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Abstract. Trichostatin A (TSA) has been demonstrated to
exhibit various anticancer effects that influence cell cycle
arrest, cell proliferation and apoptosis of cancer cells.
A potential association between TSA and endoplasmic
reticulum (ER) function has been suggested but its
anticancer mechanism involving the induction of ER stress is
unknown. p53 has previously been demonstrated to regulate
ER function in response to stress but its role involving
TSA and ER stress in cancer cells is poorly understood.
The current study identified that TSA induced ER stress
in wild type (WT) HCT116 human colon cancer cells.
Following TSA treatment, the ER stress markers GRP78
and GRP94 significantly increased without hyperacetylation
of their promoter regions. The inositol-requiring enzyme 1
o (IREla)/X-box binding protein 1 (XBP1) pathway was
implicated due to an association of phosphorylated IREla
and spliced XBP1 with ER stress. However, luciferase
reporter assay indicated that splicing events were attenuated
in HCT116 TP53(-/-) cells. Furthermore, cell viability and
apoptosis were revealed to depend on p53 during TSA
treatment. Cell viability increased and the apoptosis rate
decreased in HCT116 TP53(-/-) cells compared with WT
HCTI116 cells undergoing TSA treatment. In conclusion,
the current study revealed that TSA may induce ER stress
via a p53-dependent mechanism in colon cancer cells. This
provides information that may assist the development of
treatments that exploit the anticancer function of TSA.

Correspondence to: Professor Bo Zhang, Department of Medical
Genetics, College of Basic Medical Science, Army Medical
University (Third Military Medical University), 30 Gaotanyan,
Chongging 400038, P.R. China
E-mail: bo_zhang@yahoo.com

Key words: trichostatin A, p53, endoplasmic reticulum stress, colon
cancer

Introduction

Trichostatin A (TSA) is a histone deacetylase (HDAC) inhibitor
of class I and II HDACs. TSA influences gene expression by
interfering with the removal of acetyl groups from histones,
thereby altering the balance between DNA transcription
factors and chromatin (1). Based on the known medicinal
properties of HDAC inhibitors, TSA has been tested as a
treatment against various cancer cells with highly expressed
HDACS, including colon (2), breast (3) and lung (4) cancer
cells. TSA is known to affect the growth, apoptosis, autophagy
and/or differentiation processes of these cancer cells. Previous
studies have identified a potential association between TSA
and endoplasmic reticulum (ER) function (5); however, to the
best of our knowledge, an anticancer mechanism involving
TSA and ER stress is unknown.

To investigate ER stress, dysfunction of the ER and the
unfolded protein response was induced under adverse condi-
tions, including metabolic and anaerobic stress, which disrupts
the protein-folding function of the ER. Altered ER homeo-
stasis results in an accumulation of unfolded or misfolded
proteins, which ultimately leads to ER stress (6,7). The ER
stress response activates cytotoxic mechanisms involving a
number of regulatory cytokines associated with the onset of
programmed cell death, suggesting this is a possible target
in the development of chemotherapeutic agents for inducing
cancer cell toxicity (8). As an essential tumor suppressor, the
TP53 gene regulates the processes of ER stress, apoptosis,
DNA repair, cell cycle and nuclear vesicular trafficking, in
the presence of cellular stressors, including hypoxia, DNA
damage and oncogene activation (9,10). Previous studies have
revealed that p53 is upregulated in response to ER stress and
participates in ER stress-induced apoptosis (11). However,
to the best of our knowledge, the role of p53 in cancer cells
exposed to TSA and ER stress is not understood.

In the current study, the anticancer effect of TSA on ER
function was investigated in the HCT116 cell line. It was
identified that ER stress was induced by TSA. Additionally,
the inositol-requiring enzyme 1 o (IREla)/X-box binding
protein 1 (XBP1) pathway was implicated in wild type (WT)
HCT116 cells. Mutation or silencing of TP53 attenuated ER
stress. Cell viability increased and the apoptosis rate decreased
in HCT116 TP53(-/-) cells compared with WT HCT116
cells undergoing TSA treatment. Therefore, the induction
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of ER stress by TSA in colon cancer cells likely involves a
p53-dependent mechanism.

