www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Bisphenol A suppresses colon
epithelial cell responses via G,/G, -
phase arrest, MAPK and PI3K/AKT
pathway modulation, and MMP-
2/9 Inhibition by upregulating
p21WAF1
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Sumin Choo?, Seon-Kyung Hwang?, Hoon Kim?, Seok-Joong Yun?, Yung Hyun Choi?,
Woun-Jae Kim?* & Sung-Kwon Moon**

Bisphenol A (BPA) is a non-steroidal endocrine-disrupting chemical compound with applications in the
production of epoxy resins and polycarbonates. Accumulating evidence suggests that BPA damages
various organs and tissues, including those of the reproductive, immune, and neuroendocrine systems.
However, the mechanisms by which BPA affects the intestinal tract have not been fully elucidated.

We explored the adverse effects of BPA on human colonic epithelial cells in vitro by performing
comprehensive viability, proliferation, invasion, and migration assays on HCT 116 and HCT-8 cells.
BPA suppressed the proliferation of both cell types by regulating cell cycle progression and modulating
the mitogen-activated protein kinase and phosphatidylinositol 3-kinase/protein kinase B pathways.
Furthermore, BPA treatment significantly reduced the induction of matrix metalloproteinases-2 and

-9 by inhibiting the binding activity of specificity protein-1, nuclear factor kappa B, and activator
protein-1, thereby interfering with cell migration and invasion. This BPA-induced regulation of colonic
epithelial cell proliferation, migration, invasion, and MAPK/AKT pathway was reversed by silencing
pP21WAF1 with siRNA. Collectively, our data indicate that BPA inhibits the proliferation and mobility
of human colonic epithelial cells via p21WAF1 induction. This study provides valuable information into
the precise mechanisms underlying the adverse effects of BPA on colonic epithelial cells.
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pathway
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MTT 3-(4, 5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazilium
JNK c-Jun N-terminal kinase stress-activated protein kinase
Sp-1 Specificity protein-1

Bisphenol A (BPA) is a chemically synthesized compound that disrupts the endocrine system and is the main
constituent of plastic consumer products such as epoxy resins and polycarbonate plastics'%. As the production
and use of these products increase, human exposure to BPA through various channels from the environment
and food is also increasing?~*. Many reports have shown that BPA negatively affects the reproductive, nervous,
immune, and digestive systems by interfering with several signaling pathways and cellular processes such as cell
receptor function®~’.

Within systems potentially affected by BPA is the intestine, a vital organ plays an important role in digestion
and absorption in the human body. The intestinal epithelial barrier plays a critical role in regulating the interaction
between the lumen and the intestinal tract and maintaining intestinal homeostasis, as well as protecting against
the intrusion of detrimental internal and external substances such as pathogenic antigens and microorganisms®®.
The dysfunction of intestinal homeostasis triggers inflammatory reactions, increased intestinal permeability,
and necrosis, and intestinal wall damage can permit the invasion of harmful substances, leading to multiple
intestinal diseases, including colon cancer!®!!. The function of the intestinal barrier is maintained via various
cellular mechanisms, and the proper proliferation and differentiation of intestinal epithelial cells are particularly
important!2,

Normal cell proliferation and growth are regulated by cell cycle progression'?. This cycle typically consists of
four phases: G1 (first gap), S (DNA synthesis), G2 (second gap), and M (mitosis)'>!%. Cell cycle progression is
promoted through checkpoints present between each stage that are activated during several cell cycle processes.
If one of the checkpoints is improperly activated due to cellular damage, cell cycle arrest occurs to prevent
inappropriate cell division and corresponding genetic errors!>-!7. Cyclin-dependent protein kinases (CDKs)
and cyclins are the main components of the cell cycle checkpoint system!*!%. CDKs, a type of serine/threonine
kinases, are activated by binding to cyclin to form complexes'. In addition, CDK inhibitors (CKIs) such as
P21WAF1, p27KIP1, and p53 negatively control the activation of CDK/cyclin complexes, and numerous reports
have suggested that they are involved in the growth and metastatic potential of several types of cells'*%.

