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Pancreatic cancer is a lethal human malignancy with an extremely poor prognosis and urgently requires 
new therapies. Histone deacetylase inhibitors (HDACIs) represent a new class of anticancer agent s and 
have shown promising antitumor activities in preclinical models of pancreatic cancer. In this study, we 
sought to determine the antitumor effects of a novel HDACI, chidamide (CS055), in pancreatic cancer cells 
alone or in combination with gemcitabine. Treatments of BxPC-3 or PANC-1 pancreatic cancer cell lines 
with chidamide resulted in dose- and time-dependent growth arrest, accompanied by induction of p21 
expression. When combined in a sequential schedule, chidamide synergistically enhanced gemcita- 
bine-induced cell growth arrest and apoptosis, accompanied by cooperative downregulation of Mcl-1 
and loss of mitochondrial membrane potential (DWm). Chidamid e enhanced gemcitabine-induced DNA 
double-strand breaks and S phase arrest, and abrogated the G2/M cell cycle checkpoint, potentially 
through suppression of CHK1 expression. Our results suggest that chidamide has a therapeutic potential 
for treating pancreatic cancer, especially in combination with gemcitabine.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction 

Pancreatic cancer is a common human gastrointestina l malig- 
nancy worldwid e and is the fourth leading cause of death from 
cancer in the US. It is estimated that 43,920 people will be newly 
diagnosed with pancreatic cancer and 37,390 pancreatic cancer pa- 
tients will die in the US in 2012 [1]. Despite the extremely poor 
prognosis with a 5-year survival rate less than 5% [2,3], little 
improvement has been made in prognosis in the past 20 years.

Histone deacetylase inhibitors (HDACIs) are promising new 
agents for the treatment of cancer and have demonst rated antican- 
cer efficacy across a range of cancers, most impressi vely in hema- 
tological malignancies [4]. HDACIs have been shown to induce 
cell-cycle arrest, differentiation and apoptosis in tumor cells, but 
less so in normal cells [5–8]. Further, some HDACIs including 
ll rights reserved.

ute of Transfusion Medicine,
50, PR China (Q. Yu, Y. He),
s Program, Karmanos Cancer 
e, 110 East Warren Avenue,

, gey@karmanos.org (Y. Ge),
Vorinosta t (SAHA), MS-275, Trichostatin A (TSA), and valproic acid 
(VPA) have been shown to synergistica lly enhance anticance r
activities of conventional chemotherape utic drugs [8–10]. In 
pancreati c cancer cells, synergist ic antitumor interactions between 
HDACIs, such as TSA, Vorinostat, or MGCD0103, and gemcitabine 
have been previousl y reported [11–14].

Chidamid e (CS055/HBI-8000), a novel HDACI of the benzamide 
class, has been in phase I clinical trial in the US and phase II/III tri- 
als for cutaneous T-cell lymphoma (CTCL) and peripheral T-cell 
lymphom a (PTCL) in China [15]. Chidamide has shown anticance r
activity in colon, lung, breast, and liver solid tumor cells and in 
myeloid leukemia cells [15–17]. In this study, we hypothesize that 
chidamid e synergist ically augments the anticancer activity of 
gemcitabi ne in pancreatic cancer cells by inducing apoptosis. We 
demonst rate that chidamide induces growth arrest of pancreatic 
cancer cells, accompanied by cell cycle arrest and up-regulation 
of p21 CIP1/WAF1. Further, we show that chidamid e cooperatively 
augment s gemcitabine- induced apoptosis in pancreati c cancer 
cells by enhancing gemcitabine- induced DNA double-str and 
breaks (DSBs) and S phase arrest and abrogating the G2/M cell 
cycle checkpoint. These results indicate that chidamid e may have 
a therapeuti c potential in treating pancreatic cancer, especially in 
combinati on with gemcitabine.
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2. Materials and methods 

2.1. Chemicals 

Chidamide, N-(2-amino-5-fluorine benzyl)-4-[N-(pyridine-3-
acrylyl) ammonia methyl] benzamide (patent No. PCT/IB04/ 
000401) was designed and synthesized by Shenzhen Chipscreen 
Biosciences Ltd. (Shenzhen, China). Gemcitabine (GEM; Gemzar)
was purchase d from Eli Lilly (Fegersheim, France). All other chem- 
icals were of analytical grade and obtained commercially.

