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Histone deacetylase 3 inhibits new tumor suppressor 
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Abstract: Cancer epigenetics plays an important role in the pathogenesis of many cancers including gastric cancer. 
Histone deacetylases (HDACs) emerge as exciting therapeutic targets for cancer treatment and prevention. In this 
study, we identified DTWD1 as one of the 122 genes upregulated after treatment of trichostatin A (TSA) in two gas-
tric cancer cell lines. Moreover, DTWD1 was downregulated in gastric cancer cell lines and primary gastric carcino-
ma tissues. It was further identified as the new target of p53. Then we revealed that HDAC3 downregulated DTWD1 
by disrupting the interaction of p53 with DTWD1 promoter. Furthermore, DTWD1 functioned as a tumor suppressor 
by downregulating cyclin B1 expression to inhibit proliferation. In summary, as the new p53 target gene, DTWD1 
was downregulated in gastric cancer by HDAC3 and acted as a novel tumor suppressor gene. Specific inhibitors of 
HDAC3 might be a new approach for gastric cancer treatment by activating DTWD1 expression.
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Introduction

Gastric cancer is one of the most prevalent 
malignant tumors worldwide especially in East 
Asia [1]. Despite advances in the diagnosis and 
treatment, gastric cancer constitutes the sec-
ond leading cause of cancer-related death 
worldwide [2]. The aberrant activation of onco-
genes and the suppression of tumor suppres-
sor genes contribute to the pathogenesis of 
gastric cancer. In the past decade, cancer epi-
genetics has attracted much more attention 
than ever before [3]. 

Histone acetylation and DNA methylation are 
the most important parts of epigenetics [4]. 
Histone deacetylases (HDACs) has emerged as 
a major enzyme in the epigenetic regulation of 
gene expression by catalyzing the removal of 
acetyl groups, modeling the structure of chro-
matin and inducing chromatin condensation 
and transcriptional repression [5]. This family 
of enzymes has been identified as four classes, 
namely Class I including HDAC1, HDAC2, 
HDAC3, and HDAC8, Class II including HDAC4, 
HDAC5, HDAC6, HDAC7, HDAC9, and HDAC10, 

Class III HDAC and Class IV such as HDAC11. 
Among them, the first two classes could be 
inhibited by trichostatin A (TSA) and widely 
investigated in human cancer development [6, 
7]. 

Increasing evidence suggested the importance 
of HDACs to human carcinogenesis. For exam-
ple, HDAC1, 2 and 3 were reported to be upreg-
ulated in gastric cancers and indicated poor 
prognosis [8, 9]. High expression of SIRT1,one 
of Class III HDACs, is closely correlated with pro-
gression and prognosis in gastric cancer 
patients [10]. By doing so, the balance between 
histone acetylation and deacetylation is dis-
turbed in cancer, leading to abnormal expres-
sion of tumor suppressor genes and/or proto-
oncogenes. Thus, HDACs appear to be a 
promising target for cancer prevention and 
treatment [11]. 

Currently, various HDAC inhibitors have been 
developed as novel anti-cancer agents by 
impairing cell differentiation or inducing apop-
tosis [12-15]. Being the selective inhibitor for 
the Class I and II HDACs, TSA was widely used 
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to reactivate the expression of tumor suppres-
sor genes in cancer cells [16-18]. In the present 
study, we aimed to identify novel tumor sup-
pressor genes silenced via histone deacety-
lation in gastric cancer cells. By treating cells 
with TSA, we identified the new p53 target gene 
DTWD1 as a novel tumor suppressor gene in 
gastric cancer. On the other hand, p53-mediat-
ed DTWD1 expression was attenuated specially 
by HDAC3. In addition, DTWD1 inhibited tumor 
growth by reducing the expression of cyclin B1. 