Materials and methods

Materials. TSA and 4-phenylbutyrate were purchased from
Merck KGaA (Darmstadt, Germany). Tunicamycin (TM;
cat. no. 654380) were obtained from Sigma-Aldrich; Merck
KGaA). Primary antibodies for GRP78 (cat. no. 3183), GRP94
(cat. no. 2104), p53 (cat. no. 2524) and IREla (cat. no. 3294)
were obtained from Cell Signaling Technology, Inc. (Danvers,
MA, USA). Primary antibodies for XBP1 (cat. no. ab37151
and cat. no. ab220783) were purchased from Abcam
(Cambridge, UK). A primary phosphospecific antibody
for phosphorylated IREla (p-IREla) was purchased from
Abcam (cat. no. ab124945). Small interfering RNA (siRNA)
of p53 was obtained from Shanghai GenePharma Co., Ltd
(Shanghai, China). Transfection reagent Lipofectamine 2000
was obtained from Invitrogen (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). The Cell Counting kit-8 (CCK-8 kit) and
the Annexin V-fluorescein isothiocyanate (FITC) Detection
kit were obtained from Beyotime Institute of Biotechnology
(Haimen, China).

Cell culture and TSA treatment. WT HCT116, HCT116
TP53(-/-) and HT29 human colon cancer cell lines were
purchased from Shanghai Cell Bank (Shanghai, China;
http://www.cellbank.org.cn). All three cell lines were cultured
in Dulbecco's modified Eagle's medium (Hyclone, Logan, UT,
USA) with 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.) at 37°C in a humidified incubator containing
5% CO,. For the TSA treatment, specific amounts of TSA were
added to the medium to generate a mixed medium gradient
with different concentrations of TSA (0, 0.04,0.2 and 1 uM).

Cell viability. Cells were seeded in 96-well plates with
5x10° cells per well. Following 24 h of cultivation, the negative
control siRNAs were transfected with Lipofectamine 2000
according to the manufacturer's protocol. Next, the cells were
treated with different concentrations of TSA (0, 0.04, 0.2 and
1 uM) and cultured at 37°C for 24 h. Cell viability was deter-
mined using the CCK-8 assay according to the manufacturer's
protocol, with a 2 h incubation. The number of viable cells
was quantified by measuring the absorbance at 450 nm using
a microplate reader. Three replicates were performed for each

group.

Apoptosis analysis. Apoptosis was analyzed using the
Annexin V-FITC Apoptosis Detection kit according to
the manufacturer's protocol. Trypsin was used to collect
1x10° cells with or without TSA treatment at a concentra-
tion of 1 uM for 24 h. These collected cells were washed
twice with cold PBS and resuspended with Annexin V-FITC
binding solution. Propidium iodide was used to stain the cells
for 20 min at 25°C. Cells were detected using a FACSCalibur
flow cytometer and analyzed by BD CellQuest Pro 5.1 soft-
ware (both BD Biosciences, Franklin Lakes, NJ, USA).

Reporter assay. Luciferase reporter pCAX-F-XBP1delDBD-
Luc (provided by Dr Takao Iwawaki, Gunma University, Japan)
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was used to detect XBP1 splicing events (12). The luciferase
is expressed only when XBP1 splicing occurs and its activity
reflects the number of splicing events. TM treatment was
used as positive control. The vectors were transfected using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.). Cell lysate with or without drug treatment was collected
24 h following transfection. Luciferase activity was evaluated
using the Luciferase Assay system (Promega Corporation,
Madison, WI, USA) according to the manufacturer's protocol.

RNA extraction and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). Total RNA from
the cultured cells was extracted using RNAiso Plus reagent
(Takara Bio, Inc., Otsu, Japan) and quantified with a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Inc.). The puri-
fied RNA (0.5 ug) was reverse transcribed to cDNA using
PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd.,
Dalian, China), according to the manufacturer's protocols.
Then qPCR was performed using a Bio-Rad CFX Connect
detection system (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) with SYBR Premix Ex Taq II (Takara Bio, Inc.; cat.
no. RR820L). A two-step PCR protocol was used with the
following conditions: 95°C for 30 sec, followed by 40 cycles of
95°C for 5 sec and 60°C for 30 sec. All reactions were carried
out in triplicate. The mRNA expression levels of target genes
were normalized to the mRNA expression of GAPDH using
the 2424 method (13). The sequences of the forward and
reverse primers are presented in Table I.

