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Abstract

Background: Pancreatic cancer is a highly malignant disease with an extremely poor prognosis. Histone deacetylase
inhibitors (HDACIs) have shown promising antitumor activities against preclinical models of pancreatic cancer, either alone
or in combination with chemotherapeutic agents. In this study, we sought to identify clinically relevant histone deacetylases
(HDACs) to guide the selection of HDAC inhibitors (HDACIs) tailored to the treatment of pancreatic cancer.

Methodology: HDAC expression in seven pancreatic cancer cell lines and normal human pancreatic ductal epithelial cells
was determined by Western blotting. Antitumor interactions between class I- and class II-selective HDACIs were determined
by MTT assays and standard isobologram/CompuSyn software analyses. The effects of HDACIs on cell death, apoptosis and
cell cycle progression, and histone H4, alpha-tubulin, p21, and cH2AX levels were determined by colony formation assays,
flow cytometry analysis, and Western blotting, respectively.

Results: The majority of classes I and II HDACs were detected in the pancreatic cancer cell lines, albeit at variable levels.
Treatments with MGCD0103 (a class I-selective HDACI) resulted in dose-dependent growth arrest, cell death/apoptosis, and
cell cycle arrest in G2/M phase, accompanied by induction of p21 and DNA double-strand breaks (DSBs). In contrast,
MC1568 (a class IIa-selective HDACI) or Tubastatin A (a HDAC6-selective inhibitor) showed minimal effects. When combined
simultaneously, MC1568 significantly enhanced MGCD0103-induced growth arrest, cell death/apoptosis, and G2/M cell cycle
arrest, while Tubastatin A only synergistically enhanced MGCD0103-induced growth arrest. Although MC1568 or Tubastatin
A alone had no obvious effects on DNA DSBs and p21 expression, their combination with MGCD0103 resulted in
cooperative induction of p21 in the cells.

Conclusion: Our results suggest that classes I and II HDACs are potential therapeutic targets for treating pancreatic cancer.
Accordingly, treating pancreatic cancer with pan-HDACIs may be more beneficial than class- or isoform-selective inhibitors.
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Introduction

Pancreatic cancer is a highly malignant disease with a steadily

increasing incidence. Despite being the fourth leading cause of

death from cancer in the US, little improvement in prognosis has

been made over the past 20 years [1–3]. Due to delays in clinical

diagnosis, pancreatic cancer is often detected at an advanced stage

and the prognosis is extremely poor, with a survival of 4 to

6 months [2]. Gemcitabine (29, 29-difluorodeoxycytidine, dFdC) is

the standard first-line drug for treating patients with advanced

pancreatic cancer [4]. However, with median survival of

5.7 months and 1-year survival rate of 18%, its efficacy remains

low [5,6]. Therefore, pancreatic cancer remains a highly

chemoresistant malignancy and urgently needs new therapeutic

approaches.

Histone deacetylases (HDACs) play critical roles in the

epigenetic regulation of gene expression by catalyzing the removal

of acetyl groups, stimulating chromatin condensation and

promoting transcriptional repression [7,8]. HDACs comprise a

large group of proteins divided into four classes based on their

homologies to yeast HDACs, their subcellular localization and

their enzymatic activities [8–10]. Class I comprises HDAC1, 2, 3

and 8, which are all homologues of the yeast rpd3 protein. They

are ubiquitously expressed and located primarily in the nucleus
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[8–10]. Class II enzymes include HDAC4, 5, 6, 7, 9 and 10, which

are homologues of the yeast hda1 protein. These enzymes

generally exhibit tissue-specific expression and shuttle between

the cytoplasm and nucleus in response to cellular signals [8,11].

Since HDACs 6 and 10 contain two catalytic sites, these enzymes

are sometimes further designated as a separate subclass (Class IIb)

from HDACs 4, 5, 7, and 9 (Class IIa) [8,12]. Class III comprises

the seven sirtuins, SIRT1-7, homologues of the yeast SIR2 protein

[8,13]. HDAC11 contains conserved residues that are shared by

both class I and class II enzymes and represents a separate class of

HDAC (Class IV) [8,10,14].

