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PHLPP2 is a novel biomarker and epigenetic target for
the treatment of vitamin C in pancreatic cancer
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Abstract. Epigenetic dysregulations are closely associated
with the development of pancreatic ductal adenocarcinoma
(PDAC), which is one of the most aggressive malignancies and
currently has limited treatment options. Vitamin C (VC), an
epigenetic mediator, exerts antitumor effects on several types
of cancer. However, the clinical application of VC is limited,
particularly in PDAC. Thus, to investigate the antitumor effects
and explore the potential clinical application of VC in PDAC,
the survival of patients from The Cancer Genome Atlas data-
base were analyzed, and proliferation, apoptosis and migration
assays were performed in the present study. It was first estab-
lished that high expression levels of the sodium-dependent
VC transporter 2, a critical VC transporter, predicted a good
prognosis in patients with pancreatic adenocarcinoma. It was
further confirmed that VC directly inhibited proliferation,
induced apoptosis and suppressed migration of human pancre-
atic cancer cells. Global 5-hydroxymethylcytosine (ShmC)
content was significantly upregulated in pancreatic cancer cells
following VC treatment, predominantly relying on ten-eleven
translocation 2. Furthermore, VC could specifically increase
5hmC levels at the promotor region on PH domain leucine-rich
repeat protein phosphatase 2 (PHLPP2) and enhance PHLPP2
expression levels. When PHLPP2 expression levels were
knocked down, VC was able to partially overcome the inhibi-
tion of pancreatic cancer cells. These results illustrated a novel
and precise mechanism of action of epigenetic alterations that
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underly the inhibition of VC in pancreatic cancer, and empha-
sized that PHLPP2 may be a new biomarker and epigenetic
target for the clinical treatment of VC in PDAC.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
common types of primary carcinoma of the pancreas, with
~56,770 new cases and ~45,750 mortalities annually in the
USA in 2019 (1). The 5-year survival rate remains at 6% due to
late diagnosis and therapy resistance (2). Therefore, it is neces-
sary to investigate appropriate methods for the diagnosis and
treatment of PDAC.

Vitamin C (VC), a strong reducing agent and antioxidant,
can be oxidized into dehydroascorbic acid (DHA) when
in solution (3). Human cells uptake VC and DHA through
sodium-dependent VC transporters (SVCTs) and glucose trans-
porters (GLUTs) (4,5). The high-affinity SVCT2 transporter
is ubiquitously expressed and more commonly expressed
in cancer cells compared with SVCT1 (6). Based on its
chemical properties, VC functions as a cofactor of Fe(II) and
is part of the a-ketoglutarate-dependent dioxygenase family,
participating in biological processes, including collagen
synthesis, regulation of hypoxia-inducible factor stability, and
methylation of DNA and histones (7,8).

Epigenetics, such as DNA methylation, refers to heritable
alterations in gene expression without changes in the DNA
sequence (9). The ten-eleven translocation (TET) protein
family members are considered key enzymes for DNA
demethylation, which can oxidize 5-methylcytosine (SmC) to
5-hydroxymethylcytosine (ShmC) in a Fe2*/a-ketoglutarate
dependent reaction (10,11). There are three TET proteins,
TETI1, 2 and 3, among which TET2 is the most commonly
mentioned member and has been investigated in previous
tumor studies (12,13). Previous studies have shown that VC
is indispensable for TET enzymes to maintain catalytic
activity (14-16). VC can promote DNA demethylation through
TETs, particularly TET2, to upregulate the expression levels
of tumor suppressor genes in tumor cells and achieve an
antitumor effect in leukemia and solid tumors, including liver,
ovarian and kidney cancer (17-20).

Considering the involvement of VC in epigenetic modi-
fications and the key role of epigenetic dysregulation in the
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development of PDAC, VC treatment may be a promising
strategy for PDAC therapy. Although numerous studies have
reported the antitumor activity of VC treatment both in vitro
and in vivo (21-25), previous clinical trials and case studies
concerning PDAC have failed to confirm a clinical efficacy
of VC treatment (26,27). Furthermore, VC treatment has
failed to demonstrate an improvement in patient quality of
life and chemosensitivity (28-31). This may indicate that VC
treatment does not conform to all patients and that biomarkers
are required to identify the sensitivity of VC treatment in
individual patients. Therefore, it is essential to understand the
role of VC treatment in PDAC and to precisely investigate the
underlying mechanisms of action, which would be beneficial
to the development of alternative therapies or to allow for
the proper selection of patients for effective VC treatment in
PDAC.

