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Aberrant DNA methylation, especially hypermethylation of tumor suppressor genes, has

been associated with many cancers’ progression. 5-Aza-2′-deoxycytidine (DAC) can

reverse hypermethylation-induced gene silencing via regulating DNA methyltransferases

(DNMTs) activity, In addition, low-dose of DAC was proved to exert durable antitumor

effects against solid tumor cells. Nevertheless, no clinical effect of DAC has been

made when fighting against pancreatic cancer. Hence, it is necessary to raise a novel

therapeutic strategy that further enhance the efficacy of DAC but not increase side

effect, which impede the utilization of DAC. In the present study, we have discovered

that C188-9, a novel signal transduction activator of transcription (STAT) inhibitor, could

improve the antitumor effects of low-dose DAC in vivo and in vitro. Further study

demonstrated that such improvement was attributed to re-expression of Ras association

domain family member 1A (RASSF1A), a well-known tumor suppressor gene. Bisulfite

sequencing PCR (BSP) assay showed that C188-9 combined with DAC treatment could

significantly reverse the hypermethylation status of RASSF1A promoter, which indicated

that C188-9 could enhance the demethylation efficacy of DAC. Our data demonstrated

that DNA methyltransferase 1 (DNMT1) was the underlying mechanism that C188-9

regulates the demethylation efficacy of DAC. Overall, these findings provide a novel

therapeutic strategy combining low-dose DAC and C188-9 to improve therapeutic

efficacy by inhibiting DNMT1-inducing promoter methylation.

Keywords: 5-aza-2′-deoxycytidine, C188-9, STAT3, RASSF1A, DNA methylation, epithelial-to-mesenchymal

transition

INTRODUCTION

Pancreatic ductal adenocarcinoma is highly lethal, for which the 5-year relative survival is currently
8% (1), and it is predicted to become the second leading cause of cancer-related deaths by 2030 in
the United States (2). The low survival rate is mainly attributed to the late stage at which most
patients are diagnosed. More than 80% of patients are diagnosed with local advanced or distant
metastasis (1), which leads to loss of chance for surgery and poor prognosis.
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Epigenetically silenced tumor-suppressing genes by promoter
methylation are recently recognized as a major contributor
to cancer progression. Therefore, DNA-demethylating agents
are emerging as a novel approach to cancer therapy. 5-
Aza-2′-deoxycytidine, also known as decitabine (DAC),
can reactivate the expression of genes silenced by DNA
methyltransferases (DNMTs) activity, and it has shown a
dramatically therapeutic benefit in hematological malignancies
(3). Besides, the clinical effectiveness of DAC therapy in
solid tumors has been demonstrated in recent years (4, 5);
unfortunately, most of the clinical trials investigating DAC
alone or in combination with other agents have shown relatively
disappointing results (6). Moreover, myelosuppression, as
the major toxicity of DAC, seriously restricted its high-dose
application in malignancy. However, low-dose DAC was proved
to be relatively well tolerated in both hematological malignancies
and solid tumors. Although pancreatic cancer cells are sensitive
to monotherapy of DAC, there were limited evidence for the
optimal strategy of appropriate doses and combination therapies
with DAC. Hence, a novel therapeutic strategy that reduces
toxicity while enhancing demethylation efficiency of DAC
is essential.

There are seven members of the signal transduction activator
of transcription (STAT) family that regulate responses to
extracellular signals (7), and STAT3 is one of the best-
studied STAT members owing to its crucial roles in various
physiological processes. Aberrant STAT3 pathway activation has
been observed in many types of cancer and also functions as an
oncogene in promoting cell proliferation, metastasis, epithelial–
mesenchymal transition (EMT) and stemness, and chemotherapy
resistance (8). Hence, various drugs targeting STAT3 have been
discovered, including decoy oligonucleotides, peptidomimetics,
and inhibitors targeting the Src homology 2 (SH2) domain
(9). STAT3 has also been proven to induce epigenetic silencing
of SHP-1 in malignant T lymphocytes (10). We wondered
if inhibitors targeting STAT3 enhance demethylation activity
of DAC in pancreatic ductal adenocarcinomas (PDACs).
C188-9, a new and effective STAT3 inhibitor targeting SH2
domain, was first reported to inhibit granulocyte-colony
stimulating factor (G-CSF)-induced Stat3 phosphorylation and
induce apoptosis of acute myeloid leukemia (AML) cell lines
and primary samples (11). This STAT3 inhibitor showed
antitumor activity in hepatocellular carcinoma (12), head and
neck squamous cell carcinoma (13), and nonsmall cell lung
cancer (14).

