR) analyses. In order to investigate the role of cIAP2
in cell proliferation, cIAP2 siRNA was employed to regulate
cIAP2 expression following PFDA treatment. The results
revealed that the growth rate of cIAP2-knockdown cells was
reduced by about 50% compared to the control. Given that our
previous flow cytometric assays revealed no significant change
(3.7 vs. 6.4%) in the percentage of apoptotic cells when PFDA
was added to the medium and cIAP2 expression was upregu-
lated, we next applied flow cytometry to assess whether clAP2
would lead to cell cycle variations. The research data revealed
that the proportion of cells in the G1, S and G2 phases was
not significantly altered with the decrease of cIAP2 expres-
sion. Finally, the role of cIAP2 in AGS cell senescence was
investigated, and the results indicated that cell senescence
was significantly increased in the cIAP2 siRNA group in
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comparison to the control siRNA group. Since p53 has been
identified as a tumor suppressor and its molecular alterations
are common in different human tumors, we investigated the
relationship of p53 with cIAP2. The experimental results
demonstrated that cIAP2 regulated the expression of p53 and
thus was likely to be a potential mechanism for PFDA-induced
growth promotion. Overall, the results revealed that PFDA
may suppress cellular senescence induced by p53 through the
regulation of cIAP2 protein expression.

Introduction

Gastric cancer is a common malignancy, accounting for ~10%
of all invasive cancers in the world; it is the third leading
cause of cancer-related deaths. In China, the number of gastric
cancer cases and deaths has increased along with population
changes and continuous increase of environmental pollution.
The positive correlation between gastric cancer and environ-
mental pollution has been confirmed (1-3), but the underlying
mechanism remains unclear.

As a class of synthetic chemicals with surface-active
properties, perfluorinated compounds (PFCs) are widely
used as surfactants and surface protectants in many applica-
tions due to their chemical non-reactivity, thermal stability
and non-conductivity, including lubricants, paints, polishes,
fire-fighting foams and food packaging (4,5). Perfluorinated
compounds are globally detectable in the environment (6,7),
wildlife (8-10) and humans (8-13). In recent years, with the
emergence of toxicity data from laboratory animals (14,15),
perfluorocompounds have been recognized as public health
issues due to their persistence in the environment (16,17).
Perfluorodecanoic acid (PFDA), a perfluorinated carboxylic
acid, is known to induce a variety of peroxisomal enzymes as
well as a series of mitochondria, microsomes and cytosolic
enzymes and proteins involved in lipid metabolism (18-21).
In vivo, PFDA is a highly potent and persistent peroxisome
proliferator with several times the toxicity of perfluoroocta-
noic acid (PFOA) (22,23). PFDA has been reported to cause
hypophagia, severe weight loss, bradycardia, hypothermia and
decreased serum thyroid hormone levels in rats (23,24). The
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cellular and physiological effects reported for PFDA include
reproductive (25,26), endocrine (27,28), hepatotoxic and lipid
metabolism (29,30) and immune system disorders (31). PFDA
concentrations in human blood and organs are much higher
than PFOA, and its serum elimination half-life may persist for
several years. However, despite the evidence of PFDA toxicity
little is known about its mechanism of action in tumor promo-
tion such as gastric cancer.

PFDA is found in air, food and water, and particu-
larly 0.139 ng/ml of PFDA was found in snowfall in the
surrounding areas of Beijing, China (7). In China, the main
source of PFDA is through the contaminated drinking water
and food, especially seafood (32). It is crucial to reveal the
signaling pathways and molecules involved in PFDA-induced
toxic effects. In a previous study, we found that PFDA induced
gastric cancer cell proliferation by inhibiting senescence (33),
however, the important regulatory molecules in this process
had not yet been established. In the present study, we revealed
the pivotal role of cIAP2 in mediating PFDA-induced senes-
cence inhibition.