2.2. Cell culture 

Human pancreatic cancer cell lines BxPC-3 and PANC-1 were 
obtained from the Cell Biology Research Institute of Shanghai, Chi- 
nese Academy of Sciences (Shanghai, China). The cell lines were 
cultured in DMEM supplemented with 10% fetal bovine serum (Hy-
clone, Logan, UT, USA), penicillin/s treptomycin (100 U/ml each),
NaHCO3 (2 g/L), and Hepes (2.4 g/L) in an incubator at 37 C with 
95% air and 5% CO 2.

2.3. In vitro cytotoxici ty assays 

In vit ro cyt ot ox ic it ie s of chi da mi de or ge mc it abi ne al on e or in 
co mb in ati on in th e pa nc re at ic ca nc er cel l li ne s we re de te rm in ed by 
us in g MT T re age nt [1 0] . Br ie fly, Bx PC -3 or PAN C-1 ce lls wer e pl at ed 
in 96- we ll pl ate s (3 � 103 ce lls/ we ll) and we re tr ea te d wit h chi da -
mi de or ge mc it ab in e at the in di cat ed con cen tra ti ons , al one or 
se que nti al ly com bi ned (gem ci tab in e tre at me nt fo r 48 h fo llowe d
by ch id am id e tr ea tm en t fo r 72 h), for up to 120 h. MT T wa s th en 
ad de d to a fina l con cen tra tio n of 1 mM . Af ter 4 h, fo rm aza n cr ys ta ls 
we re di ssolv ed by the ad di ti on of 10 0 ll of 10 % SD S in 10 mM HC l.
Op ti ca l de ns it ie s we re me as ur ed wi th a vis ib le mi cro pl at e re ad er 
(Mol ec ul ar De vi ce s, Sun nyv al e, CA , US A) at 57 0 nm. Th e ex te nt an d
di re ct io n of an tit um or in ter ac ti on s bet ween the two ag en ts wer e
de ter mi ne d by cal cu la ti ng co mb in at io n in de x (CI) usi ng the Ca lc u- 
Sy n so ft wa re (Bio so ft , Ca mb ri dg e, UK ) [1 2]. CI < 1, CI = 1, or CI > 1
in di ca te s sy ne rg is ti c, ad di ti ve , or an ta gon is tic ef fe cts , re sp ect iv el y.

2.4. Cell cycle analysis 

The effects of chidamide or gemcitabine, alone or in combina- 
tion, on cell cycle distribut ion in the pancreatic cancer cell clines 
were analyzed by using propidium iodide (PI) staining and flow
cytometry analysis with a Beckman Colter flow cytometer (Brea,
CA). Cell cycle analysis was performed with the ModFit LT™3.0
DNA analysis software (Becton Dickinson, Franklin Lakes, NJ).

2.5. Assessment of baseline and drug-induced apoptosis 

The effects of chidamide or gemcitabine, alone or in combina- 
tion, on apoptosis in BxPC-3 or PANC-1 cell clines were analyzed 
by flow cytometr y analysis, as previously described [10,18,19].
The treated cells were harvested and apoptosis was determined 
using an Apoptosis Annexin V-FITC kit (Keygen Biotechnolo gy Co.
Ltd., Nanjing, China) and flow cytometry analysis. Results are pre- 
sented as percent of Annexin V+ cells (mean ± standard errors).