The aim of the present study was to explore a new
strategy that enhances the antitumor effect of low-dose DAC
against pancreatic cancer. Using an orthotopic tumor model
and other experiments in vitro, we found that treatment
with low-dose DAC in conjunction with C188-9 got better
antitumor effects than either monotherapy, especially high-dose
DAC, without inducing more severe side effect. Such increase
in efficacy owes to further re-expression of Ras association
domain family member 1A (RASSF1A). Additionally, it is
demonstrated that DNA methyltransferase 1 (DNMT1) was
responsible for the C188-9 inducing the demethylation activity
of DAC.

MATERIALS AND METHODS

Cell Lines and Reagents
The human pancreatic cancer cell lines BxPC-3 and PANC-1
were purchased from the American Type Culture Collection.
BxPC-3 and PANC-1 cell lines were routinely cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium (HyClone, USA)
supplemented with 10% fetal bovine serum (Gibco, USA),
penicillin (100 U/ml), and streptomycin (100 mg/ml). All cells
were cultured at 37◦C with 5% CO2. DAC (Sigma-Aldrich,
USA) and C188-9 (Selleck, USA) were dissolved in dimethyl
sulfoxide (DMSO, Sigma) and stored at −20◦C. Antibodies
used in this study included antibodies against E-cadherin (Cell
Signaling Technology, Inc., MA, USA), β-actin, (Santa Cruz
Biotechnology, CA, USA), RASSF1A, N-cadherin, (Abcam Inc.,
MA, USA), Snail1, DNMT1, and Vimentin (ProteinTech Group
Inc., IL, USA).

Bisulfite Sequencing PCR Assay
Genomic DNA was isolated from pancreatic cancer cells
with or without treatment using genomic DNA extraction kit
according to the manufacturer’s instructions [SK8224, Sangon
Biotech (Shanghai) Co., Ltd.], which was then sequenced
by sodium bisulfite treatment. Sequencing primers were as
follows: 5′-TTYGTTTGTTTTTTTYGTTAGG-3′ (forward) and
5′-ACAACCAATCAAAAATAACAACR-3′ (reverse). PCR cycle
conditions were as follows: 98◦C × 4min for 1 cycle; 20 cycles
× (94◦C × 45 s, 66◦C × 45 s, 72◦C × 1min), 20 cycles × (94◦C
× 45 s, 56◦C × 45 s, 72◦C × 1min); 72◦C 8min for 1 cycle. PCR
products were gel purified and cloned into pUC18-T vectors. Ten
clones from each sample were selected for sequencing.

Clonogenic Survival of Cancer Cells
Pancreatic cancer cells were seeded at a density of 1–2 × 104

cells/well in 6-well plates and treated with DAC with or without
C188-9. The cells were cultured for 10 days. The culture medium
or the same medium containing treatment agents were replaced
every 3 days. After fixing with methanol and staining with 1%
crystal violet, the colonies were photographed (RX100, SONY,
Japan) and counted manually.

Wound Healing Assay
Wound healing assay was performed as described previously
(15). Briefly, cells grown onto 6-well plates were pretreated with
mitomycin C (10µg/ml) 2 h before an artificial “wound” was
created with a 200-µl pipette tip at 0 h and then incubated in
serum-free medium for PANC-1 or 1% serummedium for BxPC-
3. Photographs were taken at 0 and 24 h with a 10× Olympus
microscope. The percentage of wound closure was estimated by
Image J software.

