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Abstract: Histone deacetylase (HDAC) is overexpressed in multiple cancers including pancreatic cancer (PC). How-
ever, the effects of histone deacetylase inhibitor (HDACi) on apoptosis and epithelial-mesenchymal transition (EMT) 
differ in various cancers. In this study, we aimed to investigate the anti-tumor effects of a novel multitargets HDACi, 
CUDC-101, combined with gemcitabine in PC cell lines. In vitro, we found that Co-treatment with CUDC-101 and 
gemcitabine results in greater levels of apoptosis and significantly inhibited cell proliferation on PC cells. In addi-
tion, CUDC-101 enhanced gemcitabine-induced apoptosis via inhibited PI3K/Akt/mTOR and Erk pathway activation, 
as indicated by the phosphorylation status of Akt, 4EBP1, S6 and Erk. We also found that co-treatment with gem-
citabine and CUDC-101 not only synergistically suppressed ability of PC cell migration and invasion, but also syner-
gistically inhibited EMT signaling pathway through modulation of cadherin, vimentin and transcription factors Snail, 
Slug and MMP-9. In vivo, the co-treatment group showed a significant anti-tumor function in the growth of xenograft 
tumors. Overall, combination of CUDC-101 and gemcitabine significantly increased anti-tumor activities compared 
with single drug alone, thus supporting a further evaluation of combination treatment for PC. Accordingly, it provides 
a rationale to investigate the combination of gemcitabine and CUDC-101 as a potential therapeutic strategy for PC.
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Introduction

Pancreatic cancer (PC) is one of the most fatal 
cancers, with a five-year survival rate for PC 
was reported at 8%, which was the lowest 
among many other common types of cancer [1]. 
Surgery remains the primary treatment modali-
ty for PC, however, more than one-half of cases 
are usually diagnosed at a later stage with 
metastases. At present, gemcitabine is the 
main chemotherapy drug and has been demon-
strated to show a benefit to patients with PC 
[2]. Unfortunately, most patients with unre-
spectable PC either do not respond or respond 
transiently and modestly to gemcitabine. 
Ultimately, these patients die because of thera-
peutic resistance and subsequent metasta- 
tic disease [3]. Therefore, there is an urgent 
need to develop more effective treatments to 
improve PC patient survival.

At present, HDAC inhibitors (HDACi) have been 
widely applied in cancer research. Recent study 

have shown that HDACi displayed anti-tumor 
activities consist of cell apoptosis-inducing, 
anti-angiogenesis, double strand breakage of 
DNA and DNA damage repair [4-7]. CUDC-101  
is a synthetic small-molecule, multi-targeted 
inhibitor that targets HDAC, epidermal growth 
factor receptor (EGFR) and Her2, and it has an 
in vitro IC50 of 4.4 nM compared with HDACi 
vorinostat (SAHA), at 40 nM [8]. Multi-target 
drugs can improve the efficacy of anti-cancer 
drugs and reduce their side effects which are 
an important direction in the development of 
anti-cancer drugs. CUDC-101 has been shown 
to exhibit a wide range of anti-tumor activities in 
a variety of human cancer cells [9-11]. Recently, 
some HDACis were proven to work synergisti-
cally to enhance the anti-cancer activities of 
conventional chemotherapeutic drugs [12], 
thus suggesting their potential clinical activity 
when combined with chemotherapeutic agents.

The epithelial-mesenchymal transition (EMT) is 
a developmental program that enables station-
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ary epithelial cells to gain the ability to migrate 
and invade as single cells. Tumor cells reacti-
vate EMT to acquire molecular alterations that 
enable the partial loss of epithelial features 
and the partial gain of mesenchymal pheno-
type [13]. Numerous studies have suggested 
that EMT is pivotal for the invasion and metas-
tasis of PC and contributes to the early-stage 
dissemination of cancer cells [14-17]. In addi-
tion, previous research has demonstrated that 
a variety of HDACis could reverse or reduce 
EMT by up-regulating E-cadherin in different 
solid tumors, such as hepatocellular carcinoma 
[18], breast cancer [19, 20], esophageal cancer 
[21] and ovarian tumors [22]. Therefore, con-
trolling the mechanisms of EMT is crucial for 
the development of new therapeutic strategies 
for cancer metastasis.

In this study, we determined the combined 
effects of gemcitabine and CUDC-101 on 
human PC cells. The results showed that co-
treatment could inhibit cell proliferation and 
EMT progression and induce cell apoptosis. In 
addition, in vivo studies showed that these two 
agents combined inhibition of tumor growth 
and promoted tumor necrosis. These results 
will provide a more effective prognostic evalua-
tion and a new target for the clinical treatment 
of PC.