Materials and methods

Cell culture and transfections. Gastric adenocarcinoma cell
line AGS and MGC-803 cells were supplied by the Cell Bank
of Shanghai Institute of Cell Biology, Chinese Academy of
Sciences (Shanghai, China) were maintained in our laboratory.
AGS cells were cultured in Ham's F-12 medium (HyClone;
GE Healthcare Life sciences, Logan, Utah, USA) containing
10% FCS and 1% penicillin-streptomycin. FuGENEs HD
Transfection Reagent (Roche Applied Science, Penzberg,
Switzerland) was used for transfection. The cIAP2 siRNA
transfection procedure was performed according to the manu-
facturer's instructions (Roche Applied Science, Penzberg,
Switzerland), and subsequent qPCR or western blot assays
were performed 24 h after transfection.

RNA extraction and quantitative real-time PCR. Total cellular
RNA was extracted with TRIzol (Life Technologies; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) according to the
protocol provided by the manufacturer. First-strand cDNA was
synthesized from 1 pg total cellular or tissue RNA using the
RevertAid™ First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific, Inc.) with random primers. Then cDNA was ampli-
fied for quantitative real-time PCR, and the specific primers
used were as follows: cIAP2 forward, 5'-GCCTGATGCTGG
ATAACT-3' and reverse, 5'-GAATAAGAGCCACGGAAA-3"
B-actin forward, 5'-AGTTGCGTTACACCCTTTCTTG-3'
and reverse, 5'-CACCTTCACCGTTCCAGTTTT-3"; FGF18
forward, 5'-TGGTACGTGGGCTTCACC-3' and reverse,
5'-ATCCGACGGGACCTCTTG-3"; FOS forward, 5'-GTC
TCCAGTGCCAACTTCAT-3' and reverse, 5'-CAGCCATCT
TATTCCTTTCC-3'; p53 forward, 5'-GCGAGCACTGCC
CAACAACA-3" and reverse, 5-GGATCTGAAGGGTGA
AATATTCT-3'. The real-time PCR reactions were performed
at: 95°C, 10 sec (denaturation); 55°C, 30 sec (annealing); 72°C,
30 sec (extension) for 35 cycles. The real-time PCR reactions
were performed on an ABI7000 Fast Real-Time PCR System
with SYBR Premix Ex Taq™ (Takara Bio, Inc., Shiga, Japan)
according to the manufacturer's procedures.
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Western blot analysis. Protein concentation was determined
by BCA Protein Assay kit (cat. no. PO006; Beyotime Institute
of Biotechnology, Shanghai, China). Western blot analysis was
performed as previously described (33). Briefly, cell lysates
(20 pg/lane) were separated on 10% SDS polyacrylamide
gel and then were transferred to a poly(vinylidene fluoride)
membrane. The membrane was then blocked by 5% skimmed
milk for 1 h at room temperature. cIAP2 protein was detected
by a 1:2,000 diluted rabbit polyclonal IgG (cat. no. TA590350;
OriGene Co., Ltd., Beijing, China) for overnight, then treated
with goat 1:5,000 diluted secondary antibody (cat. no. 172-1013;
Bio-Rad Laboratories, Inc., Irvine, CA, USA) for 1 h, and visual-
ized using an enhanced chemiluminescence system (Amersham;
GE Healthcare, Chicago, IL, USA). B-actin was used as
reference protein (antibody was purchased from Beyotime
Institute of Biotechnology, Shanghai, China; cat. no. AA128,
1:2,000 dilution was used). The density of the bands was quan-
titated using the NIH ImagelJ software package (bundled with
64-bit Java 1.8.0_112; National Institutes of Health, Bethesda,
MD, USA). The intensity of cIAP2 expression was judged by
the ratio of their expression in the experimental groups to their
corresponding expression in the control groups, and a ratio
of >1.0 was considered to be an indication of overexpression.