Transwell Assay
Transwell assay was performed as described previously (15–17).
The motility and invasiveness of cells exposed to DAC with
or without C188-9 was assayed using 8-µm pore size Falcon R©

inserts coated with or without Matrigel (BD, USA). Cells exposed
to indicated treatment for 48 h were collected, and 5 × 105 cells
in 200 µl of serum-free medium were placed in the upper part of
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the Transwell unit and allowed to invade for 24 h. The lower part
of the Transwell unit was filled with 500 µl medium containing
10% fetal bovine serum (FBS). After incubation, noninvasive cells
on the upper part of the membrane were removed with a cotton
swab. Invasive cells on the bottom surface of the membrane
were fixed in methanol and then stained with crystal violet.
The number of cells in five randomly selected fields (20×) was
counted; all assays were performed in triplicate.

Western Blotting
The methodology has been described previously (15, 18–
20). In brief, pancreatic tissues or cells were sonicated
in radioimmunoprecipitation assay (RIPA) buffer (Beyotime
Institute of Biotechnology, Beijing, China) that contained
protease inhibitor cocktail (Sigma, USA) and phosphatase
inhibitor (Roche, Shanghai, China) and homogenized. The
samples containing 20–40 µg protein were electrophoresed on
10% polyacrylamide sodium dodecyl sulfate (SDS) gels and
transferred to polyvinylidene difluoride (PVDF) membranes.
The membranes were blocked with 5% skim milk prior to
incubation with primary antibodies and subsequently incubated
with horseradish peroxidase-conjugated secondary antibody
(Santa Cruz Biotech, Santa Cruz, CA, USA). Protein bands were
visualized with the enhanced chemiluminescence kits (Pierce
Chemical, Rockford, IL, USA). β-Actin was simultaneously
determined as a loading control, and the level of protein
expression was calibrated as the relative band density to that
of β-actin.

RNA Isolation, Reverse Transcription, and
Quantitative Real-Time PCR
Total RNA was extracted and isolated using a AxyPrep
Multisource Total RNAMiniprep Kit (Axygen Biosciences, USA)
according to the manufacturer’s instruction; the first-strand
complementary DNA (cDNA) was synthesized by the ReverTra
Ace qPCR RT Master Mix (Toyobo Co. Ltd.) according to the
manufacturer’s instruction. Quantitative real-time PCR (qRT-
PCR) was conducted as previously described (15, 17). Briefly,
qRT-PCR (SYBR Green Assay, Roche Diagnostics GmbH) was
performed on 7500 FAST Real-Time PCR System (Applied
Biosystems). The relative expression levels of messenger RNAs
(mRNAs) were calculated and quantified using the 2−11T
method after normalization for the expression of the control, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as
the endogenous control. The primer sequences were designed by
Primer 5.0 and purchased from Invitrogen. The primer sequences
are described in Table S1.

Transfection
Small-interfering RNA (SiRNA) against RASSF1A was
purchased from RIBOBIO (Guangzhou, China), and DNMT1
(NM_001379) overexpression plasmid was purchased from
Genechem (Shanghai, China). For transient transfections, BxPC-
3 and PANC-1 cells were cultured for 24 h in 6-well plates with
50 nM siRNA or 2 µg of DNA and 4 µl of Lipofectamine 2000
(Invitrogen Life Technologies) according to the manufacturer’s

recommendations. The target sequences of siRNAs are listed in
Table S2.

Animal Experiments
Five-week-old female nudemice were obtained fromBeijing Vital
River Laboratory Animal Technology. All surgical procedures
and care administered to the animals have been approved and
reviewed by the Animal Care and Use Committee of The First
Clinical Medical School of Harbin Medical University (Harbin,
China). Orthotopic tumor models were created as previously
described (17). Briefly, tumors were established by subcutaneous
injection of 5 × 106 BxPC-3-Luc cells into the dorsal flank
of the mice. When the volume of tumors increased to ∼120
mm3, 1-mm3 pieces of the tumor were translocated into mice’s
pancreatic tails, respectively. The animals were imaged weekly
by NightOWL II LB983 in vivo imaging system (Berthold
Technologies GmbH & Co. KG, Germany). After 10 days, the
host mice were randomly assigned to five groups: (1) control
group (equal volume of DMSO), (2) 0.125 DAC group (0.125
mg/kg, administered once daily by i.p. injection), (3) 1 DAC
group (1 mg/kg, administered once daily by i.p. injection),
(4) C188-9 group (100 mg/kg, administered once daily by i.p.
injection), (5) DAC plus C188-9 group (0.125 mg/kg for DAC
and 100 mg/kg for C188-9). After for 4 weeks treatment, the
mice were euthanized. After sacrifice, blood was collected for
white blood cell (WBC) counts, and the tumor was fixed in 4%
formaldehyde or stored in−80◦C for further analysis.

