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Abstract. Although the therapeutic efficacy of valproic acid 
(VPA) has been observed in patients with solid tumors, the very 
high concentration required to induce antitumor activity limits 
its clinical utility. The present study focused on the develop-
ment of combined molecular targeted therapies using VPA and 
proteasome inhibitors (PIs: MG132, PI-1 and PR-39) to deter-
mine whether this combination of treatments has synergistic 
anticancer and chemosensitizing effects against colorectal 
cancer. Furthermore, the potential molecular mechanisms of 
action of the VPA/PI combinations were evaluated. The effects 
of VPA in combination with PIs on the growth of colorectal 
cancer cells were assessed with regard to proliferation, cell 
cycle, apoptosis, reactive oxygen species (ROS) generation and 
the expression of genes that control the cell cycle, apoptosis and 
pro-survival/stress-related pathways. Treatment with combina-
tions of VPA and PIs resulted in an additive/synergistic decrease 
in colorectal cancer cell proliferation compared to treatment 
with VPA or PIs alone. The combination treatment was associ-
ated with a synergistic increase in apoptosis and in the number 
of cells arrested in the S phase of the cell cycle. These events 
were associated with increased ROS generation, pro-apoptotic 
gene expression and stress-related gene expression. These 
events were also associated with the decreased expression of 
anti-apoptotic genes and pro-survival genes. The combination 
of VPA with MG132 or PI-1 enhanced the chemosensitivity of 
the SW1116 (29-185‑fold) and SW837 (50-620-fold) colorectal 

cancer cells. By contrast, the combination of VPA/PR-39 
induced a pronounced increase in the chemosensitivity of the 
SW837 (16-54-fold) colorectal cancer cells. These data provide 
a rational basis for the clinical use of this combination therapy 
for the treatment of colorectal cancer.

Introduction

Histone deacetylase (HDAC) activity has been shown to be 
upregulated in cancer cells. It is considered that this upregula-
tion results in the repression of tumor suppressor gene products, 
such as p53, rendering HDACs an attractive drug target. In cell 
culture models, HDAC inhibitors (HDACIs) have been shown 
to decrease proliferation rates, induce apoptosis and induce 
autophagy-related cell death in several cancer cell lines. Due 
to their relative specificity toward cancer cells, HDACIs repre-
sent a new class of cancer treatment agents that are generally 
well tolerated (1).

Short-chain fatty acids, such as butyric and valproic acid 
(VPA) were the first HDACIs to be identified as tumor growth 
inhibitors and inducers of apoptosis both in vitro and in vivo. 
However, they were found to have low potency (2). Despite 
such weak in vitro activity, the anticancer effects of VPA have 
been investigated in preclinical models of skin, breast, colon, 
prostate and small cell lung cancer, and the drug is currently 
being used in phase  I-III clinical trials  (3). However, the 
therapeutic doses of VPA are very high and cause side-effects 
severe enough to limit its usage.

Despite their promising activity in preclinical models, 
HDACIs have demonstrated modest antitumor activity as 
single-agent therapy in solid malignancies (4). Thus, their use 
in combination treatments with other agents may be the key to 
optimizing their efficacy (4). HDACIs have shown synergistic 
or additive antitumor effects when combined with conventional 
anticancer drugs, targeted agents and radiation (4,5).

The rationale to targeting the proteasome in cancer arises 
from evidence that indicates that malignant cells accumulate 
misfolded/damaged proteins, which are disposed of by the 
proteasome, suggesting that tumor cells have a stronger depen-
dency on proteasome activity compared to that of normal 
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cells  (6). The 26S  proteasome is the primary subcellular 
component of the protein degradation pathway that regulates 
the turnover of proteins involved in cell cycle progression and 
apoptosis, such as the p21 cyclin-dependent kinase (CDK) 
inhibitor (CDKI), cyclins and IκB, a regulator of nuclear 
factor‑κB (NFκB) transcriptional activity. Validation of the 
proteasome as a therapeutic target has come with the FDA 
approval of bortezomib, an inhibitor of the 20S proteasome (7).

In vitro studies have demonstrated that the simultaneous 
targeting of HDACs and the 26S proteasome produces a syner-
gistic inhibition of cell proliferation and induction of apoptosis 
in pancreatic cancer cell lines (8), multiple myeloma (9), lung 
cancer and hepatoma cell lines (10). These effects are greater 
than those observed with treatment with either agent alone. In 
the present study, we examined the effects of combining HDAC 
inhibition via VPA with proteasome inhibition via MG132, PI-1 
or PR-39 on colorectal cancer cell lines in vitro, with respect 
to their potential synergistic effects on cell proliferation. Our 
hypothesis was that these two agents act synergistically to 
inhibit cell growth and induce apoptosis, as well as potentiate 
the sensitivity of cancer cells to conventional chemotherapeutic 
drugs with different modes of action in human colorectal cancer 
cells. We also sought to investigate the molecular mechanisms 
of such a synergy by assessing the effects of the combination 
therapy on the cell cycle, apoptosis and downstream effector 
pathways. The aim of our study was to provide evidence 
to support a mechanism-based regimen in the treatment of 
colorectal cancer.

Materials and methods

Cells and cell culture. Human colorectal cancer cell lines 
(SW1116 and SW837) and normal human fibroblasts (CRL1554) 
were obtained from the American Type Culture Collection 
(ATCC; Manassas, VA, USA). The SW1116 and SW837 cells 
were cultured in 90% Leibovitz's L15 medium supplemented 
with 10% heat-inactivated fetal bovine serum (FBS) and grown 
at 37˚C in a non-CO2 incubator. The CRL1554 cells were 
cultured in Eagle's minimum essential medium (EMEM, 90%) 
supplemented with 10% heat-inactivated FBS and grown at 
37˚C in the presence of 5% CO2 and 95% ambient air.

Chemicals and reagents. VPA was purchased from 
Sigma‑Aldrich (St. Louis, MO, USA). It was dissolved in 
sterile ddH2O to a final concentration of 100 mM and stored at 
-20˚C. This stock solution was diluted to the desired concen-
trations with L15 medium and used in the various assays. 
The proteasome inhibitors, MG132, proteasome inhibitor-1 
(PI-1) and PR-39, were obtained from Biomol International 
(Plymouth Meeting, PA, USA). Trypsin, Leibovitz's L-15 
medium and EMEM, FBS and penicillin/streptomycin solu-
tion (200X) were obtained from Mediatech, Inc. (Herndon, 
VA, USA). An Annexin V-FITC apoptosis detection kit was 
obtained from BD Hoffmann-Laroche Inc. (Nutley, NJ, USA). 
A DNA-prep kit was obtained from Beckman Coulter (Miami, 
FL, USA). All reagents for RT-PCR and real-time (quantita-
tive) PCR (qPCR) were obtained from Applied Biosystems 
(Foster City, CA, USA). Nuclear/cytosol and mitochondria/
cytosol fractionation kits were obtained from BioVision, Inc. 
(Mountain View, CA, USA). A 20S Proteasome assay kit for 

Drug Discovery was purchased from Biomol International. 
The cDNA reverse transcription kit, primers and target gene 
expression probes were obtained from Applied Biosystems. 
Antibodies against phospho-c-Jun N-terminal kinase 
(p-JNK), phospho-extracellular signal-regulated kinase 1/2 
(p-ERK1/2) and phospho-Akt (p-Akt) were purchased from 
Cell Signaling Technology (Beverly, MA, USA). Anti-p65 
and anti-β-actin antibodies were purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA and Cambridge, 
UK). All other reagents were purchased from Sigma‑Aldrich. 
Plasticware was purchased from Falcon Laboratories (Franklin 
Lakes, NJ, USA).

Cell proliferation assay. Cell proliferation assay was performed 
using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay, as previously described (11). The cells 
were treated with various concentrations of VPA (0.5-8 mM) 
for 24 h and then exposed to MG132 (0.15 and 0.25 µM), PI-1 
(7.8 and 15.6 nM) or PR-39 (106 and 112 pM) for an addi-
tional 48 h. For single-agent treatment, the cells were exposed 
to VPA for 72 h. Upon the completion of the treatments, the 
media were discarded and 100 µl/well of MTT (5 mg/ml in 
culture medium filter-sterilized) was added, and the plates 
were incubated for 4 h at 37˚C. The resulting formazan crys-
tals were dissolved in 200 µl/well of DMSO:ethanol (1:1 v/v) 
for 20 min at ambient temperature and the absorbance was 
recorded at λ540 and 650 nm using an ELISA plate reader. 
The control cells were incubated in medium supplemented 
with 0.2% DMSO alone. At this concentration, DMSO has no 
effect on the growth and survival of cells. The effects of the 
combined treatment with VPA (1 mM)/MG132 (0.2 µM), VPA 
(1 mM)/ PI-1 (10 nM) and VPA (1 mM)/PR-39 (212 pM) on the 
normal human fibroblasts, CRL1554, were also monitored by 
MTT assay and an inverted microscope.

Colony formation assay. A colony formation assay was 
carried out as previously described (11) to confirm the effects 
of VPA, PIs (MG132, PI-1 or PR-39) and their combinations 
on the colorectal cancer cells. Briefly, the SW1116 and SW837 
cells (2.5x105 cells/ml) were seeded into 24-well plates and 
incubated for 18 h. The cells were then treated with VPA 
(2.5 mM) or the PIs MG132 (1.5 µM), PI-1 (36 nM), or PR-39 
(2 nM), as well as combinations of VPA with each of the PIs. 
After 24 h, the cells were trypsinized, counted and plated at 
500 cells/ml into a 6-well plate and incubated for 10-14 days. 
The cells were finally fixed in 100% methanol for 30 min at 
room temperature and stained with 0.1% crystal violet for 1 h. 
The stained colonies were counted and compared with an 
untreated control sample.

Determination of HDAC activity. A colorimetric HDAC 
activity assay kit (BioVision,  Inc.) was used to monitor 
HDAC activity in the cancer cell nuclear extracts, according 
to the manufacturer's instructions. The SW1116 and SW837 
colorectal cancer cells (2.5x105 cells/ml) were seeded into 
24-well plates and incubated for 18 h, followed by treatment 
with VPA (2.5 mM) for an additional 24 h. Nuclear extracts 
of the untreated and VPA-treated cells (50 µg) were diluted 
with ddH2O to a final volume of 85 µl in each well of a 96-well 
plate. Only 85 µl ddH2O was added for background reading. 
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For a positive control, 10 µl of HeLa nuclear extract were 
diluted with 75 µl ddH2O. For a negative control, the tested 
nuclear extract was diluted to 83 µl, and then 2 µl of TSA 
(HDACI, 1 mM) were added. Alternatively, a known sample 
containing no HDAC activity was used as a negative control. 
Ten microliters of the 10X HDAC assay buffer and 5 µl of 
the HDAC colorimetric substrate [Boc-Lys(Ac)-pNA, 10 mM] 
were added to each well and mixed thoroughly, and the plates 
were then incubated at 37˚C. After 1 h, the reaction was termi-
nated by the addition of 10 µl of lysine developer, mixed well 
and then incubated at 37˚C for a further 30 min. Absorbance 
was recorded at 400 or 405 nm using an ELISA plate reader.

