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ABSTRACT
Sodium valproate (VPA) has been recently identified as a selective class I histone deacetylase (HDAC) inhibitor and explored for its potential as

an anti-cancer agent. The anti-cancer properties of VPA are generally attributed to its HDAC inhibitory activity indicating a clear overlap of

these two actions, but the underlying mechanisms of its anti-tumor effects are not clearly elucidated. The present study aimed to delineate the

molecular mechanism of VPA in potentiating cytotoxic effects of anti-cancer drugs with focus on inhibition of HDAC activity. Using human

neuroblastoma cell lines, SK-N-MC, SH-SY5Y, and SK-N-SH, we show that non-toxic dose (2mM) of VPA enhanced staurosporine (STS)-

induced cell death as assessed by MTT assay, PARP cleavage, hypodiploidy, and caspase 3 activity. Mechanistically, the effect of VPA was

mediated by down regulation of survivin, an anti-apoptotic protein crucial in resistance to STS-mediated cytotoxicity, through Akt pathway.

Knock down of class I HDAC isoforms remarkably inhibited HDAC activity comparable with that of VPA but had no effect on STS-induced

apoptosis. Moreover, MS-275, a structurally distinct class I HDAC inhibitor did not affect STS-mediated apoptosis, nor decrease the levels of

survivin and Akt. Valpromide (VPM), an amide analog of VPA that does not inhibit HDAC also potentiated cell death in NB cells associated

with decreased survivin and Akt levels suggesting that HDAC inhibition might not be crucial for STS-induced apoptosis. The study

provides new information on the possible molecular mechanism of VPA in apoptosis that can be explored in combination therapy in cancer.
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N euroblastoma is themost common solid tumor in infants and

accounts for about 15% of cancer deaths in children [Park

et al., 2010]. Though the advances in standard treatments including

surgery, radiation, and chemotherapy have shown reasonable

success, these approaches have failed to completely eradicate tumor

cells [Kushner et al., 1994; Matthay et al., 1999; Schmidt et al.,

2000]. Efforts are now being directed towards developing strategies

to sensitize tumors to cytoxicity using combinational treatment

[Pinkel et al., 1968; Dosik et al., 1978; Campbell et al., 1993].

Histone deacetylases (HDACs) and histone acetyltransferases

(HATs) represent two enzyme families that control the level of

histone tail acetylation by the removal and addition of an acetyl

group from the lysine residues of core nucleosomal histones [Mottet

and Castronovo, 2010]. The HATs, via acetylation of histones, allow

transcription and gene expression, while the HDACs are usually

associated with DNA hypermethylation and gene silencing [Santini

et al., 2007]. The superfamily of HDACs comprises of 18 HDACs

classified into five main subtypes: classes I, IIa and IIb, IV, and

structurally distinct class III. The class I HDACs include HDAC1, 2, 3,

and 8. Altered activities of HATs or HDACs are reported in diverse

malignancies making them attractive targets for intervention [Marks

et al., 2001; Jones and Baylin, 2002]. In vitro and in vivo studies
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have demonstrated that HDAC inhibitors suppress tumor growth in a

variety of cancer types and are undergoing clinical evaluation as

single agents as well as in combination with other agents [Khan and

La Thangue, 2012].

Valproic acid (VPA, 2-propylpentanoic acid) is a short branched

chain fatty acid widely used in humans as anticonvulsant and a

mood stabilizer [Johannessen, 2000]. Recent studies have demon-

strated that VPA acts as a selective class I HDAC inhibitor

[Tunnicliff, 1999; Johannessen, 2000; Kazantsev and Thompson,

2008]. VPA has been explored for its potential as an anticancer

agent in various cancers [Duenas-Gonzalez et al., 2008] as a stand

alone cancer therapeutic and in combination with other chemo-

therapeutic drugs and radiotherapy. While the mechanism of

action of VPA is not clearly understood, the majority of studies

have linked its HDAC-inhibitory property with anti-cancer

activity [Phiel et al., 2001] suggesting a clear overlap of these

two actions. The goal of the present study was to understand the

molecular mechanism of VPA in potentiating cytotoxic effects of

anti-cancer drugs with focus on the role of VPA as an HDAC

inhibitor. We show here that VPA can act independent of its HDAC

inhibitory properties to sensitize apoptosis induced by stauros-

porine (STS). We also demonstrate that VPA enhances STS-

induced apoptosis by repression of inhibitor of apoptosis protein

(IAP)-survivin mediated by down regulation of Akt in human

neuroblastoma cells.