In addition to the checkpoint system, several signaling pathways regulate the growth and proliferation of
cells. The mitogen-activated protein kinase (MAPK) pathway regulates signaling under various physiological
conditions, including cell survival, apoptosis, cell death, proliferation, and cell division2>2°, The MAPK cascade
in mammals includes three major subfamilies: p38 MAPK, c-Jun N-terminal kinase stress-activated protein
kinase (JNK or SAPK), and extracellular signaling kinase (ERK)?>?’. Cell proliferation, differentiation, and
apoptosis activate the ERK signaling pathway?®. Both the p38 MAPK and JNK/SAPK cascades can generally
be activated in response to extracellular or intracellular stimulation and stress and can regulate a variety of
physiological processes?. In addition, the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathway
is an intracellular signaling cascade that can be stimulated in the presence of various stress inducers such as cell
growth factors and cytokines®. Therefore, the abnormal activation of the MAPK and PI3K/AKT pathways may
incorrectly regulate cell proliferation and growth®3!,

Beyond growth and proliferation, cell invasion and migration are fundamental features of most cells and are
associated with many physiological processes, including the immune response, regeneration, and inflammation®.
In addition, cell migration and invasion are essential for wound healing and intestinal wall regeneration.
Matrix metalloproteinases (MMPs) particularly MMP-2 and — 9, are the main factors controlling the migratory
and invasive potential of cells by promoting the degradation of cell matrix components***4. MMPs are regulated
by the binding affinity of transcription factors such as nuclear factor kappa B (NF-kB), activator protein-1 (AP-
1), and specificity protein-1 (Sp-1), which interact with various elements of multiple MMP promoters, thereby
facilitating cell invasion and migration®.

Previous studies have reported that BPA inhibits intestinal epithelial cell proliferation, inducing apoptosis,
oxidative stress, and mitochondrial dysfunction®3¢*’. In addition, BPA can interfere with intestinal barrier
function and increase intestinal permeability or promote inflammation®. However, the molecular mechanisms
through which BPA inhibits colonic epithelial cell proliferation and migration require further investigation.
Therefore, we here explored the effect of BPA on human intestinal epithelial cells to elucidate the underlying
mechanism of action. Additionally, we studied the biological effects of the CKI protein p21WAF1 on the
proliferation and migration of human intestinal epithelial cells.

Materials and methods

Materials

BPA (Cat. #239658) was purchased from Sigma-Aldrich (St. Louis, MO, USA). SP600125 (Cat. #420119) and
U0126 (Cat. #662005) were purchased from Calbiochem (San Diego, CA, USA). LY294002 (Cat. #BML-ST420)
and SB203580 (Cat. #BML-EI286) were obtained from Enzo Life Sciences (Farmingdale, NY, USA). HCT 116
(KCLB 1S10247) and HCT-8 (KCLB 10244) human colon cancer cell lines were purchased from the Korea Cell
Line Bank (Seoul, Korea). All antibodies used in this study are summarized in the Supplementary Data (Table ).

BPA preparation and treatment

BPA was dissolved in dimethyl sulfoxide (DMSO) to prepare a stock solution (300 mM). Prior to treatment, the
stock solution was serially diluted in DMSO to obtain intermediate working solutions. These were then added
to the culture medium at a 1:1000 ratio, ensuring that the final DMSO concentration remained constant at 0.1%
across all BPA-treated and vehicle control groups.
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Cell culture

HCT 116 and HCT-8 cells were cultured in Roswell Park Memorial Institute-1640 (RPMI 1640) medium
containing L-glutamine (Lonza, Walkersville, MD, USA), 1% penicillin/streptomycin solution (Corning Inc.,
Corning, NY, USA), 10% fetal bovine serum (Corning) at 37 °C in a 5% CO, humidified incubator (HERAcell
150i, Thermo Fisher Scientific Inc., Waltham, MA, USA).

Cell viability assay

A 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazilium bromide (MTT, Sigma-Aldrich, USA) assay was
performed to measure cell viability. HCT 116 and HCT-8 cells (8000 cells/well) were cultured onto 96-well plates
(Corning) with 100 pL of medium at 37 °C. After 24 h, the culture medium was removed, and the cells were
treated with BPA (0, 60, 90, and 120 pM for HCT 116; 0, 70, 140, and 210 uM for HCT-8) for 24 h. Further, MTT
(5 mg/mL) reagent was added to each well and further incubated for another 4 h. After the reaction, the medium
was replaced with 200 pL of dimethyl sulfoxide (DMSO, Duchefa Biochemie Inc., RV Haarlem, Netherlands)
followed by incubation for 15 min. The absorbance (optical density) was determined by reading on a Microplate
Reader (Thermo Scientific Multiskan GO; Waltham, MA, USA) at 540 nm.

Cell counting assay

HCT 116 and HCT-8 cells were cultured at a density of 3 x 10° cells/well in six-well plates (Corning) for 24 h
and treated with indicated concentrations of BPA. After 24 h, the cells were collected using 0.25% trypsin and
0.2% ethylene-diamine-tetra acetic acid (EDTA; Gibco, Thermo Fisher Scientific). The cells were suspended
in phosphate-buffered saline (PBS) and counted using a microscope (Optika, Ponteranica, Italy) and
hemocytometers.