Determination of proteasome activity. Proteasome activity, in the 
cancer cell extracts, was monitored by using a 20S proteasome 
assay kit for Drug Discovery (Biomol International) according 
to the manufacturer's instructions. Briefly, the SW1116 and 
SW837 cells (2.5x105 cells/ml) were seeded into 24-well plates 
and incubated for 18 h, and then treated with the PIs, MG132 
(1.5 µM), PI-1 (36 nM), or PR-39 (2 nM) for 24 h. A nuclear/
cytosolic fractionation kit (BioVision, Inc.) was used to prepare 
the cell extracts of the untreated and treated cells. Finally, the 
cytosolic extracts (0.5 µg), positive (epoxomicin) and nega-
tive (no 20S proteosome) controls were incubated with 75 µM 
proteasome substrate (Suc-LLVY-AMC) in 100 µl assay buffer 
(20 mM Tris-HCl, pH 8.0) for 90 min at 37˚C. Fluorescence 
from 7-amido-4-methyl-coumarin (AMC) was measured using 
a VersaFluor™ fluorometer with excitation at λ360 nm and emis-
sion λ460 nm (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Measurement of reactive oxygen species (ROS) production. 
The extent of ROS generation was analyzed by quantifying 
the fluorescence intensity of 2',7'-dichlorofluorescein diacetate 
(DCFH-DA) (Sigma‑Aldrich), as previously described (12). 
DCFH-DA is a stable, non-f luorescent cell-permeable 
compound that fluoresces (dichlorofluorescein) in the presence 
of active radicals and emits green fluorescence upon excitation 
at 485 nm. The SW1116 and SW837 cells (2.5x105 cells/ml) 
were seeded into 24-well plates and incubated for 18 h. The 
cells were then treated with VPA (2.5 mM) or the PIs: MG132 
(1.5 µM), PI-1 (36 nM) or PR-39 (2 nM), or a combination of 
VPA with each of the PIs, or the solvent alone as described 
above. After 48 h, the cells were washed and subsequently 
incubated with 10  µM DCFH-DA in phosphate-buffered 
saline (PBS) for 30 min at 37˚C. Fluorescence was analyzed 
on a microtiter plate reader using excitation at 485 nm and 
emission at 535 nm. The production of ROS was determined 
by comparing the intensity of fluorescence in the treated vs. 
untreated cells. The free radical scavenger, L-N-acetylcysteine 
(L-NAC) (Sigma‑Aldrich), was used to assess the functional 
role of ROS generation in cell death. The cells were pre-incu-
bated with 15 mM L-NAC for 3 h, followed by treatment with 
VPA, PIs, or combinations of both for 48 h. The assessment of 
cell death was carried out as described above.

Cell cycle analysis. Flow cytometry was used to determine 
the distribution of cells in the various cell cycle phases (G0/
G1, S and G2/M) by measuring the DNA content of the nuclei 
labeled with propidium iodide as previously described (12). 
Briefly, the SW837 cells (2.5x105 cells/ml) were seeded into 

24-well plates and incubated for 18 h. The cells were then 
treated with either VPA (2.5  mM), PIs MG132 (1.5  µM), 
PI-1 (36 nM) or PR-39 (2 nM), or a combination of VPA and 
a PI for 24 h. The untreated and drug-treated cancer cells 
were collected by trypsinization, washed with cold PBS and 
counted. The cells were then processed by using a DNA-prep 
kit (Beckman Coulter) and a DNA-Prep EPICS workstation 
(Beckman Coulter) as follows: the cells were treated with a 
cell-membrane permeabilizing agent followed by propidium 
iodide and RNase. The samples were then incubated at 
room temperature for 15 min before being analyzed using a 
FC500 flow cytometer (Beckman Coulter, Nyon, Switzerland). 
The Phoenix statistical software package with advanced DNA 
cell cycle software (Phoenix Flow Systems, San Diego, CA, 
USA) was used to calculate the percentage of cells in the 
various cell cycle phases.

Assessment of apoptosis. An Annexin  V-FITC apoptosis 
detection kit (BD  Hoffmann-La Roche Inc.) was used to 
determine the level of apoptotic cell death in the colorectal 
cancer cells treated with VPA, PIs, or a combination of both 
according to the manufacturer's instructions. Briefly, the 
SW837 cells (2.5x105 cells/ml) were seeded into 24-well plates 
and incubated for 18 h. The cells were then treated with VPA 
(2.5 mM), the PIs, MG132 (1.5 µM), PI-1 (36 nM) or PR-39 
(2 nM), and a combination of VPA and one of the inhibitors 
for 24 h. The control and treated cells were resuspended in 
100 µl of staining solution containing Annexin V fluorescein 
and propidium iodide in HEPES buffer, incubated at room 
temperature for 15 min, and finally analyzed by flow cytom-
etry. Annexin V binds to cells that express phosphatidylserine 
on the outer layer of the cell membrane, while propidium 
iodide stains the cellular DNA of cells with a compromised 
cell membrane. This allows live cells (unstained with either 
of the fluorochromes) to be discriminated from apoptotic cells 
(stained only with Annexin V) and necrotic cells (stained with 
both Annexin V and propidium iodide).

Western blot analysis. The colorectal cancer cells, SW1116 
and SW837 (2.5x105 cells/ml), were seeded into 24-well plates 
and allowed to grow for 18 h. The cells were then treated with 
VPA (2.5 mM), PI-1 (36 nM) or a combination of both for 
24 h. Following treatment, the cells were rinsed with ice-cold 
PBS and cytosol, and then nuclear and mitochondrial fractions 
were prepared using cytosol/nuclear and cytosol/mitochondria 
fractionation kits (BioVision, Inc.) according to the manu-
facturer's instructions. Protein concentration was determined 
by the Bradford  (13) method using bovine serum albumin 
(BSA) as a standard. Western blot analysis was carried out as 
previously described (14). Briefly, the cell lysates (50 µg) were 
resolved by SDS-PAGE on 7.5-15% slab gels, and proteins 
were transferred onto polyvinylidene difluoride membranes 
blocked in a PBS solution containing 0.1% Tween-20 and 
5% (w/v) dry skim milk for 30 min and incubated at 4˚C 
overnight with primary antibodies against Bax, cytochrome c, 
NF-κB  (p65), pAkt, pJNK, pERK1/2 and β-actin. After 
washing with PBS containing 0.1% Tween-20, the blots were 
incubated with an alkaline phosphatase-conjugated species 
specific IgG secondary antibody for 2 h at room temperature. 
Bound antibodies were detected using nitroblue tetrazolium 
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and 5-bromo-4-chloro-3-indolyl phosphate. The specifici-
ties of the antibodies used in this study were examined by 
testing their reactivity with unrelated antigens, such as BSA. 
The signal intensities of the respective bands were quantified 
using a GS-800 calibrated imaging densitometer (Bio-Rad 
Laboratories, Inc.).

Analysis of mRNA expression of genes involved in the regula­
tion of apoptosis and the cell cycle. The expression of genes 
involved in the regulation of the cell cycle and apoptosis was 
determined in the cells from the control and treated groups by 
reverse transcription-PCR and real-time PCR (qPCR) using an 
ABI  7000 SDS system (Applied Biosystems) and the 
comparative ∆∆Ct method, as previously described  (11). 
Ready‑made assays‑on‑demand that target gene expression 
probes and primers were obtained from Applied Biosystems. 
The targets and Applied Biosystems assay numbers for the cell 
cycle-related genes were as follows: CDK1 (Hs00364293_m1), 
CDK4 (Hs00364847_m1), CDC25A (Hs00153168_m1),  
p15  ( Hs 0 0394703_ m1),  p19  ( Hs 0 0176 481_ m1), 
p21 (Hs00355782_m1) and p27 (Hs00197366_m1).

The targets and Applied Biosystems assay numbers for the 
pro-apoptotic and anti-apoptotic genes and caspases that were 
used in this study are as follows: Bax (Hs00180269_m1), 
Bad (Hs00188930_m1), Bim (Hs00375807_m1), apoptotic 
protease activating factor 1 (Apaf1; Hs00559441_m1), Bcl-2 
(Hs00608023_m1), the X-linked inhibitor of apoptosis (XIAP; 
Hs00236913_m1), caspase-3 (Hs00234387_m1), caspase-8 
(Hs01018151_m1), caspase-9 (Hs00154260_m1), the 
apoptosis-inducing factor (AIF; Hs00269879_ml) and FLIP 
(Hs00354474_ml). GAPDH was used as an endogenous 
control to normalize the expression values for each sample. 
For the comparative Ct method, we performed a two-step 
RT-PCR process using cDNA and carried out qPCR using the 
target gene expression assays and TaqMan Universal master 
mix (Applied Biosystems). The SW837 colorectal cancer cells 
were plated (2.5x105 cells/ml) into 24-well plates and incubated 
in a non-CO2 incubator for 18 h. The cells were then treated 
with either VPA (2.5 mM), the PIs MG132 (1.5 µM), PI-1 
(36 nM) or PR-39 (2 nM), or a combination of VPA with each 
PI for 24 h. mRNA was extracted using a nucleospin RNAII 
ready-to-use system (MACHEREY-NAGEL GmbH & Co., 
Düren, Germany), and 200 ng/µl of mRNA was used in each 
RT reaction. First, DNA was eliminated by DNase-I treatment 
for 20 min at 25˚C, followed by heat inactivation for 10 min at 
65˚C. cDNA synthesis was performed using a high capacity 
cDNA Reverse Transcription kit (Applied Biosystems) 
according to the manufacturer's instructions. For each sample, 
2.5 µl of cDNA and 12.5 µl of TaqMan Universal Master Mix 
(2X) were used, and the final volume was adjusted to 25 µl 
with nuclease-free water in an optical 96-well reaction plate 
(Applied Biosystems). qPCR was performed on an ABI 7000 
SDS system using ABI  Prism SDS collection software 
version 1.1 (Applied Biosystems). The conditions for qPCR 
followed the instructions provided with the TaqMan Universal 
Master Mix: step 1, 95˚C for 10 min; step 2, 94˚C for 15 sec; 
and step 3, 60˚C for 1 min. The samples were analyzed using 
ABI Prism SDS collection software version 1.1 by setting the 
base line between 3 and 15 and the threshold at 0.2. The 
amount of target normalized to an endogenous reference and 

relative to a calibrator (untreated) was given by 2-∆∆Ct and the 
log comparative Ct was presented graphically.