MATERIALS AND METHODS

CELL CULTURE AND REAGENTS

Human neuroblastoma cell lines; SK-N-MC, SH-SY-5Y, and SK-N-SH

were purchased from American Type Culture Collection (ATCC,

Rockville, MD) and maintained in Eagle’s Minimum Essential Medium

MEM (E) supplemented with 10% heat-inactivated fetal bovine serum

(Gibco BRL, Carlsbad, CA) and penicillin/streptomycin (Sigma, Saint

Louis,MO) in a humidified atmosphere of 5%CO2 and 95%air at 378C.
VPA, STS,MS-275,VPM, andnocodazolewere purchased fromSigma.

CELL VIABILITY BY MTT ASSAY

Cell viability was determined by measuring the mitochondrial

conversion of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazo-

lium (MTT) to a colored product. Cells seeded in 96-well plates for

24 h were treated with serial concentrations of VPA and STS alone or

in combination. After 24 h treatment, cells were incubated with

5mg/ml MTT for 4 h, and subsequently solubilized in dimethyl

sulfoxide and absorbance was measured at 570 nm using a

microplate reader (Molecular Devices, SPECTRA max 250, USA).

Readings in the untreated control cells were considered 100% viable.

FLOWCYTOMETRY ANALYSIS

Cells were treated with VPA, MS-275, or VPM alone or in

combination with STS for 24 h and assessed for apoptosis and

Fig. 1. Dose-dependent effect of VPA alone and in combination with STS in NB cell lines. NB cell lines (A) SK-N-MC, (B) SH-SY-5Y, and (C) SK-N-SH were treated with STS

(50 nM) alone and in combination with VPA (1–4mM) for 24 h, and cell viability was measured by MTT assay (D) SK-N-MC cells were treated with STS (5–25 nM) alone or in

combination with VPA (1 and 2mM) for 24 h and cell viability was measured by MTT assay. Data represented is mean�SD of three independent experiments done in triplicates.
�P< 0.05, ��P< 0.01, STS treatment alone versus STS in combination with VPA.
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cell cycle profiles. Control and treated cells were harvested, washed

in cold PBS, and fixed in 70% ethanol. The cells were washed in PBS,

centrifuged, and the pellet was incubated with RNase A (5mg/ml;

Amersham Biosciences, USA) for 15min. and further incubated with

propidium iodide (50mg/ml) for 2 h at 378C. DNA content was

determined on the FL-2A channel with a flow cytometer equipped

with a 488 nm argon laser (FACS Vantage, Becton Dickinson, San

Jose, CA). Ten thousand events were scored for each sample and data

were analyzed using CellQuest Pro software.

WESTERN BLOTTING

Cells were harvested and washed twice with PBS and lysed in RIPA

buffer (Millipore, USA) (0.5M Tris–HCl, pH 7.4, 1.5M NaCl, 2.5%

deoxycholic acid, 10% NP-40, 10mM EDTA) and protease inhibitor

cocktail (Roche Diagnostics, Meyland, France) followed by

centrifugation at 12,000 rpm for 30min at 48C. Protein concentra-

tions were determined using the Bio-Rad protein assay kit (Bio-Rad

Laboratories, Hercules, CA). Equal amounts of total protein or the

nuclear extract were subjected to SDS–PAGE followed by

immunoblotting using the following antibodies: rabbit anti-

PARP, rabbit anti-survivin, goat anti-Akt (1:1,000, Santa Cruz,

CA), mouse anti-actin. (1:10,000, MP Biomedicals, USA) and rabbit

anti-histone 3 lysine residue 9 (H3K9; 1:1,000, Millipore). The

secondary antibodies were horseradish peroxidase-conjugated goat

anti-rabbit IgG, goat-anti-mouse IgG or donkey anti-goat IgG (Bio-

Rad). Immunoreactive bands were visualized using an enhanced

chemiluminescence system (Pierce Thermo Scientific, USA) accord-

ing to the manufacturer’s instructions. The expression of the protein

was normalized with respect to actin. Protein bands were then

quantified by densitometry using IMAGE J 3.0 software.