Cell cycle analysis

Cell cycle distributions were analyzed via DNA flow cytometry to investigate growth inhibition mechanisms of
BPA in HCT 116 and HCT-8 cells. Treated cells were collected and counted using a hemocytometer. Then, the
cells were rinsed five times with ice-cold PBS, fixed in 70% ethanol, and stored at — 20 °C for 4 h. After washed
cells with PBS, RNase A solution and DNA intercalating propidium iodide (PI) staining solution were added and
incubated for 2 h in a dark room at room temperature. Finally, a Muse cell analyzer (Luminex Inc., Austin, TX,
USA) was used to generate cell cycle distribution.

Immunoblot and immunoprecipitation (IP) analysis

To clarify the mechanism underlying the suppressive effect of BPA on cell proliferation and positive regulators
of the cell cycle, G /G, phase-related checkpoint regulator proteins, including CDK2, cyclin E, CDK4, and cyclin
D1, were investigated using immunoblot analysis. Additionally, immune blotting was used to determine whether
BPA treatment affects the phosphorylation of AKT and MAPK signaling molecules in HCT 116 and HCT-8
cells. Cells (1 x 10° cells/well) were treated with various concentrations of BPA for 24 h in 100 mm tissue culture
dishes (Corning). The cells were washed and extracted in a 150 pL lysis buffer containing 2.5 mM ethylene glycol
tetraacetic acid (EGTA) [pH 8.0], 20 mM 4-(2-hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES) [pH
7.4], 50 mM B-glycerophosphate disodium salt hydrate (B-glycerophosphate), 0.4 mM phenylmethylsulfonyl
fluoride (PMSF), 1 mM dithiothreitol (DTT), 1 mM sodium orthovanadate (Na,VO,), 10% glycerol, protease
inhibitor cocktail (1 table/50 mL, cOmplete, Roche, Basel, Switzerland), and 1% Triton X-100. Lysates were
obtained by centrifugation at 10,000 x g for 10 min at 4 °C. A BCA protein assay reagent kit (Thermo Fisher
Scientific) was used to quantify the lysate protein concentrations. Further, the equivalent amount of boiled,
denatured cell protein lysates (30 ug protein/well) were loaded into wells for 7.5-12% SDS-PAGE electrophoresis,
and transferred to a nitrocellulose membrane (Pall BioTrace, Port Washington, NY, USA). After incubation
with TBS-T blocking solution containing 5% skim milk or 5% bovine serum albumin at 20-25 °C for 2 h, the
membranes were washed and further incubated with primary antibodies (dilution at 1:1000) at 4 °C overnight.
Then, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (dilution
at 1:6000) at 20-25 °C for 2 h. Protein bands were visualized using chemiluminescence (Thermo Fisher
Scientific Inc.) and quantified using Image J software (National Institutes of Health, Bethesda, MD, USA). For
the immunoprecipitation experiment to evaluate the interactions between CDK and CKI proteins, equivalent
concentrations of cell lysates were combined with primary antibodies, such as those for CDK2 and CDK4, or
control IgG. The immunocomplex was incubated at 4 °C overnight followed by further incubation with 20 uL
protein A/G PLUS-agarose beads (sc2003, Santa Cruz Biotechnology Inc., Dallas, TX, USA) at 4 °C. After 4 h
of incubation, the mixture was rinsed 3-5 times with PBS. The mixed immunoprecipitation was analyzed by
immunoblotting. The IgG antibody was used as a negative control for non-specific binding.

Wound-healing migration assay

To examine the effects of BPA on wound healing, HCT 116 and HCT-8 cells were cultured with the indicated
concentrations of BPA for 24 h. Both cell lines (1 x 10%/well) were grown to 90-100% confluence in a six-well
plate. Then, the cells were treated with 10 pug/mL of mitomycin C for 1 h (Sigma-Aldrich). The cells were
scratched across the center of each well using a disposable pipette tip to create a transparent wound zone. The
cells were washed with PBS and incubated in serum-free media containing indicated concentrations of BPA for
24 h. The wounds were then photographed using an inverted microscope (Optika).

Invasion assay
A Transwell chamber system (8 pm pore size; SPL Life Sciences, Gyeonggi, Korea) was applied to evaluate cell
invasion. The Transwell chambers were pre-coated with 10 pL of a 0.1% gelatin solution (Sigma-Aldrich) for
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1 h. After coating, HCT 116 (5 x 10%/well) and HCT-8 (2 x 10°/well) cells were cultured and incubated with the
indicated concentrations of BPA in the upper chamber filled with serum-free medium. Meanwhile, 700 uL of cell
culture media containing 10% fetal bovine serum was added to the lower chamber. After 24 h incubation, the
invaded cells were washed with PBS and fixation was performed at 4% paraformaldehyde (PFA) for 30 min and
then 0.1% crystal violet was added to stain the penetrated cells at 20-25 °C for 20 min. The cells that remained
on the surface of the upper insert were scraped off using a cotton swab, and the invaded cells were photographed
under an inverted microscope (Optika).