Materials and methods

Cells, antibodies, and plasmids

Human gastric epithelial cell line GES-1, six 
gastric cancer cell lines (AGS, SGC7901, 
MKN45, MKN28, BGC823, and NCI-N87), 
HCT116 and HEK293T cells were obtained 
from American Type Culture Collection (ATCC, 
Manassas, VA, USA). Unless specifically indi-
cated, cells were cultured in DMEM or 1640 
(Invitrogen) medium supplemented with 10% 

real-time RT-PCR

Total RNA was extracted using Trizol reagent 
(Invitrogen) according to the manufacturer’s 
instructions. RNA concentrations were quanti-
fied by NanoDrop 2000 (Nanodrop, Wilmington, 
Del, USA). Reverse transcription reaction was 
performed using 1 μg of total RNA with 
Quantscript RT kit (Tiangen Biotechnology, 
Beijing, China). The mRNA expression level was 
determined by quantitative real-time PCR using 
SYBR Green Master Mix Kit and ABI 7500 Real-
Time PCR System (Applied Biosystems). Human 
glyceraldehyde-3-phosphate dehydrogenase 
was used as an internal control of RNA integri-
ty. Primers used are listed in the Table 1.

SiRNAs and transfection

Four HDAC siRNAs were purchased from Qiagen 
(Hilden, Germany). P53 siRNA was synthesized 
by GenePharma (Shanghai, China). For siRNA 
transfection, cells were seeded overnight in 
6-well plates (2-3×105/well) and transfected 

Table 1. Oligos used in the study
Name Sequence
Primers
    DTWD1 cloning F: GGGATCCTCTCTCAATCCACCTAT

R: GCTCGAGCTAATGTGTAAGTTTTCCTGTTTCC
    DTWD1 RT-PCR F: ATTCACTGATGAGCGATTC

R: ATCAGTATGGTAGTCTACCAG
    GAPDH RT-PCR F: GGAGTCAACGGATTTGGT

R: GTGATGGGATTTCCATTGAT
    DTWD1 ChIP PCR F: TTCCAGTTGGCTAAGACT

R: AACAACCCTCCCACTCTT
    DTWD1 promoter cloning F1: GGAGCTCCTATTCTACTTTCCCTACCC 

R1: AAGCTTGGAACACTATACAGACTCCC
F2: GGAGCTCCTCTGGAGACCAGTGGTC 
F3: GGAGCTCTTTCGAGAACCGCTTCCC
R2: GAAGCTTCTGACAAAGAATGTCCAC

siRNAs
    HDAC1 CCGGUCAUGUCCAAAGUAATT

UUACUUUGGACAUGACCGGTT
    HDAC2 CCAGAACACUCCAGAAUAUTT

AUAUUCUGGAGUGUUCUGGTT
    HDAC3 GAGCUUCCCUAUAGUGAAUTT

AUUCACUAUAGGGAAGCUCTT
    HDAC8 GUCCCGGUUUAUAUCUAUATT

UAUAGAUAUAAACCGGGACTT
    p53 CCACCAUCCACUACAACUATT

UAGUUGUAGUGGAUGGUGGTT

fetal bovine serum at 37°C with 
5% CO2 and 95% humidity. Anti-
HDAC 3 antibody was obtained 
from Epitomics (Burlingame, 
CA, USA). Anti-p53, anti-Myc-
Tag and anti-GAPDH antibodies 
and CDK Ab Sampler kit were 
from Cell Signaling Technology 
(Boston, MA, USA). Anti-HDAC1 
and anti-HDAC2 antibodies 
were from Millipore (Billerica, 
MA, USA). Trichostatin A (TSA) 
and sodium butyrate (SB) were 
purchased from Sigma (St. 
Louis, MO, USA). DTWD1 full-
length open reading frame was 
amplified by PCR using the 
GoTaq Green Master Mix 
(Promega, Madison, WI, USA) 
with cDNA reverse transcripted 
from total RNA of GES-1 cells. 
The primers used are listed in 
the Table 1. The PCR product 
was cloned into the pMD-18T 
vector (Takara, Dalian, China). 
After sequence verification, the 
insert was sub-cloned into a 
mammalian expression vector 
pCMV-3Tag-7 (Agilent, La Jolla, 
CA, USA). 