Western blot analysis. Cells were suspended in ice-cold
radioimmunoprecipitation assay buffer, which contained
protease inhibitors (Beyotime Institute of Biotechnology). The
extraction mixture was collected and centrifuged at 10,000 x g
at 4°C for 15 min. The supernatant was obtained and the
protein concentration was analyzed using a Bradford assay.
Equal amounts of protein extractions (40 ug) were separated
on 10% SDS-polyacrylamide gels and electrophoretically
transferred onto polyvinylidene difluoride membranes (EMD
Millipore, Billerica, MA, USA). Subsequent to being
blocked with 5% skimmed milk for 2 h at room temperature,
membranes were incubated with a primary antibody at 4°C
overnight. The following antibodies were used for western
blotting: Anti-GRP78 (dilution, 1:1,000), anti-GRP94 (dilu-
tion, 1:1,000), anti-p53 (dilution, 1:1,000), anti-IREla. (dilution,
1:1,000), anti-p-IREla (dilution, 1:1,000), anti-XBP1-U (dilu-
tion,1:1,000; cat. no. ab37151), anti-XBP1-S (dilution, 1:1,000;
cat. no. ab220783) and anti-GAPDH (dilution, 1:5,000). The
blots were then incubated with anti-mouse (cat. no. zb2305) or
anti-rabbit (cat. no. zb2301) secondary antibodies at a dilution
of 1:5,000) coupled to horseradish peroxidase (Zhongshan
Golden Bridge Biotechnology, Beijing, China) at 4°C for
2 h. The immunoreactive proteins were detected using the
ECL Detection system (Thermo Fisher Scientific, Inc.).
Densitometric analysis of the protein bands was conducted
using ImageJ 1.42 software (National Institutes of Health,
Bethesda, MD, USA). Analysis of each sample was repeated
three times.

Chromatinimmunoprecipitation(ChIP) and semi-quantitative
PCR. A total of 1x107 cells, with or without 1 uM TSA
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Table I. Primers for reverse transcription-quantitative PCR and semi-quantitative PCR.

Target Target sequence Products, bp

GRP78 mRNA F: CGTCCTATGTCGCCTTCACT 230
R: TGTCTTTGTTTGCCCACCTC

GRP94 mRNA F: CAGTTTGGTGTCGGTTTCTA 141
R: AGTGTTTCCTCTTGGGTCAG

GAPDH mRNA F: GGGAAGGTGAAGGTCGGAGTC 232
R: CCTGGAAGATGGTGATGGGAT

XBP1 mRNA F: GAACCAGGAGTTAAGACAGCG 212
R: CCAGAATGCCCAACAGGATA

p21 promoter F: GAGGGACTGGGGGAGGAGGGAA 267
R: CCACAAGGAACTGACTTCGGCA

GRP78 promoter F: GAAATTGCGCTGTGCTCCTGTG 149
R: CGTCCTCCTTCTTGTCCTCCTCC

GRP94 promoter F: CCTCACGAATCCTCATTGGGT 158
R: TCGGATCCTCACACCTCCAGC

GAPDH promoter F: CGGCTCCAATTCCCCATCTC 132

R: GAGGTGATCGGTGCTGGTTC

F, forward; R, reverse; XBP1, X-box binding protein 1; bp, base pair; PCR, polymerase chain reaction.

treatment at 37°C with 5% CO, for 24 h, were harvested
and washed with cold PBS. A ChIP assay was performed
using an EZ-ChIP kit from EMD Millipore according to the
manufacturer's protocol. The cross-linked chromatins were
sonicated (300 W, Pulse 1s/3s) for 2 min at 0°C and immuno-
precipitated overnight using acetylated histone H3 antibody
(dilution, 1:300; cat. no. 17-615) or anti-IgG (dilution, 1:1,000;
cat. no. 17-371; both Upstate Biotechnology, Inc., Lake Placid,
NY, USA) antibody. The precipitated DNA was detected by
semi-quantitative PCR using GoTaq® Master Mix (Promega
Corporation, Madison, WI, USA), according to the manu-
facturer's protocols, using the following conditions: 95°C
for 30 sec, followed by 15 cycles of 95°C for 5 sec, 60°C for
30 sec and 72°C for 30 sec. A total of 5 ul PCR products were
stained with 1 ul 4S Green Plus (Sangon Biotech Co. Ltd.,
Shanghai, China) for 10 sec at room temperature, according to
the manufacturer's protocols, and detected by 5% agarose gel
electrophoresis For histone hyperacetylation analysis, the p21
promoter was used as a positive control (14) and the GAPDH
promoter was used as a reference region. Quantitative values
obtained for the PCR products (GRP78, GRP94 and p21) were
normalized relative to the GAPDH promoter and adjusted by
the amount of normal control group. Analysis of the bands
of PCR products was conducted using ImageJ 1.42 software
(National Institutes of Health, Bethesda, MD, USA). Analysis
of each sample was repeated three times. Relevant primers
are listed in Table I.