Gelatin zymography assay

We evaluated the enzyme activity and protein levels of MMP-2 and MMP-9 by exposing BPA for 24 h in HCT
116 and HCT-8 cells using zymography and immunoblotting. After the cell culture was complete, the culture
medium was collected in a tissue flask. Subsequently, electrophoresis of the culture medium was performed
using an 8% polyacrylamide gel including 0.5 mg/mL gelatin (Sigma-Aldrich). Following electrophoresis, the
gel was washed twice with 2.5% Triton X-100 for 15 min and reacted with incubation buffer containing 1 M Tris
[pH7.5],1 M CaClZ, and 5% NaN, at 37 °C. After 12 h incubation, the gels were stained with 0.5% Coomassie
blue containing 45% methanol, followed by another 1 h incubation with 10% acetic acid. Finally, a destaining
buffer (10% methanol and 10% acetic acid) was used to stain the samples. Stained gels were analyzed using gel
documentation (KBT, Korea).

Electrophoresis mobility shift assay (EMSA)

EMSA was performed to investigate whether the BPA-induced downregulation of MMPs was associated with the
regulation of transcription factors in colon cells. HCT 116 and HCT-8 cells were cultured with BPA (0, 60, 90,
120 uM for HCT 116; 0, 70, 140, 210 pM for HCT-8) for 24 h at 37 °C. The cells were washed and scraped into a
1.5 mL tube using a lysis buffer containing 10 mM HEPES [pH 7.4], 10 mM potassium chloride (KCI), 0.1 mM
EDTA, 1 mM DTT, 0.1 mM EGTA, 0.5 mM PMSE 4 pM leupeptin, and 0.3 uM aprotinin, followed by reaction
for 15 min at 4 °C. Then, 20 uL of 10% NP-40 was added to the lysates of the cells, the lysates were centrifuged
(15,000 rpm, 5 min, 4 °C). Then, the supernatants were removed, and extraction buffer comprising 1 mM EGTA,
1 mM DTT, 20 mM HEPES [pH 7.4], 0.4 M sodium chloride (NaCl), 1 mM EDTA, 1 mM PMSE 4 uM leupeptin,
and 0.3 uM aprotinin was added to the cell pellets, followed by incubation for 15 min at 4 °C. Next, the lysates
were centrifuged at 10,000 x g for 5 min at 4 °C, and the nuclear extracts were collected in 1.5 mL tubes. The
protein concentrations were assessed using a BCA reagent kit for protein assay. The oligonucleotide sequences
were as follows: AP-1, 5'-GATCGAACTGACCGCCCGCGGCCCGT-3; Sp-1, 5'-ATTCGATCGGGGCGGGG
CGAGC-3'; NF-kB, 5'-AGTTGAGGGGACTTTCCCAGGC-3’ (Macrogen Inc., Seoul, Korea). Nuclear extracts
were mixed with nuclease-free water>2, P-labeled oligonucleotide, and binding buffer (0.5 mM DTT, 25 mM
HEPES [pH 7.4], 50 mM NaCl, 0.5 mM EDTA, 2.5% glycerol) and reacted at 37 °C for 20 min. The samples were
subjected to electrophoresis using a 4% polyacrylamide gel at 4 °C. After electrophoresis, the gel was transferred
onto a paper and dried using a gel dryer. Binding activation was visualized using an X-ray film.

Construction of p21WAF1 and p27KIP1 siRNA plasmid and transfection

To investigate whether CKIs could directly regulate BPA-induced responses in colon cell lines, we used an siRNA
transfection system. p21"WAF! siRNA, p27 KIP1 siRNA, and scrambled siRNA were obtained from Genolution
(Seoul, Korea). The sequences used were as follows: si-p21, 5'-CUGUCAGUCAGUCGUAGUAUU-3’; si-p27,
5'-CAAACGUGCGAGUGUCUAAUU-3’; and scrambled siRNA, 5'-CUGUCAGUCAGUCGUAGUAUU-3".
The siRNA transfection of colon epithelial cells was performed using Lipofectamine 2000 (Invitrogen). Briefly,
colon cells were cultured in six-well culture plates, and siRNA plasmid and Lipofectamine 2000 were added
to the cells at a 1:2 ratio when the cells reached 60% confluence. After incubating the cells with the indicated
concentrations of BPA, the transfected cells were analyzed using proliferation, migration, invasion, and MAPK/
AKT signaling pathway experiments. Transfection efficiency was evaluated by immunoblotting.