Materials and methods

Cell lines and culture conditions

Human PC cell line PANC-1, MIA PaCa-2were 
purchased from the Korean Cell Line Bank 
(KCLB, Seoul, Korea). These cells were main-
tained in DMEM (Gibco BRL, Grand Island, NY, 
USA) supplemented with 10% heat inactivated 
fetal bovine serum (FBS), penicillin (100 U/ml) 
and streptomycin (100 μg/ml) (Gibco BRL, 
Grand Island, NY, USA). The cells were incubat-
ed in 5% CO2 and 95% humidity at 37°C cham-
ber. The growth medium was changed every 3 
days.

Reagents and antibodies

Cell culture medium (DMEM) and fetal bovine 
serum (FBS) were purchased from Gibco (Grand 
Island, USA). Gemcitabine (HANSOH PHARMA, 
China) was prepared in saline and CUDC-101 
(MedChem Express, China) was prepared in 
100% dimethyl sulfoxide (DMSO), and diluted in 

culture medium for assays, with 500 nM or 1 
μM gemcitabine and 500 nM or 1 μM CUDC-
101 alone or together treated.

Antibodies PI3K, AKT, p-AKT, p70S6, p-p70S6, 
4E-BP1, p-4E-BP1, p-EGFR, E-cadherin, cleaved 
caspase-3, Snail, Slug, Cyclin B1 were obtained 
from Cell Signaling Technology (Danvers, MA, 
USA). HDAC1, HDAC3, HDAC4, HDAC6, MMP-9, 
Bax, Bcl-2, ERK1/2, p-ERK1/2 were purchased 
from Santa Cruz Biotechnoligy Inc. (Santa Cruz, 
CA). And Vimentin, anti-β-actin, CDK1, acetyl-
Histone H3 were purchased from Millipore 
(Billerica, MA, USA).

Transfection

Cell were transfected with 30 nM siRNA (si-
HDAC1) using Lipofectamine 3000 (Invitrogen) 
according to the manufacturer’s instructions. 

Cell viability assay

Cells were plated at 5000 cells per well in com-
plete culturing medium in 96-well tissue culture 
plates for 24 hours and then incubated with 
indicated treatments for 48 hours, followed by 
the addition of 5 mg/ml MTT (Sigma, St. Louis, 
MO). After incubation for 4 hours, the superna-
tants were removed. 200 μl of DMSO were 
added, and the absorbance value (OD) at 570 
nm was measured using an ELISA reader sys-
tem (TECAN-infinite M200 pro, Mannedorf, 
Switzerland). Growth inhibitory IC50 were calcu-
lated using Graphpad Prism 5 software. The 
combination index (CI) was obtained using com-
mercially available software (Calcusyn; Biosoft, 
Ferguson, MO).

Cell apoptosis assay

Cells were seeded on 6-well plates and treat- 
ed with gemcitabine and CUDC-101 for 48  
hrs, and then cells were harvested, washed 
with PBS and stained with Annexin V-FITC/PI  
at room temperature (RT) for 15 min in the 
darkness. Samples were analyzed by flow 
cytometry.

Wound healing assay

PANC-1 and MIA PaCa-2 cells were plated in 
6-well plates and allowed to form a confluent 
monolayer. A wound was introduced by running 
a P200 pipette tip evenly across the monolayer. 
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Afterwards, received gemcitabine and CUDC-
101 diluted in media with 0.5% FBS. Plates 
were photographed after 0 and 48 h.

Cell invasion and migration assays

PANC-1 and MIA PaCa-2 cells were seeded in 
Millicell cell culture insert (Millipore) that con-
tained polycarbonate filter membranes with 
8-mm diameter pores. For the invasion assay, 
the lower chambers of matrigel coated tran-
swell insert were used. Tumor cells from the 
control group were maintained in DMEM sup-
plemented with 0.5% FBS and 1% antibiotics, 
and the treatment group received 500 nM of 
CUDC-101 or 500 nM gemcitabine diluted in 
media with 0.5% FBS. The lower chamber con-
tained DMEM supplemented with 10% FBS and 
1% antibiotics. The cells were incubated at 
37°C in 5% CO2 humidified incubator. After 48 
hours, invasive cells in the lower chamber were 
fixed, stained with hematoxylin and eosin (H&E) 
and counted with microscopy. 

Tumor cell clonogenic assay

To mimic individual cell development into mac-
roscopic cell clones, the cell clonogenic as- 
say was performed as previously described. 
Single-cell suspension (500 cells per well)  
were seeded into 6-well plate and allowed to 
grow for 24 h. Cells were then treated with dif-
ferent concentrations of drug. After 2 weeks, 
colonies were fixed in 3.7% paraformaldehyde, 
stained with 0.1% crystal violet and counted 
manually.