2.6. Western blots 

BxPC-3 or PANC-1 cells treated with chidaminde or gemcitabine 
alone or combined were washed and lysed in a lysis buffer [20 mM 
Tris (pH7.5), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM Na 3-

VO4, 10 mM NaF, 1 mM phenylmeth ylsulfonyl and protease inhibi- 
tor cocktail]. The protein lysates were clarified by centrifugation at 
12,000 rpm for 20 min at 4 �C and subjected to SDS–PAGE and trans- 
ferred onto PVDF membran e (Millipore, Billerica, MA, USA). The 
membran e was immunoblo tted with anti-acety lated histone H3 
(ac-H3), -p21, -Bax, -Bcl-2, -Bim, -caspase 3, -caspase 9, -phospho- 
H2AX (cH2AX), -GAPDH (Cell Signaling Technology, Danvers, MA,
USA), -Mcl-1, or -CHK1 (Santa Cruz Biotechnolo gy Inc., CA, USA)
antibodie s. Immunoreactive proteins were visualized using the 
Odyssey Infrared Imaging System (Li-Cor, Lincoln, NE, USA).

2.7. Analysis of mitochondri al membrane potential (MMP, DWm)

MMP was assessed by the retention of Rhodamine 123 [20,21].
BxPC-3 or PANC-1 cells were treated with chidamid e or gemcita- 
bine alone or combined, washed with PBS, and incubate d with ser- 
um free DMEM containing Rhodamine 123 (1 lM) at 37 �C for 
30 min in the dark. The cells were then washed and the fluores-
cence was measured using a fluorescence spectrophotom eter 
(Molecular Devices, Sunnyva le, CA) with an excitation wavelength 
of 507 nm and an emission waveleng th of 529 nm.

2.8. Statistica l analysis 

The differences between two experimental groups were ana- 
lyzed by Student’s t test (GrpahPad Prism version 5.0). A p value
less than 0.05 was considered to be statistically significant.
3. Results 

3.1. Chidamid e caused growth arrest in pancreatic cancer cell lines 

To test whether chidamide possesses anti-proliferation activity 
in pancreatic cancer cells, BxPC-3 or PANC-1 cells were treated 
with variable concentr ations of chidamide (0–50 lM) for up to 
96 h and cell viability was assessed by MTT assays. Chidamide 
treatments caused growth arrest of the pancreatic cancer cell lines 
in a dose- and time-dep endent manner (Fig. 1A and B), accompa- 
nied by dose-dep endent hyperace tylation of histone H3. In con- 
trast, chidamide treatments had no effects on protein levels for 
total histone H3 (Fig. 1C and D). Chidamid e treatments caused 
G2/M cell cycle arrest (p < 0.05), along with induction of p21 
expression in both cell lines (Fig. 1E–H). These results indicate that 
chidamid e exerts its anti-proliferation effects by causing G2/M cell 
cycle arrest through induction of p21.

3.2. Synergist ic antitumor interactions between chidamid e and 
gemcitab ine in pancreatic cancer cells 

Despite the well characterized mechanism s of action of HDACIs,
they show modest clinical activities. Therefore, rational combina- 
tions of HDACIs with conventional chemothera py drugs seem a
promising approach to enhance the clinical effects of these agents.
Previous studies have demonstrated in vitro synergisms between 
HDACIs (e.g., MGCD0103 and TSA) and gemcitabine in pancreatic 
cancer cells [11,12,14]. It is conceivable that chidamid e may also 
exert the same effects on gemcitabine in pancreati c cancer cells.
Treatments of BxPC-3 or PANC-1 cells with variable concentratio ns 
of gemcitabine for 120 h resulted in dose-depend ent growth arrest 
in both cell lines with IC 50s of 9.62 nM and 26.97 nM, respectively 
(Fig. 2A and B). To determine the effects of chidamide on gemcita- 
bine cytotoxic ity, three drug administration schedule s were tested.
Interestin gly, pretreatment of the pancreatic cancer cell lines with 
gemcitabi ne for 48 h followed by chidamide treatment for 72 h
was found to be the optimal schedule for drug administ ration (data
not shown). As shown in Fig. 2C and D, chidamid e significantly
enhan ced gem ci ta bin e- in du ce d gro wth ar res t de te rm ine d by MT T