Statistical analysis

All data are indicated as the mean + standard error of the mean (SEM) from independent experiments performed
in triplicate. The data were assessed using a Student’s t-test. Statistical significance of the data was considered in
all cases when a p-value set at less than 0.05.

Results

BPA inhibited the proliferation of HCT 116 and HCT-8 colon cells

The MTT assay exhibited that BPA markedly inhibited the viability of HCT 116 and HCT-8 cells in a
concentration-dependent manner (Fig. 1A). The cell counting assay validated the MTT assay results, as the
cell count decreased after BPA treatment (Fig. 1B). Changes in cell morphology were observed using a light
microscopy (x 40 magnification) (Fig. 1C). The IC, values of BPA were approximately 120 uM in HCT 116 cells
and 210 uM in HCT-8 cells.

BPA treatment stimulated G /G,-phase cell cycle arrest via cyclin/CDK complex
downregulation and CKI upreguiation in HCT 116 and HCT-8 cells

DNA flow cytometry revealed that BPA treatment increased the proportion of cells in the G /G, phase (Fig. 2A,
B). Immunoblot analysis indicated that BPA treatment for 24 h significantly decreased the protein levels of
cyclin D1, CDK2, cyclin E, and CDK4 in both cell lines (Fig. 3A, B). CKI proteins p21 WAF1 and p27KIP1 were
upregulated in both cell lines f3ollowing BPA treatment (Fig. 3A, B). However, p53 expression did not change in
either cell line (Fig. 3A, B). According to the immunoprecipitation assay, BPA treatment promoted the binding
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Fig. 1. BPA suppresses colon cell proliferation. HCT 116 (0, 60, 90, and 120 uM) and HCT-8 (0, 70, 140, and
210 uM) cells were cultured with various concentrations of BPA for 24 h. (A) Cell viability was evaluated
using an MTT assay. (B) Cells were counted using a hemocytometer. The counts are shown in the bar graphs.
(C) Morphological changes in both cells were monitored at 200x magnification. Values are displayed as
mean + standard deviation from three experimental data. *p <0.05 compared with the control.

of p27KIP1 or p21WAF1 to CDK2 and CDK4 in both cell lines (Fig. 3C, D). These results suggest that BPA
treatment markedly enhanced the binding of CKIs to CDKs in colonic epithelial cells, leading to the arrest of cell
cycle at the G/G, phase.

BPA upregulated the phosphorylation of MAPK and AKT in human colon cells

Further immunoblotting showed that in both cell lines, BPA treatment induced greater JNK, ERK, p38 MAPK,
and AKT phosphorylation than in the untreated control; the peak time was 12 h (Supplemental Fig. S1A).
In addition, this effect was dose dependent (Fig. 4A). Next, to further investigate whether BPA treatment is
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Fig. 2. BPA induces arrest of cell cycle at the G/G, phase in both colon cell lines. Designated concentrations
of BPA were incubated with HCT 116 and HCT-8 cells for 24 h. Flow cytometric analysis was conducted to
identify the cell cycle proportion in HCT 116 (A) and HCT-8 (B) cells treated with BPA. The distributions of
cell cycle DNA contents are shown in the bar graphs. Values are represented as mean + standard deviation from
triplicate data. *p <0.05 compared with the control.

associated with MAPK and AKT signaling, pretreatment with inhibitors, such as the JNK inhibitor SP600125,
ERK inhibitor U0126, p38 MAPK inhibitor SB203580, and AKT inhibitor LY294002, was performed before
BPA treatment. As shown in Fig. 4B, pretreatment with each of the inhibitors significantly inhibited the
phosphorylation of p38 MAPK, JNK, ERK1/2, and AKT upon BPA treatment. These findings demonstrated that
the AKT and MAPK pathways were linked with the BPA-stimulated proliferation inhibition of HCT 116 and
HCT-8 cells.

BPA impeded the wound-healing migration and invasion of human colon cells

As shown in Fig. 5A, in the wound-healing assay, BPA treatment significantly impeded the recovery of the
scratched area in cells in a dose-dependent pattern in HCT 116 and HCT-8 cells. Moreover, the invasion assay
results revealed a concentration-dependent decline in the invasive ability of BPA-treated cells (Fig. 5B). These
findings suggested that BPA treatment disrupted the invasive and migratory capabilities of colon cells.

BPA inhibited MMP-2 and MMP-9 expression by reducing the binding ability to the transcription factors in HCT
116 and HCT-8 cells

Zymography and immunoblotting revealed that BPA treatment resulted in a dose-dependent reduction in the
activity and expression of MMP-2 and MMP-9 in both cell lines (Fig. 6A). In addition, according to the EMSA,
BPA treatment interrupted the DNA-binding abilities of transcription factors such as AP-1, Sp-1, and NF-xB in
both colon cell lines (Fig. 6B). These results indicated that BPA treatment reduced MMP-2 and MMP-9 levels by
blocking the binding of regulatory transcription factors.