RNA extraction and quantitative 
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with siRNA duplexes (10 nM) using Lipofe- 
ctamine™ RNAiMAX transfection reagent 
(Invitrogen) according to the manufacturer’s 
instructions. A negative control siRNA supplied 
by the manufacture was used as a control. For 
plasmid transfection, cells were seeded over-
night in six-well plates (2-3×105/well) and 2 μg 
of plasmids were transfected with FuGENE HD 
(Roche Applied Science, Mannheim, Germany). 
Cells were harvested for RNA and protein 
extraction after 48-72 h for further analysis. 
The sequences of various siRNAs are listed in 
the Table 1. 

Cell growth assay

Cell growth assay was performed with The 
CellTiter 96® AQueous Non-Radioactive Cell 
Proliferation Assay kit (MTS assay) (Promega). 
Briefly, 48 h after transfection, the transfected 
cells were transferred into a 96-well plate for 1 
day. Then the cell growth was measured follow-
ing the manufacturer’s instruction. In addition, 
SGC7901 lentivirus cells were measured man-
ually after treatment with DOX. Samples were 
prepared in triplicates, and the cell viability was 
determined as the mean ± SD.

Western blotting

Cell lysates harvested were quantitated by Bio-
Rad protein assay kit II (Bio-Rad Laboratories, 
Hercules, CA, USA). The boiled lysates were 
resolved by SDS-PAGE, transferred to PVDF 
membranes, and probed with the indicated pri-
mary antibodies, washed with TBS-T (0.01 M 
TRIS-HCl Buffer, 8.8 g/L NaCl, 0.1% Tween-20), 

then incubated with suitable HRP-conjugated 
second antibodies and autoradiographed with 
enhanced chemiluminescence (Millipore).

Colony formation assay

Anchorage-dependent growth of tumor cells 
was investigated by monolayer colony forma-
tion assay. SGC7901 cells and MKN28 cells 
were cultured overnight in a 12-well plate 
(1.0×105 cells per well) and transfected with 
pCMV-3Tag7-DTWD1 and control vector, using 
FuGENE HD (Roche Applied Science). Forty-
eight hours later, the transfectants were 
replaced in triplicate and cultured for two 
weeks with complete RPMI 1640 medium con-
taining hygromycin. Surviving colonies were 
stained with Gentian Violet after methanol fixa-
tion, and visible colonies (≥50 cells) were 
counted.

Chromatin immunoprecipitation

Chromatin Immunoprecipitation (ChIP) experi-
ment was performed with the SimpleChIP™ 
Enzymatic Chromatin IP Kit (Cell Signaling 
Technology, Boston, MA, USA) according to the 
manufacturer’s instructions. Briefly, 1×107 cells 
were first fixed with 1% formaldehyde. Cells 
were then lysed and chromatin was harvested 
and fragmented using sonication. The chroma-
tin was then subjected to immunoprecipitation 
using antibodies specific to p53 or mouse iso-
tope IgG (1.5 μg) and HDAC3 or rabbit isotype 
IgG (1 μg). After immunoprecipitation, the pro-
tein-DNA cross-links were reversed and the 
DNA was purified. The enriched DNA sequence 

Figure 1. DTWD1 is upregulated by HDACi. A. The effect of various concentration of TSA on gastric cancer cells was 
determined by MTS assay. B. Profiling of genes upregulated in gastric cancer cells with treatment of TSA. C. DTWD1 
expression in gastric cancer cells before and after TSA treatment was determined by real-time RT-PCR. Asterisks 
indicate statistical significance (p < 0.05, Student’s t test).
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was then detected by quantitative real-time 
PCR with a pair of primers around the promoter 
region of DTWD1 gene. The primers used for 
the detection of ChIP-enriched DNA are listed in 
the Table 1. 

In vivo tumorigenesis assay

Nude mice were purchased from Taconic and 
maintained under specific pathogen-free condi-

tions. The mice were then randomly divided into 
2 groups, and subcutaneous injected with 
SGC7901 cells (1×107) with DOX-inducible 
DTWD1 expression vector or control cells. 
Tumor volume was examined by caliper mea-
surement every 3 days and calculated accord-
ing to the following formula: V=π/6×f×(L×W)3/2, 
where V, volume (mm2); L, biggest diameter 
(mm); W, smallest diameter (mm), f (females) 
=1.58±0.01.