Immunohistochemical Staining
The immunohistochemical staining protocol has been described
previously (15, 21, 22). In brief, paraffin-embedded tissue
sections (5µm) were immunostained with anti-RASSF1A, anti-
E-cadherin, anti-N-cadherin, anti-Vimentin, anti-ki-67, anti-
Snail1, and anti-DNMT1. The number of positive cells was
counted in five randomly selected microscopic fields (10×,
Olympus, Japan).

Statistical Analysis
Statistical analysis was performed with SPSS 19.0 software
(IBM, USA). Results were expressed as the mean ± standard
deviation (SD). Additionally, the continuous data were analyzed
by ANOVA test and Student’s t-test. The differences were
considered statistically significant when ∗P < 0.05, ∗∗P < 0.01,
and ∗∗∗P < 0.001.

RESULTS

C188-9 Increases DAC Efficacy in
Inhibiting Proliferation of Pancreatic
Cancer Cells in vitro and in vivo
In order to study the effect of C188-9 in enhancing sensitivity
of pancreatic cancer cells to low-dose DAC treatment, Cell
Counting Kit-8 (CCK-8) assay and clonogenic assay were
performed to test the effect of different doses of DAC in
growth of pancreatic cancer cells in vitro. Through CCK-8
assay, we found that 1µM DAC treatment for 72 h cannot
significantly suppress proliferation of pancreatic cancer cells
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(Figure 1A), which is consistent with previous study (23), while
after combination treatment with 10µM C188-9, 1µM DAC
treatment showed significant suppression of proliferation in
both BxPC-3 and PANC-1 cell lines. Moreover, the combination
treatment was even significantly superior to 2.5µM, 5µM
DAC treatment, or 10µM C188-9 treatment alone (Figure 1A).
In addition, combining C188-9 treatment with low-dose DAC
significantly inhibited colony formation of pancreatic cancer
cells (Figure 1B). Based on in vitro data, in vivo assay was
also performed to test the synergistic antitumor effect of
combined treatment and whether such combined treatment
induced more severe side effects compared to monotherapy.
Hence, an orthotopic pancreatic cancer model with BxPC-
3-Luc cell line was also introduced to determine whether
combination treatment of C188-9 and DAC inhibits proliferation
of pancreatic cancer cells in vivo. Through in vivo imaging system
and orthotopic tumor size after sacrifice, we found that the
suppression effect of monotherapy with low-dose DAC (0.125
mg/kg) was not inferior to that of the treatment with high-
dose DAC (1 mg/kg), and combined treatment with C188-
9 and low-dose DAC significantly suppresses proliferation of
orthotopic tumor compared to monotherapy with DAC or C188-
9 (Figures 1C,D) without influencing body weight and WBC
counts (Figures 1E,F). Moreover, tumor cell proliferation was
assessed using immunohistochemistry for the Ki-67 protein.
Different doses of DAC results in the reduction in proliferation
rate, and it continues to decrease when combined with C188-
9 (Figure 1C, inferior panel). These data demonstrated that low
dose of DAC could be an effective therapy against proliferation of
pancreatic cancer cells in vivo and not inferior to the treatment
with a high dose of same agent, and C188-9 could effectively
enhance the efficacy of DAC in vitro and in vivo.