Colony formation assay. Gastric cell line AGS cultured
in a 6-well plate (2x10° cells/well) was treated with PFDA
and transfected with cIAP2 siRNA using FuGENEs HD
Transfection reagent (Roche Applied Science). After 72 h of
growth the cells were digested with trypsin and counted, and
300 cells were transferred to a new well of a 6-well plate and
medium containing 10% FBS serum was added to make up
a volume of 3 ml. Following a week of cell growth at 37°C,
the formation of cell clones could be visually observed. After
washing 3 times with PBS buffer, the cells were fixed for
10 min with 1 ml of methanol in each well at room tempera-
ture. Then 1 ml diluted Giemsa dye was added to each well
and incubated at room temperature for ~20-25 min. Finally,
the wells were washed with PBS until no residual background
Giemsa dye was observed and the 6-well plate was scanned for
colony counting and analysis.

Cell cycle analysis. AGS cells (5x10°) in a well of a 6-well
plate were treated with PFDA and transfected with cIAP2
siRNA, incubated for varied time-points before the cells were
digested and harvested by centrifugation at 1,400 x g. Then,
the cells were fixed gently (drop by drop) in 75% ethanol
overnight at -20°C and then re-suspended in PBS containing
50 mg/1 PI, 1 g/l RNase and 0.1% Triton X-100. After 30 min
at 37°C in the dark, the cells were analyzed with flow cytom-
etry equipped with an argon laser at 488 nm. Then the cell
cycle was determined and analyzed (34).

Microarry analysis. The microarray chip consisted of
27,326 different human cDNAs (Agilent Technologies, Inc.,
Wilmington, DE, USA), in which house-keeping gene glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) served as an
internal control. The cDNAs from PFDA-treated AGS cells
were labeled with Cy3, and the cDNAs from the control
DMSO-treated AGS cells were labeled with Cy5. The labeled
cDNAs were hybridized with a microarray chip under standard
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Figure 1. AGS treated with PFDA upregulates cIAP2 expression. (A) The expression of the five genes that were classified into cancer pathways by DAVID
analysis from the microarray data, of which, three genes (cIAP2, FOS and FGF18) were upregulated. The expression of the most upregulated gene cIAP2
(BIRC3) was confirmed by (B) western blot and (D) quantitative PCR (qQPCR) analysis. (C) MGC-803 cells treated with PFDA upregulated cIAP2 expression.
(D) cIAP2 mRNA was increased in a dose-dependent manner in response to PFDA treatment in AGS cells. (E) Expression enhancement in FOS and FGF18
was ascertained by qPCR. Microarray analysis, western blotting and RT-qPCR were performed as described in the Materials and methods. Cells used for
microarray and qPCR analysis were cells that were treated with PFDA for 60 h; western blots harvested the proteins from the cells that were processed by
PFDA for 72 h. The PFDA concentration used to treat cells was 50 nM. "P<0.05; “p<0.01; “*p<0.001. PFDA, perfluorodecanoic acid; DAVID, Database for

Annotation, Visualization and Integrated Discovery.

conditions according to the manufacturer's instructions. The
data was analyzed by DAVID v6.8 (https://david.ncifcrf.gov/)
(the Database for Annotation, Visualization and Integrated
Discovery).

SiRNA interference. Chemically modified Stealth siRNA
targeting cIAP2 and control siRNA were obtained from
RiboBio Co., Ltd. (Guangzhou, China). The sequence for
cIAP2 siRNA was 5-CCTGTAAACTCCAGAGCAA-3'.
Cells were transfected with siRNA using Lipofectamine 2000
(Life Technologies; Thermo Fisher Scientific, Inc.).

Senescence-associated f3-galactosidase (SA-f-gal) activity
assessment. SA-P-gal activity was detected using a staining
kit of SA-B-gal (35,36), and it was performed according to the
manufacturer's protocol. Briefly, AGS cells were seeded into
a 24-well plate. The cells were treated with PFDA on day 3.
After treatment, the cells were washed with PBS (pH 7.2) twice
before they were fixed with 3.7% formaldehyde in PBS for
3-5 min. Then, the SA-fB-gal staining solution (1 mg/ml X-gal,
40 mM citric acid/sodium phosphate pH 6.0, 5 mM potassium
ferrocyanide, 150 mM NaCl and 2 mM MgCl,) was added into
each well before the plate was incubated at 37°C for 12-16 h
in the absence of CO,. Finally, the cells were rinsed with PBS
and the plate was observed under a light microscope, in which
the number of the SA-B-gal positive cells was recorded. The
experiment was performed in triplicate.