Analysis of the chemosensitizing activity of VPA and PIs. 
The potential of the combined treatment with VPA and PIs 
(MG132, PI-1 or PR-39) to sensitize human colorectal cancer 
cells to standard chemotherapeutic drugs was investigated as 
previously described (12), with some modifications. Briefly, 
the SW1116 and SW837 colorectal cells (27x103 cells/well) 
were seeded into 96-well plates and incubated for 18 h. The 
cells were then treated for 24 h with various concentrations of 
camptothecin (CPT; 64x10-10-1x10-4 M), 5-fluorouracil (5FU; 
41.6x10-9‑0.65x10-3 M), oxaliplatin (OXP; 4x10-10‑0.06x10-4 M), 
doxorubicin (DOX; 55x10-11‑0.85x10-5 M), carboplatin (CAP; 
43.5x10-10‑0.86x10-4 M), cisplatin (CIP; 26.88x10-9‑0.42x10-3 M), 
taxol (TAX; 93.44x10-10‑1.4x10-4 M), cyclophosphamide (CPA; 
14x10-9‑0.22x10-3 M), vincristine (VCR; 16x10-11‑2.5x10-5 M), 
etoposide (ETP; 25.6x10-10‑0.4x10-4  M), ellipticine (ELP; 
12.8x10-10‑0.2x10-4 M), amsacrine (AMS; 80x10-11-1.25x10-5 M), 
homoharringtonine (HHG; 12.8x10-11‑0.2x10-5  M) and 
aphidicolin (APD; 17.28x10-11‑0.27x10-5 M). The drugs were 
then removed from the samples. At the end of treatment, the 
cells were washed with Hank's balanced salt solution (HBSS) 
and incubated with a combination of VPA (1 mM)/MG132 
(0.25 µM), VPA (1 mM)/PI-1 (10 nM) and VPA (1 mM)/PR-39 
(212 nM) for 72 h. An MTT assay was used to monitor the 
growth of the treated cells.

Statistical analyses. The results are expressed as the 
means ± standard error of the mean (SEM) of at least 3 inde-
pendent experiments. Statistical analyses were performed 
using SPSS‑21 software. The statistical significance of the 
differences between the control and treated groups was deter-
mined by one-way ANOVA. P-values <0.05 were considered 
to indicate statistically significant differences.

Results

PIs potentiate the antimitogenic effect of VPA against 
human colorectal cancer cells. To determine whether the PIs 
(MG132, PI-1 and PR-39) enhance the cytotoxicity of VPA 
toward colorectal cancer cells, the cancer cells were treated 
with various concentrations of VPA (0.5-8.0 mM) alone, 
as well as in the presence of the tested PIs: MG132 (0.15 
and 0.25 µM), PI-1 (7.8 and 15.6 nM) and PR-39 (106 and 
212 pM). The concentrations used in this experiment were 
determined by an independent dose response experiment 
(data not shown).

When treated with various concentrations of VPA, the 
SW1116 and SW837 colorectal cancer cells displayed a dose- 
and time-dependent growth inhibition. The IC50 values for the 
SW1116 and SW837 cells were 2.75 and 7.5 mM, respectively, 
indicating that the SW1116 cells are more sensitive than the 
SW837 cells, which demonstrated a resistance to VPA treat-
ment. The combined treatment of VPA (0.5-8 mM) and MG132 
(0.15 µM) exerted a greater growth inhibitory effect for both the 
SW1116 (IC50 2.25 mM, P≤0.803) (Fig. 1A-a) and SW837 cells 
(IC50 4.75 mM, P≤0.036) (Fig. 1A-d), compared to the resistance 
produced by single treatment with VPA. MG132 (0.15 µM) 
slightly improved the sensitivity of the SW1116 [sensitization 
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ratio (SR) 1.22] and SW837 (SR 1.60) cells to VPA. By contrast, 
the combined treatment with VPA and MG132 (0.25 µM) led to 
a significantly greater growth inhibitory effect on the SW1116 
cells (IC80 1.0 mM, P≤0.002) compared to treatment with VPA 
alone (IC80 6.75 mM for SW1116 cells; Fig. 1A-a). The addition 
of MG132 (0.25 µM) markedly increased the sensitivity of the 
SW1116 cells (SR 6.75) to VPA. The combined treatment with 
VPA and MG132 (0.25 µM) led to a greater growth inhibitory 
effect on the SW837 cells (IC80 3.0 mM) compared to treatment 
with VPA alone (IC50 7.5 mM; Fig. 1A-d).

Combined treatment with VPA (0.5-8.0 mM) and PI-1 
(7.8 nM) exerted a greater, although not significant, growth 
inhibitory effect on both the SW1116 (IC50 2.0 mM, P≤0.607) 
(Fig.  1A-b) and SW837 cells (IC50  5.25  mM, P≤0.154) 
(Fig. 1A-e) compared to that produced by treatment with VPA 
alone (IC50 3.0 mM for the SW1116 celks and IC50 6.75 mM 
for the SW837 cells) (Fig. 1A-b and e). PI-1 (7.8 nM) moder-
ately increased the sensitivity of both the SW1116 (SR 1.5) 
and SW837 cells (SR 1.30) to VPA. However, the combined 
treatment with VPA and PI-1 (15.6 nM) led to a much greater, 
statistically significant growth inhibitory effect on the 
SW1116 (IC70 1.75 mM, P≤0.013; Fig. 1A-b) and SW837 cells 
(IC50 3.25 mM, P≤0.002; Fig. 1A-e) compared to treatment 
with VPA alone. PI-1 (15.6 nM) markedly increased the sensi-
tivity of both the SW1116 (SR 3.3) and SW837 cells (SR 2.1) 
to VPA.

Combined treatment with VPA (0.5-8.0 mM) and PR-39 
(106 pM) exerted a slightly greater growth inhibitory effect 
on the SW1116 (IC50 2.25 mM, P≤0.759) and SW837 cells 
(IC50 6.75 mM, P≤0.388) than that produced by single treat-
ment with VPA (IC50 values equal to 3.0 mM for SW1116 
cells and 7.75 mM for SW837 cells; Fig. 1A-c and f). PR-39 
slightly improved the sensitivity of the SW1116 (SR 1.33) and 
SW837 cells (SR 1.15) to VPA. Combined treatment with VPA 
and PR-39 (212 pM) exerted a significantly greater growth 
inhibitory effect on the SW1116 cells (IC50 1.25 mM, P≤0.013; 
Fig. 1A-c), and an even more significant growth inhibitory 
effect on the SW837 cells (IC50 5.5 mM, P≤0.0001; Fig. 1A-f) 
compared to the results obtained with treatment with VPA 
alone. Finally, PR-39 (212 pM) increased the sensitivity of 
both the SW1116 (SR 2.4) and SW837 cells (SR 1.41) to VPA.

The results of the growth inhibitory effects were confirmed 
by a colony formation assay. Treatment of the SW1116 cells 
with a combination of VPA and MG132 significantly inhibited 
colony formation (mean number of colonies, 82, P≤0.0001) 
compared to the untreated SW1116 cells (mean number of 
colonies, 245). Colony formation by the SW1116 cells was also 
significantly inhibited by the combined treatment with VPA 
and MG132 (P≤0.0001) compared to treatment with either 
VPA (mean number of colonies, 169) or MG132 (mean number 
of colonies, 108) alone (Fig. 1B-a).

Treatment of the SW1116 cells with a combination of VPA 
and PI-1 significantly inhibited colony formation (mean number 
of colonies, 121, P≤0.0001) compared to the untreated SW1116 
cells (mean number of colonies, 245). The same treatment also 
significantly inhibited the colony formation of the SW1116 
cells (P≤0.001) compared to treatment with VPA alone (mean 
number of colonies, 169). This combined treatment decreased 
the number of colonies formed compared to the cells treated 
with PI-1 alone (mean number of colonies, 130). However, the 

difference in the number of colony formations was statistically 
insignificant (P≤0.407) (Fig. 1B-b).

Combined treatment with VPA and PR-39 significantly 
inhibited the colony formation of the SW1116 cells (mean 
number of colonies, 98, P≤0.0001) compared to the untreated 
SW1116 cells (mean number of colonies, 245). The combined 
treatment also significantly inhibited the colony formation 
of the SW1116 cells compared to treatment with either VPA 
alone (mean number of colonies, 169, P≤0.0001) or PR-39 
alone (mean number of colonies, 126, P≤0.003) (Fig. 1B-c).

The morphological changes of the human colorectal cancer 
cells following treatment with VPA, PIs, or a combination of 
both (Fig. 1C-a-f) clearly demonstrated the cytolytic effects of 
these treatments, and confirmed the results of the experiments 
analyzing the inhibitory effects.

Inhibition of HDAC and 26S proteasome activities and induc­
tion of ROS generation in cancer cells. To determine whether 
the antimitogenic activity of VPA is associated with the 
inhibition of intra-nuclear HDAC activity, HDAC activity was 
measured in nuclear fractions of untreated and VPA-treated 
SW837 colorectal cancer cells. The cancer cells treated 
with VPA showed a significant inhibition of HDAC activity 
(P≤0.0001) compared to the untreated cancer cells (Fig. 2A).

To determine whether the antimitogenic activities of 
the PIs included in this study are linked to the inhibition of 
intracellular proteasome activity, 26S proteasome activity 
was measured in both the untreated and PI-treated cancer 
cell extracts. The PI, PR-39, exerted a significant inhibitory 
effect on 26S proteasome activity (P≤0.0001) in the colorectal 
cancer cells compared to the untreated cancer cells (Fig. 2B). 
A significant inhibition of 26S proteasome activity was also 
observed following treatment with the PIs, MG132 (P≤0.001) 
and PI-1 (P≤0.001), (data not shown).