MEASUREMENT OF CASPASE-3 ACTIVITY

Caspase 3 activity was assayed using QIA91 Caspase 3 detection kit

(Calbiochem, EMD Chemicals, USA) according to the manufacturer’s

protocol. The samples were analyzed by flowcytometry using FL-1

channel.

IMMUNOFLUORESCENCE MICROSCOPY

For immunofluorescence staining, cells grown on coverslips were

washed three times with PBS, fixed in 3.7% paraformaldehyde

solution at RT for 10min and permeabilized in 0.2% Triton X-100

for 5min. Cells were washed with PBS three times at each interval.

Coverslips were incubated with 3% BSA at RT for 1 h. Incubation

with primary antibodies was done for 2 h at RT: rabbit anti-survivin

(1:100, Santa Cruz) or rabbit anti-H3K9(1:200, Millipore), washed

three times with PBS and then incubated with goat anti-rabbit Cy3

(1:250, Molecular Probes, Invitrogen) secondary antibody at RT for

1 h. Finally, nuclei were stained with DAPI (Sigma) and cover slips

were mounted using anti-fade mounting reagent. The expression of

survivin and H3K9 was observed by a confocal laser scanning

microscope (Carl Zeiss, Jena, Germany).

RT-PCR AND QUANTITATIVE RT-PCR

Total RNAwas isolated from SK-N-MC cells using the TRIzol method

(Invitrogen, Carlsbad, CA). cDNA was prepared from 5mg of total

RNA by reverse transcription with Moloney murine leukemia virus

reverse transcriptase (Invitrogen) at 378C for 60min. The class I

HDAC, that is, HDAC1, 2, 3, and 8 transcripts of 200 bp were

amplified from the cDNA using recombinant Taq polymerase

(Invitrogen). b-Actin was used as an internal control. The following

primers were used for RT-PCR: Forward 50 GGAAATCTATCGCCCT-
CACA 30 and Reverse 50 AACAGGCCATCGAATACTGG 30 for

HDAC1, Forward 50 GTCCCTTCGTTAGGGGGATA 30 and Reverse 50

CCAAAATCCCACAAATCACC 30 for HDAC2, Forward 50 GAGG-

GATGAACGGGTAGACA 30 and Reverse 50 TCCTCCCCACACTTGA
AAAC 30 for HDAC3, Forward 50 CGACGGAAATTTGAGCGTAT 30

and Reverse 50 CCAACATCAGACACGTCACC 30 for HDAC8, Forward
50 GTGGGGCGCCCCAGGCACCA 30 and Reverse 50 CTCCTTAATGT-
CACGCACGATTTC 30 for b-Actin.

For quantitative RT-PCR, amplification was carried out in a total

volume of 20ml containing 0.25mM of each primer (Forward 50

Fig. 2. VPA enhances STS-induced apoptosis in SK-N-MC cells. Cells were

treated with STS (50 nM) and VPA (2mM) alone or in combination for 24 h and

analyzed for apoptosis (A) hypodiploid population by flowcytometry (B) PARP

cleavage by immunoblotting and (C) caspase 3 activity by flowcytometry.
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ACCTGAAAGCTTCCTCGACA 30 and Reverse 50 TAACCTGCCATTG-
GAACCTC 30 for survivin; Forward 50 TCTATGGCGCTGAGATTGTG
30 and Reverse 50 CTTAATGTGCCCGTCCTTGT 30 for Akt-1; Forward
50 CAGCTAGGACTCGTTTGGTTG 30 and Reverse 50 CACACTACGA-
GACCTGCATCA 30 for Akt-2), 10ml of SYBR Green Supermix (Bio-

Rad) and 600 ng of cDNA. PCR reactions were performed in

duplicate and heated at 958C for 1min followed by 40 cycles of

denaturation at 958C for 15 s and annealing at 608C for 45 s. The

specific mRNAwas determined in samples by relative quantification

with respect to actin using delta CT method.