Figure 2. HDAC3 is responsible for DTWD1 suppression. A. DTWD1 expression in gastric cancer cells before and 
after SB treatment was determined by real-time RT-PCR. Asterisks indicate statistical significance (p < 0.05, Stu-
dent’s t test). B and C. The effect of HDACs depletion on DTWD1 expression in AGS and SGC7901 were determined 
by real-time RT-PCR. Asterisks indicate statistical significance (p < 0.05, Student’s t test). D. The binding of HDAC3 
to the DTWD1 gene was determined by ChIP assay.
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Luciferase activity assay

About 2 kb sequence around the first exon 
region of DTWD1 was cloned by PCR. PCR prod-
ucts were inserted into pMD18T vector (Takala) 
for sequence validation. The correct inserts 
were subcloned into pGL2-promoter vector. 
HEK293T cells (1×105) seeded in 12-well plates 
were cotransfected with constructed luciferase 
reporter and pRL-TK-Renilla (Promega) con-
ducts. 48 h after transfection, the activities of 
firefly luciferase was measured using the 
DualGlo luciferase assay system (Promega) as 
previously reported [19]. Relative luciferase 
activity was normalized with renilla luciferase 
activity and then compared with the control 
vector. The primers used are listed in the Table 
1. 

Immunohistochemistry

Anti-Ki 67 antibody was optimized for immuno-
histochemistry. Subsequently, an identical for-
malin-fixed and paraffin-embedded mice tumor 
was immunostained using microwave antigen 
retrieval in 0.01 M citrate buffer, pH 6.0. After 
washing, signal was detected using a suitable 
HRP-labeled second antibody with DAB as the 
chromogen (Dako, K3468). The staining results 

were judged by 2 independent pathologists in 
the department of pathology of our hospital. 
The positive staining was defined as uniform 
staining of more than 5% of 1,000 tumor cells 
and the staining of less than 5% of 1,000 tumor 
cells was defined as negative.

Lentivirus infection

For stable gene overexpression, pNL-EGFP and 
CMV plasmids along with packaging plasmid 
mix (Obio TechnologyMI0000780) were trans-
fected into SGC7901 cells maintained in 10% 
FBS. 48 h after transfection, the supernatant 
fraction was harvested for viral titers determi-
nation. Approximately 1×109 virus particles 
were used for infection.

Statistical analysis

The experiments were repeated three times 
and representative results were shown as 
means ± SD. Asterisks indicated a statistically 
significant difference (p<0.05). Samples were 
compared between treatments with two-tailed 
Student’s t-test, and multiple groups were com-
pared to single controls by one-way ANOVA 
using SPSS version 16.0 (SPSS/IBM, Chicago, 
Illinois). 

Figure 3. DTWD1 is downregulated in gastric cancer. A. DTWD1 expression in gastric cancer cells and GES-1 were 
determined by real-time RT-PCR. B. DTWD1 expression in primary gastric carcinoma tissues as well as adjacent 
non-tumor tissues was determined by real-time RT-PCR. The Asterisk indicates statistical significance (n = 19, p < 
0.05, Wilcoxin-matched pairs t test).
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Results

DTWD1 is upregulated by HDACi

Trichostatin A (TSA), the most frequently used 
inhibitor of HDAC, significantly inhibited the via-
bility of gastric cancer cell lines including AGS, 
SGC7901 and MKN28 (Figure 1A). In our 
screen of TSGs suppressed by histone deacety-
lation, 605 genes in AGS and 3216 genes in 
SGC7901 were upregulated at least two folds 
after TSA treatment. Among them, 122 genes 
were overlapped within the two cell lines (Figure 
1B). Our previous study suggested that TSA 
could activate expression of PUMA to promote 
cellular apoptosis and growth inhibition [13]. 
DTWD1 was one of the 122 overlapped genes 
not yet reported, thus we chose DTWD1 for fur-
ther study. Indeed, we confirmed the upregula-
tion of DTWD1 mRNA in gastric cancer cells 
treated with TSA (Figure 1C). 