Aberrant epigenetic changes are a hallmark of human cancers

[15]. High HDAC1 expression has been found to correlate with

advanced stage lung and pancreatic cancer [16–18]. Thus,

HDACs may represent promising targets for pharmacological

intervention of cancer. Numerous small molecule HDACIs have

been developed during the past decade [19,20], which have shown

promising antitumor activities against preclinical models of

pancreatic cancer, either alone or in combination with chemo-

therapeutic or targeted agents [16,21–24]. However, the clinically

relevant HDAC isoforms in pancreatic cancer have not been

entirely determined. Knockout and siRNA knockdown experi-

ments have suggested that class I HDACs are essential for cancer

cell proliferation and survival in contrast to class II HDACs 4 and

7[25,26]. However, inhibition of the class IIb HDAC6 leads to

acetylation and disruption of the chaperone function of heat-shock

90 (Hsp90) in leukemia cells [27]. Although some HDACIs are

considered to be pan-HDACIs (e.g., LBH-589, PXD-101, and

SAHA), a recent study demonstrated that the class IIa enzymes are

not targeted by most HDACIs (e.g., FK-228, LBH-589,

MGCD0103, MS-275, PXD-101, and SAHA) at pharmacologi-

cally relevant concentrations [28]. Thus, although it is increasingly

apparent that the class I HDAC enzymes are clinically relevant for

cancer [25,26], this is less established for the class II enzymes

especially in the context with class I HDACs.

In this study, we examined the expression of classes I and II

HDACs in seven pancreatic cancer cell lines and human

pancreatic ductal epithelial cells and determined their therapeutic

roles in pancreatic cancer cells by using class-, subclass-, and

isoform-selective HDACIs. Our results demonstrate, for the first

time, in vitro synergistic antitumor interactions between class I and

class II HDACIs in pancreatic cancer cells, but not in normal

human pancreatic ductal epithelial cells. Although there is a need

for follow-up studies in in vivo models, our results suggest that both

class I and class II HDACs are potential therapeutic targets for

treating pancreatic cancer.

Materials and Methods

HDACIs
The novel class I-selective HDACI MGCD0103 (Mocetinostat)

[29], and the class IIa-selective HDACI MC1568 [30–32] were

purchased from Selleck Chemicals LLC (Houston, TX). The novel

HDAC6-selective inhibitor Tubastatin A [33] was purchased from

BioVision Inc. (Mountain View, CA). All the HDACIs were

dissolved in DMSO and stored at 280uC, as recommended by the

suppliers.

Cell Culture
The HPAC, MIAPaCa-2, BxPC-3, PANC-1 (derived from

primary tumor [34]), AsPC-1, CFPAC-1, and Capan-1 (derived

from metastasis [34]) human pancreatic cancer cell lines were

purchased from the American Type Culture Collection (ATCC;

Manassas, VA). Normal human pancreatic ductal epithelial (HPDE)

cells were obtained from M. D. Anderson Cancer Center. The cell

lines were cultured in Dulbecco’s Modified Eagle Medium (DMEM)

or RPMI1640 (Invitrogen, Carlsbad, CA) with 10% heat-inactivat-

ed fetal bovine serum (FBS; Hyclone Labs, Logan, UT) plus 100 U/

mL penicillin and 100 mg/mL streptomycin in a 37uC humidified

atmosphere containing 5% CO2/95% air.

In Vitro Cytotoxicity Assays
In vitro HDACI cytotoxicities of pancreatic cancer cell lines and

the HPDE cells were measured by using MTT (3-[4,5-dimethyl-

thiazol-2-yl]-2,5-diphenyltetrazolium-bromide, Sigma-Aldrich, St

Louis, MO) reagent, as previously described [35,36]. Briefly,

AsPC-1, BxPC-3, PANC-1 (widely used cell line models for

pancreatic cancer research), or HPDE cells were cultured in

100 ml of DMEM/10% FBS in 96-well plates. Cells were

incubated at 37uC in the presence of 5 variable concentrations

of MGCD0103 (0–4 mM), MC1568 (0–10 mM), or Tubastatin A

(0–8 mM). After 96 h, MTT was added to a final concentration of

1 mM. After 4.5 hours, formazan crystals were dissolved by the

addition of 100 ml of 10% SDS in 10 mM HCl. Optical densities

were measured with a visible microplate reader at 590 nm. IC50

values were calculated as drug concentrations necessary to inhibit

50% growth compared to untreated control cells. The data for the

cell lines are presented as means 6 standard errors from at least 3

independent experiments. The extent and direction of

MGCD0103 and MC1568 or Tubastatin A antitumor interactions

were evaluated by standard isobologram analysis as described

previously [35,37,38], and by using the CompuSyn software

(ComboSyn, Inc., Paramus, NJ). Briefly, drug interactions were

quantified by determining the combination index (CI), where

CI,1, CI = 1, and CI.1 indicate synergistic, additive, and

antagonistic effects, respectively. The data are presented as means

6 standard errors from at least 3 independent experiments.