ROS have been implicated in HDAC and PI-induced cyto-
toxicity in a number of different types of malignancies (15). 
Thus, the effects of VPA, PIs, or a combination of VPA 
and PIs on ROS generation in the human SW837 colorectal 
cancer cells were examined. The levels of ROS were mark-
edly increased (P≤0.0001) following the combined treatment 
with VPA/MG132, VPA/PI-1 and VPA/PR-39 compared to the 
untreated cells and cells treated with VPA or PIs alone (Fig. 2C). 
Additionally, solo treatments with MG132 (P≤0.0001) or PI-1 
(P≤0.004) significantly induced ROS generation, compared to 
the untreated cancer cells. The induction of ROS was abro-
gated by pre-treatment with L-NAC (data not shown).

Alterations in the cell cycle and induction of apoptosis in 
colorectal cancer cells treated with VPA, PIs or a combina­
tion of both. To elucidate the effects of VPA, the tested PIs, 
and the combinations of VPA with each PI on the cell cycle, 
the distribution of cancer cells in the various cell cycle phases 
(G0/G1, S and G2/M) was determined by flow cytometry. 
Treatment of the SW837 cancer cells with VPA resulted in the 
accumulation of cancer cells in the S phase [63.6 vs. 44.3% for 
the untreated cells (UT)] at the expense of a strong decrease in 
the number of cells in the G0/G1 phase (31.9 vs. 41.5% for UT) 
and the G2/M phase (4.4 vs. 14.1% for UT) (Fig. 3A).

Treatment of the SW837 cells with PR-39 resulted 
in a marked accumulation of cancer cells in the S  phase 
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(74.7 vs. 44.3% for UT) at the expense of a decrease in the 
number of cells in the G0/G1 phase (23.9 vs. 41.5% for UT) and 
the G2/M phase (1.3 vs. 14.1% for UT) (Fig. 3A). Treatment of 
the SW837 with MG132 or PI-1 resulted in the growth arrest 
of cancer cells in the S phase or the G0/G1 phase, respectively 
(data not shown).

Combined treatment with VPA and MG132 arrested the 
growth of the cancer cells in the S phase (69.7 vs. 44.3% 
for UT) at the expense of a decrease in the number of cells 

in the G0/G1 phase (23.2 vs. 41.5% for UT) and G2/M phase 
(6.9 vs. 14.1% for UT) (Fig. 3A).

Treatment with a combination of VPA and PI-1 resulted in 
the accumulation of SW837 cells in the S phase (71.6 vs. 44.3% 
for UT) at the expense of a decrease in cells in the G0/G1 phase 
(27.6 vs. 41.5% for UT) and the G2/M phase (0.77 vs. 14.1% for 
UT) (Fig. 3A).

Combined treatment with VPA and PR-39 resulted in the 
accumulation of cancer cells in the S phase (66.7 vs. 44.3% 

Figure 1. Potentiation of the antimitogenic activity of the histone deacetylase inhibitor (HDACI), valproic acid (VPA), against human colorectal cancer cells 
by combination with proteasome inhibitors (PIs). (A) Inhibition of colorectal cancer cell growth. (a-c) SW1116 and (d-f) SW837 cells were treated with various 
concentrations of VPA (0.5-8.0 mM) for 24 h followed by treatment with the PIs, MG132 (0.15 and 0.25 µM), PI-1 (7.8 and 15.6 nM) and PR-39 (106 and 
212 pM) for 72 h. Control cells were treated with the vehicle (DMSO) at a final concentration of 0.2%. (B) Inhibition of colony formation. Untreated and treated 
cells were trypsinized, counted and inoculated (5,000 cells/ml) into 6-well plates and incubated for 10-14 days. Cells were then fixed in 100% methanol for 
30 min at room temperature and stained for 1 h with 0.1% crystal violet. The stained colonies were counted and compared with an untreated control sample. 
(C) Morphological changes of cancer cells treated with VPA, PIs and a combination of VPA with each PI. VPA conc., concentration of VPA.
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for UT) at the expense of a decrease in the G0/G1  phase 
(31 vs. 41.5% for UT) and the G2/M phase (2.2 vs. 14.1% for 
UT) (Fig. 3A). In a parallel experiment of the distribution of 
the cell cycle phase using the SW1116 colorectal cancer cells 
treated with VPA, PIs, or a combination of VPA with PIs, 
the results obtained were similar to those obtained with the 
SW837 cells (data not shown).

To determine what effect, if any, the PIs (MG132, PI-1 
and PR-39) exert on the response of colorectal cancer cells 
to VPA and to distinguish between the different types 
of cell death, untreated and treated SW837 cells were 
double-stained with Annexin V and propidium iodide and 
analyzed by flow cytometry. Annexin V binding combined 
with PI labeling was performed for the distinction between 
apoptosis (Annexin  V+/propidium iodide-) and necrosis 
(Annexin V+/propidium iodide+).

Treatment of the SW837 cancer cells with the combina-
tion of VPA and MG132 markedly induced apoptosis (0.0% 
early apoptosis, 43.2% late apoptosis, and 2.3% necrosis) 
compared to the untreated cells (0.0% early apoptosis, 9.6% 
late apoptosis and 0.6% necrosis), VPA alone-treated SW837 
cells (0.0% early apoptosis, 20.1% late apoptosis, and 1.3% 
necrosis) (Fig. 3B) and the MG132 alone-treated SW837 cells 
(0.0% early apoptosis, 26.4% late apoptosis and 0.8% late 
apoptosis) (data not shown).

Figure 2. Histone deacetylase (HDAC) and proteasome activities, and the 
generation of reactive oxygen species (ROS) in colorectal cancer cells treated 
with valproic acid (VPA), proteasome inhibitors (PIs) and their combinations. 
SW837 cells were seeded (2.5x105 cells/well) into 24-well plates and incu-
bated at 37˚C for 18 h. Cells were treated with VPA (2.5 mM) and the PIs, 
MG132 (1.5 µM), PI-1 (36 nM), PR-39 (2 nM), or a combination of VPA and 
PIs for 24 h. (A) HDAC, (B) 26S proteasome activities and (C) reactive oxygen 
species (ROS) generation were monitored in untreated (UT) and treated 
cancer cell extracts as described in Materials and methods.

Figure 3. Modulation of cell cycle and induction of apoptosis in colorectal 
cancer cells treated with valproic acid (VPA), proteasome inhibitors (PIs) and 
their combinations. (A) Cell cycle analysis: SW837 cells (2.5x105 cell/ml) were 
treated with VPA (2.5 mM) and the PIs, MG132 (1.5 µM), PI-1 (36 nM) or PR-39 
(2 nM), and a combination of both for 24 h: at least 3 samples were analyzed 
and 20,000 events were scored for each sample. The vertical axis represents the 
relative number of events and the horizontal axis represents the fluorescence 
intensity. (B) Monitoring of apoptosis. SW837 cells were treated as described 
above. Cells were stained with Annexin V-fluorescein and propidium iodide, 
and then analyzed by flow cytometry. Quadrant B1, percentage of necrotic 
cells; quadrant B2, percentage of late apoptotic cells; quadrant B3, percentage 
of living cells; and quadrant B4, percentage of early apoptotic cells.
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In addition, the combination of VPA and PI-1 markedly 
induced the apoptosis of SW837 cells (0.0% early apoptosis, 
55.9% late apoptosis, and 2.0% necrosis) compared to the 
untreated SW837 cells (0.0% early apoptosis, 9.6% late apop-
tosis, and 0.6% necrosis) and the SW837 cells treated with 
VPA alone (0.0% early apoptosis, 20.1% late apoptosis, and 
1.3% necrosis) or the PI-1 alone-treated SW837 cells (0.0% 
early apoptosis, 11.9% late apoptosis, and 0.8% necrosis) (data 
not shown). Moreover, the combined treatment of the SW837 
cancer cells with VPA and PR-39 markedly enhanced apop-
tosis (0.0% early apoptosis, 38.8% late apoptosis and 2.2% 
necrosis) compared to the untreated, VPA-treated and PR-39 
alone-treated SW837 cells (0.1% early apoptosis, 20.3% late 
apoptosis and 3.1% necrosis) (Fig. 3B).

These results suggested that the tested PIs, MG132, PI-1 
and PR-9, markedly increased VPA-mediated lethality in 
human colorectal cancer cells. The induction of apoptosis in 
the SW1116 colorectal cancer cells treated with VPA, PIs or a 
combination of both provided similar results to those obtained 
with SW837 (data not shown).

Expression of Bax, cytochrome c, NF-κB, p-Akt, p-ERK1/2 
and p-JNK in colorectal cancer cells treated with VPA, 
PI-1 or their combination. A previous study, using several 
models of apoptosis demonstrated that Bax translocates 
from the cytosol to the mitochondria when overexpressed 
or in response to certain cell death stimuli. Moreover, the 
translocation of Bax to the mitochondria in a number of 
systems has been suggested to be responsible for the release 
of cytochrome c from the mitochondria to the cytosol and the 
activation of apoptosis (16). In this study, to examine whether 
this pathway was activated by combined treatment with VPA 
and PI-1, the effects of single and combined treatment with 
VPA and PI-1 on Bax translocation and cytochrome c release 
were examined. The SW837 cells treated with VPA, PI-1 or 
the combination of both were collected and separated into 
cytosolic and mitochondrial fractions. The distributions of 
Bax and cytochrome c in these fractions were examined by 
western blot analysis. Elevated levels of Bax were detected in 
the mitochondria following combined treatment with VPA and 
PI-1, concomitant with the decrease in Bax expression in the 
cytosolic fraction (Fig. 4A and E). A marked increase in cyto-
chrome c release in the cytosolic fraction corresponded with a 
decrease in cytochrome c release in the mitochondrial fraction 
(Fig. 4B and F). These results suggested that the combined 
treatment with VPA and PI-1 induced the translocation of Bax 
to the mitochondria, subsequently releasing cytochrome c, 
preferentially into the cytosol of the SW837 colorectal cancer 
cells.

The NF-κB pathway is a key pathway that promotes the 
expression of proliferative and anti-apoptotic genes. The func-
tions of NF-κB depend on its cellular distribution (17). In this 
study, to determine whether NFκB is involved in the synergistic 
apoptotic effects of VPA and PI-1, the alterations in NF-κB 
distribution in the SW837 cells were examined. Treatment 
with VPA or PI-1 alone had little effect on cytoplasmic NF-κB 
expression compared to the untreated cells, although nuclear 
NF-κB expression was slightly increased (Fig. 4C). Despite 
the elevated level of NF-κB observed in the cytoplasm of the 
colorectal cancer cells, following co-treatment with VPA and 

PI-1, there was a marked decrease in the amount of nuclear 
NF-κB (Fig. 4C and G). These data clearly indicate that the 
combination of VPA and PI-1 affects the nuclear transloca-
tion of NF-κB in colorectal cancer cells, suggesting that the 
dysfunction of NF-κB is involved in the synergistic apoptotic 
effects of VPA and PIs.