The present study provided the first evidence that SVCT2
predicted good prognoses in patients with PDAC. VC directly
inhibited the viability of human pancreatic cancer cells
in vitro. Furthermore, VC promoted DNA demethylation
of the PH domain leucine-rich repeat protein phosphatase 2
(PHLPP2) promoter to upregulate the expression levels of
PHLPP2 and exert a tumor inhibitory effect. As such, the
present study illustrated a new mechanism for VC in the
suppression of pancreatic cancer, and indicated that PHLPP2
may be a biomarker and an epigenetic target for the clinical
application of VC in PDAC.

Materials and methods

Cell culture and reagents. Capan-1 (a poorly-differentiated
primary PDAC cell line) and PANC-1 (a well-differentiated
metastasis PDAC cell line) were purchased from The Cell
Bank of Type Culture Collection of Chinese Academy of
Sciences. The PDAC cell lines were cultured in DMEM (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.)
and 50 IU/ml penicillin/streptomycin (Gibco; Thermo Fisher
Scientific, Inc.) at 37°C. VC (Sigma-Aldrich; Merck KGaA)
was diluted in PBS.

Cell viability assay. Capan-1 and PANC-1 cells were
seeded in a 96-well plate at a density of 1x10* cells/well.
Following 24 h of incubation, the cells were treated with 0,
0.5,1,2,4 or 8§ mM VC for 48 h at 37°C. Subsequently, cell
viability was evaluated using Cell Counting Kit-8 (CCK-8;
Dojindo Molecular Technologies, Inc.), according to the
manufacturer's instructions. Absorbance was measured
at 450 nm using an Infinite M200 PRO microplate reader
(Tecan Group, Ltd.).

Colony formation assay. Capan-1 and PANC-1 cells were
seeded in a 6-well plate (1x10*/well) and incubated for 24 h,
followed by treatment with 0.5 mM VC at 37°C for a further
48 h. Following incubation in fresh medium for 10 days, the
cells were washed with PBS, fixed using 4% paraformalde-
hyde for 15 min at room temperature and stained using 0.01%
crystal violet for 20 min at room temperature. Subsequently,
the cell colonies were imaged and counted in the whole view
using an inverted light microscope (magnification, x40).
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Isolation of peripheral blood mononuclear cells (PBMCs).
Blood samples from 5 patients with PDAC, including 3 males
and 2 females (median age, 61.40 years; age range, 55 to
61 years), were obtained in November 2019 from Huashan
Hospital, Fudan University (Shanghai, China). Human blood
(~8 ml) was added slowly into 4 ml Percoll (GE Healthcare).
The cells were separated by gradient centrifugation at 4°C
for 20 min at 850 x g. The upper phase (buffer and plasma)
was discarded and the PBMCs were collected. The cells were
washed using PBS and centrifuged for 5 min at 500 x g at 4°C.
The remaining red blood cells were lysed using ACK Lysing
Buffer (Gibco; Thermo Fisher Scientific, Inc.), washed in PBS
and centrifuged for 5 min at 500 x g at 4°C. The cells were
finally cultured in DMEM supplemented with 10% FBS and
50 IU/ml penicillin/streptomycin and treated with or without
4 mM VC at 37°C for 48 h. The present study was approved
by the Huashan Hospital Institutional Review Board of Fudan
University (permit no. 005/13) and written informed consent
was obtained from each participant.

Annexin V/7-aminoactinomycin D (7-AAD) assay. Capan-1,
PANC-1 cells and PBMCs were seeded in 6-well plates at
1x10° cells/well and treated with 4 mM VC at 37°C for 48 h.
The cells were then stained using Annexin V (BD Biosciences)
at 4°C for 30 min, followed by staining with 7-AAD
(Invitrogen; Thermo Fisher Scientific, Inc.) for 5 min at room
temperature. The percentage of apoptotic cells and necrotic
cells was measured using a BD FACSCalibur flow cytometer
(BD Biosciences) and analyses using FlowJo software (version
10; FlowJo LLC).