HDAC3 is responsible for DTWD1 suppression 

To clarify which class of HDACs inhibited 
DTWD1 expression, we chose sodium butyrate 
(SB), which is a specific class I family of HDACs 

inhibitor, to narrow down the possible HDACs. 
We found that SB could upregulate the DTWD1 
expression as similar with TSA (Figure 2A). 
Considering that class I family of HDACs was 
composed of HDAC1, HDAC2, HDAC3 and 
HDAC8, we then used siRNAs to knockdown 
individual HDACs respectively. As shown in 
Figure 2B and 2C, DTWD1 expression had a 
remarkable upregulation after knockdown of 
HDAC3 but not other HDACs, indicating that 
HDAC3 could have important relevance to 
DTWD1 expression. Indeed, we confirmed the 
direct interaction of HDAC3 with the promoter 
of DTWD1 by chromatin immunoprecipitation 
(Figure 2D), indicating that DTWD1 was a direct 
target of HDAC3.

DTWD1 is downregulated in gastric cancer

To clarify the relevance of DTWD1 to gastric 
carcinogenesis, we then detected the expres-
sion of DTWD1 in a panel of gastric cancer cells 
and GES-1, a non-tumor gastric epithelial cell 
line by real-time RT-PCR. As shown in Figure 
3A, DTWD1 mRNA level was downregulated in 
most of the cell lines compared with GES-1. 
Moreover, the mRNA level of DTWD1 in primary 

Figure 4. DTWD1 is a target of p53. (A) Four fragments of candidate DTWD1 promoter including F1-R1, F1-R2, F2-R1 
and F3-R2 were cloned to construct luciferase reporter system. (B) The effect of luciferase reporter driven by differ-
ent DTWD1 fragments in (A) was determined by luciferase activity assay. (C) The effect of p53 depletion on DTWD1 
expression in GES-1 was determined by real-time RT-PCR. The asterisk indicates statistical significance (p < 0.05, 
Student’s t test). (D) The effect of p53 overexpression on DTWD1 expression in SGC7901 was determined by real-
time RT-PCR. The asterisk indicates statistical significance (p < 0.05, Student’s t test). (E) The binding of p53 to the 
DTWD1 gene was determined by ChIP assay. The effect of VP16 on DTWD1expression (F) and p53 expression (G) in 
HCT116 or HCT116 p53-/- cells were determined by real-time RT-PCR and Western blotting, respectively. Asterisks 
indicate statistical significance (p < 0.05, Student’s t test).
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gastric carcinoma tissues was remarkably 
downregulated when compared with its expres-
sion in adjacent non-tumor stomach tissues 
(n=19, p<0.05, Wilcoxin-matched pairs t test) 
(Figure 3B). 

DTWD1 is a target of p53 

Next, we tried to define the minimal promoter of 
DTWD1 to clarify the regulation of DTWD1 tran-
scription. We cloned different fragments of can-
didate DTWD1 promoter sequences including 
F1-R1, F1-R2, F2-R1 and F3-R2 and construct-
ed them into the dual luciferase reporter vec-
tors (Figure 4A). Compared with the pGL2 vec-
tor, the F3-R2 fragment exhibited the strongest 
transcriptional activity while F2-R1 was found 
little transcriptional activity (Figure 4B), indicat-

ing that F3-R2 fragment is essential for the 
transcription regulation of DTWD1 and could 
contain the binding sites for potential transcrip-
tional factors. Indeed, we found a classical 
p53-binding site in the F3-R2 fragment [20]. 
Thus, we wondered whether p53 was the tran-
scriptional factor responsible for DTWD1 tran-
scription. Indeed, we found that p53 knock 
down could downregulate the DTWD1 mRNA 
level in GES-1 cells (Figure 4C) while overex-
pression of p53 upregulated the expression of 
DTWD1 in SGC7901 cells (Figure 4D). Moreover, 
we confirmed that p53 bound the promoter of 
DTWD1 by chromatin immunoprecipitation 
(Figure 4E). We further use the classical sys-
tem of HCT116 p53+/+ and HCT116 p53-/- 
cells to further verify the regulation of DTWD1 
by p53. Etoposide (VP16), an important chemo-