Statistical analysis. Data were expressed as the mean + standard
deviation (SD). Differences between two groups were compared

using Student's t-tests. All experiments were repeated at least
three times and p<0.05 was considered to indicate a statisti-
cally significant difference.

Results

PFDA induces gastric cell proliferation and cIAP2 expression.
Our previous research demonstrated that PFDA regulated the
growth of human gastric cells. To determine the molecular
factors involved in PFDA-induced growth acceleration of
human gastric cells, cDNA microarray analysis was used to
analyze gene changes in AGS cell mRNA levels following
PFDA treatment. DAVID analysis of the genes that had >2-fold
increased expression in microarray data revealed five genes
which were involved in cancer pathways. In this pathway, three
genes (cIAP2,FOS and FGF18) were upregulated (Fig. 1A). The
expression of the most upregulated gene cIAP2 (BIRC3) was
confirmed by western blot and quantitative PCR (qPCR) anal-
yses (Fig. 1B and D). This expression enhancement of clAP2
was also verified on the protein level of another gastric cell line,
MGC-803 (Fig. 1C). Similarly, the expression enhancements in
FOS and FGF18 were ascertained by qPCR (Fig. 1E). In addi-
tion, cAP2 mRNA increased in a dose-dependent manner in
response to PFDA treatment in AGS cells (Fig. 1D).

Knockdown of cIAP2 reduces AGS cell proliferation. In
order to investigate the role of cIAP2 in cell proliferation,
cIAP2 siRNA was used to regulate the expression of cIAP2
concomitant with PFDA treatment. Two siRNAs were used
to knock down the expression of cIAP2 and the results
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Figure 2. cIAP2 is involved in cell proliferation regulation. (A) Validation of cIAP2 siRNA. (B) cIAP2-siRNA transfected cells demonstrated significantly
decreased colony-forming capability compared to control cells treated with PFDA only. (C) Quantification of colony-forming capability results. (D) cIAP2
mRNA levels in AGS cells with different treatments. Colony formation assays were performed as described in Materials and methods. Generally, 300 cells
were used for the colony formation assay and 100 nM siRNA was used for transfection. "P<0.05; “p<0.01; ““p<0.001. PFDA, perfluorodecanoic acid.

demonstrated that siRNA2 was more efficient (Fig. 2A).
Therefore, this siRNA was used to regulate cIAP2 expression
in experiments. The effect on cell growth was examined. As
revealed in Fig. 2B and C, the growth rate of transfected cells
was reduced by about 50% compared to the control cells treated
with PFDA only. This was consistent with the transcriptional
pattern of cTAP2 mRNA in AGS cells (Fig. 2D), in which the
expression was reduced after transfection.

cIAP2 has no effect on the cell cycle of AGS. Since previous
flow cytometric assays revealed that there was no significant
change in the percentage of apoptotic cells (3.7 vs. 6.4%) in
response to PFDA in the medium that upregulated cIAP2
expression, we next knocked down cIAP2 in AGS cells and
applied flow cytometry to assess whether the cell cycle was
influenced. As revealed in Fig. 3A and B, the results demon-
strated that the percentage of Gl1, S and G2 phase cells was
not significantly altered with the decrease of cIAP2 expres-
sion. These results indicated that cIAP2 has no effect on the
the cell cycle of gastric epithelial cells in the presence of
PFDA.

cIAP?2 significantly inhibits AGS cell senescence. We then
investigated the effect of cIAP2 expression on cellular senes-
cence with siRNA knockdown of cIAP2 in AGS cells. As
revealed in Fig. 4, cellular senescence of the cIAP2-siRNA
group increased significantly when compared to the control

siRNA-treated group, which was confirmed by an increase
in both the number of SA-f-gal-stained cells and staining
intensity. Changes in cellular senescence induced by cIAP2
siRNA were also observed in MGC-803 cells (the bottom row
of Fig. 4).