Fig. 1. Effects of chidamide on cell proliferation, histone H3 acetylation, and cell cycle distribution in pancreatic cancer cells. (A and B) BxPC-3 or PANC-1 cells were treated 
with vehicle control or chidamide at the indicated doses for up to 96 h. Cell viability was determined by MTT assays. The data are presented as mean inhibition rates ± SE from 
at least three independent experiments. (C and D) BxPC-3 or PANC-1 cells were harvested and lysed after incubation with variable concentrations of chidamide (0–50 lM) for 
72 h. Soluble proteins were analyzed on Western blots probed by anti-acetylated (ac)-H3, -H3 or -GAPDH antibody. (E–H) BxPC-3 or PANC-1 cells were treated with vehicle 
control or variable concentrations of chidamide for 72 h. The cells were harvested, fixed, stained with propidium iodide, and subjected to flow cytometry analysis to 
determine cell cycle distribution. Results are presented as means of triplicates from one representative experiment. The same experiment was repeated three times. Soluble 
proteins were analyzed on Western blots probed by anti-p21 or -GAPDH antibody. � indicates p < 0.05, while �� indicates p < 0.01, relative to vehicle control.

Z. Qiao et al. / Biochemical and Biophysical Research Communications 434 (2013) 95–101 97
assays (2.6- to 9.2-fold in BxPC-3 cells and 1.8- to 7.7-fold in 
PANC-1 cells, p < 0.05). The combined effects of chidamid e and 
gemcitabine were clearly synergistic as determined by calculatin g
combination index (CI) values. CI < 1, indicative of synergism, was 
calculated for each of the drug combinations (Fig. 2E and F).

3.3. Chidamide and gemcitabine cooperativel y induced apoptosis and 
MMP loss in pancreatic cancer cells 

Efforts were then undertaken to determine if the synergistic 
antitumor effects of combined gemcitabi ne and chidamide were 
due to induction of apoptosis . Although chidamide alone induced 
modest apoptosis, it potently enhanced gemcitabine- induced 
apoptosis in BxPC-3 cells sequentially treated with 40 nM gemcit- 
abine for 24 h followed by 25 lM chidamide for 48 h (>2-fold,
p < 0.05). This was accompanied by cooperative cleavage/acti va- 
tion of caspases 9 and 3 (Fig. 3A). Similar results were also obtained 
in PANC-1 cells, though to a lesser extent (Fig. 3B).

Treatment with gemcitabine or chidamid e alone caused MMP 
loss in both cell lines (Fig. 3C and D). Consistent with the results 
shown in Fig. 3A and B, combined treatments of the cell lines with 
the two agents resulted in further MMP loss compared to 



Fig. 2. Synergistic antitumor interactions between chidamide and gemcitabine in pancreatic cancer cells. (A and B) BxPC-3 and PANC-1 cells were treated with a range of 
concentrations of gemcitabine for 120 h. Cell viability was determined by MTT assays. The IC 50 values were calculated as the concentrations of gemcitabine necessary to 
inhibit 50% proliferation compared to control cells cultured in the absence of gemcitabine. The data are presented as mean values ± standard errors from at least 3
independent experiments. (C and D) Gemcitabine IC 50 of BxPC-3 or PANC-1 cells were determined in the absence or presence of chidamide treated sequentially (gemcitabine
followed by chidamide). � indicates p < 0.05, while �� indicates p < 0.01, relative to vehicle control. (E and F) BxPC-3 or PANC-1 cells were treated with gemcitabine (4
concentrations) or chidamide (4 concentrations) alone or combined sequentially (16 combined groups). Combination index values were calculated with the CalcuSyn 
software.
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treatments with gemcitabine or chidamide alone (p < 0.05, Fig. 3C
and D). This was accompanied by cooperative downregulation of 
Mcl-1 (Fig. 3E and F). In contrast, no obvious changes on protein 
levels for Bax, Bcl2, and Bim were observed (data not shown).
These results suggest that gemcitabine and chidamide cooperate 
in downregul ation of Mcl-1 expression, leading to MMP loss and 
subsequent apoptosis in pancreatic cancer cells.