Carboxyfluorescein diacetate succinimidyl 
ester (CFSE) and cell proliferation

Cell proliferation is evaluated by the Cell TraceTM 
CFSE cell proliferation kit according to manu-
facturer protocol. Briefly, mammospheres were 
dissociated and incubated with PBS containing 
5 μM CFSE/1 × 106 cells and 0.5% FBS, for 15 
minutes, at 37°C. The reaction was stopped 
with cold culture medium and after washing 
with medium, cells were grown on individual 
sterile coverslips, after 24 hours, with 500 nM 
or 1 μM gemcitabine and 500 nM or 1 μM 
CUDC-101 alone or together treated. 

After 48 hours, fixed in 4% paraformaldehy- 
de for 10 minutes, at RT. Cell nuclei were 
stained with DAPI (C1006, Beyotime, Shanghai, 

China). Coverslips were mounted with mount- 
ing medium (P0126, Beyotime, Shanghai, 
China) and examined at a Leica SP5II confocal 
microscope (Leica Microsystems, Mannheim, 
Germany).

Immunoblot analysis

Total protein was extracted, and the protein 
concentration was measured by the BCA pro-
tein assay kit (Pierce, Rockford, Illinois). Then, 
20-40 µg protein from each sample was  
separated on Bis-Tris polyacrylamide gel th- 
rough electrophoresis and blotted on PVDF 
membranes (Bio-Rad, USA). Membranes were 
blocked in 5% skim-milk for 30 min and primary 
antibody was added at 4°C overnight, and then 
the secondary antibody at room RT for 1 hour. 
Proteins were visualized by using ECL prime 
western blotting detection reagent (Amersham 
biosciences, Uppsala, Sweden) and results 
were analyzed quantitatively using chemilumi-
nescent and fluorescent imaging system.

Immunofluorescence (IF) microscopy

Individual sterile coverslips were placed in the 
6-well plate and PC cells were added and incu-
bated for 24 h. Subsequently, the cells were 
treated with drugs diluted in DMEM media with 
0.5% FBS for 48 h. Fixed in 4% paraformalde-
hyde for 20 min at RT, permeabilized with 0.1% 
Triton X-100 (CWBIO, China) for 10 min and 
blocking solution was then added for 30 min. 
After washing, the primary antibodies were 
added at 4°C overnight, followed by incuba- 
tion with a fluorescent-labeled secondary anti-
body for 1 hour at RT. After washing with PBS, 
cells were counter stained with 49-6-diamidi-
no-2-phenylindole (DAPI) (C1006, Beyotime, 
Shanghai, China) and the coverslips were 
mounted with Antifade Mounting Medium 
(P0126, Beyotime, Shanghai, China). Finally, 
the immunofluorescence signals were visual-
ized and recorded by Leica SP5II confocal 
microscope (Leica Microsystems, Mannheim, 
Germany).

Immunohistochemical (IHC) analysis

IHC analysis was performed using the DAKO 
LSAB kit (DAKO, Glostrup, Denmark). Before 
IHC staining, all sections were deparaffinized, 
rehydrated and incubated with 3% H2O2 in 
methanol for 15 min at RT. The antigen was 
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retrieved at 95°C for 20 min by placing  
the slides in 0.01 M sodium citrate buffer (pH 
6.0). The slides were then incubated with pri-
mary antibody at 4°C overnight. Subsequent to 
incubation with a biotinylated secondary anti-
body (cat. no. PV9000; Origene Technologi- 
es, Inc., Beijing, China) at RT for 30 min, the 
slides were then incubated with a strepta- 
vidin-peroxidase complex (cat. no. PV9000; 
Origene Technologies, Inc., Beijing, China) at RT 
for 30 min. IHC staining was developed using 
3,3’-diaminobenzidine, and Mayer’s hematoxy-
lin (cat. no., ZLI9610; Origene Technologies, 
Inc.) was used for counterstaining. Mouse IgG 
(cat. no. PV9000; Origene Technologies, Inc., 
Beijing, China) was used as an isotype control. 
In addition, tissue sections were processed 
omitting the primary antibody as the negative 
control.

In vivo animal studies

Four-week-old female BALB/c nude mice were 
s.c. injected into right back with 5 × 106 of PC 
cells. Treatment was initiated when tumor size 
reached ~200 mm2, Nude mice were randomly 
divided into four groups (n = 5, per group) as 
follows: control group and drug group, CUDC-
101 (80 mg/kg), gemcitabine (50 mg/kg) and 
combination group (gemcitabine 50 mg/kg + 
CUDC-101 80 mg/kg), by intraperitonally (i.p.) 
every 3 days for a total of 6 times, the control 
group was given the same volume of saline. In 
the xenograft mouse model of PANC-1, the 
body weight of mice was checked twice a week, 
and tumor volume was checked every 6 days. 
The length and width of each tumor were mea-
sured, and volume was calculated using above 
mentioned formula: tumor volume = (length × 
width2) × 3.1415926/6 [23]. To observe the 
tumor inhibition rate of the transplanted tumor, 
and to determine the difference of the effect 
between the two groups.