TRANSFECTIONS WITH ANTISENSE OLIGONUCLEOTIDE (ASO)

Cells were transfected with phosphorothioate antisense oligonu-

cleotides (Integrated DNA Technologies, Coralville, IA) against class

I HDACs with LipofectAMINE 2000 (Invitrogen) as per the

manufacturers’ instructions. Briefly, 0.5� 106 cells were transfected

with 200 nM each of HDAC1 antisense 50 CTCATCGCCACTCTCCT-
CAG 30, HDAC2 antisense 50 TCTCCTCCATCCACTACTCC 30, HDAC3
antisense 50CACAGCATCCCAAGCCACTCT 30, HDAC8 antisense

50GATCAGTACCCTCTCTCCCA 30 using LipofectAMINE 2000 for

16 h, and the expression of H3K9, total Akt1/2 and survivin was

assessed by Western blotting analysis. Transfected cells were also

assessed for HDAC activity assay as described below. Cells

transfected with scrambled sequence 50 ACCCTTGCGTCCGCTGCG
30 served as controls.

TRANSFECTION WITH SIRNA

Cells were cultured for 24 h and transfected with total Akt siRNA

oligonucleotides (150 nM) using LipofectAMINE 2000 according to

the manufacturer’s instructions (Cell Signaling Technology, USA).

After 48 h, medium was replaced and transfected cells were treated

with STS for 24 h and processed for cell viability assay as described

above.

HDAC ACTIVITY

Nuclear extracts were prepared using NE-PER Nuclear and

Cytoplasmic extraction reagents kit (Pierce Thermo Scientific)

according to the manufacturer’s protocol. Total HDAC activity was

measured using the EpiQuik HDAC Activity/Inhibition Assay Kit

(Epigentek, USA). Briefly, the nuclear extracts were incubated with

specific substrate for 1 h at 378C, followed by capture antibody for

60min and then detection antibody for 30min at room temperature.

Absorbance was determined at 450nm using a microplate spectro-

photometer. HDAC activity was calculated according to the

manufacturer’s instructions.

STATISTICAL ANALYSIS

Data are expressed as mean� SD. Treated cells and the correspond-

ing controls were compared using Student’s t-test. P values <0.05

were considered significant.

Fig. 3. VPA arrests cells in G2/M phase and down regulates expression of survivin. A: SK-N-MC cells were treated with VPA (0.5–2mM) for 16 h and cell cycle profile was

determined by flowcytometry. The stacked bar graph shows the population of cells in different phases of cell cycle. B: Cells were treated with VPA (2mM) for 8 and 16 h and

assessed for transcript levels of survivin by quantitative RT-PCR. Fold change was calculated with respect to actin (C) Cells were treated with VPA (2mM) for 16 and 24 h and

assessed for expression of survivin by immunoblotting. Actin was loading control (D) Expression of survivin on treatment with VPA (2mM) for 24 h analyzed by

immunofluorescence. The panel shows survivin (red), nucleus (blue) and merged images with dual staining.
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RESULTS

VPA ALONE DOES NOT AFFECT VIABILTY BUT ENHANCES

STS-INDUCED CELL DEATH

The effect of VPA on cell viability was measured by MTT assay in

three human NB cell lines SK-N-MC, SH-SY-5Y, and SK-N-SH by

exposing them to 0.5–4mM of VPA for 24 h. As shown in

Figure 1A–C, VPA (0.5–4mM) had no effect on cell viability in

human NB cell lines—SK-N-MC, SH-SY-5Y, and SK-N-SH but

enhanced cell death in a dose dependent manner in SK-N-MC and

SH-SY-5Y cell lines exposed to STS (50 nM). Interestingly,

25 nM STS in the presence of VPA (1mM) induced significant

increase in cell death (>50%) and 2mM VPA rendered the cells

sensitive to non-toxic dose of STS (10 nM; Fig. 1D). Induction

of apoptosis was analyzed in cells treated with VPA (2mM)

and STS (50 nM) alone and in combination. VPA sensitized the

cells to STS-mediated apoptosis with a significant increase

(57.2%) in hypodiploid population as determined by flowcyto-

metry analysis (Fig. 2A). Apoptosis was also confirmed by

cleavage of PARP (Fig. 2B) and increase in caspase 3 activity

(50.13%; Fig. 2C). Taken together, these results suggest that VPA

enhanced susceptibility of the cells to STS-induced apoptosis in

NB cells.