Wound healing assay. For cell migration assays,
1x10° cells/well were seeded in 6-well plates and incubated
for 24 h. A wound was created using a plastic 200-u! tip and
rinsed by PBS. The cells were incubated in DMEM containing
1% FBS with or without 4 mM VC. Images were obtained at
0 or 24 h post-wounding using an inverted light microscope
(magnification, x100), and the scratch area was analyzed
using the ImageJ wound healing tool (version 1.52a; National
Institutes of Health). The cell recovered area after 24 h was
divided by the cell-free area at O h of the same well to obtain
the percentage of wound closure.

Genomic DNA isolation and dot blot. Genomic DNA from
Capan-1 and PANC-1 cells was extracted using TIANamp
Genomic DNA kit (Tiangen Biotech Co., Ltd.), according to
the manufacturer's instructions. The concentration of DNA was
quantified using a NanoDrop (Thermo Fisher Scientific, Inc.).
DNA samples were denatured and spotted onto a nitrocellulose
membrane (GE Healthcare) and air-dried. DNA was fixed to
the membrane by UV crosslinking for 15 min. The membrane
was then blocked with 5% fat-free milk in 0.1% TBS-Tween-20
(TBST) for 1 h at room temperature and incubated with the
primary anti-ShmC antibody (cat. no. 40000; 1:500; Active
Motif, Inc.) or anti-5SmC antibody (cat. no. ab10805; 1:1,000;
Abcam) at 4°C overnight. The membrane was incubated with
a horseradish peroxidase-conjugated secondary antibody,
anti-mouse IgG (cat. no. 7076S; 1:3,000; CST Biological
Reagents Co., Ltd.) for 1 h at room temperature, washed with
TBST, then detected using the ImageQuant LAS 4000 mini
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scanner (GE Healthcare) with Immobilon-ECL-Ultra-West
ern-HRP-Substrate (EMD Millipore). The ShmC and SmC
intensity was quantified using Image J software (version 1.52a;
National Institutes of Health).

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA from Capan-1 and PANC-1 cells
was extracted using TRIzol® (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
RNA was reverse-transcribed using a Hifair IT 1st Strand
cDNA Synthesis SuperMix kit (Yeasen). qPCR was performed
using the SYBR Green mix (Yeasen) on a 7500 Real-Time
PCR system (Applied Biosystems; Thermo Fisher Scientific,
Inc.) according to manufacturer's instructions. Quantitative
gene amplification was performed using the following ther-
mocycling conditions: 40 cycles of pre-denaturation at 95°C
for 10 sec, annealing/extension at 60°C for 34 sec. Relative
expression levels were normalized using the 2244 (32)
method, and p-actin was used as an internal control. The
primers used for RT-qPCR were as follows: B-actin forward,
5'-AGCGAGCATCCCCCAAAGTT-3' and reverse, 5'-GGG
CACGAAGGCTCATCATT-3"; PHLPP2 forward, 5'-AGT
CTTTACCATCCGCCTGC-3' and reverse, 5-TGGAGT
GTGCAACAAGGGT-3"; adenomatous polyposis coli (APC)
forward, 5'-AAGCATGAAACCGGCTCACAT-3' and reverse,
5'-CATTCGTGTAGTTGAACCCTGA-3'"; mitogen-activated
protein kinase kinase 4 (MAP2K4) forward, 5'-CGGCTC
TTCACTCCCAACAA-3' and reverse, 5-GCTTTGCGTTTA
CTTTGTGCC-3'; F-Box and WD repeat domain containing 7
forward, 5"TGCAAAAGAGCCTCTACCACA-3' and reverse,
5'-CAAGCCCAGTGGTACTTGTAT-3"; helicase-like tran-
scription factor (HLTF) forward, 5'-GAATTGTCTAGCTCC
CGCCC-3' and reverse, 5"-TAGAAGATCCTTTCGCCC
TGC-3'; HECT domain and ankyrin repeat containing E3
ubiquitin protein ligase 1 forward, 5'-GGAGTTGCCCGAGGA
TAATGA-3' and reverse, 5-TGCTGCAATGTGAAGCAA
GC-3'; PLAGI like zinc finger 1 forward (PLAGL1), 5'-TCC
AGAACTTTCCAAGCGGG-3' and reverse, 5S“-TCAGATGTG
ACACGAGGCAG-3"; SNF2 histone linker PHD RING heli-
case (SHPRH) forward, 5'-~ACAGGCTGCATCATTCGTGA-3'
and reverse, 5"TCCCTCGGGAAGAGTGAGAG-3"; TOP1
binding arginine/serine rich protein forward, 5'-GTCGAG
GTGAGGGAGTGAAA-3' and reverse, 5'-“AAGCCAGTA
AGTCGTCGCAC-3"; AT-rich interactive domain-containing
protein 1A (ARIDI1A) forward, 5'-GCCGAATCTCATGCC
TTCCA-3" and reverse, 5-GGCCGCTTGTAATTCTGC
TGT-3"; and SWI/SNF related, matrix associated, actin
dependent regulator of chromatin, subfamily a, member 2
(SMARCA?2) forward, 5-CTGTTTTGACCGGTTGCCTG-3'
and reverse, 5'-CCAGTCAGTAGAGTAATGCTGC-3'.