Knockdown of TP53 expression by siRNA. Cells were trans-
fected with TP53 siRNA, while the control was transfected
with negative control siRNA (GenePharma Co., Ltd) using
Lipofectamine 2000, according to the manufacturer's protocol.
Cells were harvested 24 h post-transfection and used for

Table II. Sequences of siRNA against TP53 and NC.

Name Target sequence

TP53 siRNA 5-CUACUUCCUGAAAACAACGTT-3'
5'-CGUUGUUUUCAGGAAGUAGTT-3'

NC siRNA 5'-UUCUCCGAACGUGUCACGUTT-3'

5'-ACGUGACACGUUCGGAGAATT-3'

NC, negative control; siRNA, small interfering RNA.

subsequent assays. The interference effect of p53 was assessed
by western blotting. The siRNA sequences are presented in
Table II.

Statistical analysis. All data were presented as the
mean + standard error and each experiment was performed
independently at least three times. Student's t-test and
analysis of variance (ANOVA) were used for detecting
differences between experimental groups. Multiple group
comparisons were carried out by ANOVA with a post hoc
Student-Newman-Keuls test. P<0.05 was considered to indi-
cate a statistically significant difference. Statistical analysis
was carried out using SPSS 16.0 software (SPSS Inc., Chicago,
IL, USA).

Results

TSA induces p53-dependent ER stress. To determine the
effect of TSA on ER stress, HCT116 cells were treated with
TSA at increasing concentrations for specific time inter-
vals, after which the expression of GRP78 and GRP94 was
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Figure 1. GRP78 and GRP94 expression is associated with p53 expression in human colon cancer cells. The expression levels of GRP78 and GRP94 (A) proteins
and (B) mRNA in WT HCT116 cells increased following TSA treatment in a dose-dependent manner. Significant statistical differences were indicated for
GRP78 and GRPY4 at different concentration of TSA (1 vs. 0.2 xM; 0.2 vs. 0.04 uM; 0.2 vs. 0 uM), respectively; P<0.01). The expression levels of GRP78 and
GRP94 (C) proteins and (D) mRNA in WT HCT116 cells increased following treatment with 1 M TSA in a time-dependent manner. Significant statistical
differences were indicated for GRP78 and GRP94 between different time points groups (0, 3, 8 and 24; 0 P<0.01). No association was identified between TSA
treatment and the expression levels of GRP78 and GRP94 (E) proteins and (F) mRNA in HCT116 TP53(-/-) cells. TSA, trichostatin A; WT, wild type.

analyzed. As demonstrated in Fig. 1A-D, the expression of ER
stress markers GRP78 and GRP94 increased at the mRNA
and protein level, in a dose- and time-dependent manner with
TSA treatment.

Since HCT116 cells contained the WT TP53 gene, the
response to TP53 was investigated in another colon cancer cell
line, HT29, in which the TP53 gene was mutated. Increased
expression of GRP78 and GRP94 was not observed in HT29
cells treated with TSA compared with untreated cells (data not
presented). In addition, HCT116 TP53(-/-) cells were treated
with TSA. As observed in HT29 cells, expression of GRP78
and GRP94 in HCT116 TP53(-/-) cells was not associated with
TSA treatment (Fig. 1E and F). These results suggested that
TSA-induced expression of ER stress marker proteins depends
on p53.

Hyperacetylation of ER stress marker genes is not induced
by TSA. TSA, a classic HDAC inhibitor, disrupts the balance
between histone acetylation, deacetylation and induced
hyperacetylation, which alters chromatin structure and gene
expression (1). Since TSA was identified to increase gene
expression of ER stress markers at the transcriptional level
(Fig. 1B and D), the current study investigated if this increased
gene expression was associated with hyperacetylation of ER
stress markers. Following TSA treatment, the acetylation of
histone H3K9 in the promoter regions of GRP78 and GRP94
genes was analyzed. ChIP and a semi-quantitative PCR

assay were performed to measure the acetylation level of
histone H3K9 in the GRP78 and GRP94 promoter regions.
As demonstrated in Fig. 2, no significant differences were
identified in the acetylation levels of the promoter regions
of GRP78, GRP94 and GAPDH in TSA-treated cells.
However, hyperacetylation was significantly increased in
the positive control p21 gene promoter region following TSA
treatment. Therefore, other mechanisms likely contribute to
the increase of ER stress-marker expression following TSA
treatment.