VPA ARRESTS CELLS IN G2/M PHASE AND DOWNREGULATES

EXPRESSION OF SURVIVIN

Our previous studies indicated that SK-N-MC cells synchronized in

G2/M were resistant to STS compared to G1 cells [Chandele et al.,

2004]. We therefore addressed whether cell death enhanced by

VPA could be due to accumulation of cells in G1 phase of the cell

cycle. Surprisingly, we found that exposure of cells to different

doses of VPA resulted in a decrease in G1 population with

concomitant increase in G2/M cells in comparison with controls

(Fig. 3A). In line with our earlier findings that upregulation of

survivin conferred resistance in G2/M population in SK-N-MC

cells, we explored whether the sensitizing effect of VPA involved

regulation of survivin. As shown in Figure 3B, the level of survivin

mRNA was significantly reduced following 8 and 16 h of treatment

with VPA. Next, we examined whether VPA affected survivin at

the protein level. As shown in Figure 3C, a marginal decline in the

expression of survivin proteinwas observed on16h and the levelwas

significantly decreased with 24h of treatment. Figure 3D represents a

decrease in the total number of survivin positive cells on treatment

with VPA for 24h as seen by immunofluorescence. These results

together suggest that downregulation of survivin may be associated

with the potentiating effect of VPA in STS-induced apoptosis. Based

on our earlier finding that survivin plays a crucial role in STS-

mediated apoptosis in SK-N-MC cells [Chandele et al., 2004], we

postulated that if down regulation of survivin contributes to STS-

triggered apoptosis, VPA should renderG2/Mcells that are resistant to

this insult because of high levels of survivin sensitive to STS-mediated

apoptosis. For this purpose, SK-N-MC cells were synchronized in G2/

M phase using nocodazole for 12h and treated with VPA for 24h.

Figure 4A represents the synchronized population of G2/M cells

expressing survivin and VPA remarkably decreased survivin expres-

sion in such population. Importantly, combination of STS and VPA

resulted in significant increase in cell death in G2/M cells (>60%)

compared with STS alone (approximately 20%; Fig. 4B). Taken

together, these findings suggested that VPA arrests the cells in G2/M

and sensitizes cells to STS-induced cell death by down regulating

expression of survivin.

EXPRESSION OF SURVIVIN MODULATED BY VPA IS UNDER THE

REGULATION OF AKT

Oneof themechanismsbywhich the expressionof survivin is regulated

is via the phosphatidylinositol 3-kinase/Akt pathway [Zhao et al.,

2010].We therefore examined the effect ofVPAonAkt expression. The

levels of Akt1 and Akt2mRNAwere reduced by approximately 80% in

cells treatedwithVPA for 16 h (Fig. 5A).Western blot analysis revealed

that cells treated with VPA exhibited a significant decrease in Akt

protein at 16 and 24h (Fig. 5B). To validate the role of Akt in

downregulation of survivin, the expressionof survivinwas determined

in SK-N-MC cells treated with Akt inhibitor. Analysis by immunoflu-

orescence demonstrated that treatment with Akt II inhibitor (5mM) for

16 h resulted in reduced number of survivin positive cells compared

with control group (Fig. 5C). Furthermore, cells transfectedwith siRNA

to Akt showed a significant decrease in the level of survivin (Fig. 5D)

and these cells were also sensitized to STS-induced cell death (Fig. 5E).

These findings suggested that the expression of survivinwas under the

Fig. 4. VPA down regulates survivin in G2/M synchronized cells and sensi-

tizes cells to STS-triggered apoptosis. A: SK-N-MC cells were synchronized in

G2/M phase by treatment with nocodozole (30 nM) for 12 h and treated with

VPA (2mM) for 24 h, cells were stained with survivin (red) and DAPI (blue) for

nucleus. B: Unsynchronized and G2/M arrested cells were exposed to VPA

(2mM) and STS (50 nM) alone and in combination for 24 h and cell viability

was measured by MTT assay. Data in (B) represents mean� SD of three

independent experiments done in triplicates. �P< 0.05, ��P< 0.01, STS treat-

ment alone versus STS in combination with VPA.
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regulation of Akt and that knockdown of Akt was crucial in sensitizing

cells to STS-induced cytotoxicity.