ShmC and 5mC assay. EpiMark® 5ShmC and 5mC Analysis
kit (New England Biolabs, Inc.) was used to quantify
5hmC and 5SmC expression levels, according to the manu-
facturer's protocol. Genomic DNA was treated with T4
B-glucosyltransferase (New England Biolabs, Inc.) with or
without UDP-Glucose substrate (New England Biolabs, Inc.)
at 37°C overnight. Converted DNA was then digested with or
without Mspl and Hpall at 37°C overnight. ShmC and SmC
expression levels were quantitatively analyzed using RT-qPCR
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with primers designed at peak regions containing the GGCC
sequence that span one CCGG Mspl/Hpall recognition site
on PHLPP2. Primers used for RT-qPCR were as follows:
PHLPP2 forward, 5-GCTTGCCTGCCCTTGTTAAA3' and
reverse, 5'-CAGTCTGTGTCCCCCATCTG-3".

Small interfering RNA (siRNA) transfection. siRNA was
designed by Suzhou Genepharma Co., Ltd. to downregulate
PHLPP2 and TET2 expression levels. Capan-1 and PANC-1
cells were transfected with siRNAs using Lipofectamine™
2000 (Invitrogen; Thermo Fisher Scientific, Inc.). A mixture
of 100 nM siRNA and Lipofectamine® were mixed for 20 min
at room temperature, then added to the cells and incubated for
6 h. The siRNA sequences were as follows: Control siRNA,
5'-UUCUCCGAACGUGUCACGUTT-3'"; PHLPP2 siRNA,
5'-GCAACUUUCUGACUACUUUTT-3"; and TET2 siRNA,
5-GGAUGUAAGUUUGCCAGAATT-3'. Subsequent experi-
ments were performed 48 h post-transfection.

Western blot assays. Capan-1 and PANC-1 cells were serum
starved overnight and treated with epidermal growth factor
(10 ng/ml; PeproTech, Inc.) for 15 min. Cells were lysed using
RIPA lysis buffer (Beyotime Institute of Biotechnology).
Following protein concentration analysis using a BCA protein
assay kit (Beyotime Institute of Biotechnology), SDS-PAGE
sample loading buffer (Beyotime Institute of Biotechnology)
was added to the protein sample. Then, 50 pg proteins
were separated via 10% SDS-PAGE (Epizyme) and trans-
ferred to nitrocellulose filter membranes (EMD Millipore).
Subsequently, the membrane was blocked using 5% fat-free
milk in TBST for 1 h at room temperature and incubated
with the primary anti-phosphorylated-c-Raf (Ser338) anti-
body (cat. no. 9427S; 1:1,000; CST Biological Reagents Co.,
Ltd.), anti-c-Raf antibody (cat. no. 9422S; 1:1,000; CST) or
anti-GAPDH antibody (cat. no. 5174S; 1:1,000; CST Biological
Reagents Co., Ltd.) at 4°C overnight. The membrane was incu-
bated with a horseradish peroxidase-conjugated secondary
antibody, anti-Rabbit IgG (cat. no. 7074S; 1:5,000; CST
Biological Reagents Co., Ltd.) for 1 h at room temperature,
washed with TBST and then bands were detected using the
ImageQuant LAS 4000mini scanner (GE Healthcare). The
images were analyzed using Image J software (version 1.52a;
National Institutes of Health).