C188-9 Increases DAC Efficacy in
Inhibiting Migration, Invasion, and EMT of
Pancreatic Cancer Cells in vitro and in vivo
We also tested to determine whether C188-9 acts to enhance
efficacy of DAC in inhibiting the migration and invasion of
pancreatic cancer cells. After exposure to indicated treatment,
pancreatic cancer cell lines of BxPC-3 and PANC-1 were utilized
for Transwell and wound healing assay. The results showed
that C188-9 enhanced DAC-induced suppression of migration
and invasion of pancreatic cancer cells (Figures 2A–D). The
orthotopic pancreatic tumor model was also constructed to
verify whether such combination treatment would achieve
synergetic effect in inhibiting forming metastatic nodes. In
the in vivo assay, significantly fewer visible metastasis nodes
were found in the combination treatment group compared
with the control group, low-dose DAC group, high-dose
DAC group, and C188-9 group (Figure 2E). All the data
above demonstrated that combined treatment with C188-9
and low-dose DAC exhibited synergetic effect in suppressing
migration and invasion of pancreatic cancer cells in vivo and
in vitro.

EMT plays a key role in regulating motility and invasiveness
of cancer cells; epithelial and mesenchymal markers were

examined by Western blot and immunohistochemistry. Western
blot showed that DAC alone or in combination with C188-
9 significantly weakened the expression of Vimentin, N-
cadherin, and Snail1 and increased the expression of E-cadherin
(Figures 2F,H). As shown in Figure 2G, immunohistochemical
assays are consistent with the data obtained from the Western
blotting experiments. Collectively, our results suggest that
C188-9 can augment the antimetastasis effect of DAC by
inhibiting EMT.

RASSF1A Was Involved in DAC-Induced
Inhibition of Proliferation and EMT Process
The Ras association domain family member 1A (RASSF1A) is
one of the most frequently reported tumor suppressor genes
that is inactivated by promoter hypermethylation in PDAC
(24). Hence, it is reasonable to assume that DAC could help
restore its transcription and expression in pancreatic cancer
cells, which is consistent with previous studies (24, 25) and
our results (Figures 3A,B). Then, to determine the role of
RASSF1A in DAC-mediated inhibition of proliferation and
EMT in vitro, siRNA against RASSF1A was introduced. As
shown in the CCK-8 assay (Figure 3C), RASSF1A knockdown
significantly attenuated DAC-induced death of pancreatic cancer
cells. Moreover, silencing of RASSF1A helps restore the capability
of motility, invasion, and EMT of pancreatic cancer cells
(Figures 3D–G). Hence, we can conclude that RASSF1A, as the
target of DAC treatment, participates in DAC-induced inhibition
of proliferation and EMT process.

C188-9 Increases DAC Efficacy in
Re-expression of RASSF1A by Reversing
the Hypermethylation Status of Its
Promoter CpG Island
To further ascertain whether C188-9 enhances the efficacy
of DAC by regulating methylation status of promoter, based
on the previous data that RASSF1A participates in DAC-
induced function, we chose RASSF1A as target of further
experiment. First, we tested whether combined treatment
significantly increased the protein expression of RASSF1A.
Both the Western blot assay and immunohistochemistry assay
suggested that combined treatment could significantly increase
protein level of RASSF1A (Figures 4A,B). Furthermore, the
mRNA level of RASSF1A of pancreatic cancer cells or tumor
tissue was also tested when exposed to DAC treatment
combinedwith or without C188-9 and obtained consistent results
(Figures 4C,D), which suggested that combined treatment
could restore RASSF1A expression at transcription level. As
methylation status of promoters is crucial for transcriptional
activity, the methylation status of RASSF1A promoter CpG
island was also tested by bisulfite sequencing PCR (BSP)
assay. As shown in Figure 4E, compared to the DAC alone
group, the methylation rate of RASSF1A promoter CpG
island was significantly decreased when treated with DAC and
C188-9. Hence, we presume that C188-9 could enhance the
demethylation activity of DAC, at least when targeting RASSF1A.
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FIGURE 1 | C188-9 increases 5-aza-2′-deoxycytidine (DAC) efficacy in inhibiting proliferation of pancreatic cancer cells in vitro and in vivo. (A) Cell growth curves of