Statistical analysis

Significant differences between values ob- 
tained in a population of control and treated  
PC cells were determined using factorial design 
of two factors and one-way ANOVA. P values 
less than 0.05 were assigned significance. For 
the in vivo studies, significant differences in the 
mean tumor volumes after 6 times of treat-
ment with gemcitabine and/or CUDC-101 were 
determined using a two-tailed paired t-test.

Results

HDACs were overexpressed in human PC 
specimens

To determine the clinical relevance of HDAC 
expression in PC, we first analyzed the expres-
sion of HDAC proteins in clinical specimens 
from the human protein atlas (www.proteinat-
las.org). The results showed that HDAC1, 
HDAC3, HDAC6 and HDAC9 had higher expres-
sion in PC tissues compared with normal tis-
sues (Figure 1A). In addition, according to on- 
comine data (www.oncomine.org), the HDAC1 
(P < 0.0001), HDAC2 (P < 0.0001), HDAC8 (P < 
0.0001) and HDAC9 (P < 0.001) mRNA levels 
were higher in PC tissues than in normal tis-
sues (Figure 1B).

The results of western blot also showed that 
HDACs (HDAC1, HDAC3, and HDAC4) were high-
ly expressed in pancreatic ductal epithelial can-
cer cell PANC-1 and pancreatic epithelial can-
cer cell MIA PaCa-2, while they were almost 
invisible in the human breast epithelial cell 
MCF-10A which was used as a control here 
(Figure 1C). Furthermore, to explore the poten-
tial role of HDACs in PC progress, HDAC1 gene 
was knock-downed with si-RNA in PC cells 
PANC-1 and MIA PaCa-2. The results revealed 
that HDAC1 knockdown led to a remarkable 
inhibition in cell proliferation (P < 0.05) (Figure 
1D). The results of western blot showed that 
the knockdown of HDAC1 gene induced apopto-
sis as determined by increased anti-oncogene 
Bax and reduced proto-oncogene bcl-2. Im- 
portantly, the ratio of Bax/Bcl-2 was significant-
ly increased, which suggests that the Bax/bcl-2 
plays an important role in PC cell progression 
regulated by HDAC1. Moreover, the silencing of 
HDAC1 significantly increased epithelial marker 
E-cadherin expression and decreased mesen-
chymal marker Vimentin in PC cells (Figure 1E). 
These data indicated that increased expres-
sion of HDACs promoted the malignant poten-
tial of PC, and HDAC inhibitors are promising 
compounds for the therapy of PC and warrant 
further research.

CUDC-101 synergizes with gemcitabine to 
inhibit the proliferation of human PC cells

To investigate the anti-cancer activity of CUDC-
101 and/or gemcitabine, the PC cell lines 
PANC-1 and MIA PaCa-2 were subjected to a 
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Figure 1. HDAC is upregulated in human PC specimens. A. HDAC1, HDAC3, HDAC6 and HDAC9 expression in normal pancreas tissues. Images were taken from the 
Human Protein Atlas (htt://www.proteinatlas.org) online database. B. Oncomine data (www.oncomine.org) showing HDAC1, HDAC2, HDAC8, HDAC9 expression in 
normal vs tumor of pancreas (**P < 0.01, ***P < 0.0001). C. HDAC1, HDAC3 and HDAC4 were highly expressed in PANC-1 and MIA PaCa-2 cells. D. Cell viability 
of PANC-1 and MIA PaCa-2 cells transfect with si-HDAC1 (P < 0.05). E. Western blot analysis of bax, bcl-2, E-cadherin and Vimentin expressed in si-HDAC1 cells.
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Figure 2. Cell proliferation in the PC cell lines following treatment CUDC-101 with/or gemcitabine. A. Cell viability of PANC-1 and MIA PaCa-2 treated with the CUDC-
101 or gemcitabine for 48 h was measured by MTT assay. B. The combination index was calculated according to the approach described by Chou and Talalay. CI = 1 
indicates an additive effect, CI < 1 a synergistic effect, and CI > 1 an antagonistic effect. C. Combination of CUDC-101 and gemcitabine synergistically inhibited the 
viability of PC cells compared with single agents (*P < 0.05, ***P < 0.0001). D. CUDC-101 and gemcitabine synergistically inhibited the colony formation of PANC-1 
and MIA PaCa-2 cells by the plate colony forming assay. E. CFSE staining in control and treated mammospheres. 
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Figure 3. Co-treatment with CUDC-101 and gemcitabine synergistically induced apoptosis signaling. A. Annexin V-FITC/PI stained of of PC cells after treatment with 
CUDC-101 and gemcitabine alone or combination for 48 h. Apoptotic cells were analyzed by flow cytometry. B. Western blot analysis showed CUDC-101 increased 
inhibition of gemcitabine on HDAC1, HDAC3, HDAC4 and p-EGFR proteins. Cyclin B1/CDK1 protein expression in CUDC-101 group was decreased. Acetylased his-
tone H3 protein expression in CUDC-101 group and co-treatment group. C. Protein levels of p-p53, cl-caspase3 and the ratio of bax/bcl-2 were markedly increased 
in co-treatment group. Statistical significance was determined by a standard test (*P < 0.05, **P < 0.01).
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MTT assay. The cell proliferation assay results 
indicated that an increased concentration of 
100-1000 nM CUDC-101 or 100-2000 nM ge- 
mcitabine inhibited the proliferation of PANC-1 
and MIA PaCa-2 cells (Figure 2A) in a dose-
dependent manner. More importantly, the iso-
bologram analysis indicated that the effect of 
the combined treatment was highly synergistic 
in PANC-1 (combination index, CI = 0.75) when 
the concentration of gemcitabine and CUDC-
101 were 1 μM and 1 μM, respectively. Similarly, 
synergistic effects of gemcitabine plus CUDC-
101 were also observed in the MIA PaCa-2 line 
with CI values below 1 (Figure 2B). Additionally, 
co-treatment of CUDC-101 and gemcitabine 
showed more effectively inhibitory effect on the 
PC cells proliferation than the agents alone 
(Figure 2C).