BPA regulated proliferation, migration, invasion, and MAPK/AKT signaling pathway in colon cells via p21 WAFI

In the siRNA transfection experiment, siRNA interference of p21WAF1 (si-p21) blocked the BPA-induced
inhibition of HCT 116 and HCT-8 cell proliferation (Fig. 7A, B; Supplemental Fig. S2A, B). In addition, the
reduction in migration and invasion of both cell types induced by BPA was hindered by silencing p21 WAF1
(Fig. 7C, D). However, p27KIP1 gene inhibition with siRNA (si-p27) failed to reverse the BPA-induced decrease
in cell proliferation, migration, and invasion (Fig. 8A-D). Because si-p21 inhibited BPA-stimulated proliferation,
migration, and invasion of colon cells, we further investigated the effects of si-p21 on MAPK and AKT signaling.
BPA-induced JNK, ERK, p38 MAPK, and AKT phosphorylation was recovered by p21WAF1 interference (Fig.

Scientific Reports |

(2025) 15:26698

| https://doi.org/10.1038/s41598-025-11700-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A. HCT 116
BPA(UM) - 60 90 120 2= 1.6
0 o
CDK2 85 12 * R
> 08 * "
2s v * *
CDK4 B3 04 . .
gL i
Cyclin D1 0 - - ; - ;
CDK2 CDK4 Cyclin D1 Cyclin E
Cyclin E 2z 5 |:| BPA (0 uM)
2 = 4 * * *
p21 8%, * [ BPA (60 uM)
2 ~§ 2 * I BPA (90 uM)
p27 T3 ] Il BPA (120 uM)
S
p53 0
: : aee =9 T8 | p21 p27 p53
B-actin | S o —— -|
B. HCT-8
- 70 140 210 o 167
s 2 i
CDK2 g '? .
T O * *
o 08 * *
= *
CDK4 £3 041 . . .
S
Cyclin D1 0 L T T T
CDK2 CDK4 Cyclin D1 Cyclin E
Cyclin E
>z 107 - 7 [ BPA (0 M)
p21 g £ 12 A [ BPA (70 uM)
o
- ;g 8 - [l BPA (140 u\v)
p. 2 s 4 . * Il BPA (210 uM)
Q0
p53 = 4
8 p21 p27 p53
-actin
C. HCT 116 D. HCT-8
IP IgG  CDK2 IP 1gG  CDK4 IP I1gG  CDK2 IP 1gG  CDK4
BPA (uM) - - 120 BPA(M) - - 120 BPA (uM) - - 210 BPA(M) - - 210
[IBPA©um) [ BPA (120 uM) [ BPA (0 uM) [ BPA (120 M)  [] BPA (0 uM) [ BPA (210 uM)  [] BPA (0 uM) [ BPA (210 uM)

>.:2 >~:6
28 . g8
c g * c £
TS 54
'001 T o
2% 25,
T3 T2
o ° © °
Lo rLQ

p21/CDK2 p27/CDK2

* 3

2
1

*
Relative density
(Fold of control)

o = N
*
*

Relative density
(Fold of control)

:

p21/CDK4 p27/CDK4 p21/CDK2 p27/CDK2 p21/CDK4 p27/CDK4

Fig. 3. BPA modulates cell cycle regulatory proteins in colon cells. (A, B) The protein levels of CDK2, CDK4,
cyclin D1, cyclin E, p27KIP1 (p27), p21WAF1 (p21), and p53 in BPA-treated colonic cells were determined
by immunoblotting. Protein levels were quantified by p-actin. (C, D) To evaluate the binding affinity between
CDK and CKI proteins, immunoprecipitation was performed. Bar graphs represent the ratios of relative
protein levels. Results are depicted as mean + standard deviation from triplicate data. *p <0.05 compared with
control. Original blots/gels are presented in Supplementary Fig. 4-6.
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Fig. 4. BPA regulates PI3K/AKT and MAPK phosphorylation in colon cells. A The phosphorylation of

AKT, ERK1/2, JNK, and p38 MAPK (p38) was measured in colon cells exposed to designated concentrations
of BPA for 12 h. B Both cell lines were pretreated with the indicated concentrations of inhibitors, such as
LY2780301 (AKT inhibitor), SP600125 (JNK inhibitor), U0126 (ERK inhibitor), and SB203580 (p38 inhibitor),
for 40 min followed by incubation in the absence or presence of BPA for 12 h. The phosphorylated (p-AKT,
p-ERK1/2, p-JNK, and p-p38) and total forms (AKT, ERK1/2, JNK, and p38) of signaling molecules were
analyzed by immunoblotting. The relative protein expression is plotted on the bar graphs. All values are shown
as mean + standard deviation from experiments of three data. *p <0.05 compared with control, #p <0.05
compared with BPA treatment alone. Original blots/gels are presented in Supplementary Fig. 7-10.