Colony Formation Assays
One day prior to HDACI treatments, 300 PANC-1 or 500 BxPC-

3 cells were seeded into 100 mm dishes in complete DMEM or

RPMI160. The cells were then treated with variable concentrations

of MGCD0103 (0–1.0 mM), MC1568 (0–10 mM), Tubastatin A (0–

4 mM), MGCD0103 plus MC1568 (0.5 mM +5 mM), or

MGCD0103 plus Tubastatin A (0.5 mM +2 mM) for 96 h. The

cells were then washed twice with drug-free DMEM or RPMI1640

and cultured in complete DMEM or RPMI1640 for up to 3 weeks.

Colonies were visualized by coomassie blue staining and counted.

Results are presented as mean percentages 6 standard errors

relative to untreated control cells from three independent experi-

ments. Extent and direction of antitumor interactions between

MGCD0103 and MC1568 or Tubastatin A were determined by

using the CompuSyn software (ComboSyn, Inc.).

shRNA Knockdown of HDACs in PANC-1 cells
HDAC4 and HDAC6 shRNA lentivirus clones were purchased

from the RNAi Consortium (Sigma-Aldrich) and used to infect

PANC-1 cells. After selection with puromycin, a pool of infected

cells was expanded and tested for HDAC4 or HDAC6 expression

by Western blotting (designated HDAC4- or HDAC6-shRNA

cells). A pool of cells from the negative control transduction was

used as the negative control (designated NTC-shRNA cells).

Western Blot Analysis
Soluble proteins were extracted from HPAC, MIAPaCa-2,

BxPC-3, PANC-1, AsPC-1, CFPAC-1, Capan-1, or HPDE cells,

untreated or treated with HDACIs for 96 h, and subjected to

Therapeutic Roles of HDACs in Pancreatic Cancer
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SDS-polyacrylamide gel electrophoresis. Separated proteins were

electrophoretically transferred to polyvinylidene difluoride (PVDF)

membranes (Thermo Fisher Inc., Rockford, IL) and immuno-

blotted with anti-HDAC1 (#2062), -HDAC2 (#2540), -HDAC3

(#2632), -HDAC4 (#2072), -HDAC5 (#2082), -HDAC7

(#2882), -p21 (#2947S), -cH2AX (#2577S), (Cell Signaling

Technology, Beverly, MA), -HDAC6 (sc-11420, Santa Cruz

Biotechnology, Santa Cruz, CA), -HDAC8 (H6412), -HDAC10

(H3412), -acetyl (ac)-tubulin (T7451) (Sigma, Saint Louis, MO), -

HDAC9 (SH030228P, ABGENT, San Diego, CA), -ac-histone

H4, -histone H4, or -beta-actin antibody (Upstate Biotechnology,

Lake Placid, NY), as described previously [39,40]. Immunoreac-

tive proteins were detected with Lumi-Light Western blotting

substrate (Roche Diagnostics, Indianapolis, IN), as described by

the manufacturer.

Assessment of Baseline and HDACI-Induced Apoptosis
BxPC-3 or PANC-1 cells were treated with MGCD0103

(0.5 mM), MC1568 (5 mM), Tubastatin A (2 mM), MGCD0103

plus MC1568 (0.5 mM +5 mM), or MGCD0103 plus Tubastatin A

(0.5 mM +2 mM) for 96 h. The cells were then harvested and

vigorously pipetted, and samples were taken to determine baseline

and HDACI-induced apoptosis using the Apoptosis Annexin V–

FITC/Propidium Iodide (PI) kit (Beckman Coulter; Brea, CA) and

a FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA),

as described previously [35,36,41]. Apoptotic events were record-

ed as a combination of Annexin V+/PI2 (early apoptotic) and

Annexin V+/PI+ (late apoptotic/dead) events. The experiment was

repeated three times, and results are presented as mean

percentages 6 standard errors of Annexin V+ cells of triplicates

from one representative experiment.

Effects of HDACIs on Cell Cycle Progression in Pancreatic
Cancer Cells

BxPC-3 or PANC-1 cells treated with MGCD0103 (0.5 mM),

MC1568 (5 mM), Tubastatin A (2 mM), MGCD0103 plus

MC1568 (0.5 mM +5 mM), or MGCD0103 plus Tubastatin A

(0.5 mM +2 mM) for 96 h were harvested and fixed with ice-cold

70% (v/v) ethanol for 24 hours. After centrifugation at 2006g for

5 minutes, the cell pellets were washed with PBS (pH 7.4) and

resuspended in PBS containing PI (50 mg/mL), Triton X-100

(0.1%, v/v), and DNase-free RNase (1 mg/mL). DNA contents

were determined by flow cytometry (FACS Calibur). Cell cycle

analysis was performed with the ModFit LTTM3.0 DNA analysis

software (Becton Dickinson).