Bioinformatics analysis. The RNA-Seq data and clinical infor-
mation including overall survival data, disease free time, TNM
stage and status of 178 patients of The Cancer Genome Atlas
(TCGA) PAAD dataset were download the from UCSC Xena
platform (https://xena.ucsc.edu/). Patient characteristics were
listed in Table SI. The RPPA data of 116 PAAD patients were
accessed and processed using the linkedomics (http:/linkedo-
mics.org/login.php) (33). For survival analysis, the median of
SVCT1/2, GLUT1 and PHLPP2 expression was used to sepa-
rate PAAD patients from TCGA database into the ‘high’ and
‘low’ groups. Survival analysis for overall survival (OS) and
disease-free survival (DFS) was performed using the Kaplan
Meier method and the log rank test was carried out using
the R software ‘survival’ package (https://github.com/ther-
neau/survival). The correlation between the expression of genes
of TCGA PAAD dataset was analyzed by Pearson's correlation
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Figure 1. VC exhibits an antitumor effect in pancreatic cancer. (A) Kaplan-Meier analysis was used to analyze the associations between SVCT1, SVCT2 and
GLUT]1 expression levels and the overall survival rate of patients with pancreatic cancer. (B) Capan-1 or PANC-1 cells were exposed to various concentra-
tions of VC for 48 h, and cell viability was assessed using Cell Counting Kit-8 assays. Data are presented as the percentage of the untreated control. "P<0.05,
"P<0.001 vs. 0 mM VC. (C) Colony formation assay was performed to measure cell proliferation. Capan-1 or PANC-1 cells were seeded into plates at a
density of 1,000/well and grown at 37°C for 10 days after exposure to 0.5 mM VC for 48 h. Cell colonies were stained with 0.1% crystal violet (left), and colony
numbers were quantified using ImageJ software (right). ““"P<0.001. (D) Capan-1 or PANC-1 cells were treated with 4 mM VC for 48 h, and then examined by
flow cytometry to assess the levels of apoptosis. “P<0.01, ““P<0.001. (E) Following incubation for 24 h, a scratch was made at the 0 h time point, then Capan-1
or PANC-1 cells were treated with 4 mM VC for a further 24 h before images (magnification, x100) were obtained and data were quantified. “P<0.01. Data
are presented as the mean =+ standard error of three independent experiments. SVCT, sodium-dependent VC transporter; VC, vitamin C; GLUTI, glucose

transporter 1; 7-AAD, 7-aminoactinomycin D.

and curves were added according to the TIMER database
algorithm (34). To identify he potential tumor suppressor target
genes of VC, genes included in the TSGene 2.0 database (35)
and positively correlated with TET2 and SVCT2 (Pearson's
correlation =0.5) were screened to generate a heat map using
R software ‘pheatmap’ package (https://CRAN.R-project.
org/package=pheatmap) and to validate experimentally.

Statistical analysis. Statistical significance was evaluated by
an unpaired Student's t-tests or one-way ANOVA followed by
Tukey's test for multiple comparisons using GraphPad Prism
7.0 software (GraphPad Software, Inc.). P<0.05 was consid-
ered to indicate a statistically significant difference.

Results
VC exhibits antitumor effects in pancreatic cancer. To inves-

tigate the role of VC in the progression of pancreatic cancer,
the associations between the expression levels of VC/DHA

transporters (SVCT1, SVCT2 and GLUTI) and survival
rates of patients with PDAC were identified. According to
the Kaplan-Meier survival analysis of TCGA data (Fig. 1A),
high expression levels of SVCT2 predicted good overall
survival (P=0.039), while high expression of GLUT1 was
associated with poor overall survival (P=0.028) of patients
with PDAC. Patients with high or low expression of SVCT1
had no significant difference in the survival rate, which may
due to the fact that SVCT?2 is the predominant transporter of
VC in the pancreas (36). The level of SVCT2 in patients with
stage I disease was higher than that in patients with stage III
or IV disease, and significantly higher than that in patients
with stage II. However, there was no significant difference
in DFS rate between patients with high or low expression
levels of SVCT2 (Fig. S1). Since SVCT2 is an important VC
transporter, these results indicated that VC may exhibit an
antitumor effect in pancreatic cancer. In order to confirm the
aforementioned hypothesis, human pancreatic cancer cells
Capan-1 and PANC-1 were treated with various concentrations
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Figure 2. VC increases demethylation of pancreatic cancer cells through TET2. (A) Capan-1 or PANC-1 cells were exposed to increasing concentrations of
VC for 24 h. The genomic levels of SmC/ShmC were then assessed using dot blots. Data are presented as the mean =+ standard error of the mean of three
independent experiments. "P<0.05, “P<0.01, ““P<0.001. (B) The correlation between the expression of SVCT2 and TET1/2/3 was analyzed using Pearson's
correlation and curves were added according to the TIMER database algorithm. (C) Venn diagram of the significantly correlated genes (correlation >0.5)
with SVCT1/2 and TET1, 2 and 3. SVCT, sodium-dependent VC transporter; TET, ten-eleven translocation; VC, vitamin C; SmC, 5-methylcytosine; ShmC,