PANC-1 and BxPC-3 cells under indicated treatment using Cell Counting Kit-8 (CCK-8) assay. (B) Clonogenic death of PANC-1 cells and BxPC-3 cells under 1µM

DAC treatment with or without 10µM C188-9 treatment. (C) Representative bioluminescence imaging of orthotopic xenograft mice at the days 7 and 28 (upper two

panel). Representative images of immunohistochemistry analyses to detect Ki-67 in orthotopic tumors from five indicated treatment group (lower panel). (D) Tumor

volume of primary tumors removed from orthotopic xenograft mice after sacrifice at day 28. (E) Body weight of five group orthotopic xenograft mice after treatment for

28 days. (F) After sacrifice, blood was collected for white blood cell counts. The statistical significance between different groups was calculated with Student’s t-test.

Data are presented as mean values ± SD. The statistical significance between different groups was calculated with Student’s t-test. Data are shown as the mean ±

SD of three replicates; *P < 0.05; ***P < 0.001; NS, not significant.
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FIGURE 2 | C188-9 increases 5-aza-2′-deoxycytidine (DAC) efficacy in inhibiting migration, invasion, and epithelial–mesenchymal transition (EMT) of pancreatic

cancer cells in vitro and in vivo. (A,B) Wound healing assay and (C,D) Transwell assay of cells treated with 1µM DAC and/or 10µM C188-9 for 48 h. (E) Metastatic

nodes of all five groups of orthotopic xenograft mice model were calculated. (F,H) Vimentin, N-cadherin, E-cadherin, and Snail1 were detected by Western blot;

β-actin served as the internal control. (G) Vimentin, N-cadherin, E-cadherin, and Snail1 were detected by immunohistochemistry in the control group, 0.125 DAC

group, C188-9 group, and DAC plus C188-9 group of orthotopic tumor model. The statistical significance between different groups was calculated with Student’s

t-test. Data are shown as the mean ± SD of three replicates; **P < 0.01; ***P < 0.001.
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FIGURE 3 | Ras association domain family member 1A (RASSF1A) was involved in 5-aza-2′-deoxycytidine (DAC)-induced inhibition of proliferation and

epithelial–mesenchymal transition (EMT) process. (A) Immunoblot for the expression level of RASSF1A in pancreatic cancer cells following treatment with incremental

concentration of DAC (1, 2.5, 5µM). (B) Level of RASSF1A messenger RNA (mRNA) in pancreatic cancer cells following treatment with incremental concentration of

DAC (1, 2.5, 5µM) were tested by quantitative real-time PCR (qRT-PCR). (C) Cell growth curves of PANC-1 and BxPC-3 under 5µM DAC treatment with or without

RASSF1A knockdown. (D,E) Migration and invasion of PANC-1 and BxPC-3 cells under 5µM DAC treatment with or without RASSF1A knockdown were tested by

Transwell assay. (F,G) RASSF1A, Vimentin, N-cadherin, E-cadherin, and Snail1 of PANC-1 and BxPC-3 cells under 5µM DAC treatment with or without RASSF1A

knockdown were detected by Western blot; β-actin served as the internal control. The statistical significance between different groups was calculated with Student’s

t-test. Data are shown as the mean ± SD of three replicates; *P < 0.05; **P < 0.01; ***P < 0.001. si-R, si-RASSF1A.
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FIGURE 4 | C188-9 increases 5-aza-2′-deoxycytidine (DAC) efficacy in re-expression of Ras association domain family member 1A (RASSF1A) by reversing the

hypermethylation status of its promoter CpG island. (A) Immunoblot for the expression level of RASSF1A in pancreatic cancer cells following 1µM DAC treatment with

or without 10µM C188-9. (B) RASSF1A levels were detected by immunohistochemistry in the control group, 0.125 DAC group, C188-9 group, and DAC plus C188-9

group of orthotopic tumor model. (C,D) Level of RASSF1A mRNA were detected by quantitative real-time PCR (qRT-PCR) using cancer cell (C) and tumor tissue (D).