To further elucidate the underlying molecular mechanisms 
of the anticancer effects of VPA, PIs or the combination of 
VPA with PIs on human colorectal cancer cells, the expression 
of pro-survival-related (p-Akt and p-ERK1/2) and stress-
related (p-JNK) genes was examined by western blot analysis. 
As shown in Fig. 4D, there was a slight decrease in p-Akt and 
p-ERK1/2 expression in the SW837 cells following treatment 
with VPA or PI-1 alone. More importantly, co-treatment with 
VPA and PI-1 induced a marked reduction in the levels of 
p-Akt and p-ERK1/2. On the other hand, p-JNK levels were 
slightly increased in the cancer cells treated with either VPA 
or PI-1 alone, while co-treatment with both VPA and PI-1 
markedly increased the levels of p-JNK (Fig.  4D and H). 
These data suggest that the Akt, ERK1/2 and JNK pathways 
are associated with the enhanced apoptosis that is induced by 
the combination of VPA and PIs.

mRNA expression of genes involved in the regulation of the 
cell cycle and apoptosis in colorectal cancer cells treated with 
VPA, PIs or a combination of both. To elucidate the molecular 
mechanisms responsible for the increased lethality induced by 
VPA in the human colorectal cancer cells following combi-
nation treatment with PIs, the effects of co-treatment with 
VPA and PIs on the expression/activation of various signaling 
molecules were examined. Treatment of the SW837 cells with 
a combination of VPA and MG132, PI-1 or PR-39 markedly 
downregulated the mRNA expression of genes related to 
cell cycle control, CDK1, CDK4 and CDC25A, compared to 
treatment with VPA, PR-39 (Fig. 5A), MG132 or PI-1 alone 
(data not shown). By contrast, the same combined treatments 
upregulated the mRNA expression of the p15, p19, p21 and p27 
genes, compared to treatment with only one agent (Fig. 5A).

Treatment of the SW837 cells with a combination of VPA 
and PIs differentially upregulated the mRNA expression of 
the pro-apoptotic genes, Bax, Bad, Bim, Apaf1, and caspase-3, 
-8 and  -9. However, the same combined treatment differ-
entially downregulated the expression of the anti-apoptotic 
genes, Bcl-2, XIAP and FLIP, (Fig. 5B). The cycle threshold 
values (Ct) of the target genes under investigation in this study 
ranged from 20.826-30.981.

Chemosensitization of human colorectal cancer cells by 
combined treatment with VPA and PIs. The ability of the 
combined treatments with VPA and PIs, MG132, PI-1 or PR-39 
to sensitize the cancer cells to standard chemotherapeutic 
drugs was examined. The results are summarized in Figs. 6-10 
and Tables I and II.

The combination of VPA and MG132 exhibited a potent 
chemosensitizing effect on the SW837 colorectal cancer cells 
to CPT (46-fold), 5FU (330-fold), DOX (376-fold), TAX 
(75-fold),  ETP (188-fold), AMS (104-fold) and HHG (40-fold). 
The same combination of VPA and MG132 enhanced the 
chemosensitivity of the SW1116 colorectal cancer cells to 
CPT (29-fold), 5FU (41-fold), ETP (140-fold) and AMS 
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(31-fold). Moreover, the combination of VPA and PI-1 mark-
edly increased the chemosensitivity of the SW1116 colorectal 
cancer cells to CPT (138-fold), 5FU (185), DOX (42-fold), 
ETP (170-fold) and HHG (53-fold). This combination exerted 
a more profound chemosensitizing effect on the SW837 
colorectal cancer cells to CPT (96-fold), 5FU (620‑fold), DOX 
(312-fold), TAX (109-fold), ELP (187-fold), AMS (405‑fold) 
and HHG (93-fold) compared to that observed in the SW1116 

colorectal cancer cells. Furthermore, the combination of VPA 
and PR-39 exhibited a marked enhancement in the chemosen-
sitivity of the SW837 colorectal cancer cells to CPT (54-fold), 
5FU (40-fold), DOX (38-fold), ETP (36-fold), ELP (47-fold) 
and AMS (16-fold), compared to the SW1116 colorectal cancer 
cells (Tables I and II).

Collectively, these results clearly indicate the potential of 
the combined treatment with VPA and the PIs, MG132, PI-1 

Figure 4. Effect of valproic acid (VPA), proteasome inhibitor-1 (PI-1) or their combination on Bax translocation, cytochrome c release and nuclear factor-κB 
(NF-κB), phospho-Akt (p-Akt), phospho-extracellular signal-regulated kinase 1/2 (p-ERK1/2), as well as phospho-c-Jun N-terminal kinase (p-JNK) signaling 
pathways in cancer cell extracts after solo or combined treatment with VPA and PI-1. SW837 cells (2.5x105 cells/well) were plated into 24-well plate and 
incubated at 37˚C for 18 h. Cells were then treated with VPA (2.5 mM), PI-1 (36 nM) or their combination for 24 h. Cytosolic, mitochondrial and nuclear frac-
tions were prepared as described in Materials and methods. (A) Translocation of Bax from the cytosol to the mitochondria, (B) cytochrome c release from the 
mitochondria to the cytosol, (C) the levels of NF-κB in the nucleus and (D) cytoplasmic fractions and the levels of p-Akt, p-ERK1/2 and p-JNK were analyzed 
by western blot analysis. Relative protein expression of (E and F) mitochondrial and cytosolic Bax and cytochrome c, of (G) cytoplasmic and nuclear NF-κB, 
of (H) p-Akt, p-ERK and p-JNK after normalization to β-actin, *P<0.05 vs. control (untreated cells). Data were obtained from at least 3 replicate experiments.
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and PR-39, to significantly enhance the chemosensitivity of 
colorectal cancer cells to standard chemotherapeutic drugs. 
This combined effect is exerted through various mechanisms 
of action in a combination- and cancer subtype-dependent 
manner. The effect of the combined treatment with VPA/
MG132, VPA/PI-1 and VPA/EPM on normal human fibroblast 
cells CRL1545 was also examined microscopically by an MTT 
assay. The results presented in Fig. 10B clearly demonstrate 
that these combinations have little effect (≤10‑15%) on CRL 
1554 cells, indicating their minimal cytotoxicity.

Discussion

VPA, a branched short-chain fatty acid, is widely used as an 
anti-epileptic drug and a mood stabilizer. VPA was classified 
as an HDACI, acting at the level of gene transcription by 
inhibiting deacetylation and making transcription sites more 
accessible (18). Due to the increasing number of clinical trials 
involving VPA, and the interesting results obtained from such 

studies, we hypothesize that this molecule will be involved 
in an increasing number of therapies in the near future. 
Nevertheless, numerous publications related to the therapeutic 
effects of VPA have also indicated the possible side-effects 
associated with its use in treatment  (19,20). Favoring the 
advantageous effects of VPA use by balancing the therapeutic 
potential with serious side-effects will no doubt prove to be a 
challenging and complex issue in clinical management (20). 
The enhanced effectiveness of VPA against cancer may be 
achieved by combining VPA treatment with agents that have 
different modes of action and diverse targets, such as PIs. Few 
studies have focused on the therapeutic potential of VPA in 
human colorectal cancer (21). In the present study, we exam-
ined the effectiveness of combining HDAC inhibition via 
VPA with proteasome inhibition via MG132, PI-1 or PR-39 
on colorectal cancer cell lines, with regard to their potential 
synergistic effects on cell proliferation and apoptosis. We 
also investigated the synergistic molecular mechanisms of the 
combined treatment by assessing the effects on pro-survival- 

Figure 5. mRNA expression of cell cycle- and apoptosis-related genes in colorectal cancer cells treated with valproic acid (VPA), proteasome inhibitor-1 (PI-1) 
and the combination of the two agents. SW837 cells (2.5x105 cell/ml) were treated with VPA (2.5 mM) and the PIs, MG132 (1.5 µM), PI-1 (36 nM) or PR-39 
(2 nM), or their combination for 24 h. Expression of genes controlling the cell cycle or apoptosis was determined by measuring the mRNA levels by RT-PCR 
and qPCR and the comparative ΔΔCt method. The amount of the target, normalized to an endogenous reference and relative to a calibrator, is given as 2-ΔΔCt.
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and stress-related gene expression, and the potential of the 
combined treatments to sensitize the human colorectal cancer 
cells to standard chemotherapeutic drugs.

In the present study, combined treatment with VPA and the 
PIs, MG132, PI-1 or PR-39, markedly decreased the survival of 
human colorectal cancer cells when compared to treatment with 
VPA or any of the tested PIs alone (Fig. 1). MG132 (0.25 µM) 
markedly enhanced the sensitivity of the SW1116 cells (SR 6.75) 
(Fig. 1A-a and d) and the SW837 cells (IC80 3 mM for combined 
treatment vs. IC50=7.5 mM for VPA alone) to VPA. PI-1 (7.8 nM) 

moderately increased the sensitivity of the SW1116 cells 
(SR 1.5) and SW837 cells (SR 1.3), and at 15.6 nM, PI-1 further 
enhanced the sensitivity of the SW1116 cells (SR 3.3) and the 
SW837 cells (SR 2.1) to VPA (Fig. 1A-b and e). Furthermore, 
PR-39 (106 pM) slightly increased the sensitivity of the SW1116 
cells (SR 1.33) and SW837 cells (SR 1.15) to VPA. PR-39 at a 
concentration of 212 pM moderately enhanced the sensitivity 
of the SW1116 cells (SR 2.4) and the SW837 cells (SR 1.4) to 
VPA (Figs. 1A-c and f). The results of the experiments on the 
inhibitory effects were confirmed by the observation of inhibi-

Figure 6. Chemosensitizing effect of combined treatment with valproic acid (VPA) and MG132 or proteasome inhibitor-1 (PI‑1) on SW1116 colorectal cancer 
cells. Cancer cells were inoculated (27x103 cells/well) into 96-well plates and allowed to grow for 18 h. The cells were treated with various concentrations of 
(A) camptothecin (CPT), 5FU, oxaliplatin (OXP), doxorubicin (DOX), carboplatin (CAP), cisplatin (CIP), taxol (TAX), cyclophosphamide (CPA), vincristine 
(VCR), etoposide (ETP), ellipticine (ELP), amsacrine (AMS), homoharringtonine (HHG) and aphidicolin (APD) or (B) CPT, 5-fluorouracil (5FU), OXP and 
DOX for 24 h. The drugs were then removed, cells washed with HBSS and treated with a combination of (A) VPA (1.0 mM)/MG132 (0.2 µM) or (B) VPA 
(1.0 mM)/PI-1 (10 nM) for 72 h. Cell proliferation was monitored by MTT assay. conc., concentration.
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tion of colony formation (Fig. 1B) and morphological changes 
(Fig. 1C). These results are in agreement with those of previous 
studies using diverse malignant cell types and various combi-
nations of HDACIs and PIs (15,22).