5-hydroxymethylcytosine.

of VC for 48 h in vitro. CCK-8 analyses demonstrated that
VC treatment inhibited the proliferation of Capan-1 and
PANC-1 cells in a concentration-dependent manner (Fig. 1B).
Subsequently, colony formation assays were performed to
further evaluate the role of VC on tumor cell growth. The
ability of both Capan-1 and PANC-1 cells to form colonies was
significantly impaired in response to VC treatment (Fig. 1C).
Annexin V/7-AAD staining assays were utilized to determine
whether VC treatment contributed to cell apoptosis. VC
significantly induced cell apoptosis in both cell lines (Fig. 1D).
Meanwhile, the effect of VC on cell migration was evaluated
using wound healing assays. Since both Capan-1 and PANC-1
cells couldn't survive in serum-starved medium for 24 h, 1%
FBS was used for the wound healing assays, which may be
a limitation of the study. Following VC treatment, Capan-1
and PANC-1 cells had a significantly reduced migratory
ability compared with those in the control group (Fig. 1E).
To evaluate the safety of VC, the apoptosis of PBMCs, which
were isolated from patients with pancreatic cancer and treated
with or without VC, were analyzed using flow cytometry.
The percentage of apoptotic PBMCs was not significantly
increased following VC supplementation (Fig. S2), while VC
could significantly induce apoptosis in PDAC cells (Fig. 1D).
Therefore, the aforementioned data suggest that VC could

inhibit the proliferation, growth and migration of tumor cells,
while inducing tumor cell apoptosis. Collectively, the current
findings suggested that VC may exhibit an antitumor effect in
pancreatic cancer.

VC increases demethylation of pancreatic cancer cells
relying on TET2. Epigenetic regulation plays a crucial role
in the development of PDAC; VC takes part in the epigenetic
regulation, particularly in the conversion of SmC to ShmC
by enhancing the catalytic activity of TET dioxygenases (5).
Thus, the effect of VC on the global levels of SmC/5hmC was
examined in both Capan-1 and PANC-1 cell lines using dot
blot assays. A significant increase in global ShmC levels was
observed following VC treatment compared with PBS treat-
ment, accompanied by a significant reduction in 5SmC levels
in both cell lines (Fig. 2A). The mRNA level of SVCT2 was
positively correlated with that of TET1, TET2 and TET3 in
tumor tissues from PDAC patients from TCGA database, with
TET?2 demonstrating the strongest correlation among the TET
family (Fig. 2B). To further determine the downstream genes
that may be regulated by TET2 and VC, Pearson's correlation
analysis was performed based on the gene expression levels
from the PDAC dataset. A total of 488 genes were significantly
correlated with the expression levels of TET2 and SVCT?2,
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Figure 3. VC specifically upregulates PHLPP2 through DNA demethylation. (A) Heatmap of the correlation between tumor suppressor genes and SVCT2/TET2.
(B) Quantitative changes in the mRNA expression levels of tumor suppressor genes in Capan-1 or PANC-1 cells with VC treatment. (C) The levels of SmC/5hmC
in the PHLPP2 promoter of siNC/siPHLPP2-treated PDAC cells were detected following VC supplementation. Data are presented as the mean + standard
error of the mean of three independent experiments. "P<0.05, “P<0.01, ““P<0.001. PHLPP2, PH domain leucine-rich repeat protein phosphatase 2; si, small
interfering RNA; VC, vitamin C; NC, negative control; 5SmC, 5-methylcytosine; ShmC, 5-hydroxymethylcytosine; SVCT, sodium-dependent VC transporter;
TET2, ten-eleven translocation 2; APC, adenomatous polyposis coli; SHPRH, SNF2 histone linker PHD RING helicase; ARIDIA, AT-rich interactive
domain-containing protein 1A; HACEL, HECT domain and ankyrin repeat containing E3 ubiquitin protein ligase 1; TOPORS, TOP1 binding arginine/serine
rich protein; SMARCA?2, SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 2; MAP2K4, mitogen-activated
protein kinase kinase 4; PLAGL1, PLAG] like zinc finger 1; FBXW7, F-Box and WD repeat domain containing 7; HLTF, helicase-like transcription factor.

while only 78 and 2 genes were positively correlated with
SVCT?2 for TET1 and TET3, respectively (Fig. 2C). This
suggests VC may increase the expression level of ShmC in
pancreatic cancer cells, which mainly relies on TET2.