To further determine the anti-proliferation 
effect of combined therapy in PC cells, the col-
ony formation assay was conducted. The re- 
sults showed that co-treatment significantly 
inhibited the colony formation of PC cells com-
pared with a single drug alone (Figure 2D). 
CFSE is a vital dye stable in the cytoplasm for 
about 7-8 generations, but the intensity of 
CFSE fluorescence declines due to its progres-
sive halving within daughter cells following 
each cell division. In our results, the fluores-
cence intensity of the combination group was 
significantly higher than that of single drug 
group. These data indicated that co-treatment 
of CUDC-101 and gemcitabine inhibited the 
proliferation of PC cells more effectively com-
pare with the agents alone (Figure 2E).

CUDC-101 increases gemcitabine-induced 
apoptosis in PC cells

To determine if the synergistic growth inhibition 
of gemcitabine and CUDC-101 results from 
apoptosis, flow cytometric analysis was per-
formed in the PANC-1 and MIA PaCa-2 cell 
lines. We found that treatment with gem-
citabine resulted in an approximately 8.4% 
increase in early and late apoptosis in PANC-1 
cells and that treatment with CUDC-101 result-
ed in a 5.6% increase in early and late apopto-
sis. Importantly, co-treatment resulted in a sig-
nificantly increased rate of apoptosis, up to 
39.2% (Figure 3A). Similarly, a synergistic apop-
tosis-inducing effect was found in MIA PaCa-2 
cells, for which the co-treatment group had a 
57.2% apoptotic rate compared with the gem-

citabine group, with 32%, and the CUDC-101 
group, with 15.9%.

We have detected the multi-targeted inhibition 
of CUDC-101 in PC cells. The results of western 
blot, CUDC-101 reduced protein levels of 
HDAC1, HDAC3, HDAC6 and p-EGFR. We also 
found that CUDC-101 treatment alone group 
and co-treatment group significantly increased 
the acetylation of histone H3 in PC cells. Cyclin 
B1/CDK1 is an important regulatory protein 
that is involved in mitosis. To determine wheth-
er cyclin B1/CDK1 is involved in the cell cycle 
arrest-related effects of CUDC-101 on PC cells, 
a western blot assay was applied. Here, gem-
citabine treatment had no significant effect on 
cyclin B1/CDK1 expression in PANC-1 and MIA 
PaCa-2 cells. In contrast, CUDC-101 treatment 
decreased cyclin B1/CDK1 expression in both 
PC cell lines. The effects of the combined ther-
apy on cyclin B1/CDK1 expression were similar 
to those observed for the CUDC-101 treatment 
alone group, suggesting that cyclin B1/CDK1 
does not play an important role in the synergis-
tic effect induced by the drug combination 
(Figure 3B). The apoptotic pathway include a 
caspase-dependent and a mitochondrial path-
way. We investigated the involvement of the 
caspase family of proteins and the Bcl-2 family 
of proteins during the induction of apoptosis in 
PC cells. Western blot analysis revealed that 
gemcitabine increased the expression level of 
p-p53 in two PC cell lines and CUDC-101 in- 
creased the ratio of Bax/bcl-2 in PANC-1 cells. 
Importantly, co-treatment with gemcitabine 
and CUDC-101 resulted in a marked increase in 
the ratio of bax/bcl-2 and p-p53 as well as 
cleaved caspase-3 protein (Figure 3C).