Knockdown of cIAP2 affects p53 expression. It has now been
well established that dysfunction of pS3 tumor suppressor is
the most common molecular alteration in different human
tumors and can result in inhibition of cell senescence and
promotion of cell growth. To determine whether p53 expres-
sion was affected by cIAP2 in AGS cells, qRT-PCR and
western blotting assays were conducted to analyze p5S3 mRNA
and protein levels concomitant with cIAP2 interference. As
revealed in Fig. 5A and B, the levels of p53 were significantly
increased following cIAP2 siRNA transfection. These results
indicated that cIAP2 regulated the expression of p53 and is
therefore a possible mechanism for the growth promotion
induced by PFDA. In addition, we also found that downstream
pl6 expression was affected by PFDA and cIAP2 (Fig. 5C),
and the association between pl16 expression and PFDA was
ascertained in the MGC-803 cell line, where it was found that
pl16 responded to changes in PFDA concentrations (Fig. 5D).
However, this response was not observed in the expression
level of p21 (data not shown). Overall, the results indicated that
PFDA suppressed cellular senescence induced by p53 through
the regulation of cIAP2 protein expression.
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Figure 3. Knockdown of cIAP2 did not influence the cell cycle in AGS cells. (A) Histogram of the AGS cells cycle with PFDA and cIAP2 knockdown.
(B) Quantification of cell cycle analysis results. Cell cycle analysis was performed as described in Materials and methods, 5x10° AGS cells/well was aliquot to

6-well plate for cell culture. PFDA, perfluorodecanoic acid.

i
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Figure 4. Effect of cIAP2 expression on cellular senescence of gastric cells with PFDA treatment. The top row: AGS cells; the bottom row, MGC-803 cells.
Cellular senescence was determined by both the number of SA-f3-gal-stained cells and staining intensity. Senescence-associated 3-galactosidase (SA-f-gal)
activity assessment was performed as described in Materials and methods; 1x10* AGS cells/well was aliquoted to a 24-well plate for cell culture. PFDA,

perfluorodecanoic acid.

Discussion

Although the causes of cancer are complicated and now
only partially understood, clinical studies have found that
the expression of several specific bio-molecules were altered
during the development of cancer. Such changes in expression
may play key roles in many processes likely to be important
for tumor progression, such as cell proliferation, cell motility,
cell adhesion, cell survival and angiogenesis (37,38). Cellular
inhibitor of apoptosis protein 2 (cIAP2), a member of the IAP
protein family, was originally thought to have anti-apoptotic
properties mediated by direct binding and inhibition of
caspases-3, -7 and -9. However, it is now believed that the
function of IAPs is mediated primarily by IAP-dependent
ubiquitin (Ub) ligase activity (39,40). This Ub ligase activity

is responsible for most of the functions of cIAP2, including
activation of NF-kB by both canonical and non-canonical
pathways, which regulate the expression level of cIAP2 itself.
IAP expression changes have been found in many types of
human cancers, such as lung, liver and pancreatic cancer
as well as glioblastoma (41,42). In the present study, cIAP2
siRNA was employed to regulate cIAP2 expression following
PFDA treatment. The results revealed that the growth rate
of cIAP2-knockdown cells was reduced by approximately
50% compared to the control. In terms of mechanism, the
research data indicated that cell senescence was significantly
increased in the cIAP2-siRNA group in comparison to
the control-siRNA group. Our research provided evidence
that cIAP2 regulates cell senescence and thus regulates the
number of gastric cells.
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Figure 5. p53 is associated with cIAP2-cell induced proliferation promotion. (A) Western blot and (B) qRT-PCR analyses of protein and relative mRNA levels of
p53 in the presence of PFDA treatment and cIAP2 interference. (C) Western blot analysis of p16 protein under the aforementioned conditions. (D) p16 expression
was decreased in a dose-dependent manner in response to PFDA treatment in MGC-803 cells. Western blot analysis and RT-qPCR analyses were performed as
described in Materials and methods. Cells used for Microarray and qPCR analysis were cells treated with PFDA for 60 h; western blots harvested the proteins
from the cells that were processed by PFDA for 72 h. The PFDA concentration used to treat cells was 50 nM. "P<0.05. PFDA, perfluorodecanoic acid.