Statistical Analysis
Differences in MGCD0103 IC50s between MC1568 or

Tubastatin A treated and untreated BxPC-3 or PANC-1 cells

and differences in cell death/apoptosis between MGCD0103 and

MC1568 or Tubastatin A treated (individually or combined) and

untreated cells were compared using the paired t-test. Statistical

analyses were performed with GraphPad Prism 4.0.

Results

HDAC Expression and HDACI Sensitivities in Pancreatic
Cancer Cell Lines and the HPDE Cells

The class III HDACs (SIRTs 1–7) are not targeted by

traditional HDACIs [20] and were not included in this study.

Expression of classes I and II HDACs was determined by Western

blotting in HPAC, MIAPaCa-2, BxPC-3, PANC-1, AsPC-1,

CFPAC-1, Capan-1, and the normal HPDE cell line. The class I

HDACs (1, 2, 3, and 8) were detected in all the cell lines though

the levels were variable. In general, the levels of the class I HDACs

in the HPDE cells were relatively lower compared to the majority

of the pancreatic cancer cell lines. Interestingly, the majority of

class IIa HDACs (except for HDAC5) were detected in almost all

the pancreatic cancer cell lines but not in the HPDE cells. In

contrast, HDACs 6 and 10 were detected in all the cell lines and

their levels in the HPDE cells were comparable (if not higher) to

those in the cancer cell lines (Figure 1). To determine the roles of

these HDACs in pancreatic cancer cell growth and survival, we

used three different HDACIs, MGCD0103 (Mocetinostat, a class

I-selective HDACI) [29], MC1568 (a class IIa-selective HDACI)

[30–32], and Tubastatin A (a novel HDAC6-specific inhibitor)

[33]. Treatments of PANC-1 cells with variable concentrations of

MGCD0103 (0–1.0 mM) resulted in a dose-dependent hyperace-

tylation of histone H4, while having no effects on alpha-tubulin (a

HDAC6 substrate) acetylation or total H4 levels (Figure 2A).

Treatments with MC1568 also resulted in acetylation of histone

H4 (obvious at 5 and 10 mM), however, to a much lesser extent

compared to MGCD0103, and the levels of acetylated histone H4

plateaued at 5 and 10 mM. Further, these treatments had no

impact on alpha-tubulin acetylation (Figure 2B). In contrast to the

other two HDACIs, Tubastatin A treatments (0–4 mM) resulted in

dose-dependent hyperacetylation of alpha-tubulin, which pla-

teaued at 2 and 4 mM. However, these treatments had no effect on

the acetylation of histone H4 (Figure 2C). These results validated

the HDACI properties of these agents and partially supported

their substrate specificities.

Treatments of PANC-1 cells with variable concentrations of

MGCD0103 (0–4 mM) resulted in dose-dependent growth arrest,

as determined by MTT assays (data not shown), with an IC50 of

2.0 mM (Figure 2D). In contrast, treatments of the cells with

MC1568 (0–10 mM) or Tubastatin A (0–8 mM) resulted in limited

Figure 1. HDAC expression in pancreatic cancer cell lines and
the HPDE cells. Protein extracts from log phase AsPC-1, BxPC-3,
PANC-1, HPAC, MIAPaCa-2, CFPAC-1, Capan-1, and the HPDE cells were
subjected to Western blots probed by anti-HDAC or -b-actin antibody,
as described in the Materials and Methods. The class I HDACs (1, 2, 3,
and 8) were detected in all the cell lines though the levels were variable.
In general, the levels of the class I HDACs in the HPDE cells were
relatively lower compared to the majority of the pancreatic cancer cell
lines. Interestingly, the majority of class IIa HDACs (except for HDAC5)
were detected in almost all the pancreatic cancer cell lines but not in
the HPDE cells. In contrast, HDACs 6 and 10 were detected in all the cell
lines and their levels in the HPDE cells were comparable (if not higher)
to those in the cancer cell lines.
doi:10.1371/journal.pone.0052095.g001
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inhibition of cell growth (especially at lower doses, data not shown)

with an estimated IC50 of 29.7 mM and 11.5 mM, respectively

(Figure 2D). Similar results were obtained with AsPC-1 and BxPC-

3 cells (Figure 2D). Surprisingly, the HPDE cells responded to

MGCD0103 as well as the pancreatic cancer cell lines (Figure 2D).