Figure 5. HDAC3 regulates p53-mediated DTWD1 expression. A. The effect of TSA on p53 expression in SGC7901 
was determined by Western blotting. B. The effect of TSA on the binding of p53 to DTWD1 gene was determined 
by ChIP assay. The asterisk indicates statistical significance (p < 0.05). C. The effect of TSA and p53 depletion on 
DTWD1 expression was determined by real-time RT-PCR in SGC7901. The asterisk indicates statistical significance 
(p < 0.05, Student’s t test). D. The effect of HDAC3 depletion on p53 and HDAC3 expression in SGC7901 cells was 
determined by Western blotting. E. The effect of HDAC3 depletion on the binding of p53 to DTWD1 gene was deter-
mined by ChIP assay. The asterisk indicates statistical significance (p < 0.05). F. The effect of HDAC3 depletion and 
p53 depletion on DTWD1 expression in SGC7901 cells was determined by real-time RT-PCR. The asterisk indicates 
statistical significance (p < 0.05, Student’s t test).
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therapeutic agent to induce DNA damage [21] 
and p53 activity [22], stimulated DTWD1 level 
only in HCT116 p53+/+ but not HCT116 p53-/- 
cells (Figure 4F and 4G). These results demon-
strated that p53 directly regulate DTWD1 
transcription. 

HDAC3 regulates p53-mediated DTWD1 ex-
pression

Next, we wondered how HDAC3 regulated 
p53-mediated DTWD1 transcription. First, we 
found that the p53 protein level exhibited a 
remarkable rise after treatment of TSA (Figure 
5A). Chromatin immunoprecipitation also 
showed that the DTWD1 DNA level enriched by 

p53 was elevated after treatment of TSA 
(Figure 5B). Moreover, knock down of p53 
could also attenuate the TSA-promoted DTWD1 
mRNA expression (Figure 5C), confirming the 
importance of p53 in DTWD1 transcription. 
However, knock down of HDAC3 did not upregu-
late the p53 protein expression (Figure 5D) 
although the interaction of p53 with DTWD1 
promoter was enhanced (Figure 5E). In addi-
tion, upregulation of DTWD1 expression by 
HDAC3 knock down could be reversed by p53 
depletion (Figure 5F). All of these results sug-
gested that HDAC3 regulated DTWD1 expres-
sion by interfering the interaction of p53 with 
DTWD1 promoter.

Figure 6. DTWD1 functions as a tumor suppressor by regulating cyclin B1. The effect of ectopic expression of 
DTWD1 (A) on cell growth was determined by colony formation assay (B) and growth curve assay (C). Asterisks 
indicate statistical significance (p < 0.05). The effect of DTWD1 expression on the growth of gastric cancer cells in 
vivo was analyzed by inoculating SGC7901 cells into nude mice. The growth of tumors and immunohistochemistry 
staining of mice tumors were shown in (D) (student’s t-test, P < 0.05) and (E). The effect of DOX-induced DTWD1 ex-
pression on expression of cyclin B1, p21, CDK6, cyclin D1, cyclin A2 and cyclin H in DOX-induced DTWD1 SGC7901 
cells were determined by Western blotting (F).
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DTWD1 functions as a tumor suppressor by 
regulating cyclin B1

To clarify the biological relevance of DTWD1, we 
explored the effect of DTWD1 on the in vitro 
and in vivo growth of gastric cancer cells. 
Ectopic expression of DTWD1 inhibited the 
anchorage-dependent growth of gastric cell 
lines (Figure 6A and 6B). To further determine 
the long-term effect of DTWD1 on gastric can-
cer, we engineered SGC7901 cells to express 
DTWD1 in a doxycycline (DOX)-inducible man-
ner via lentivirus infection. The growth of 
SGC7901 in vitro was inhibited in the present 
of DOX (Figure 6C). In accordance with the in 
vitro result, in vivo tumor growth was signifi-
cantly impaired upon DOX-induced DTWD1 
expression (Figure 6D). 