KNOCKDOWN OF CLASS I HDACS DOES NOT ENHANCE STS-

INDUCED APOPTOSIS OR AFFECT EXPRESSION OF AKT AND SURVIVIN

HDACs are considered to be promising targets for cancer therapy

and hence there is a growing interest in developing inhibitors to

HDACs. Recent studies suggest that VPA is an effective inhibitor of

class I HDACs [Tunnicliff, 1999; Johannessen, 2000; Duenas-

Gonzalez et al., 2008; Kazantsev and Thompson, 2008]. It was

therefore of interest to investigate whether the effect of VPA was

related to its function as an HDAC inhibitor. For this purpose, we

first determined the expression of class I HDACs in SK-N-MC cells.

As illustrated in Figure 6A, SK-N-MC cells expressed high levels of

HDAC-1, 2, 3, and 8 transcripts. Analysis by immunofluorescence

and immunoblotting using antibody to acetylated H3K9 showed that

treatment with VPA caused significant inhibition of HDACs

(Fig. 6B). To establish whether the inhibition of HDACs by VPA

was crucial in STS-induced apoptosis, we tested the effect of STS in

SK-N-MC cells transfected with ASO designed against class I HDAC

isoforms 1, 2, 3, and 8. The efficacy of transfection was determined

by increased acetylation of H3K9 (Fig. 6C and Fig. S1). Furthermore,

HDAC activity was decreased in ASO transfected cells and was

comparable with that in VPA-treated cells (Fig. 6D). Though

inhibition of HDACs resulted in a marginal reduction in viability,

there was no significant difference in cell death induced by STS in

control versus ASO transfected cells (Fig. 6E). Interestingly,

knockdown of class I HDACs did not affect the expression of

Akt and survivin (Fig. 6F,G). These findings suggest that the

sensitizing effect of VPA may not involve its function as an HDAC

inhibitor.

HDAC INHIBITOR-MS-275 HAD NO EFFECT ON STS-INDUCED

APOPTOSIS

To further rule out the possibility of the role of HDAC inhibition in

VPA-induced effect, we used MS-275, a potent HDAC inhibitor with

micromolar affinity for class I HDACs in our experiments. As shown in

Figure 7A,MS-275was highly effective in inhibitingHDACs.Wenext

tested the effect of MS-275 on the cell cycle profile. We found that

exposure of cells to different doses ofMS-275 for 16hhadno effect on

the cell cycle profiles (Fig. 7B). To further examined whether MS-275

could modulate STS-induced cell death, induction of apoptosis was

analyzed in SK-N-MC cells treated with MS-275 (500nM) and STS

(25nM) alone and in combination. Therewas no significant difference

in the hypodiploid population in cells treated with STS alone and in

combination with MS-275 (Fig. 7C). Interestingly, MS-275 did not

decrease the levels of Akt and survivin (Fig. 7D).

VPM, AN AMIDE ANALOGUE OF VPA, ENHANCED STS-INDUCED

APOPTOSIS

As a control drug to exclude pharmacological actions unrelated to

the HDAC inhibitory activity of VPA, we used valpromide (VPM), an

Fig. 5. Downregulation of survivin by VPA is regulated via Akt. A: SK-N-MC cells were treated with VPA (2mM) for 8 and 16 h and assessed for transcript levels of Akt-1 and

Akt-2 by quantitative RT-PCR. Fold change was calculated with respect to actin. B: Cells were treated with VPA (2mM) for 16 and 24 h and Akt level was determined by

immunoblotting. C: Cells were exposed to 5mMAkt II inhibitor for 16 h and stained for survivin (red) and DAPI (blue) for nucleus. D: Cells were transfected with siRNA directed

to total Akt1/2 and assessed for the expression of survivin by immunoblotting. Actin was loading control. E: Cells transfected with siAkt were treated with STS (25 nM) for 24 h

and cell viability was measured by MTT assay. Data are mean �SD of three independent experiments done in triplicates. �P< 0.01, untreated versus STS treated groups.
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amide analogue of VPA lacking HDAC inhibitory activity. As

expected, there was no difference in the expression of H3K9

determined by immunofluorescence (Fig. 8A) or in HDAC activity

(Fig. 8B) between control cells and VPM-treated cells. To further test

whether VPM could modulate STS-induced cell death, induction of

apoptosis was analyzed in SK-N-MC cells treated with VPM (4mM)

and STS (25 nM) alone and in combination. Flowcytometry analysis

revealed that VPM sensitized the cells to STS-mediated apoptosis

with a significant increase (45.69%) in hypodiploid population

compared to STS-treated cells (28.07%; Fig. 8C). A significant

decrease in the expression of total and cleaved fragment of PARP

was seen with combination treatment in comparison with cells

treated with STS alone (Fig. 8D). Also, VPM significantly down-

regulated Akt and survivin. These findings with VPM and VPA led us

to conclude that inhibition of HDAC activity by VPA may not be

crucial for potentiating STS-triggered apoptosis.