(E) Methylation rate of RASSF1A promoter in pancreatic cancer cells under 1µM DAC treatment with or without 10µM C188-9 by bisulfite sequencing PCR (BSP)

assay. The statistical significance between different groups was calculated with Student’s t-test. Data are shown as the mean ± SD of three replicates; **P < 0.01;

***P < 0.001.
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C188-9 Enhance the Demethylation Activity
of DAC by Targeting DNMT1
After verifying that C188-9 promotes DAC-induced effect by
reversing hypermethylation status of RASSF1A promoter, next,
we tried to explore the mechanism how C188-9 regulated
the demethylation capacity of DAC. DNMT1 is mainly
responsible for maintaining methylation status of CpG islands
(26), and DAC, functioning as DNMT inhibitor, can induce
depletion of DNMT1, which is also consistent with our results
(Figures 5A,B). Moreover, we also tried to demonstrate whether
C188-9, under DAC treatment, could further decrease the
expression of DNMT1. As shown in Figures 5C,D, C188-9
significantly decreased DNMT1 expression in a dose-dependent
manner under DAC treatment. In vivo experiment acquired
consistent results (Figure 5E). Thus, we speculated that DNMT1
might be the potential target by which C188-9 enhanced the
demethylation activity of DAC. DNMT1-overexpression plasmid
was introduced to verify the role of DNMT1 in regulating C188-
9-induced increase in demethylation activity of DAC. We first
examined the expression of RASSF1A atmRNA and protein level,
respectively. As shown in Figures 5F,G, DNMT1 overexpression
abolished the increase in RASSF1A expression at mRNA and
protein level significantly. Moreover, the methylation rate of
CpG island on RASSF1A promoter was also significantly restored
when DNMT1 was overexpressed in combined treatment
(Figure 5H). Hence, we suppose that DNMT1 might be the
target through which C188-9 enhances the demethylation activity
of DAC.

DISCUSSION

Cancer used to be known as a set of diseases driven by genetic
alterations, which include mutations in oncogenes and tumor-
suppressor genes (27). However, epigenetic processes have been
revealed to have an emerging role in cancer development and
progression that do not involve changes in the DNA sequence
(28, 29). In the last decades, great attention has been paid to
epigenetic mechanisms in all kinds of cancer, especially aberrant
DNA methylation, which regulates chromatin compaction and
repression of gene expression. The reversible nature of epigenetic
changes makes them potential therapeutic targets. DAC, a
DNMT inhibitor, could reverse hypermethylation-induced gene
silencing by forming irreversible covalent bonds with the active
sites of DNMT. Even though approved by the Food and
Drug Administration (FDA) for the treatment of hematological
malignancies, few substantial progress has been made for DAC
in the treatment of solid tumor. Recent studies have shown
that nanomolar doses of DAC exhibited durable antitumor
effects and gene re-expression of solid tumor cells without
inducing immediate cytotoxicity (30), which makes low-dose
DAC a promising chemotherapy regimen. To further enhance the
efficacy of demethylation activity, combined treatment might be
a main mode.

Preclinical data have confirmed that STAT3 signaling pathway
is pivotal in the development of many human cancers including
pancreatic cancer. Hyperactivated STAT3 promotes the growth

of pancreatic cancer (31), metastasis, initiation (32), drug
resistance, and remodeling of the tumor microenvironment and
is associated with patient survival (33). Thus, targeted inhibition
of STAT3 could be a novel therapeutic agent applied in clinic
to fight against pancreatic cancer. At present, several inhibitors
targeting STAT3 have now reached clinical trials (34), such as
AZD9150, C188-9, OPB-31121, and OPB-51602. C188-9, based
on the scaffold of C188, was identified to bind SH2 domain
of STAT3 with high affinity and was proved to function as
novel targeted therapy by targeting STAT3. Hence, we aimed
to find out whether C188-9 combined with DAC could gain
a better antitumor effect without increasing cytotoxicity. The
present study provides preclinical evidence that C188-9 increases
DAC efficacy in inhibiting proliferation, migration, invasion,
and EMT of pancreatic cancer cells in vitro and in vivo.
Moreover, consistent with previous studies, our experiment in
vivo suggested that low-dose DAC treatment could significantly
suppress proliferation of orthotopic tumor and was not inferior
to that of the treatment with high-dose DAC. In addition, low-
dose of DAC combined with C188-9 did not induce weight
reduction or augment of hematological toxicity or decrease.
Hence, we assume that C188-9 combined with low-dose DAC
might be an effective and safe treatment.