Then, we aimed to explore the mechanism 
underlying the tumor-suppressing role of 
DTWD1. No significant apoptosis were found 
after DOX treatment (data not shown). However, 
immunohistochemistry analysis showed much 
lower expression of Ki 67 in tumor cells treated 
with DOX (Figure 6E), indicating that DTWD1 
impaired proliferation rather than activated 
apoptosis. Thus, we investigated the effect of 
DTWD1 on the expression of several important 
regulators related with cell cycle progression 
and found the expression of cyclin B1 was the 
only one affected by DTWD1 expression (Figure 
6F). Collectively, all of these data demonstrat-
ed that DTWD1 played as a tumor suppressor 
by regulating the expression of cyclin B1.

Discussion

Despite recent success toward discovery of 
more effective anticancer drugs, gastric cancer 
remains a huge threat to human health. There 
is emerging evidence that epigenetics plays a 
key role in the initiation and progression of gas-
tric cancer. Epigenetic regulators such as his-
tone deacetylases (HDACs) play an important 
role in the expression of many genes critical to 
the pathogenesis of many types of cancers [23-
25]. Thus, HDACs are being investigated as a 
therapeutic target for the clinical intervention 
of human cancers. 

In this study, we demonstrated that DTWD1 
was upregulated in gastric cancer cells treated 
with HDAC inhibitors. Interestingly, DTWD1 
could be upregulated by inhibitors of HDACs 

such as TSA in two independent ways (Figure 
5A and 5D). Since acetylation of p53 abrogated 
Mdm2-mediated repression to stabilize p53 
protein level, TSA could upregulate p53 expres-
sion probably through the alteration of post-
translational modifications of p53 [26, 27]. 
Therefore, TSA could elevate the expression of 
DTWD1 through increasing protein level of p53. 
In addition, HDAC3 regulated p53-mediated 
DTWD1 expression independent of p53 stabili-
zation, probably through modeling the structure 
of chromatin to control the interaction of tran-
scription factors with DTWD1. Knock down of 
HDAC3 relaxed the chromatin condensation 
thus made the DTWD1 promoter more accessi-
ble for the binding of transfection factors. 
Therefore, HDAC3 could serve as a promising 
target in clinical gastric cancer treatment with 
limited side effects. In fact, different HDACis 
had been applied in clinical trials with FDA 
approval and exerted an remarkable co-anti-
cancer therapeutic effect combining with che-
motherapy drugs, photodynamic therapy, even 
autophagy inhibitors [28-30].

Jamie M. Hearnes et al combined chromatin 
immunoprecipitation (ChIP) with a yeast-based 
assay to screen the genome for p53 binding 
sites screened genes and reported that DTWD1 
gene could be the target of p53 [20]. Indeed, 
we confirmed that p53 directly interact with 
DTWD1 gene and positively regulate DTWD1 
transcription. When treated with VP16, DNA 
damage induced p53 stabilization and upregu-
lated DTWD1 expression (Figure 4F and 4G). 
However, VP16 failed to induce DTWD1 expres-
sion once p53 was absent (Figure 4F and 4G). 
Certainly, we could not exclude other potential 
transcription factors responsible for DTWD1 
expression. For example, Anne Laurencon et al 
found that DTWD1 could be a target gene of 
RFX through a genome wide computer screen 
[31]. 

In addition, the mechanism underlying the 
tumor-suppressing role of DTWD1 needed to be 
investigated further. In our study, we uncovered 
that DTWD1 expression downregulated the 
expression of cyclin B1 but not other cyclins or 
CDKs. Since cyclin B1 activation of CDK1 is 
required for the progression of cells through 
the G2 phase, DTWD1 could induce cell cycle 
arrest at G2 phase by downregulation of cyclin 
B1. Indeed, less Ki 67 expression but not cas-
pase activation were found in tumors formed by 
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DTWD1-expressing cells (Figure 6E and data 
not shown). However, the mechanism how 
cyclin B1 was regulated by DTWD1 was still 
unknown. 

In summary, we found that DTWD1 is a new tar-
get gene of p53 and downregulated by HDAC3 
in gastric cancer. DTWD1 functioned as a novel 
tumor suppressor in gastric cancer by regulat-
ing cyclin B1. Specific inhibitors of HDAC3 might 
be novel anti-cancer treatment approaches 
with limited side effects by specifically activat-
ing DTWD1.
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