DISCUSSION

In this study, we demonstrated that non-toxic doses of VPA

sensitized NB cells to STS-mediated cytotoxicity by down regulation

of survivin via Akt pathway. VPA has been demonstrated to induce

growth inhibition in malignant and benign neuroblastoma cell

lines—UKF-NB-3, SK-N-AS, UKF-NB-4 with IC50 values ranging

from 1.0 to 2.8mM [Hřebačková et al., 2009]. In our study, VPA was

found to be non-toxic up to 2mM in human NB cell lines.

Importantly, while 1mM VPA was effective in enhancing cell death

induced by STS at cytotoxic concentration, 2mM VPA rendered NB

cells sensitive to nontoxic doses of STS. Considering the significance

of the emerging concept of dose-response to reduce exposure to

toxic agents, our study strongly suggests that VPA can be

successfully used for reducing the doses of anticancer drugs in

combinational chemotherapy.

Based on our earlier study [Chandele et al., 2004], we speculated

that VPA might sensitize cells to STS by accumulating cells in G1

phase, however, we found an increase in the proportion of cells in

G2/M phase that was concomitant with decrease in G1 population.

This finding is in accordance with a recent report that VPA arrested

NB cells in the G2/M phase of cell cycle [Condorelli et al., 2008].

Other studies reported VPA-induced G0/G1 arrest in melanoma cells

[Valentini et al., 2007] and in cell lines and primary cultures of

myeloma [Kaiser et al., 2006]. Survivin, the smallest member of the

inhibitors of apoptosis (IAP) family, is abundantly expressed in

Fig. 6. Down regulation of class I HDACs did not affect STS-induced apoptosis and expression of Akt and survivin. A: SK-N-MC cells cultured for 24 h were analyzed by RT-PCR

for transcript levels of HDAC 1, 2, 3, and 8 as shown in lanes 3,4,5,6. Mol. wt markers (100 kb) and actin are shown in lanes 1 and 2, respectively. B: Cells treated with VPA

(2mM) for 16 h were probed with antibody to acetylated H3K9 and analyzed by immunoflorescence and immunoblottting. C: Cells were transfected with control or HDAC ASO

and analyzed for acetylated H3K9 by immunoblotting. Actin was loading control. D: Nuclear extracts of the cells treated either with VPA (2mM) for 16 h or transfected with

HDAC ASOs were assessed for HDAC activity. The data represent %HDAC activity as compared to the control untreated cells or the control transfected cells. E: Control and HDAC

ASO transfected cells were treated with STS (50 nM) for 24 h and cell viability was determined by MTT assay. Data in (E) represent mean�SD of three independent experiments

done in triplicates. Cells were transfected with control and HDAC ASOs and immunoblotting was performed for (F) Akt and (G) survivin. Actin was loading control.
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many cancers. The expression is associated with enhanced growth in

tumors, poor prognosis, and response to chemotherapy [Lladser

et al., 2011; Park et al., 2012]. In neuroblastomas, survivin

expression is associated with high risk, unfavorable prognosis and

resistance to drug-mediated cytotoxicity [Azuhata et al., 2001]. On

these lines, we explored the possibility that VPA regulated survivin

to sensitize the cells to STS-mediated cytotoxicity. As expected,

VPA decreased the expression of survivin in SK-N-MC cells and

sensitized G2/M cells to STS-induced apoptosis.

Though mechanisms involved in regulation of survivin are not

clearly understood, recent studies have suggested the role of p53

[Mirza et al., 2002] and RB/E2F pathway [Jiang et al., 2004] in

transcriptional regulation of survivin. Radioresistance in breast

cancer cell lines involves activation of survivin regulated by NF-

kappaB and c-myc [Papanikolaou et al., 2010]. Consistent with the

report that HDACi such as valproic acid and butyrate impede Akt

expression resulting in Akt deactivation and apoptotic cell death

[Chen et al., 2006], we observed that exposure of SK-N-MC cells to

VPA decreased expression of Akt at the transcript and protein level.