VC specifically upregulates PHLPP2 through DNA demethyl-
ation. To seek the potential target genes of VC, the TSGene 2.0
database, an updated gene set of tumor suppressor genes, was
used to screen the genes that may be involved in the antitumor
activity of VC. Initially, the present study screened for genes
that positively correlated with TET2 and SVCT2 (Pearson's
correlation =0.5). Then, tumor suppressor genes identified
by the TSGene database within these genes were selected,
resulting in 36 genes. Among the 36 genes, 11 genes were

selected based on previous reports associated with the progres-
sion of PDAC (37-41) (Fig. 3A). RT-qPCR was used to validate
the expression levels of these 11 genes after VC treatment in
both Capan-1 and PANC-1 cell lines. Following VC treatment,
SHPRH, ARIDIA, SMARCA2, PLAGLI and HLTF were
significantly decreased, and only PHLPP2 was significantly
increased in Capan-1. Following treatment of PANC-1 cells
with VC, MAP2K4 was significantly downregulated, and
PHLPP2 and APC were significantly upregulated. Notably,
only PHLPP2 exhibited a significant increase in both cell
lines, with a 2.4-fold change in Capan-1 and 5.3-fold change
in PANC-1 following exposure to VC (Fig. 3B). To further
investigate whether the upregulation of PHLPP2 resulted
from a VC-stimulated increase in TET2-dependent DNA
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Figure 4. Antitumor effect of VC partially depends on PHLPP2. (A) Survival analysis of PHLPP2 in patients with PDAC. (B) Following PHLPP2-knockdown,
Capan-1 or PANC-1 cells were treated with 4 mM VC, and apoptosis was assessed using Annexin V/7AAD staining. (C) The migratory ability of the cells was
assessed using wound healing assays. (D) siNC and siPHLPP2-treated PDAC cells were serum starved overnight and treated with epidermal growth factor
(10 ng/ml) for 15 min, and cell lysates were analyzed for phosphorylated and total RAF1 expression levels. Data are presented as the mean + standard error of
the mean of three independent experiments. "P<0.05, “P<0.01, “"P<0.001. PHLPP2, PH domain leucine-rich repeat protein phosphatase 2; si, small interfering

RNA; VC, vitamin C; NC, negative control; 7-AAD, 7-aminoactinomycin D.

demethylation, a promoter methylation assay was utilized to
measure the expression levels of SmC/5hmC at the PHLPP2
promoter. VC supplementation significantly increased the
percentage of ShmC, accompanied with a decrease in SmC at
the PHLPP2 promoter region. Knocking down the expression
levels of TET2 by siRNA (Fig. S3A), led to a decrease in ShmC
levels and increase in SmC levels at the PHLPP2 promoter,
while VC supplementation could not reverse the reduction
(Fig. 3C). Thus, the current findings suggested that VC could
upregulate the PHLPP2 expression levels by enhancing
PHLPP2 promoter demethylation, depending on TET?2.

Antitumor effect of VC partially depends on PHLPP2.PHLPP2
is a tumor suppressor gene that has been reported to inhibit
progression of various cancer types, including breast, pros-
tate, bladder and lung cancer (42). Similarly, as shown in the
Kaplan-Meier analysis, patients with high PHLPP2 expression
levels had a significantly higher overall survival rate compared
with those with low PHLPP2 levels (P=0.003; Fig. 4A). To
confirm whether PHLPP2 plays a major role in the inhibitory
effect of VC on PDAC, PHLPP2 expression in Capan-1 and
PANC-1 cells was knocked down using siRNAs (Fig. S3B),
which were then subjected to VC treatment. VC-induced cell
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apoptosis was significantly reduced in response to PHLPP2
silencing; however, VC-induced cell necrosis was reduced
by knockdown of the expression of PHLPP2 only in Capan-1
cells (Figs. 4B and S4). Meanwhile, VC-mediated reduction of
the migration in both cell lines was partially restored through
silencing of PHLPP2 (Fig. 4C). Furthermore, western blot
assays were used to detect the phosphorylation levels of Rafl,
which has been reported to be dephosphorylated by PHLPP2
at S338 (43). PHLPP2-knockdown resulted in a significant
increase in Rafl phosphorylation, with VC able to attenuate the
increase (Fig. 4D). The RPPA data of patients with PDAC from
TCGA database also demonstrated that PHLLP2 exhibited a
significant negative correlation with the levels of phosphory-
lated Rafl (Pearson's correlation, -0.249; P=6.91x107%), while
SVCT?2 was also negatively correlated with the levels of C-Raf
pS338 (Pearson's correlation, -0.162; P=8.16x10%; Fig. S5).
Collectively, the current data demonstrated that the antitumor
effect of VC was partially dependent on PHLPP2.