3.4. Chidamid e cooperativel y enhanced gemcitabine- induced cell cycle 
arrest and DNA DSBs by suppressing CHK1 expression in pancreatic 
cancer cells 

Besides apoptosis, cell cycle arrest may also contribute to the 
synergistic antitumor effects of chidamide and gemcitabine in pan- 
creatic cancer cells. Treatments of BxPC-3 or PANC-1 cells with 
gemcitabine resulted in S and G2/M arrest, while chidamide alone 
caused only G2/M arrest (p < 0.05). Interestingly, combined treat- 
ments of the cell lines with the two agents resulted in cooperative 
induction of S arrest (p < 0.01). The combined treatment also 
caused abrogation of the G2/M cell cycle checkpoint in BxPC-3 cells 
but not in PANC-1 cells (Fig. 4A and B).

Although induction of p21 by chidamide (Fig. 4C and D) could 
contribute to growth inhibition and cell cycle arrest, it seemed 
not responsible for the cooperative S phase arrest and abrogation 
of the G2/M cell cycle checkpoint induced by the two agents.
Gemcitabi ne exerts it antitumor activity by inhibiting DNA syn- 
thesis and inducing DNA damage. The cooperative induction of 
S phase arrest and abrogation of the G2/M checkpoi nt indicated 
that chidamide may enhance gemcitabine- induced DNA damage.
Indeed, gemcitabi ne and chidamide cooperated (if not synergized )
in inducing DNA double-strand breaks (DSBs) as reflected by the 
induction of cH2AX. Interestingl y, gemcitabine treatment re- 
sulted in induction of CHK1 (checkpoint kinase 1, a critical pro- 
tein in cell cycle checkpoint pathways and DNA DSB repair 
[22]) which was abolished by chidamide (Fig. 4C and D). These 
results suggest that chidamide cooperated with gemcitabi ne in 
inducing DNA DSBs by suppressing the expression of CHK1 in 
pancreati c cancer cells.



Fig. 3. Effects of gemcitabine or chidamide alone or sequentially combined on apoptosis and mitochondrial membrane potential (MMP) in pancreatic cancer cells. (A and B)
BxPC-3 or PANC-1 cells were treated first with gemcitabine for 24 h then treated with chidamide for 48 h without washing out gemcitabine. Apoptosis analysis was 
performed as described in Section 2. Results are shown as mean percent of annexin V+ cells of triplicates from one representative experiment. Cleavage of caspases 9 and 3
was detected by immunoblotting analysis. Gem, gemcitabine; Chi, chidamide. (C and D) BxPC-3 or PANC-1 cells used in A&B were subjected to MMP analysis by Rhodamine 
123 staining. � indicates p < 0.05, relative to vehicle or individual drug treatments. (E and F) Whole cell lysates from BxPC-3 or PANC-1 cells used in A-D were subjected to 
immunoblotting to determine protein levels for Bcl2 family members, Bax, Bcl2, Bim, and Mcl-1. Cooperative suppression of Mcl-1 by the two agents in both cell lines was 
detected.
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4. Discussion 

In this study, we demonstrat e that chidamide induces growth 
inhibition and cell cycle arrest of BxPC-3 and PANC-1 pancreati c
cancer cell lines, and it synergistically augments gemcitabine- in- 
duced apoptosis. This was accompanied by cooperative induction 
of DNA DSBs by the two agents and suppression of CHK1 by chida- 
mide. This may represent a common mechanism underlying the 
synergist ic antitumor interactions between HDACIs and DNA dam- 
aging agents in cancer cells.