Furthermore, down regulation of Akt using small interference

RNA or treatment with Akt inhibitor-Akt inhibitor II, significantly

suppressed the expression of survivin suggesting that it was under

the regulation of Akt. Similar findings have been reported in human

multiple myeloma cells [Hideshima et al., 2007] and breast cancer

cell line MCF-7 [Huang et al., 2012]. Additionally, knockdown of

Akt sensitized SK-N-MC cells to STS-induced apoptosis. Based on

these current findings and our earlier studies that survivin is crucial

for STS-induced apoptosis, it is logical to conclude that the

apoptosis enhancing effect of VPA involves Akt/survivin pathway.

HDACs are aberrantly expressed in tumors [Lindemann and

Johnstone, 2004] and several compounds with HDAC inhibitory

property have shown promising results as anticancer agents [Rasheed

et al., 2007]. Since VPA is a known class I inhibitor, we examined

whether the effect of VPA could be attributed to its function as an

HDAC inhibitor. Interestingly, down regulation of individual class I

HDACs had no effect on STS-induced cell death in SK-N-MC cells.

Though it may be argued that down regulation of individual HDAC

may notmimic the effect by VPA, it should be noted that in the present

study, knockdownof eachof theHDAC isoforms resulted indecrease of

total HDAC activity comparable with that of VPA. In this context,

a recent study by Dejligbjerg et al. [2008] suggested that the

transcriptional response to enzymatic inhibition by VPA or belinostat

isdifferent from that inducedbyknockdownof individual class IHDAC

isoforms. In another study, contrary to our findings, knockdown of

HDAC2 completely mimicked the effects of VPA on survivin and cell

migration, and over-expression of survivin could also rescue the

effects of HDAC2 knockdown on cell migration [Zhang et al., 2012].

The discrepancy may be due to difference in cell types.

Though HDAC inhibitors, VPA and butyrate have been

demonstrated to abrogate Akt1 and Akt2 expression, the precise

Fig. 7. HDAC inhibitor-MS-275 does not enhance STS-induced apoptosis in SK-N-MC cells. A: Cells were treated with MS-275 (500 nM) for 16 h and inhibition of HDAC was

assessed by immunofluorescence using acetylated H3K9 antibody. B: Cells were treated with MS-275 (250–750 nM) for 16 h and cell cycle profile was determined by

flowcytometry. The stacked bar graph shows the population of cells in different phases of cell cycle. C: Cells were treated with STS (25 nM) and MS-275 (500 nM) alone or in

combination for 24 h and hypodiploid population was measured for apoptosis. D: Cells were treated with MS-275 (500 nM) for 16 h and Akt and survivin levels were determined

by immunoblotting. Actin was loading control.
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role of HDAC inhibition in these studies was not defined [Chen et al.,

2006]. It is important to note that in our experimental system,

inhibition of class I HDAC activity had no effect on Akt or survivin

expression. Furthermore, experiments conducted with MS-275, a

synthetic benzamide derivative and a class I isoform selective HDAC

inhibitor [Khan et al., 2008] also confirmed that HDAC inhibition

alone was not adequate to enhance STS-induced cell death or

decrease the levels of Akt and survivin. Finally, to delineate the role

of VPA as HDAC inhibitor and as anticancer agent, we performed

studies with VPM, a structurally related analogue of VPA, but is not

an inhibitor of HDACs [Göttlicher et al., 2001]. We found that VPM

down-regulated the expression of Akt and survivin and effectively

enhanced STS-induced apoptosis in SK-N-MC cells. This finding is

in line with a recent study that there was no correlation between the

effects of VPA on HDAC inhibition and changes in the degree of

Erk1/2 phosphorylation, cell growth, or motility [Gotfryd et al.,

2010].

In all, our study concludes that VPA-induced down regulation of

survivin was due to decreased Akt levels and this effect was not

dependent on HDAC activity. However, we do not rule out the

possibility of other survival/apoptotic targets like XIAP, Bcl-xL, Bid

etc that might be altered and contribute to the enhanced anticancer

activity of VPA [Mühlethaler-Mottet et al., 2008]. Additional studies

are warranted to investigate such molecules and their relevance to

mechanism of action of specific drugs for combination therapy.
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