Although treatments with Tubastatin A (0–4 mM) also resulted in

limited inhibition of cell growth of the HPDE cells (with an

estimated IC50 of 11.5 mM), treatments with MC1568 (0–10 mM)

showed no effects at all (data not shown and Figure 2D).

These findings suggest that class I HDACs play critical roles in

pancreatic cancer cell growth, while class II HDACs by themselves

play minimal roles on this aspect. However, it is possible that

simultaneous targeting of class I and class II HDACs may result in

synergistic growth arrest of pancreatic cancer cells.

Synergistic Antitumor Interactions between Class I- and
Class II-Selective HDACIs in Pancreatic Cancer Cells

To test this possibility, PANC-1 cells were treated with variable

concentrations of MGCD0103, MC1568, or Tubastatin A, either

alone or in combination for 96 h. Inhibition of cell growth by

these treatments was measured by MTT assays. When adminis-

tered simultaneously, MC1568 or Tubastatin A significantly

enhanced MGCD0103-induced growth arrest (as reflected in the

decreased IC50s) of the cells (Figures 3A&B). The combined effects

of MGCD0103 with MC1568 or Tubastatin A on cell growth

arrest were clearly synergistic, as determined by standard

isobologram analyses (Figures 3C&D) and by calculating CI

values with the CompuSyn software. A CI,1, indicative of

synergism, was calculated for each of the drug combinations (data

not shown). Almost identical results were obtained with BxPC-3

cells (Figures 3A, B, E, and F). To provide direct evidence that

targeting class II HDACs can enhance the antitumor activity of

MGCD0103 in pancreatic cancer cells, shRNA knockdown stable

clones for HDAC4 (designated HDAC4-shRNA cells), HDAC6

(designated HDAC6-shRNA cells), and a negative control

(designated NTC-shRNA cells) were generated in PANC-1 cells

(Figure 3G). Interestingly, the HDAC4-shRNA and HDAC6-

shRNA cells showed significantly increased sensitivities to

MGCD0103 compared to the NTC-shRNA cells (MGCD0103

IC50s were 2.60, 1.06, and 0.83 mM for NTC-, HDAC4-, and

HDAC6-shRNA cells, respectively; p,0.005) (Figure 3H). In great

contrast, combined treatment of the HPDE cells with MC1568

and MGCD0103 resulted in slightly decreased MGCD0103

sensitivity (Figure 4A). Standard isobologram and CompuSyn

analysis could not be performed due to the lack of response of the

HPDE cells to MC1568. Although cotreatment of the HPDE cells

with Tubastatin A and MGCD0103 also resulted in slightly

increased sensitivity to MGCD0103 (Figure 4B), the interaction

between the two agents was at the best additive when determined

by standard isobologram analysis (Figure 4C).

Efforts were then undertaken to determine if class I- and class

II-selective HDACIs synergize in causing pancreatic cancer cell

death by colony formation assays. Treatments of PANC-1 or

BxPC-3 cells with variable concentrations of MGCD0103 for 96 h

resulted in dose-dependent induction of cell death, as reflected by

the decreased numbers of colonies compared to untreated control

cells (Figures 5A&B). This was in great contrast to the treatments

with MC1568 or Tubastatin A which produced very limited effects

on cell death, especially at lower concentrations (Figures 5A&B).

Interestingly, when administered simultaneously, MC1568 or

Figure 2. HDACI sensitivities in pancreatic cancer cell lines and the HPDE cells. Panels A–C: PANC-1 cells were harvested and lysed after
incubation with a range of concentrations of MGCD0103 (0–1.0 mM), MC1568 (0–10 mM), or Tubastatin A (0–4 mM) for 96 h. Soluble proteins were
analyzed on Western blots probed by anti-acetylated (ac)-H4, -H4, -ac-tubulin, or –b-actin antibody. Panel D: AsPC-1, BxPC-3, PANC-1, or the HPDE
cells were cultured at 37uC for 96 h in complete medium in 96-well plates, with a range of concentrations of MGCD0103, MC1568, or Tubastatin A,
and cell viabilities were determined using the MTT reagent and a visible light microplate reader. The IC50 values were calculated as the concentrations
of drug necessary to inhibit 50% growth compared to control cells cultured in the absence of drug. The data are presented as mean values 6
standard errors from at least 3 independent experiments. MG, MGCD0103; MC, MC1568; TA, Tubastatin A. The same abbreviations were used
throughout the study unless otherwise stated.
doi:10.1371/journal.pone.0052095.g002
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Figure 3. Synergistic interactions in inducing growth arrest between MGCD0103 and MC1568 or Tubastatin A in BxPC-3 or PANC-1
cells. Panels A and B: MGCD0103 IC50s of BxPC-3 or PANC-1 cells were determined in the absence or presence of MC1568 (panel A) or Tubastatin A
(panel B) treated simultaneously. * indicates p,0.05, while ** indicates p,0.005. Panels C–F: Standard isobologram analysis of inhibition of PANC-1
(panels C&D) or BxPC-3 (panels E&F) cell growth by MGCD0103 and MC1568 (panels C&E) or Tubastatin A (panels D&F). The IC50 values of each drug
are plotted on the axes; the solid line represents the additive effect, while the points represent the concentrations of each drug resulting in 50%