S3). These results indicated that BPA regulated the proliferation, migration, invasion, and MAPK/AKT pathway
of colon cell lines by inducing p21WAF1 expression.

Discussion

Because BPA is found in the packaging of beverages and food, the oral route is the most common route for
human exposure, and the digestive tract, where most nutrients are absorbed, is vulnerable to adverse effects!38.
A previous report exhibited that treatment with BPA (250 uM) inhibited proliferation and stimulated apoptosis
in intestinal epithelial cells®®. Our present results revealed a concentration-dependent decrease in the viability
of colonic HCT 116 and HCT-8 cells treated with BPA for 24 h, with IC, values of 120 uM and 210 pM,
respectively. Similar to earlier in vitro data, our results indicated that BPA remarkably hindered the proliferation
of both colon cell lines.
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Fig. 5. BPA affects migration and invasion capacity in both colon cell lines. Both cells were exposed to various
concentrations of BPA. After 24 h, densities of metastatic potential in BPA-treated cells were determined by
optical microscopy. The ratios of relative migratory (A) and invasive (B) ability are shown in the bar graphs. All
values are shown as mean + standard deviation from three repeated data. *p <0.05 compared with control.

Several studies have suggested that BPA affects the physiological conditions of various cells, including cell
death and proliferation Ptak et al. **°. However, data on the role of regulatory cell cycle mechanism in the BPA-
stimulated suppression of colonic epithelial cell proliferation are lacking. Here, we found that BPA induced arrest
of cell cycle at the G/G, phase in HCT 116 and HCT-8 cells. In addition, cell cycle-related inhibitory proteins
such as p21WAFI and p27KIP1 were upregulated, while positive cell cycle regulators such as CDKs and cyclins
were downregulated in both BPA-treated colonic cell lines. Therefore, our results suggest that BPA inhibits
proliferative potential of HCT 116 and HCT-8 cells by inducing arrest of the cell cycle at the G /G, checkpoint.

Cell proliferation is regulated by the MAPK and AKT pathways?*!. Accordingly, Gao et al.’® reported that
BPA causes cancer by affecting the PI3K/AKT and MAPK signaling cascades. Moreover, in the aforementioned
study of Qu et al.*® BPA inhibited HCT 116 colonic epithelial cell proliferation by inhibiting the phosphorylation
of AKT, JNK, ERK, and p38 MAPK. In contrast, we found that BPA increased the phosphorylation of MAPKs
(JNK, ERK, and p38 MAPK) and PI3K/AKT signaling pathways in both colonic cell lines, with levels peaking
at 12 h but dropping to nearly control levels after 24 h. However, the previous study reported AKT and MAPK
activation at a single time point under high BPA concentrations, whereas we measured MAPK and AKT
phosphorylation levels over time at a slightly lower BPA concentration. Indeed, most MAPK signaling pathways
are activated by various cell growth factors for cell proliferation and survival*2. However, in some cases, this
activation can also trigger apoptosis and DNA damage *>-%6. Our findings suggest that BPA inhibits proliferation,
in part by activating the PI3K/AKT and MAPK signaling pathways in human colonic cells.
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Fig. 6. BPA suppresses MMP-2 and — 9 expression via inhibition of AP-1, Sp-1, and NF-«B binding in colon
cells. (A) The activity and protein levels of MMP-2 and —9 in HCT 116 and HCT-8 cells were assessed under
gelatin zymography and immunoblotting. As the loading control, f-actin was employed in the immunoblot
experiment. (B) The DNA-binding affinities of Sp-1, AP-1, and NF-«B in colon cells were determined by
EMSA. All values from three triplicate experiment are expressed as mean + standard deviation. *p <0.05
compared with control. Original blots/gels are presented in Supplementary Fig. 11.

Mucosal healing is associated with the ability of epithelial and connective tissue cells to migrate and
proliferate?”. Regardless of the site, mucosal ulcer healing is a complex process involving restitution by epithelial
cell death at the wound margins, which eventually fills the defect*®°. Previous reports have suggested that BPA
inhibits the migratory and invasive capacities of osteosarcoma and human primary extra villous trophoblasts®®>!.
Our current study similarly showed that migration and invasion abilities were inhibited in colon cells treated
with BPA. The migratory and invasive capacities of cells can be stimulated by MMP activation through multiple
mechanisms, including pro-enzyme activation and the binding of transcription factors®»>. In this study, BPA
treatment appeared to reduce MMP expression by downregulating the binding affinity of transcription factors
Sp-1, AP-1, and NF-kB in both cell types. Collectively, these data suggest that BPA negatively affects mucosal
healing in the intestinal tract by inhibiting MMP activation via transcription factors.