Normal cell function is dependent on the proper mainte-
nance of chromatin structure. The regulation of chromatin 
structure is controlled by histone modifications that directly 
influence chromatin architecture and genome function. 

Specifically, the HDAC families of proteins modulate chro-
matin compaction and are commonly deregulated in many 
tumors, including colorectal cancer (23). HDACIs interfere 
with tumorigenic HDAC activity; however, the precise mecha-
nisms involved in this process remain to be elucidated (23). The 
anti-proliferative effects of VPA on human colorectal cancer 
cells may be based on the direct inhibition of HDACs by a 
direct influence on enzymes that are responsible for acetyla-

Figure 7. Chemosensitizing effect of combined treatment with valproic acid (VPA) and proteasome inhibitor-1 (PI-1) or PR-39 on SW1116 colorectal cancer 
cells. SW1116 cells were seeded (27x103 cells/well) into 96-well plates and incubated for 18 h. Cells then were treated with various concentrations of 
(A) carboplatin (CAP), cisplatin (CIP), taxol (TAX), cyclophosphamide (CPA), vincristine (VCR), etoposide (ETP), ellipticine (ELP), amsacrine (AMS), 
homoharringtonine (HHG) and aphidicolin (APD) or (B) camptothecin (CPT), 5-fluorouracil (5FU), oxaliplatin (OXP), doxorubicin (DOX), CAP, CIP, TAX, 
CPA for 24 h. The drugs were then removed, cells washed with HBSS and treated with a combination of VPA (1.0 mM)/PI-1 (10 nM) (A) or VPA (1.0 mM)/
PR-39 (212 pM) for 72 h. Cell proliferation was monitored by MTT assay. conc., concentration.
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tion and deacetylation of nucleosomal histones. In the present 
study, the intracellular deacetylase activity was significantly 
reduced (P≤0.0001) following treatment with VPA (Fig. 2A). 
These results are consistent with those reported in other malig-
nant cell types (21,24). By contrast, other investigators have 
found that intracellular deacetylase activity was inhibited in 
non-small cell lung cancer cell lines, which were resistant to 
HDACI-mediated cell death (25).

The proteasome is a fundamental non-lysosomal tool that 
cells use to process or degrade a variety of short-lived proteins. 

Proteolysis mediated by the ubiquitin-proteasome system 
has been implicated in the regulation of apoptosis (26). The 
proteasome pathway functions upstream of mitochondrial 
alterations and caspase activation, and is involved in different 
systems, including NF-κB, Bax and Bcl-2 (27). PIs, employed 
alone or in combination with other anticancer agents, have been 
suggested as a new class of potential anticancer agents (28). 
This increasing interest stems not only from their direct 
apoptosis-inducing activity, but also from the possibility of 
the sensitization of neoplastic cells to other antitumor agents. 

Figure 8. Chemosensitizing effect of combined treatment with valproic acid (VPA) and PR-39 and MG132 on SW1116 and SW837 colorectal cancer cells. 
Cells were inoculated (27x103 cells/well) into 96-well plates for 18 h. The cells were treated with various concentrations of (A) vincristine (VCR), etoposide 
(ETP), ellipticine (ELP), amsacrine (AMS), homoharringtonine (HHG) and aphidicolin (APD) or (B) camptothecin (CPT), 5-fluorouracil (5FU), oxaliplatin 
(OXP), doxorubicin (DOX), carboplatin (CAP), cisplatin (CIP), taxol (TAX), cyclophosphamide (CPA), VCR, ETP, ELP and AMS for 24 h. The drugs were 
then removed, cells washed with HBSS and treated with a combination of (A) VPA (1.0 mM)/PR-39 (212 pM) or (B) VPA (1.0 mM)/MG132 (0.2 µM) for 72 h. 
Cell proliferation was monitored by MTT assay. conc., concentration.
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In vitro data support the idea that PIs increase the sensitivity 
of tumor cells to the apoptotic action of tumor necrosis factor, 
radiotherapy, or chemotherapy (29). In the present study, the 
proteasomal activity of human colorectal cancer cells was 
significantly decreased following exposure to the PIs, MG132 
(P≤0.001), PI-1 (P≤0.001) or PR-39 (P≤0.0001) (Fig. B). Our 
results are in line with those reported by other studies using a 
number of different cell lines (30,31).

VPA and other class  I/II HDACIs, i.e.,  suberoylanilide 
hydroxamic acid (SAHA), MS-275 and sodium butyrate, have 
been reported to elevate the cellular levels of ROS (32,33). 

Although ROS induce toxicity to cells at high levels, at physi-
ological levels, they function as part of normal cell signaling. 
Since the induction of cell death resulting from proteasome 
inhibition is linked to increased levels of ROS in leukemia 
cells (34), in this study, experiments were carried out to measure 
the capacity of proteasomal inhibition to modulate intracellular 
ROS content and the lethality of combined treatments with 
VPA and the PIs, MG132, PI-1 or PR-39, in human colorectal 
cancer cells. Combined treatment with VPA/MG132, VPA/PI-1 
and VPA/PR-39 induced a significant (P≤0.0001) increase in 
ROS levels compared to the untreated cells and cells treated 

Figure 9. Chemosensitizing effect of combined treatment with valproic acid (VPA) and MG132 or VPA and proteasome inhibitor-1 (PI-1) on SW837 colorectal 
cancer cells. SW837 cells were seeded (27x103 cells/well) into 96-well plates for 18 h. The cells were treated with various concentrations of (A) homoharringto-
nine (HHG) and aphidicolin (APD) or (B) camptothecin (CPT), 5-fluorouracil (5FU), oxaliplatin (OXP), doxorubicin (DOX), carboplatin (CAP), cisplatin (CIP), 
taxol (TAX), cyclophosphamide (CPA), vincristine (VCR), etoposide (ETP), ellipticine (ELP), amsacrine (AMS), homoharringtonine (HHG) and APD for 24 h. 
The drugs were then removed, cells washed with HBSS and treated with a combination of (A) VPA (1.0 mM)/MG132 (0.2 µM) or VPA (1.0 mM)/PI-1 (10 nM) 
for 72 h. Cell proliferation was monitored by MTT assay. conc., concentration.
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with VPA or one of the PIs alone (Fig. 2C). Co-administration 
of the antioxidant, L-NAC, (15 mM) substantially blocked the 
VPA/PI-mediated increase in ROS levels (data not shown). Our 
results are consistent with those of other studies using different 
combinations of HDACs and PIs in various cell systems (15,35). 
HDACIs have been shown to raise intracellular ROS levels (36), 

and our results indicated that the combination of VPA and PIs 
induced a greater increase in ROS levels than that observed 
with either agent alone. Thus, it is conceivable that this greater 
oxidative challenge may contribute to the synergistic effects. 
Importantly, the blockade of ROS using the scavenger, L-NAC, 
substantially reduced cell death, suggesting that ROS genera-

Figure 10. Chemosensitizing effect of combined treatment with valproic acid (VPA) and PR-39 on SW837 colorectal cancer cells, and the effect of the 
combined treatment of VPA with proteasome inhibitors (PIs) on normal human fibroblasts. (A) SW837 cells were plated (27x103 cells/well) into 96-well plates 
and allowed to grow for 18 h. The cells were treated with various concentrations of camptothecin (CPT), 5-fluorouracil (5FU), oxaliplatin (OXP), doxorubicin 
(DOX), carboplatin (CAP), cisplatin (CIP), taxol (TAX), cyclophosphamide (CPA), vincristine (VCR), etoposide (ETP), ellipticine (ELP), amsacrine (AMS), 
homoharringtonine (HHG) and aphidicolin (APD) for 24 h. The drugs were then removed, cells washed with HBSS and treated with a combination of VPA 
(1.0 mM)//PR-39 (212 pM) for 72 h. Cell proliferation was monitored by MTT assay. (B) The effect of the combined treatment with VPA (1 mM)/MG-132 
(0.2 µM), VPA (1 mM)/PI-1 (10 nM) and VPA (1 mM)/PR-39 (212 pM) on normal human fibroblasts (CRL1554). Control cells were treated with vehicle 
(DMSO at a final concentration of 0.2%). Cell growth was monitored by MTT assay. UT, untreated cells; conc., concentration.
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tion plays a major role in the cytotoxicity of combined VPA 
and PI treatment.

Cancer cells produce higher levels of ROS than normal 
cells due to the increased metabolic stress and proliferative 
capacity. Thus, cancer cells may be more sensitive to oxidative 
stress as a result of high endogenous ROS levels, and this may 
provide a selective mechanism to induce cell death (37).

Flow cytometric analysis indicated that in human colorectal 
cancer cells, combined treatment with VPA/MG132, VPA/PI-1 
and VPA/PR-39 induced an arrest of the cell cycle at the 
S phase. Our results are in agreement with those reported in 
another study using the melanoma cell line, SK-Mel-37: the 
combination of VPA and hydroxyurea (HU) increased the 
number of cells in the S phase (38). The results from flow 

cytometry reported in that study are contradictory to those 
reported by other groups using several different cell systems 
and various combinations of HDACIs and PIs (35,39).

Cell proliferation and cell death induction are two major 
targets in cancer therapy. There are two fundamental types of 
cell death, apoptosis and necrosis, which can be defined by 
morphological and biochemical criteria. Over the past several 
years, the idea that cells can commit suicide by mechanisms 
other than apoptosis has gained momentum (40). Apoptosis 
is marked by cellular shrinking, condensation of chromatin 
and the loss of plasma membrane integrity, resulting in the 
breaking up of the cell into apoptotic bodies. Whereas apop-
tosis is an inherent, programmed cellular death mechanism, its 
conceptual counterpart, necrosis, is a more uncontrolled form 

Table I. IC50 and sensitization ratios of cytotoxic drugs and their combinations with the HDACI, VPA, and proteasome inhibitors 
in the human colorectal cancer cell line, SW1116.