Therapeutic Roles of HDACs in Pancreatic Cancer
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Tubastatin A significantly enhanced MGCD0103-induced cell

death, as reflected by the further decreased numbers of colonies

compared to that from MGCD0103 treatment alone

(Figures 5C&D). These combined effects of MGCD0103 and

MC1568 or Tubastatin A on the death of PANC-1 cells were

synergistic when determined by using the CompuSyn software

(CI = 0.46 and 0.77, respectively). Essentially the same results were

obtained with BxPC-3 cells (CI = 0.30 and 0.54, respectively).

Taken together, our results suggest that class I HDACs play

pivotal roles in pancreatic cancer cell growth and survival.

Although class II HDACs by themselves play very limited roles,

they cooperate with class I HDACs to enhance class I HDACs-

mediated pancreatic cancer cell growth and survival.

Effects of Class I- and Class II-Selective HDACIs on
Apoptosis and Cell Cycle Progression in Pancreatic
Cancer Cells

To begin to determine the mechanisms by which MGCD0103

and MC1568 or Tubastatin A synergize in causing pancreatic

cancer cell growth arrest and death, we next examined the effects

of the three HDACIs on apoptosis and cell cycle distribution in

PANC-1 and BxPC-3 cells. Treatments of PANC-1 or BxPC-3

cells with MGCD0103 (0.5 mM) resulted in induction of apoptosis

and cell cycle arrest in G2/M phase. In contrast, treatments with

MC1568 (5 mM) or Tubastatin A (2 mM) had no obvious effect on

either apoptosis or cell cycle progression in these cells (Figures 6A–

D). When combined simultaneously, MC1568 but not Tubastatin

A, significantly enhanced MGCD0103-induced apoptosis and

G2/M arrest in PANC-1 or BxPC-3 cells (Figures 6A–D).

These results suggest that inducing apoptosis and cell cycle

arrest in G2/M phase may represent major mechanisms

responsible for the cell death and growth arrest induced by

MGCD0103, or MGCD0103 plus MC1568. Our results also

suggest that class I HDACs play critical roles in pancreatic cancer

cell apoptosis and G2 to M phase progression and these effects can

be enhanced by class IIa HDACs, but not by HDAC6.

Effects of Class I- and Class II-Selective HDACIs on DNA
Double-Strand Breaks and p21 Expression in Pancreatic
Cancer Cells

Recent studies demonstrated that inhibition of HDACs in

cancer cells induces DNA damage, such as DNA double-strand

inhibition of growth. Points falling below the line indicate synergism between drug combinations whereas those above the line indicate antagonism.
Panels G and H: shRNA stable clones for a negative control (NTC), HDAC4, and HDAC6 were generated in PANC-1 cells. Expression levels of HDAC4,
HDAC6, ac-H4 and ac-alpha-tubulin were determined by western blots (Panel G). Sensitivity to MGCD0103 of these shRNA stable clones was
determined by MTT assays. ** indicates p,0.005.
doi:10.1371/journal.pone.0052095.g003

Figure 4. Interactions in inducing growth arrest between MGCD0103 and MC1568 or Tubastatin A in the normal HPDE cells.
Panels A and B: MGCD0103 IC50s of HPDE cells were determined in the absence or presence of MC1568 (panel A) or Tubastatin A (panel B) treated
simultaneously. Panel C: Standard isobologram analysis of inhibition of the HPDE cell growth by MGCD0103 and Tubastatin A. The IC50 values of
each drug are plotted on the axes; the solid line represents the additive effect, while the points represent the concentrations of each drug resulting in
50% inhibition of growth. Points falling below the line indicate synergism between drug combinations whereas those above the line indicate
antagonism.
doi:10.1371/journal.pone.0052095.g004