p33 is associated with the viability and apoptosis of HCT116
cells following TSA treatment. To assess the association of
p53 with the cytotoxicity of TSA, cell viability and apop-
tosis assays were performed with WT HCT116 and HCT116
TP53(-/-) cells. A CCK-8 assay revealed that an increase in
the concentration of TSA was associated with a decrease in
the viability of WT HCT116 and HCT116 TP53(-/-) cells. A
significant difference was identified in the viability of WT
HCT116 and HCT116 TP53(-/-) cells treated with 1 uM TSA
(Fig. 3A). Additionally, the apoptosis rate of WT HCT116
cells was identified to be significantly higher compared
with the apoptosis rate of HCT116 TP53(-/-) cells following
treatment with 1 yM TSA (Fig. 3B and C). These results
suggested that p53 expression was associated with the cell
viability and apoptosis rate of colon cancer cells treated
with 1 uM TSA.
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Figure 2. Hyperacetylation of GRP78 and GRP94 promoter regions is not induced by TSA. (A) Semi-quantitative PCR of WT HCT116 cells using H3K9Ac
antibody or IgG. PCR production of GRP78, GRP94 and GAPDH promoter regions was not altered but the positive control p21 promoter region increased
following TSA treatment. (B) Quantification results for PCR production of p21, GRP78 and GRP94 promoter regions using H3K9Ac antibody. Quantitative
values obtained were normalized relative to the GAPDH promoter. “"P<0.01. TSA, trichostatin A; WT, wild type; PCR, polymerase chain reaction; N, negative
control; IgG, immunoglobulin G; Ac, acetylation.

A 1.5 1 | wWT B ‘
&8 7p53(./-) (%) 40, Apoptosis  _*  gmWT
> @ TP53(-/)
£ 1.04
2
3 .
=
E 0.5 - ’_‘
0.0
0 004 02 1.0(uM) TSA(24h)
0 1.0 (uM) TSA (24 h)
CTSA(24h)  WTHCT116 cell HCT116 TP53(-/-) cell D
10*13.74% 2.06%| 104]4.42% 2.62% NG Si-TP53
E ITUS‘ :;1031 o
éﬂ-[u?. LA S I N2
S Eyp1] * * o] f [(_— = GRP78
100 {92.7% 1.50%) o 7% | 130%
10° 107 102 108 q0¢  10° 10" 10° 10° 10* cRPod
4
o Olrien | 17e%| 1°'7.40% 14.0% '
R :F 10%1 e GAPDH
L 10° '
T 10 g }* 101] a1 WT HCT116 cell
01621% | 13.0% 68.6% 10.0%
10° C1  NC2  Si- Si-2
10° 10" 102 10® 107 100 10" 102 108 10?
FL1-H ”— — | P53
E 25 = Si-NC MGAPDH
s m. Si-TP53
S 20
° F 151 Cell viability
515
5
% o 210
E 0.5 'g '
0.0 G
2
£05-
[:5]
) i L
0.0 4

Si- TP53 NC TSA Si-TP53-TSA
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Figure 4. Effect of TSA treatment on the IRE1a/XBP1 pathway. In the luciferase reporter assay, cells were transfected with pCAX-F-XBP1ldelDBD-Luc.
(A) An increase in luciferase activity was associated with TSA and TM treatment at a concentration of 1 #M for 24 h. When treated with TSA the luciferase
activity was significantly higher in WT HCT116 cells compared with HCT116 TP53(-/-) cells. (B) The spliced form of XBP1 was detected by reverse
transcription-quantitative polymerase chain reaction. (C) A decrease of XBP1-U and an increase of XBP1-S were associated with an increasing concentration
of TSA. Similarly, an increase of p-IREla was associated with an increasing concentration of TSA. (D) An increase of p-IREla was associated with the
treatment time of 1 uM TSA. (E) An increase of XBP1-S and a decrease of XBP1-U was associated with the treatment time of 1 xM TSA. “P<0.01. TSA,
trichostatin A; IREla, inositol-requiring enzyme 1 o; XBP1, X-box binding protein 1; TM, tunicamycin; WT, wild type; XBP1-U, unspliced XBP1; XBPI-S,

spliced XBP1; p-IREla, phosphorylated IREla.