	 SW1116
	 --------------------------------------------------------------------------------------------------------------
Combined treatment with the HDACI, VPA,		  Sensitization
and proteasome inhibitors	 IC50 (M)a	 ratiob	 P-valuec

CPT (64x10-10-1x10-4 M) + VPA (1 mM)/MG132 (2 µM)	 104.4x10-9	 28.6	 0.003
5FU (41.6x10-9-0.65x10-3 M) + VPA (1 mM)/MG132 (2 µM)	 19.4x10-6	 41.2	 0.001
DOX (55x10-11-0.86x10-5 M)  + VPA (1 mM)/MG132 (2 µM)	 14x10-9	 14.1	 0.013
TAX (93.44x10-10-1.46x10-4 M) + VPA (1 mM)/MG132 (2 µM)	 23.4x10-8	 15.6	 0.007
VCR (16.0x10-11-0.25x10-5 M) + VPA (1 mM)/MG132 (2 µM)	 0.8x10-9	 18.7	 0.028
ETP (25.6x10-10-0.4x10-4 M) + VPA (1 mM)/MG132 (2 µM)	 0.7x10-7	 140	 0.0001
ELP (12.8x10-10-0.2x10-4 M) + VPA (1 mM)/MG132 (2 µM)	 0.16x10-6	 12.5	 0.002
AMS (80x10-11-1.25x10-5 M) + VPA (1 mM)/MG132 (2 µM)	 0.625x10-7	 31.2	 0.0001
HHG (12.8x10-11-0.2x10-5 M) + VPA (1 mM)/MG132 (2 µM)	 11.25x10-9	 17.8	 0.001
CPT (64x10-10-1x10-4 M) + VPA (1 mM)/PI-1 (10 nM)	 29x10-9	 138	 0.001
5FU (41.6x10-9-0.65x10-3 M) + VPA (1 mM)/PI-1 (10 nM)	 52.5x10-8	 185	 0.0001
DOX (55x10-11-0.86x10-5 M) + VPA (1 mM)/PI-1 (10 nM)	 51.7x10-10	 41.6	 0.05
TAX (93.44x10-10-1.46x10-4 M) + VPA (1 mM)/PI-1 (10 nM)	 29.25x10-8	 14.9	 0.004
VCR (16.0x10-11-0.25x10-5 M) + VPA (1 mM)/PI-1 (10 nM)	 5.7x10-10	 20	 0.002
ETP (25.6x10-10-0.4x10-4 M) + VPA (1 mM)/PI-1 (10 nM)	 0.84x10-7	 170	 0.0001
ELP (12.8x10-10-0.2x10-4 M) + VPA (1 mM)/PI-1 (10 nM)	 0.6x10-6	 4.2	 0.002
AMS (80x10-11-1.25x10-5 M) + VPA (1 mM)/PI-1 (10 nM)	 0.25x10-6	 8.8	 0.0001
HHG (12.8x10-11-0.2x10-5 M) + VPA (1 mM)/PI-1 (10 nM)	 3.75x10-9	 53.3	 0.0001
CPT (64x10-10-1x10-4 M) + VPA (1 mM)/PR-39 (212 pM)	 43.75x10-8	 6.8	 0.366
5FU (41.6x10-9-0.65x10-3 M) + VPA (1 mM)/PR-39 (212 pM)	 22.7x10-6	 3.58	 0.224
DOX (55x10-11-0.86x10-5 M) + VPA (1 mM)/PR-39 (212 pM)	 42.84x10-9	 4	 0.288
TAX (93.44x10-10-1.46x10-4 M) + VPA (1 mM)/PR-39 (212 pM)	 73.12x10-8	 5	 0.327
VCR (16.0x10-11-0.25x10-5 M) + VPA (1 mM)/PR-39 (212 pM)	 0.4x10-8	 3.75	 0.393
ETP (25.6x10-10-0.4x10-4 M) + VPA (1 mM)/PR-39 (212 pM)	 1.48x10-6	 6.7	 0.12
ELP (12.8x10-10-0.2x10-4 M) + VPA (1 mM)/PR-39 (212 pM)	 0.5x10-6	 3	 0.122
AMS (80x10-11-1.25x10-5 M) + VPA (1 mM)/PR-39 (212 pM)	 0.05x10-5	 3.9	 0.228
HHG (12.8x10-11-0.2x10-5 M) + VPA (1 mM)/PR-39 (212 pM)	 6x10-8	 2.5	 0.18

aThe data are based on the mean of absorbance from 3 independent experiments. bSR, sensitization ratio: IC50 of drug/IC50 of the drug + com-
bination of valproic acid (VPA) and proteasome inhibitors. cP-value of the combined treatment with standard chemotherapeutic drugs and the 
combination of VPA and PIs vs. the chemotherapeutic drug alone. HDACI, histone deacetylase inhibitor; CPT, camptothecin; 5FU, 5-fluorouracil; 
DOX, doxorubicin; TAX, taxol; VCR, vincristine; ETP, etoposide; ELP, ellipticine; AMS, amsacrine; HHG, homoharringtonine; PI-1, proteasome 
inhibitor-1.
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of death and is characterized by cellular swelling and disrup-
tion of the plasma membrane, leading to the release of the 
cellular components and inflammatory tissue response (41).

HDACIs are known to induce programmed cell death in 
cancer cells, although the underlying mechanisms are far 
from being understood and seem to be very heterogeneous. 
Many HDACI-mediated death mechanisms have already 
been described, including the induction of a senescence-like 
phenotype (42) and autophagic cell death (43). This diver-
sity of cell death mechanisms has also been observed for 
VPA (44). In the present study, the co-administration of VPA 
with PI, MG132, PI-1 or PR-39 induced a marked increase in 
apoptosis in human colorectal cancer cells. Our results are 
consistent with those reported by other groups using several 

different cell systems and various combinations of HDACIs 
and PIs (1,15,22,35,39).

Mitochondria play a decisive role in apoptosis (45), func-
tioning as integrators of different pro-apoptotic signaling 
pathways. In response to these signals, mitochondria activate 
megachannels (also known as permeability transition pores) 
that are present between the inner and outer mitochondrial 
membrane. Bcl-2, a fundamental death antagonist protein, 
inhibits megachannel opening, whereas, Bax a death agonist 
protein, facilitates the opening of megachannels  (46). The 
increase in the content of agonists and the concomitant 
decrease in the content of antagonists stimulate the release of 
cytochrome c from the mitochondria, with the consequent acti-
vation of caspases. In this study, we examined whether VPA, 

Table II. IC50 and sensitization ratios of cytotoxic drugs and their combinations with the HDACI, VPA, and proteasome inhibitors 
in the human colorectal cancer cell line, SW837.

	 SW837
	 --------------------------------------------------------------------------------------------------------------
Combined treatment with the HDACI, VPA,		  Sensitization
and proteasome inhibitors	 IC50 (M)a	 ratiob	 P-valuec

CPT (64x10-10-1x10-4 M) + VPA (1 mM)/MG132 (2 µM)	 108x10-9	 46.3	 0.0001
5FU (41.6x10-9-0.65x10-3 M) + VPA (1 mM)/MG132 (2 µM)	 39.48x10-8	 3.3x1020	 0.0001
DOX (55x10-11-0.86x10-5 M) + VPA (1 mM)/MG132 (2 µM)	 171.8x10-11	 3.76x102	 0.0001
TAX (93.4x10-10-1.46x10-4 M) + VPA (1 mM)/MG132 (2 µM)	 292.5x10-10	 75.2	 0.0001
VCR (16x10-11-0.25x10-5 M) + VPA (1 mM)/MG132 (2 µM)	 0.5x10-8	 15	 0.0001
ETP (25.6x10-10-0.4x10-4 M) + VPA (1 mM)/MG132 (2 µM)	 5.25x10-8	 1.88x102	 0.0001
ELP (12.8x10-10-0.2x10-4 M) + VPA (1 mM)/MG132 (2 µM)	 0.8x10-5	 1.25	 0.0001
AMS (80x10-11-1.25x10-5 M) + VPA (1 mM)/MG132 (2 µM)	 0.625x10-5	 104	 0.0001
HHG (12.8x10-11-0.2x10-5 M) + VPA (1 mM)/MG132 (2 µM)	 3.75x10-8	 40	 0.0001
CPT (64x10-10-1x10-4 M) + VPA (1 mM)/PΙ-1 (10 nM)	 104.4x10-9	 95.7	 0.0001
5FU (41.6x10-9-0.65x10-3 M) + VPA (1 mM)/PΙ-1 (10 nM)	 21x10-8	 6.2x102	 0.0001
DOX (55x10-11-0.86x10-5 M) + VPA (1 mM)/PΙ-1 (10 nM)	 27.5x10-10	 3.12x102	 0.0001
TAX (93.44x10-10-1.46x10-4 M) + VPA (1 mM)/PΙ-1 (10 nM)	 46.8x10-9	 1.09x102	 0.0001
VCR (16.0x10-11-0.25x10-5 M) + VPA (1 mM)/PΙ-1 (10 nM)	 0.8x10-9	 21.8	 0.01
ETP (25.6x10-10-0.4x10-4 M) + VPA (1 mM)/PΙ-1 (10 nM)	 0.17x10-5	 5.8	 0.002
ELP (12.8x10-10-0.2x10-4 M)  + VPA (1 mM)/PΙ-1 (10 nM)	 0.4x10-7	 187	 0.0001
AMS (80x10-11-1.25x10-5 M) + VPA (1 mM)/PΙ-1 (10 nM)	 0.2x10-7	 405	 0.0001
HHG (12.8x10-11-0.2x10-5 M) + VPA (1 mM)/PΙ-1 (10 nM)	 3.75x10-9	 93.3	 0.0001
CPT (64x10-10-1x10-4 M) + VPA (1 mM)/PR-39 (212 pM)	 14x10-8	 53.7	 0.001
5FU (41.6x10-9-0.65x10-3 M) + VPA (1 mM)/PR-39 (212 pM)	 32.8x10-7	 39.6	 0.0001
DOX (55x10-11-0.86x10-5 M) + VPA (1 mM)/PR-39 (212 pM)	 17.1x10-9	 37.8	 0.001
TAX (93.44x10-10-1.46x10-4 M) + VPA (1 mM)/PR-39 (212 pM)	 23.4x10-8	 9.4	 0.0001
VCR (16.0x10-11-0.25x10-5 M) + VPA (1 mM)/PR-39 (212 pM)	 1.5x10-9	 13.3	 0.041
ETP (25.6x10-10-0.4x10-4 M) + VPA (1 mM)/PR-39 (212 pM)	 2.52x10-6	 35.7	 0.0001
ELP (12.8x10-10-0.2x10-4 M) + VPA (1 mM)/PR-39 (212 pM)	 0.16x10-6	 46.8	 0.0001
AMS (80x10-11-1.25x10-5 M) + VPA (1 mM)/PR-39 (212 pM)	 0.05x10-5	 16	 0.0001
HHG (12.8x10-11-0.2x10-5 M) + VPA (1 mM)/PR-39 (212 pM)	 0.8x10-7	 5	 0.013