Therapeutic Roles of HDACs in Pancreatic Cancer
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Figure 5. Synergistic interactions in inducing cell death between MGCD0103 and MC1568 or Tubastatin A in BxPC-3 or PANC-1
cells. Three hundred PANC-1 cells or five hundred BxPC-3 cells were plated in 100 mm dishes 1 day prior to the treatments with variable
concentrations of MGCD0103, MC1568, or Tubastatin A, alone (panels A and B) or in combination (panels C and D) for 96 h. The drugs were then
washed out, and the cells were cultured in drug-free complete medium for up to 3 weeks. Colonies were visualized by coomassie blue staining and
counted. Results are presented as mean percentages 6 standard errors relative to untreated control cells from three independent experiments. *
indicates p,0.05, while ** indicates p,0.005.
doi:10.1371/journal.pone.0052095.g005
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breaks (DSBs), which can lead to activation of cell cycle

checkpoints and subsequent apoptosis if the damaged DNA could

not be repaired [42–45]. Further, HDACI-induced proliferation

arrest is tightly linked to the induction of p21 [45]. Thus, HDACs

may promote pancreatic cancer cell growth and survival through

regulating p21 expression and DNA DSB repair. Interestingly,

treatments of PANC-1 or BxPC-3 cells with MGCD0103 resulted

in substantial induction of p21 and DNA DSBs, reflected in the

induction of cH2AX, a biomarker of DSBs [46]. In contrast,

treatments with MC1568 or Tubastatin A showed no effects on

DNA DSBs or induction of p21. When combined simultaneously,

both MC1568 and Tubastatin A cooperatively (if not synergisti-

cally) enhanced MGCD0103-induced expression of p21

(Figures 6E&F). However, these combinations did not show

further effects on the levels of cH2AX compared to MGCD0103

treatment alone (Figures 6E&F). These results suggest that class II

HDACs are required for maximal suppression of p21 expression

predominantly mediated by class I HDACs, however, they are

dispensable for class I HDACs-mediated repair of DNA DSBs.

Discussion

HDACIs represent a promising new class of anticancer agents

[19,20,45,47]. Besides Vorinostat and Romidepsin which have

been approved by the US Food and Drug Administration for

Figure 6. Panels A–D: Effects of class I- and class II-selective HDACIs on apoptosis and cell cycle progression in BxPC-3 and PANC-1
cells. PANC-1 (panels A and B) or BxPC-3 (panels C and D) cells were treated with MGCD0103, MC1568, or Tubastatin A, alone or combined for
96 h. The cells were harvested and subjected to flow cytometry analysis to measure both baseline and HDACI-induced apoptosis (panels A and C)
and cell cycle distribution (panels B and D). The experiments were repeated three times, and results are presented as means 6 standard errors of
triplicates from one representative experiment. ** indicates p,0.005. Panels E and F: Effects of class I- and class II-selective HDACIs on p21
expression and DNA DSBs in BxPC-3 and PANC-1 cells. PANC-1 (panel E) or BxPC-3 (panel F) cells were treated with MGCD0103, MC1568, or
Tubastatin A, alone or combined for 96 h. The cells were harvested and soluble proteins extracted and subjected to Western blotting to measure p21
and cH2AX levels. b-actin was used as the loading control.
doi:10.1371/journal.pone.0052095.g006
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treating cutaneous T-cell lymphoma, at least 11 other HDACIs

are currently under clinical evaluation for treating both solid

tumors and hematologic malignancies [19]. Although HDACIs

have shown promising antitumor activities in preclinical models of

pancreatic cancer [16,21–24], it remains unclear which HDACs

are the relevant therapeutic targets. The answer of this important

question would be a prerequisite to the selection of the optimal

HDACI for treating this extremely aggressive disease.

The aim of this study was to address the above question. We

first determined the expression profiles of classes I and II HDACs

in seven pancreatic cancer cell lines and normal HPDE cells.

SIRTs 1–7 (class III HDACs) were excluded since traditional

HDACIs don’t inhibit this class of HDACs. Western blotting

revealed that the majority of classes I and II HDACs (except for

HDAC5) were readily detected in the pancreatic cancer cell lines,

rendering them the potential to be involved in pancreatic cancer

cell growth and/or survival. When compared to the normal

HPDE cells, the levels of class I and class IIa HDACs in the

majority of the pancreatic cancer cell lines were higher. These

results suggest that targeting class I and class IIa HDACs by

HDACIs for treating pancreatic cancer may have some level of

tumor selectivity. However, this may not apply to class IIb HDACs

since their levels in the HPDE cells were comparable to that in the

pancreatic cancer cells.