MTT assays revealed that chidamide causes growth arrest in a
dose- and time-dependent manner in the pancreatic cancer cell 
lines, accompanied by G2/M arrest. Consistent with previous re- 
ports that induction of p21 is a crucial mechanism for growth ar- 
rest in some pancreati c cancer cells induced by HDACIs [13],
chidamid e also potently induces the expression of p21. When 



Fig. 4. Chidamide synergistically enhanced gemcitabine-induced cell cycle arrest and DNA DSBs by suppressing CHK1 expression in pancreatic cancer cells. (A and B) BxPC-3 
or PANC-1 were treated first with gemcitabine for 24 h, then treated with chidamide for 48 h without washing out gemcitabine. Cell cycle distribution was determined by PI 
staining and flow cytometry analysis. Results are presented as mean values of triplicates from one representative experiment. � indicates p < 0.05, while �� indicates p < 0.01,
relative to vehicle or individual drug treatments. (C and D) BxPC-3 or PANC-1 were treated first with gemcitabine for 24 h then treated with chidamide for 48 h without 
washing out gemcitabine. Cells were harvested and whole cell lysates were prepared and subjected to immunoblotting analysis of cH2AX, p21, CHK1, and GAPDH.
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combined in a sequential fashion (gemcitabine first followed by 
chidamide), chidamide potently and synergistically enhanced the 
cytotoxicity of gemcitabine in both BxPC-3 and PANC-1 cell lines.
This synergistic cytotoxicity is clearly due to cell death since coop- 
erative induction of apoptosis by the two agents was detected.
Interestingl y, combined treatments of the pancreatic cancer cell 
lines with chidamide and gemcitabine resulted in cooperative 
MMP loss along with Mcl-1 downregulati on. These results strongly 
suggest that gemcitabine and chidamide cooperate in inducing 
Mcl-1 downregulati on which leads to MMP loss and apoptosis.

The effects of gemcitabine and chidamid e on S phase arrest and 
the G2/M checkpoint suggest that chidamide may enhance DNA 
damage and/or abrogate the G2/M cell cycle checkpoint induced 
by gemcitabine. Interestingly, gemcitabine and chidamide cooper- 
atively (if not synergistica lly) induced cH2AX, a biomarker of DNA 
DSBs, in both cell lines, which may explain the cooperati ve induc- 
tion of S phase arrest. Based on these observations and previous 
studies that have demonstrated that high level of DNA damage 
causes Mcl-1 degradation in cancer cells [23], it is conceiva ble that 
chidamide enhances gemcitabine-in duced DNA DSBs, potentially 
leading to S phase arrest, Mcl-1 degradat ion, and subsequent 
MMP loss and apoptosis.

The HDACI VPA has been shown to suppress DNA repair genes 
(RAD51, BRCA1, and CHK1) to increase sensitivity to radiation in 
prostate cancer cells [24]. CHK1 plays critical roles in the repair 
of DNA DSBs and all the cell cycle checkpoint pathways [22]. It is 
conceivable that chidamide may downregulate CHK1 in pancreati c
cancer cells since it enhanced gemcitabine- induced DNA DSBs and 
abrogated the G2/M checkpoint. Western blots of CHK1 in both 
BxPC-3 and PANC-1 cells strongly support this hypothes is. It is 
important to note that downregulation of CHK1 by chidamide 
did not result in abrogation of the G2/M checkpoi nt in PANC-1 
cells. This may explain the lesser enhancem ent by chidamide on 
gemcitabi ne-induced apoptosis .

In conclusion, the present study demonst rates that chidamide 
causes growth arrest of pancreatic cancer cells by inducing p21 
expression and cell cycle arrest. Furthermore, chidamide augment s
gemcitabi ne-induced DNA DSBs and apoptosis, and abrogates the 
G2/M checkpoi nt. These results suggest that the novel HDACI 
chidamid e has an antitumor potential against pancreati c cancer 
cells, especially in combinati on with gemcitabine.

Acknowled gments 

This project was supported by the Chinese Major Infectious Dis- 
ease Research Projects (No. 2012ZX1000 1003), National Scientific
and Technolo gical Major Project for ‘‘Significant New Drugs Devel- 
opment’’ (No. 2011ZXJ093 02) and National Natural Science Foun- 
dation of China (PDRC-81071709).