aThe data are based on the mean of absorbance from 3 independent experiments. bSR, sensitization ratio = IC50 of drug/IC50 of the drug + com-
bination of VPA and proteasome inhibitors. cP-value of the combined treatment with standard chemotherapeutic drugs and the combination of 
valproic acid (VPA) and PIs vs. the chemotherapeutic drug alone. HDACI, histone deacetylase inhibitor; CPT, camptothecin; 5FU, 5-fluorouracil; 
DOX, doxorubicin; TAX, taxol; VCR, vincristine; ETP, etoposide; ELP, ellipticine; AMS, amsacrine; HHG, homoharringtonine; PI-1, proteasome 
inhibitor-1.
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PI-1 and their combination are capable of inducing changes in 
the levels of Bax and cytochrome c in both the mitochondria 
and cytosol. Our results indicated that after 24 h of co-exposure 
to VPA and PI-1, cytochrome c was released from the mito-
chondria. Such an event may be responsible for the production 
of the apoptosome, with the consequent activation of caspase-9, 
which in turn activates caspase-3 (45). Our results support the 
hypothesis that the release of cytochrome c is induced in VPA/
PI-1-treated colorectal cancer cells by the decrease in the level 
of the anti-apoptotic factor, Bcl-2, and the concomitant increase 
in the level of the pro-apoptotic factor, Bax.

The NF-κB pathway is one of the most important signaling 
cascades that suppresses apoptosis, enhances chemoresistance 
and promotes tumorigenesis by increasing the expression of 
cellular survival signals  (47). Bortezomib prevents NF-κB 
nuclear translocation and subsequent transactivation, which 
may lower the threshold for HDACI lethality (48). Bortezomib 
has been shown to sensitize B-lymphoma cells to HDACI-
mediated apoptosis through the inhibition of the NF-κB 
pathway (31). In the present study, we examined the change 
in NF-κB distribution in the human SW837 colorectal cancer 
cell line to determine whether NFκB is involved in the syner-
gistic apoptotic effects of combined treatment with VPA and 
PI-1. Our results demonstrated an elevated level of NF-κB in 
the cytoplasm of colorectal cancer cells, and a concomitant 
marked decrease in the amount of nuclear NF-κB following 
co-treatment with VPA and PI-1. These results are in line with 
those reported by others (1,25,31). Our results demonstrated 
that co-treatment with VPA/PI-1 affects the nuclear translo-
cation of NF-κB in colorectal cancer cells, suggesting that 
the dysfunction of NF-κB may be involved in the synergistic 
apoptotic effects of VPA and PIs.

It has been reported that HDACIs suppress NF-κB in part 
by suppressing the cellular proteasome activity. In a study using 
colon cancer cells, Place et al (49) found that HDACI reduced 
cellular proteasome activity by reducing the expression of the 
catalytic β-type subunits of the proteasome. HDAC inhibition 
was found to specifically downregulate the expression of the 
three catalytic β-subunits, β5, β1 and β2, which are responsible 
for all the endopeptidase activities associated with the protea-
some. The reduced levels in these catalytic subunits results in 
the intracellular suppression of proteasome activity (49). By 
downregulating proteasome activity, HDACIs stabilize IκBα. 
Under normal conditions, IκBα is phosphorylated, ubiquiti-
nated and degraded by the proteasome, releasing NF-κB.

Multiple potential molecular mechanisms may contribute 
to the synergy between VPA and MG132, PI-1 or PR-39, and 
add to the effects of proteasome and HDAC inhibition. Cyto-
protective pathways, such as NF-κB, ERK and AKT, confer 
a survival advantage on colorectal cancer cells, not only by 
protecting the cells from apoptosis, but also by rendering them 
resistant to conventional cytotoxic drugs.

Interruption of the Raf-1/MEK/ERK pathway precedes 
pro-apoptotic signaling (50). Specific blockade of this pathway 
by bortezomib synergistically potentiates the HDCI-induced 
apoptosis of myeloid leukemia cells (51). In the present study, 
combined treatment with PI, PI-1 and HDACI, VPA markedly 
downregulated the levels of the phosphorylated form of ERK. 
These findings further establish the functional complementa-
tion of both agents in the inhibition of the ERK pathway. Our 

results are in line with those reported by others (52). Our results 
also demonstrated that the co-administration of VPA and PI-1 
markedly attenuated the levels of the phosphorylated form of 
AKT, indicating an additional role in AKT signaling, which is 
to further down-modulate the apoptotic threshold. Cross-talk 
between the ERK and AKT cascades has been described (53) 
and thus, in human colorectal cancer cells, the combined 
downregulation of ERK and AKT may be considerably more 
lethal than the interruption of either pathway alone. Our results 
are in agreement with those reported by other groups using 
different cell lines and various combinations of HDACIs and 
PIs (52,54).

Similar to ERK, JNK is also a member of the MAPK path-
ways and is implicated in the control of cellular survival and 
stress responses. However, differences do exist; ERK activation 
is generally associated with enhanced cell survival, whereas 
JNK is related to cell death. The bortezomib-mediated induc-
tion of apoptosis in leukemia cells has been linked to JNK 
activation (55). The upregulation of stress-related cascades is 
also one of the important factors involved in SAHA-mediated 
lethality (56). In the present study, when VPA was combined 
with the PI, PI-1, a marked increase in JNK expression was 
observed. Our results are in line with those reported in other 
groups using different cell line systems and various combina-
tions of HDAC and PIs (52,55,56).

The mechanisms by which HDAC and PIs exert their 
cytotoxic effects have not been fully delineated and are likely 
to be multifactorial and cell line-specific. Numerous genes 
are affected by PIs or VPA, and it is therefore likely that a 
combination of these effects may lead to the synergy observed 
between the two classes of agents. As cyclin-dependent kinases 
(CDKs) and CDKIs are critical cell regulators, we investigated 
whether their expression is affected by treatment with VPA/
PIs. Our results revealed that CDK1, CDK4 and CDC25A 
were downregulated. By contrast, p15, p19, p21 and p27 were 
differentially upregulated following co-treatment with VPA 
and PI-1. These results are in agreement with those reported in 
previous studies (24,38).

Despite the relatively uniform synergistic induction 
of apoptosis by HDACIs and PIs, the molecular pathways 
involved in the response to the combination treatment are not 
yet fully understood and may vary between different malig-
nancies (5,52). The synergistic induction of apoptosis in our 
in vitro model of human colorectal cancer was associated with 
the upregulation of the expression of pro-apoptotic genes, 
including Bax, Bad, Bim, Apaf-1 and AIF, and caspase-3, -8 
and -9, as well with as the downregulation of the anti-apoptotic 
genes, including Bcl-2, XIAP and FLIP. These results are in 
agreement with those reported on other malignancies using 
various HDACIs and PIs (24,57,58).

Cancer patients often develop chemoresistance, and 
increasing the concentration of cytotoxic drugs fails to signifi-
cantly improve the therapeutic response. One hypothesis to 
explain the development of chemoresistance is an acquired 
resistance of the tumor cells to apoptosis (59), allowing tumors 
to withstand high levels of chemotherapy. Tumor cells that are 
resistant to apoptosis also exhibit an increased proliferative 
capacity.

Synergism has been observed when HDACIs are combined 
with docetaxel, epothilone  B and gemcitabine in breast 
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cancer (60), combined with 5FU in colon cancer (61), combined 
with etoposide, camptothecin, doxorubicin and cisplatin in 
glioblastoma (62), combined with topoisomerase II inhibitors, 
cytarabine and fludarabine in leukemia (63) and combined 
with cytarabine, etoposide and topotecan in non-Hodgkin's 
lymphoma, chronic lymphocytic leukemia (CCL) and multiple 
myeloma cells (64).

In this study, combined treatment with VPA and the PIs, 
MG132, PI-1 or PR-39, markedly decreased the apoptotic 
threshold of colorectal cancer cells. These results led us to 
examine the efficacy of the combined treatments of VPA and 
PIs to enhance the sensitivity of human colorectal cancer 
cells to conventional chemotherapeutic drugs of various 
modes of action. Our results demonstrated that the various 
combinations of VPA and MG132, PI-1 or PR-39 differentially 
increased the sensitivity of colorectal cancer cells to conven-
tional chemotherapeutic agents in a VPA/PI combined- and 
colorectal cancer subtype-dependent manner (Figs. 6-10 and 
Tables I and II). These results are consistent with findings in 
other malignancies (59,65,66).

The net balance between cytoprotective pathways and 
stress-related cascades is known to be a critical determinant of 
cell death. VPA may interact with PIs by disrupting multiple 
cytoprotective signaling pathways and by shifting the balance 
toward their stress-related counterparts, which trigger mito-
chondrial damage, caspase activation and eventually lead to 
irreversible engagement of the apoptotic cascade in human 
colorectal cancer cells.

Clinical trials have been conducted to determine the safety, 
toxicity and maximum dose of VPA alone or in combination 
with other drugs in solid tumor malignancies and to define its 
clinical feasibility (67). Existing preclinical and preliminary 
clinical data strongly suggest that VPA is a drug with potential 
to eventually be used in combination therapies, either with 
classical cytotoxic or other molecular-targeted drugs or radia-
tion (68). The issue of drug costs cannot be underestimated. A 
contemporaneous and highly discussed topic in cancer therapy 
is drug access for low and middle income populations (69); 
thus, it appears obvious that if the efficacy of VPA is confirmed 
in cancer therapy, it will be widely available.

The findings reported in the present study have important 
clinical implications. Molecular targeting of HDAC and the 
proteasome in combination synergistically induces apoptosis 
and may exert a therapeutic effect at lower concentrations of 
each drug, thus reducing the toxicity of the therapeutic treat-
ment. This combination strategy provides a promising rationale 
for its use in the treatment of colorectal cancer and other malig-
nancies.
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