Effects of co-treatment on EMT in PC cells in 
vitro

To determine the effect on cell migration and 
invasion, several functional studies were per-
formed. Wound healing assays showed that  
the migratory ability of two PC cell lines was sig-
nificantly inhibited in the co-treatment group 
compared with the single treatment groups 
(Figure 4A). Furthermore, in a trans-well migra-
tion assay and invasion experiments, CUDC-
101 combined with gemcitabine significantly 
inhibited the migration and invasion abilities of 
PC cells (Figure 4B).

EMT plays a key role in regulating gene expres-
sion and tumor development. Many studies 
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have reported that HDAC inhibitors reverse or 
attenuate EMT by altering expression levels of 
E-cadherin and Vimentin. After treatment with 
gemcitabine and CUDC-101 for 48 h, the 
expression levels of EMT markers were de- 
tected by IF. Our results indicated that gem-
citabine with CUDC-101 synergistically sup-
presses the mesenchymal marker Vimentin, 
and increases ZO-1 expression in PANC-1 cells 
(Figure 5A). Similarly, increased E-cadherin pro-
tein and decreased Vimentin protein were 
found in MIA PaCa-2 cells (Figure 5B). Western 
blot analysis also showed that the epithelial 

marker E-cadherin was significantly increased, 
where as the mesenchymal markers Vimentin 
and MMP-9 were decreased. The transcription 
factors Snail and Slug were also decreased 
(Figure 5C).

PI3K/Akt/mTOR and Erk pathways are 
involved in anti-tumor effects of combined 
therapy in PC cells

The PI3K/Akt/mTOR and Erk signaling pa- 
thways are major pathways activated in PC 
cells. They play a variety of physiological roles, 

Figure 4. Effects of co-treatment on migration and invasion of PC cells. A. Co-treatment inhibited cell migration of 
PANC-1 and MIA PaCa-2 cells in the wound-healing migration assay. Photographs were taken at o h and 48 h, after 
the wound was made. (*P < 0.05, **P < 0.01, ***P < 0.001). B. Migration and invasion assay of PANC-1 and MIA 
PaCa-2 cells treated with CUDC-101 and/or gemcitabine for 48 h, and the number of migrate and invasive cells were 
determined using a transwell penetration assay. (*P < 0.05, **P < 0.01, ***P < 0.001). 
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Figure 5. Effects of co-treatment on EMT in PC cells. (A) PANC-1 and (B) MIA PaCa-2 cells were treated with the indicated concentration of CUDC-101 and/or gem-
citabine for 48 h. Expression of EMT markers (E-cadherin, ZO-1, Vimentin) were detected by IF staining. (C) Western blot analyses was performed for EMT-associated 
markers (E-cadherin, Vimentin, MMP-9, Snail and Slug).
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including the regulation of EMT, cell growth,  
cell cycle, and cell survival. To confirm wheth- 
er the anti-tumor activity of CUDC-101 and 
gemcitabine was regulated by the PI3K/Akt  
and Erk signaling pathways, we evaluated the 
activation of proteins in PC cells by western 
blot. As shown in Figure 6, the western blot 
analysis revealed that the expression level of 
PI3K, p-S6, p-4EBP1 were significantly lower in 
PANC-1 cell with co-treatment when compared 
with those treated with single treatment (P < 
0.05). And, the expression level of p-AKT (P < 
0.01) and p-ERK (P < 0.05) were significantly 
lower with co-treatment compared with gem-
citabine alone. In MIA PaCa-2 cell, the expres-
sion level of p-AKT (P < 0.01), p-S6 (P < 0.01), 
p-4EBP1 (P < 0.05) and p-ERK (P < 0.01) were 
significantly lower with co-treatment compar- 
ed with gemcitabine alone. However, the levels 
of PI3K was significantly lower with co-treat-
ment when compared with single treatment (P 
< 0.05). 