References

[1] R. Siegel, D. Naishadham, A. Jemal, Cancer statistics, CA-A Cancer Journal for 
Clinicians 62 (2012) (2012) 10–29.

[2] Y.H. Shaib, J.A. Davila, B. El-Serag, The epidemiology of pancreatic cancer in the 
United States: changes below the surface, Alimentary Pharmacology &
Therapeutics 24 (2006) 87–94.

[3] L. Rosenberg, Pancreatic cancer – A review of emerging therapies, Drugs 59 
(2000) 1071–1089.

[4] M. Dickinson, R.W. Johnstone, H.M. Prince, Histone deacetylase inhibitors:
potential targets responsible for their anti-cancer effect, Investigational New 
Drugs 28 (2010) S3–S20.

[5] A.A. Lane, B.A. Chabner, Histone deacetylase inhibitors in cancer therapy,
Journal of Clinical Oncology 27 (2009) 5459–5468.



Z. Qiao et al. / Biochemical and Biophysical Research Communications 434 (2013) 95–101 101
[6] J.E. Bolden, M.J. Peart, R.W. Johnstone, Anticancer activities of histone 
deacetylase inhibitors, Nature Reviews Drug Discovery 5 (2006) 769–784.

[7] P. Gallinari, S. Di Marco, P. Jones, M. Pallaoro, C. Steinkuhler, HDACs, histone 
deacetylation and gene transcription: from molecular biology to cancer 
therapeutics, Cell Research 17 (2007) 195–211.

[8] T. Li u, S. Kul ja ca, A. Te e, G.M . Marsh all, Hi st one de acety la se inh ib it ors :
mult ifu nc tion al ant icanc er age nts, Canc er Tre atment Re vie ws 32 (2006) 157–16 5.

[9] J.S. Carew, F.J. Giles, S.T. Nawrocki, Histone deacetylase inhibitors: mechanisms 
of cell death and promise in combination cancer therapy, Cancer Letters 269 
(2008) 7–17.

[10] C. Xie, H. Edwards, X. Xu, H. Zhou, S.A. Buck, M.L. Stout, Q. Yu, J.E. Rubnitz, L.H.
Matherly, J.W. Taub, Y. Ge, Mechanisms of synergistic antileukemic 
interactions between valproic acid and cytarabine in pediatric acute myeloid 
leukemia, Clinical Cancer Research 16 (2010) 5499–5510.

[11] S. Gahr, M. Ocker, M. Ganslmayer, S. Zopf, K. Okamoto, A. Hartl, S. Leitner, E.G.
Hahn, C. Herold, The combination of the histone-deacetylase inhibitor 
trichostatin A and gemcitabine induces inhibition of proliferation and 
increased apoptosis in pancreatic carcinoma cells, International Journal of 
Oncology 31 (2007) 567–576.

[12] M. Donadelli, C. Costanzo, S. Beghelli, M.T. Scupoli, M. Dandrea, A. Bonora, P.
Piacentini, A. Budillon, M. Caraglia, A. Scarpa, M. Palmieri, Synergistic 
inhibition of pancreatic adenocarcinoma cell growth by trichostatin A and 
gemcitabine, Biochimica Et Biophysica Acta-Molecular Cell Research 1773 
(2007) 1095–1106.

[13] N.B. Arnold, N. Arkus, J. Gunn, M. Korc, The histone deacetylase inhibitor 
suberoylanilide hydroxamic acid induces growth inhibition and enhances 
gemcitabine-induced cell death in pancreatic cancer, Clinical Cancer Research 
13 (2007) 18–26.

[14] V. Sung, N. Richard, H. Brady, A. Maier, G. Kelter, C. Heise, Histone deacetylase 
inhibitor MGCD0103 synergizes with gemcitabine in human pancreatic cells,
Cancer Science 102 (2011) 1201–1207.