Adverse physiological processes in intestinal epithelial cells cause the activation of inflammatory responses,
cellular damage, apoptosis, and an imbalance in oxidative stress, which eventually leads to dysregulation of
intestinal barrier function®!®137, In our study, BPA inhibited the proliferation and metastatic potential of colon
epithelial cells via the dysregulation of cell cycle progression, signal transduction pathways, and transcription
factor-associated MMP expression. Previous studies have shown that the CKIs p21WAF1 and p27KIP1 can
regulate cell proliferation and metastatic potential by controlling signaling pathways, cell damage, and apoptosis
activation!®-2%, Therefore, to further investigate the potential link between harmful biological responses and
negative cell cycle regulators in colon epithelial cells induced by BPA, we transfected p21WAF1 and p27KIP1
with siRNAs. Although silencing p27KIP1 had no effect, silencing p21WAF1 with siRNA reversed the BPA-
induced interference of proliferation, migration, and invasion. Our study is the first to suggest p21WAF1 as
an essential regulator in the BPA-mediated dysregulation of intestinal physiological functions, which directly
affects the proliferation, invasion, and migration of colon epithelial cells.

Although p21WAF1 is typically viewed as a downstream effector of MAPK and PI3K/AKT signaling, recent
studies suggest it can also act upstream. In our study, p21WAFI knockdown not only suppressed BPA-induced
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Fig. 7. p21WAF1 silencing reverses BPA-induced interference of proliferation and metastatic potential in
colon epithelial cells. MTT (A) and cell counting (B) assays were performed in BPA-treated colon epithelial
cells after p21WAF1 siRNA (si-p21) or scramble siRNA transfection. Wound-healing migration (C) and
invasion assays (D) in BPA-treated colon epithelial cells following si-p21 or scramble siRNA transfection.
All values from triplicate results are indicated as mean + standard deviation. *p <0.05 compared with control,

#p <0.05 compared with BPA treatment alone.

phosphorylation of JNK, ERK, p38 MAPK, and PI3K/AKT, but also attenuated migration and invasion of human
colonic cells. These results suggest that p21WAF1 contributes to a feedback loop that maintains MAPK/AKT
activation during BPA exposure. Supporting this notion, p21WAF1 loss in senescent cells triggered activation
of the JNK-ATM-NF-xB axis and promoted apoptosis®*. Knockdown of p21WAF1 in colon cancer cells
paradoxically increased AKT activity and ROS levels, resulting in autophagy induction®. In vascular smooth
muscle cells, p21WAF1 was shown to positively regulate p38 MAPK-mediated MMP-9 expression, promoting
proliferation and migration®. Likewise, p21WAF1 knockdown diminished ERK1/2 activation and reduced
MMP-9 expression via suppression of NF-kB and AP-1 binding, thereby inhibiting IL-5-induced migration®’.
Collectively, these findings indicate that p21WAF1 could modulate upstream kinase pathways including JNK,
ERK, p38 MAPK, and PI3K/AKT, contributing to a self-reinforcing loop that regulates cell survival and motility
under stress or cytokine stimulation. Our results support this feedback model in the context of BPA exposure,
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Fig. 8. p27KIP1 silencing with siRNA had no effect on the BPA-induced colon epithelial cell responses. Colon
cells were transfected with either scramble siRNA or p27KIP1 siRNA (si-p27), and then treated with BPA for
24 h. Transfected cells were analyzed by MTT (A) and cell counting assays (B). Wound-healing migration (C)
and invasion (D) assays were performed to estimate the metastatic ability using transfected cells. All values
from triplicates data are designated as mean * standard deviation. *p <0.05 compared with control, #P <0.05
compared with BPA treatment.

which suggest that p21WAF1 acts as both an effector and upstream regulator of MAPK/AKT pathways involved
in the control of cell proliferation and migration.

In conclusion, the present study revealed that BPA inhibited the proliferation of HCT 116 and HCT-8 cells
by arresting the cell cycle at G;/G, phase and activating the PI3K/AKT and MAPK pathways. Furthermore,
BPA suppressed the migration and invasion of colon cells through the downregulation of MMP-2 and MMP-
9 activation, coordinated by a decline in the binding activity of transcription factors. Finally, BPA regulated
the proliferation, invasion, migration, and MAPK/AKT pathway of colon epithelial cells via upregulation of
P21WAF1 expression. Taken together, our results provide valuable information into the molecular regulatory
mechanisms of BPA-stimulated adverse effects on colon cells. Additional studies, including animal experiments,
must be conducted to fully understand the damage caused by BPA to the intestinal wall.
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