After confirming the role of C188-9 in promoting efficacy
of low-dose DAC in pancreatic cancer cells, we attempted to
explore its molecular mechanism. RASSF1A, located at 3p21.3,
serves as a tumor suppressor determining the pathogenesis and
malignancy phenotypes of various cancers; loss of RASSF1A
allele is a frequent phenomenon in primary human cancer.
Aberrant hypermethylation of the CpG island in the RASSF1A
promoter region has been identified as the primary mechanism
for the inactivation (35). It has been identified that high
frequency of RASSF1A promoter hypermethylation is associated
with adverse outcome of different types of malignancies (36).
Based on previous studies and our results that DAC can re-
express RASSF1A in a dose-dependent manner and RASSF1A
was involved in DAC-mediated impairment of proliferation
and EMT process, we assume that RASSF1A might be the
effector that the combined treatment functions. Moreover, by
detecting themethylation status of the RASSF1A promoter under
combined treatment as example, it is demonstrated that C188-9
could enhance the demethylation activity of DAC, at least when
targeting the RASSF1A promoter.

To clarify the mechanism how C188-9 regulates
demethylation activity of DAC, Zhang et al. have reported
that STAT3 and DNMT1 cooperatively induce epigenetic
silencing of SHP-1 (10), which reminded us whether C188-9,
a STAT3 inhibitor, promotes demethylation activity of DAC
by targeting DNMT1. Consistent with a previous study, our
results demonstrated that DNMT1 was regulated by C188-9,
and ectopic overexpression of DNMT1 could recover the
hypermethylation status of the RASSF1A promoter under
combined treatment. These data indicated that C188-9 induced
increase in demethylation activity of DAC, in part, was attributed
to the downregulation of DNMT1.

In conclusion, we found for the first time that C188-9
treatment elevates the efficacy of DAC in managing pancreatic
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FIGURE 5 | C188-9 enhance the demethylation activity of 5-aza-2′-deoxycytidine (DAC) by targeting DNA methyltransferase 1–signal transducer and activator of

transcription 3 (DNMT1–STAT3) interaction. (A,B) Immunoblot for the expression level of Ras association domain family member 1A (RASSF1A) in pancreatic cancer

cells following treatment with incremental concentration of DAC (1, 2.5, 5µM). (C,D) RASSF1A level was detected with incremental concentration of C188-9 (10, 25,

50µM) under DAC treatment. (E) DNMT1 level were detected by immunohistochemistry in the control group, 0.125 DAC group, 1 DAC group, C188-9 group, and

DAC plus C188-9 group of orthotopic tumor model. (F) BxPC-3 and PANC-1 cells were, respectively, under DAC treatment, DAC plus C188-9 treatment, and

combined treatment plus DNMT overexpression; the cell lysates were subjected to Western blot to test protein level of RASSF1A and DNMT1. Three groups above

were also subjected to (G) quantitative real-time PCR (qRT-PCR) to text the RASSF1A mRNA level and (H) to BSP assay to detect methylation status of RASSF1A

promoter. The statistical significance between different groups was calculated with Student’s t-test. Data are shown as the mean ± SD of three replicates; **P < 0.01;

***P < 0.001.
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cancer by re-expressing RASSF1A both in vivo and in vitro.
C188-9 treatment promotes the demethylation activity of DAC
in reducing the methylation rate of RASSF1A by inhibiting
DNMT1 expression. Our findings raise a novel regimen that
improves clinical prognosis of pancreatic cancer and reveals the
underlying mechanisms.
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