[15] K. Gong, J. Xie, H. Yi, W. Li, CS055 (Chidamide/HBI-8000), a novel histone 
deacetylase inhibitor, induces G1-arrest,ROS-dependent apoptosis and 
differentiation in human leukemia cells, Biochemical Journal, 2012.
[16] Z.-Q. Ning, Z.-B. Li, M.J. Newman, S. Shan, X.-H. Wang, D.-S. Pan, J. Zhang, M.
Dong, X. Du, X.-P. Lu, Chidamide (CS055/HBI-8000): a new histone deacetylase 
inhibitor of the benzamide class with antitumor activity and the ability to 
enhance immune cell-mediated tumor cell cytotoxicity, Cancer Chemotherapy 
and Pharmacol, 2011.

[17] L. Liu, B. Chen, S. Qin, S. Li, X. He, S. Qiu, W. Zhao, H. Zhao, A novel histone 
deacetylase inhibitor Chidamide induces apoptosis of human colon cancer 
cells, Biochemical and Biophysical Research Communications 392 (2010) 190–
195.

[18] C. Xie, H. Edwards, S.B. Lograsso, S.A. Buck, L.H. Matherly, J.W. Taub, Y. Ge,
Valproic acid synergistically enhances the cytotoxicity of clofarabine in 
pediatric acute myeloid leukemia cells, Pediatric Blood & Cancer 59 (2012)
1245–1251.

[19] X. Xu, C. Xie, H. Edwards, H. Zhou, S.A. Buck, Y. Ge, Inhibition of histone 
deacetylases 1 and 6 enhances cytarabine-induced apoptosis in pediatric acute 
myeloid leukemia cells, PLoS ONE 6 (2011) e17138.

[20] C. Yan, D. Huang, Y. Zhang, The involvement of ROS overproduction and 
mitochondrial dysfunction in PBDE-47-induced apoptosis on Jurkat cells,
Experimental and Toxicologic Pathology 63 (2011) 413–417.

[21] M. Xiang, Z.-Y. Qian, C.-H. Zhou, J. Liu, W.-N. Li, Crocetin inhibits leukocyte 
adherence to vascular endothelial cells induced by AGEs, Journal of 
Ethnopharmacology 107 (2006) 25–31.

[22] Y. Dai, S. Grant, New insights into checkpoint kinase 1 in the DNA 
damage response signaling network, Clinical Cancer Research 16 (2010)
376–383.

[23] D. Nijhawan, M. Fang, E. Traer, Q. Zhong, W. Gao, F. Du, X. Wang, Elimination of 
Mcl-1 is required for the initiation of apoptosis following ultraviolet 
irradiation, Genes & Development 17 (2003) 1475–1486.

[24] S.K. Kachhap, N. Rosmus, S.J. Collis, M.S. Kortenhorst, M.D. Wissing, M.
Hedayati, S. Shabbeer, J. Mendonca, J. Deangelis, L. Marchionni, J. Lin, N. Hoti,
J.W. Nortier, T.L. DeWeese, H. Hammers, M.A. Carducci, Downregulation of 
homologous recombination DNA repair genes by HDAC inhibition in prostate 
cancer is mediated through the E2F1 transcription factor, PLoS ONE 5 (2010)
e11208.


	Chidamide, a novel histone deacetylase inhibitor, synergistically enhances  gemcitabine cytotoxicity in pancreatic cancer cells
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Cell culture
	2.3 In vitro cytotoxicity assays
	2.4 Cell cycle analysis
	2.5 Assessment of baseline and drug-induced apoptosis
	2.6 Western blots
	2.7 Analysis of mitochondrial membrane potential
	2.8 Statistical analysis

	3 Results
	3.1 Chidamide caused growth arrest in pancreatic cancer cell lines
	3.2 Synergistic antitumor interactions between chidamide and gemcitabine in pancreatic cancer cells
	3.3 Chidamide and gemcitabine cooperatively induced apoptosis and MMP loss in pancreatic cancer cells
	3.4 Chidamide cooperatively enhanced gemcitabine-induced cell cycle arrest and DNA DSBs by suppressing CHK1 expression in pancreatic cancer cells

	4 Discussion
	Acknowledgments
	References