The cell cycle is a series of well-organized molecular events
that provide cells with the ability to produce their own copies
accurately. DNA replication and chromosome segregation
are the major events of the cell cycle. DNA replication takes
place during the S phase, which is after the DNA synthesis
preparation phase (Gl phase), whereas the mitosis prepara-
tion phase (G2 phase) occurs prior to mitosis (M phase). The
G1, S, and G2 phases represent the interphase of cell prolifera-
tion, temporally the interval between two consecutive mitoses.
Differentiated cells that do not proliferate enter the so-called
GO phase, which is a stable or quiescent phase (43). Although
the expression of cIAP2 was reported to regulate cell cycle,
the exact mechanism and functional consequence of this regu-
lation are unknown (44). In the present study, we examined
whether cIAP2 would lead to cell cycle variations and the
research data revealed that the proportion of cells in the G1, S
and G2 phases was not significantly altered with the decrease
of cIAP2 expression. The reason for this phenomenon may be
due to the specific pattern of the gene expression of the cell
line itself we used. Conversely, it is also possible that PFDA
inhibits the expression of a specific gene and thus inhibits
the role of cIAP2 in mediating the cell cycle intermediate
molecule.

Cell senescence is a decisive property of euploid cells
in culture (45,46). Several genes have been implicated as
effectors of senescence, including important molecules in
the growth regulatory pathway, such as p53 (47-50) and
pl6 (51-54). The need for p53 function during cell senes-
cence reflects the accumulation of eroded chromosome ends
resulting from inadequate telomerase activity in cells, leading
to p53-dependent checkpoint arrest. Since p53 has been
identified as a tumor suppressor and its molecular alterations
are common in different human tumors, we investigated the
relationship of p53 with cIAP2. The experimental results
demonstrated that cIAP2 regulated the expression of p53 and
thus was likely to be a potential mechanism for PFDA-induced

growth promotion. However, in the microarray data, there
was no significant change in p53 expression, and its value
was close to 1. Since there are many modifications as well as
regulatory mechanisms in the process of mRNA transcription
to translation, the western blotting results which represent the
actual protein expression levels, clearly revealed the differ-
ence in band densities (Fig. SA and C). In addition, since the
microarray data is generated by scanning the chip fluores-
cence signal from the top of the chip, the results of RT-qPCR
could better reflect the small differences in gene expression
in comparison to microarray analysis. Our RT-qPCR results
revealed that the cells with PFDA treatment had 1.6 times
mRNA level compared to control cells. Moreover, in our
pevious research (33), we found that TCF4 and its downstream
gene sPLA2-ITA regulated cell proliferation, but the affected
downstream molecule was not clear. In the present study, we
discovered the key role of cIAP2 in this process. cIAP2 not
only played an important role in the secretion of interleukin as
previously reported (55), but also downregulated the expres-
sion of p53. p53 is an important molecule that regulates cell
apoptosis and the cell cycle, however apoptosis and the cell
cycle did not exhibit the expected results after PFDA treat-
ment and this may be related to downregulation of p53 and its
downstream molecules.

Collectively, our experiments indicated that PFDA altered
cell senescence through cIAP2, but its effect on apoptosis
which was most relevant to cIAP2 was less pronounced.
Since there are many types of processes that lead to cell death,
and there are a myriad of signaling pathways and molecules
related to these processes, there may be some unknown factors
involved, and thus further studies are warranted to ascertain
the present results.
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