Silencing of p53 attenuates ER stress in WT HCTI116 cells.
ER stress induced by TSA was detected in WT HCT116 cells
but not in HCT116 TP53(-/-) cells. To further investigate
the role of p53 in TSA treatment, TP53 was knocked down
by RNA interference in WT HCT116 cells. As expected,
siRNA efficiently inhibited p53 expression in WT HCT116
cells (Fig. 3D). The molecular response following treatment
with TSA was detected by immunoblotting; following TSA
treatment the protein levels of GRP78 and GRP94 were
significantly higher in WT HCT116 cells compared with
HCT116 cells in which TP53-knockdown had been achieved
by siRNA (Fig. 3D and E). A cell viability assay demonstrated
that in comparison with the negative control group, cell
viability was significantly higher in TP53-knockdown WT
HCT116 cells following TSA treatment (Fig. 3F).

Involvement of the IREI pathway with TSA treatment. A
previous study has suggested that the IRE1 pathway is involved
in the ER stress response (15). The RNase activity of IREla is
activated following ER stress and its spliced form may reflect
the activation of IREla (16).

To identify whether the IRE1 pathway is associated
with TSA-induced ER stress, a luciferase reporter

pCAX-F-XBP1ldelDBD-Luc was used to detect XBP1 splicing
events. The luciferase was only expressed when XBP1
splicing occurred and its expression level was associated with
the number of splicing events. As demonstrated in Fig. 4A,
an increase in luciferase activity was associated with TSA
treatment. The increase in luciferase activity was markedly
higher in TSA-treated WT HCT116 cells compared with the
positive control WT HCT116 cells treated with 1 yuM TM
for 24 h. However, this increase in luciferase activity was
significantly smaller in TSA-treated HCT116 TP53(-/-) cells.

Next, the spliced form of XBP1 was detected by semi-quan-
titative PCR. As demonstrated in Fig. 4B, unspliced XBP1
and spliced XBP1 were detected in TSA- and TM-treated WT
HCT116 cells. Additionally, the protein levels of p-IREla were
measured. As expected, the protein level of unspliced XBP1
decreased and spliced XBP1 increased following TSA treat-
ment, in a dose-dependent manner (Fig. 4C). Similarly, the
protein levels of p-IREla increased following TSA treatment,
in a dose-dependent manner (Fig. 4C). Furthermore, levels
of p-IREla and spliced XBP1 increased in a time-dependent
manner with TSA treatment (Fig. 4D and E). Taken together,
these data suggested that the IRE1 pathway may be involved
in TSA-induced ER stress.
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Discussion

In the current study, the expression of ER stress markers,
GRP78 and GRPY4, was revealed to be increased following
TSA treatment of WT HCT116. Furthermore, this TSA-induced
ER stress was identified to be associated with the expression
of p53. Previously, a study identified that HDAC inhibitors
specifically induce the expression of GRP78 and this effect
is amplified by ER stress (17). In the current study, GRP78
and GRP94 were upregulated in a p53-dependent manner.
However, GRP78 and GRP94 promoter regions were not
hyperacetylated following TSA treatment. Previous studies
have identified that there are HDACI response elements in the
promoter region of GRP78 that function as negative regulation
factors (17,18). This suggests that TSA may inhibit HDACI1
and induce GRP78 expression. In addition, TSA may activate
the gene promoter through the Spl and Sp3 sites, including
ethanolamine kinase 1 gene (19). These results suggest that
the increase in ER stress markers may involve transcription
factors or regulatory elements, including HDACI response
elements, Spl and Sp3 sites, and factors within the p53
network. However, these suggestions require verification in
future studies.