Combined treatment synergistically inhibits 
tumor growth in PC xenograft models

To better model of the clinical setting, we evalu-
ated whether CUDC-101 combined with gem-
citabine showed a synergistic reaction in hu- 
man PC cell xenograft models. As shown in 
Figure 7A, the treatment of CUDC-101 and/or 
gemcitabine at the given concentration had no 
discernable effect on body weights in mice, 
compared to the control or individual drugs 
groups, it showed that the dose had no toxic 
and side effect on nude mice, however, single 
agent groups effectively inhibited tumor growth, 
whereas the co-treatment group exhibited a 
60% further tumor regression (P < 0.0001). 
Additionally, at the end of treatment, the combi-
nation treatment had a significantly decreased 
xenograft tumor size (Figure 7B). Furthermore, 
IHC staining showed a lower expression of 
HDAC6 and Ki-67 in the co-treatment group 
compared to the other groups. An increased 

Figure 6. PI3K/Akt/mTOR and Erk pathway involved in anti-tumor activity of combined therapy in PC cells. PANC-1 
and MIA PaCa-2 cells were treated with CUDC-101 and/or gemcitabine for 48 h, and western blot analysis showed 
increased inhibition of the PI3K, p-Akt, p-S6, p-4EBP1 and p-Erk proteins (*P < 0.05, **P < 0.01).
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expression of E-cadherin was also observed in 
the co-treatment group, but the mesenchymal 
marker Vimentin was decreased, consistent 
with the in vitro findings (Figure 7C).

Discussion

The average survival time of PC patients is still 
short due to the rapid recurrence and meta- 
stasis. Gemcitabine is the standard chemo-
therapy regimen for treating advanced PC [24]. 
However, the efficiency of gemcitabine in the 

clinic is less than 20% of treated patients  
due to the low response to gemcitabine [25]. 
With an improved understanding of the genetic 
changes that are involved in cancer initiation 
and progression, researchers can develop 
many targeted anti-cancer therapies.

Previous studies have reported that HDACs  
are overexpressed in many tumors including 
PC, and that inhibiting HDACs could induce 
tumor cell differentiation and apoptosis, inhibit 
metastasis and reverse or reduce EMT in differ-

Figure 7. CUDC-101 and gemcitabine synergistically suppressed the growth of PANC-1 cells in vivo. A. The mice 
were sacrificed 27 days after drug treatment initiation, and the tumors were removed. The body weights and tumor 
volumes were measured every 6 days during the treatment. B. Image of tumor size. C. Immunohistochemistry (IHC) 
was utilized for detecting proteins of HDAC6, Ki-67, Survivin, E-cadherin and Vimentin from xenograft tumor model. 
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ent solid tumors [26-28]. About the HDAC fami-
ly, there’re at least eighteen members as we 
known. Among them [29], HDAC1 plays an 
important role in the tumors, the cellular and 
biochemical functions of HDAC1 are relatively 
well characterized. High expression of HDAC1 
in tumor cells can significantly increase the pro-
liferation, and enhance the migration and inva-
sion [30]. In this study, when HDAC1 gene was 
knock-downed, cell proliferation was decreased 
in MTT assay and induced apoptosis and down-
regulated EMT pathways. These results proved 
that HDAC1 was involved in cell proliferation, 
apoptosis and metastasis. Recently, research-
ers have found that some HDACis improved the 
sensitivity of cancer cells to chemotherapeutic 
drugs [31-33]. As a hybrid molecular targeted 
agent, CUDC-101 can avoid interacting with 
drugs during combined applications and can 
reduce adverse drug reactions and resistance. 
To date, there are no reports on the combina-
tion of traditional chemotherapy drugs with 
CUDC-101. In this study, for the first time, we 
found that co-treatment with CUDC-101 and 
gemcitabine synergistically exerted anti-tumor 
activity in PC cells in vitro and in vivo.

Apoptosis is a major mechanism for eliminating 
cancer cells [34] and mainly includes the death 
receptor signaling pathway and the mitochon-
drial apoptosis pathway. Bcl-2 and Bax protein 
are important regulatory factors for changing 
the permeability of the mitochondrial mem-
brane potential [35]. A loss of mitochondrial 
membrane potential could release pro-apoptot-
ic factors from the mitochondrial membrane 
space, leading to caspase activation. Caspase3 
is the final executor of apoptosis. When the pro-
caspase-3 is fragmented into active cleaved 
caspase-3, it can specifically cut DNA, leading 
to the inactivation of PARP and DNA-dependent 
protein kinase (DNA-PK) and promoting chro-
matin condensation and nuclease activation-
induced apoptosis [36]. In this study, statistical 
analysis showed that the ratio of pro-apoptotic 
proteins Bax and anti-apoptotic protein Bcl-2 
were significantly increased. Moreover, cleaved 
caspase-3 was up-regulated by the combined 
therapy. These data indicated that co-treat-
ment inhibits cell proliferation and induces 
apoptosis via the mitochondrial pathway.