We then used 3 different HDACIs with differential substrate

specificities, MGCD0103, MC1568, and Tubastatin A, to explore

the roles of class I and class II HDACs in pancreatic cancer cell

growth and survival. Our MTT and colony formation assays

suggested that class I HDACs play critical roles in promoting

pancreatic cancer cell growth and survival. This is consistent with

previous reports which highlight the importance of class I HDACs to

cancer cell proliferation and survival which contrasts with class IIa

HDACs 4 and 7 [25,48,49]. Surprisingly, the normal HPDE cells

responded to MGCD0103 as well as the pancreatic cancer cell lines

suggesting that the adverse effects of HDACIs observed clinically

may be due to inhibition of class I HDACs. Although our results

showed that selective targeting of class II HDACs resulted in

minimal growth arrest and cell death, simultaneous targeting of both

class I and class II HDACs with class I- and class II-selective

HDACIs resulted in synergistic effects on both aspects in pancreatic

cancer cells. In great contrast, these synergisms were not observed in

the normal HPDE cells indicating that these drug combinations may

not result in greater toxicity compared to that of MGCD0103 alone.

Further, shRNA knockdown of HDAC4 and HDAC6 provided

direct evidence that targeting class II HDACs can enhance the

sensitivity of the class I-selective HDACI, MGCD0103, in PANC-1

cells. Thus, our results support the notion that both classes I and II

HDACs are potential therapeutic targets for treating pancreatic

cancer. This novel finding is crucial for selecting the optimal

HDACI for treating the disease.

We next began to determine the mechanisms underlying the

synergistic antitumor interactions between class I- and class II-

selective HDACIs in pancreatic cancer cells. Flow cytometry

analyses revealed that induction of apoptosis and cell cycle arrest

in G2/M phase may be responsible for the antitumor effects of

MGCD0103. This was accompanied by induction of DNA DSBs

(reflected in the induction of cH2AX) and p21 expression in the

cells. Consistent with our results from MTT and colony formation

assays, treatments with MC1568 or Tubastatin A did not result in

obvious effects on apoptosis, cell cycle progression, or induction of

DNA DSBs and p21 expression in both BxPC-3 and PANC-1

cells. These results are consistent with previous studies suggesting

that HDACs 4 and 7 are not important for cancer cell

proliferation and survival, however, differ from a recent study

which showed DNA damage induction in cancer cells by selective

targeting of HDAC6 [25,50]. This difference could be attributed

to the different cancer cell lines used in the studies. When

combined simultaneously, MC1568 (5 mM, the minimum dose to

induce maximum acetylation of histone H4 in PANC-1 cells)

significantly enhanced MGCD0103-induced apoptosis and G2/M

arrest in both cell lines, accompanied by cooperative induction of

p21, but not cH2AX. These results suggest that class I HDACs

play primary roles in modulating apoptosis, cell cycle progression

from G2 to M, DNA DSB repair, and p21 expression in

pancreatic cancer cells. Although class IIa HDACs by themselves

seem not to play a role on these aspects, they cooperate with class I

HDACs to promote pancreatic cancer cell growth and survival

potentially mediated by mechanisms involving apoptosis and cell

cycle progression from G2 to M, independent of the repair of

DNA DSBs. Although Tubastatin A (at 2 mM, the minimum dose

to induce maximum acetylation of alpha-tubulin) also cooperated

with MGCD0103 in inducing p21, but not cH2AX, it had no

effects on MGCD0103-induced apoptosis and cell cycle arrest in

G2/M in the cells. Thus, other mechanisms must exist responsible

for the enhancing effects of HDAC6 on class I HDACs-mediated

pancreatic cancer cell growth and survival.

Together, we report for the first time that both class I- and class

II-selective HDACIs synergize in inducing growth arrest and

death of pancreatic cancer cells, but not in normal HPDE cells.

However, the molecular mechanisms underlying the synergistic

antitumor interactions between class I and class II HDACIs are

not entirely clear, which warrant further investigation. Further,

our in vitro findings need follow up studies in in vivo models.

Nonetheless, our data suggest that both classes I and II HDACs

are potential therapeutic targets for treating the disease. Accord-

ingly, treating pancreatic cancer with a true pan-HDACI (which

targets both classes I, IIa and IIb HDACs) or with combined class

I and class II HDACIs may be more beneficial than the use of

class- or isoform-selective HDACIs.
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