To further investigate the effect of increased ER stress
markers following TSA treatment, the associated pathways
were analyzed. Previous studies have identified that the ER
transmembrane proteins, IREla, protein kinase R-like ER
kinase (PERK), eukaryotic initiation factor 2 (eIF2) and acti-
vating transcription factor 6 (ATF6), mediate the unfolded
protein response and ER stress response in mammalian
cells (20). ER stress, a highly conserved cellular defense
mechanism, responds to perturbations of ER function (20).
When ER stress occurs, the GRP78 and GRP94 proteins
dissociate from ER membrane receptors, followed by acti-
vation of the unfolded protein response. Previous studies
have revealed that the IREla/XBP1 pathway is important
for oncogenesis, as it helps tumor cells adapt to ER stress
and associated growth factors (21). In the current study,
the IREla/XBP1 pathway was identified to be associated
with TSA treatment. Levels of p-IREla and spliced XBP1
increased following TSA-induced ER stress in cancer cells.
However, no association was identified between TSA and
ER stress when p53 was silenced. Silencing of p53 in WT
HCT116 cells attenuated ER stress marker expression induced
by TSA and decreased XBP1 splicing events. A previous
study identified p53 as a crucial regulator of ER function;
loss of p53 function induced an upregulation of IREla
expression, which increased ER function. In p53 deficient
cells, the IRE1a/XBP1 pathway was upregulated but the ER
stress-dependent activation of ATF6 and the PERK/eIF2a
pathway was suppressed (22). In the current study, TSA
induced ER stress in a p53-dependent manner; the expression
of ER stress markers did not increase following TSA treat-
ment when p53 function was lost. These data indicate that
activation of the IRE1a/XBP1 pathway is associated with the
upregulation of ER stress markers following TSA treatment.
However, other pathways associated with ER stress were not
analyzed in the current study. Therefore, the results primarily
revealed the association between TSA and the IREla/XBP1
pathway.
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TSA-induced apoptosis is an important function for cancer
therapy; p53 has been identified to influence the antitumor
effect of TSA (4). Tumor cells experience constant ER stress
and are exposed to various stress stimuli in their microenvi-
ronment, including the accumulation of misfolded proteins,
hypoxia, acidic pH levels, reactive oxygen species, calcium
imbalance, viral proteins and hypoglycemia (23). Therefore,
substantial ER stress may easily be induced in tumor cells,
which may lead to tumor cell death. There are three pathways
involved in ER stress mediated apoptosis: The C/EBP homolo-
gous protein (CHOP) associated pathway, the tumor necrosis
factor receptor-associated factor-2/c-Jun N-terminal kinase
(JNK) pathway and caspase-12 activation (24). The current
study revealed that the IRE1a/XBP1 pathway may initiate
downstream reactions. IREla activation can induce JNK
phosphorylation and phosphorylated JNK can exert proapop-
totic effects by activating caspase-12/4 and caspase-8 (7).
Additionally, XBP1 is known to activate the transcription of
CHOP (25), therefore XBP1 contributes to the induction of
apoptosis.

A mutation in the TP53 gene is often identified in human
cancer cells (26). Activation of p53 has been revealed to
suppress the activity of the mechanistic target of rapamycin
and inhibit the translation of certain proteins (26). The elimi-
nation of p53 may provide an opportunity for cancer cells to
promote unregulated proliferation due to increased protein
synthesis and a subsequent increase in ER function (9). In
the current study, the expression of p53 affected the extent of
TSA-induced ER stress. p53 was associated with cell viability
and apoptosis following TSA treatment; the rate of apoptosis
was significantly higher in WT HCT116 cells compared with
HCT116 TP53(-/-) cells following TSA treatment. A previous
study has identified that ER stress may activate proapoptotic
p53-target genes, including NOXA and p53 upregulated modu-
lator of apoptosis; these genes are associated with the induction
of cell death during ER stress (27). Therefore, p53 inactivation
may be a driving factor for chemoresistance to TSA in HCT116
cells. Furthermore, a previous study has reported a combined
effect of TSA with other factors, including iron chelators (18).
Iron chelators promote binding between HDAC-1 and the
GRP78 promoter region, which reduces GRP78 expression and
promotes the chemotherapeutic effect of TSA. Knockdown of
GRP78 also promotes desensitization to TSA in cancer cells,
which reduces apoptosis (17). The observation made by the
current study that the status of p53 influences the association
between ER stress and TSA may provide insight into the
development of an anticancer function of TSA.

In summary, the current study has identified that ER
stress is induced by TSA and the IREla/XBP1 pathway in
WT HCT116 cells. Mutation or silencing of TP53 has been
revealed to attenuate ER stress. Furthermore, the current
study identified that cell viability increased and the apoptosis
rate decreased in HCT116 TP53(-/-) cells compared with WT
HCT116 cells following TSA treatment. Overall the data reveal
that TSA-induced ER stress may occur via a pS3-dependent
mechanism in colon cancer cells.
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