The PI3K/Akt/mTOR and Erk signaling path-
ways play important roles in the regulation of 

cell survival, invasion and metastasis [37-39]. 
Akt can activate mTOR, resulting in increased 
protein synthesis via its effectors 4EBP1 and 
S6K [40]. Moreover, MAPKs are a family of 
kinases that regulate cell proliferation, cell 
cycle arrest, differentiation and metastasis. 
Lisa Z et al. reported that CUDC-101 is effective 
in anaplastic thyroid cancer cell lines with gene 
mutations in both the MAPK and PI3K/Akt 
pathways [11]. So we conceived that CUDC-101 
inhibited the proliferation and induced apopto-
sis of PC cells might be associated with the 
regulation of PI3K/mTOR and Erk signaling 
pathways. In this study, we showed that the 
expression levels of PI3K/mTOR and Erk signal-
ing pathways were not significantly altered in 
PC cells with gemcitabine therapy. However, 
CUDC-101 combined with gemcitabine resulted 
in significant downregulation of the PI3K/mTOR 
and Erk pathway on PC cells, as indicated by 
effectively reducing the phosphorylation of Akt, 
S6, 4EBP1 and Erk in PC cells. These data sug-
gested that CUDC-101 exerted its synergistic 
effect in gemcitabine-treated PC may occur via 
inactivation of the PI3K/mTOR and Erk signal-
ing pathways.

Many studies have reported that HDAC inhibi-
tors reverse or attenuate EMT through the up-
regulation of E-cadherin in different solid 
tumors. Piao J et al. reported that the HDAC 
inhibitor TSA with BEZ235 synergistically sup-
pressed EMT progression in lung cancer cells 
[41]. Wang J et al. reported that CUDC-101 also 
efficiently inhibited the proliferation of MET-
overexpressing non-small cell lung cancer and 
as well as migration, invasion and EMT [42]. In 
the wound healing and trans-well experiments, 
we showed that gemcitabine combined with 
CUDC-101 significantly inhibited the migration 
and invasion of PC cells. Furthermore, western 
blot and IF staining showed that epithelial 
markers such as E-cadherin and ZO-1 were sig-
nificantly up-regulated in the combined drug 
group, whereas the mesenchymal marker 
Vimentin and MMP-9 expression were signifi-
cantly down-regulated compared with the con-
trol groups. Similarly, in vivo experiments 
showed that CUDC-101 combined with gem-
citabine could up-regulate E-cadherin and 
down-regulate Vimentin in a nude mouse xeno-
graft model. Taken together, these results sug-
gest that the CUDC-101 and gemcitabine com-
bination can effectively suppress the malignant 
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transformation of PC by driving the cancer cells 
toward an epithelial state. The mechanisms 
driving EMT warrant further elucidation. 

Although tumor cell dissemination and EMT 
begins early in progression [17], clinically rele-
vant distant metastasis is a late event [43] and 
EMT may be more important for therapy resis-
tance than metastatic spread [44]. In recent 
years, many research found that Erk signaling 
pathway may be involved in the drug resistance 
process of tumor cells, and its mechanism may 
be related to the regulation of drug-resistance 
genes and protein expression. Use of an Erk1/2 
inhibitor can overcome acquired resistance to 
both BRAF and MEK1/2 inhibitors in melano-
ma, breast and colon cancer cell lines [45, 46]. 
Fryer RA et al. have reported that Erk activity 
underlies sensitivity to gemcitabine and that 
addition of an agent that reduces this activity, 
such as lenalidomide, enhances gemcitabine 
efficacy [47]. Snail is a transcriptional factor 
that represses multiple other factors, and its 
overexpression in a trigger of EMT. Tomono T et 
al. have reported that snail-induced EMT 
enhances multidrug resistance in non small 
cell lung cancer cells [48]. Our findings show 
that gemcitabine did not effectively inhibit the 
Erk1/2 phosphorylation, but co-treatment of 
cells with CUDC-101 effectively inhibited the 
phosphorylation of Erk1/2. Moreover, the tran-
scription factors Snail was also decreased. 
These results indicated that CUDC-101 and 
gemcitabine combination can effectively con-
trol the mechanism of gemcitabine-resistance, 
and inhibited EMT in PC maybe via Erk/Snail 
signaling pathway. 

In conclusion, we demonstrated that CUDC-101 
potentiated the antitumor effects of gem-
citabine by inhibiting cell proliferation and driv-
ing the cancer cells toward an epithelial state. 
We conceived that CUDC-101 combing with 
gemcitabine not only induce apoptosis via 
PI3K/mTOR signaling, but also reduce sensitiv-
ity to gemcitabine in PC via Erk signaling. These 
results may provide a potential rational basis 
for a combination strategy for chemotherapy 
treatment of PC.

Additionally, the mechanisms driving EMT war-
rant further elucidation. In the next study, we 
will detect weather CUDC-101 could reduce the 
drug resistance of gemcitabine resistant cell 
line of PC, by regulating EMT pathway.
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