Discussion

VC treatment has been reported to exhibit an antitumor effect
in cancer treatment; however, there is a lack of convincing
clinical evidence, particularly in pancreatic cancer (19,23,44).
The present study investigated the association between the
epigenetic regulation of VC and pancreatic cancer, which
demonstrated that VC exerted its antitumor activity partially
by upregulating PHLPP2 expression levels through DNA
demethylation. The ShmC levels of PHLPP2 may act as a
biomarker and an epigenetic target of VC for pancreatic cancer
therapy.

The mechanisms of action underlying the antitumor effect
of VC include oxidative stress and epigenetic regulation,
with most previous studies predominantly focusing on the
former (24,25). However, Ge et al (45) have found that oxida-
tion-resistant VC derivatives, which lack the ability to induce
oxidative stress in tumor cells, still exhibit antitumor efficacy.
Previously, epigenetic regulation has gained increasing atten-
tion as a supplementary mechanism for the action of VC
against tumors (16,17,45,46). It has been well established that
epigenetic dysregulation is recognized as a hallmark in the
development of multiple tumor types, such as breast, liver,
lung and prostate cancer (11,47,48). For example, the levels
of ShmC were found to be significantly decreased, accompa-
nied with a 5mC increase in various cancer types, including
PDAC, which may lead to the silencing of tumor suppressor
genes (47,48). Since VC serves as a co-factor of TET2 and is
indispensable for its optimal catalytic activity, high dose VC
treatment may enhance the activity of TET2 leading to an
increase in the levels of ShmC in tumors (45). Consistent with
the aforementioned findings, the present study demonstrated
that VC could reverse the loss of ShmC through TET2, and
identified an increase in ShmC levels in the promoter region of
the tumor suppressor gene PHLPP2.

The PHLPP family consists of PHLPP1 and PHLPP2.
PHLPP2 can dephosphorylate AKT and Rafl, resulting in
the induction of apoptosis and the inhibition of migration,
which is consistent with the current results (49,50). PHLPP2
has been reported to be downregulated in various tumor types,
including PDAC (51), and in vitro studies have demonstrated
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that overexpression of PHLPP2 can inhibit tumor growth in
prostate, bladder and endometrial cancer (50,52). The present
study confirmed that PHLPP2 re-expression could inhibit
pancreatic cancer cells. Furthermore, the participation of
VC-induced epigenetic reprogramming was also identified in
PHLPP?2 re-expression.

Due to the paradoxical conclusions in clinical trials of VC
treatment, biomarkers are required for the proper selection of
patients that are sensitive to VC-based therapies, to substan-
tially improve the clinical efficacy of VC (44,46). According to
the current results, several conclusions regarding biomarkers
could be made. For example, patients with low expression
levels of SVCT2 may not benefit from VC treatment because
VC cannot be effectively transported into tumor cells (53). In
addition, patients with low levels of ShmC in tumor tissues
may be more responsive to VC treatment. Specifically, in
PDAC, low expression levels of ShmC in the promotor region
of PHLPP2 in tumor tissues may be an ideal indicator for VC
treatment.

In conclusion, the present study identified that SVCT2
is positively correlated with the prognosis of patients with
PDAC. VC treatment can directly inhibit human pancreatic
tumor cells, which is partially dependent on the upregulation
of PHLPP2 through DNA demethylation. The current results
suggest a novel epigenetic regulatory mechanism for the anti-
tumor effect of VC and provide a theoretical basis for using
PHLPP2 as a novel biomarker and epigenetic target in VC
treatment of pancreatic cancer.
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