
ORIGINAL RESEARCH COMMUNICATION

Epigenetic Upregulation of Metallothionein 2A
by Diallyl Trisulfide Enhances Chemosensitivity
of Human Gastric Cancer Cells to Docetaxel
Through Attenuating NF-jB Activation

Yuanming Pan,1,* Shuye Lin,2,3* Rui Xing,1,* Min Zhu,1 Bonan Lin,2 Jiantao Cui,1 Wenmei Li,1 Jing Gao,4

Lin Shen,4 Yuanyuan Zhao,5 Mingzhou Guo,6 Ji Ming Wang,3 Jiaqiang Huang,2,3 and Youyong Lu1

Abstract

Aims: Metallothionein 2A (MT2A) and nuclear factor-kappaB (NF-jB) are both involved in carcinogenesis and
cancer chemosensitivity. We previously showed decreased expression of MT2A and IjB-a in human gastric
cancer (GC) associated with poor prognosis of GC patients. The present study investigated the effect of diallyl
trisulfide (DATS), a garlic-derived compound, and docetaxel (DOC) on regulation of MT2A in relation to NF-jB
in GC cells. Results: DATS attenuated NF-jB signaling in GC cells, resulting in G2/M cell cycle arrest and
apoptosis, culminating in the inhibition of cell proliferation and tumorigenesis in nude mice. The anti-GC effect of
DATS was attributable to its capacity to epigenetically upregulate MT2A, which in turn enhanced transcription of
IjB-a to suppress NF-jB activation in GC cells. The combination of DATS with DOC exhibited a synergistic
anti-GC activity accompanied by MT2A upregulation and NF-jB inactivation. Histopathologic analysis of GC
specimens from patients showed a significant increase in MT2A expression following DOC treatment. GC
patients with high MT2A expression in tumor specimens showed significantly improved response to chemo-
therapy and prolonged survival compared with those with low MT2A expression in tumors. Innovation and
Conclusion: We conclude that DATS exerts its anti-GC activity and enhances chemosensitivity of GC to DOC by
epigenetic upregulation of MT2A to attenuate NF-jB signaling. Our findings delineate a mechanistic basis of
MT2A/NF-jB signaling for DATS- and DOC-mediated anti-GC effects, suggesting that MT2A may be a che-
mosensitivity indicator in GC patients receiving DOC-based treatment and a promising target for more effective
treatment of GC by combination of DATS and DOC. Antioxid. Redox Signal. 24, 839–854.
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Introduction

Gastric cancer (GC) is one of the most common cancers
with high mortality in developing countries. Che-

motherapy in addition to surgical removal is an important
therapeutic modality for GC (8). Although considerable ef-
fort has been directed toward the improvement of chemo-
therapeutic intervention, the 5-year survival rate of GC
patients remains poor partly due to the development of che-
moresistance (21), raising an urgent need to seek more ef-
fective treatment strategies. Recent studies have
demonstrated constitutive activation of nuclear factor-
kappaB (NF-jB) in GC (10, 27, 32). Hyperactivation of NF-
jB contributes to tumorigenesis by regulating cell cycle
progression, promoting cancer cell proliferation, preventing
apoptosis, and generating chemotherapeutic resistance (10,
25, 49, 53). Blocking NF-jB activation in cancer cells has
shown promising anticancer effects (7, 10, 31).

Garlic and its derivatives have been recognized as anti-
oxidants for cancer prevention and treatment, attributable
primarily to organosulfur compounds such as diallyl trisul-
fide (DATS) (59). Consumption of garlic is associated with
reduced incidence of GC (33, 61). The inhibitory effect of
DATS on tumor growth involves multiple mechanisms such
as inducing reactive oxygen species (ROS) (14), arresting
cell cycle, promoting apoptosis, and suppressing prolifera-
tion, as well as blocking tumor cell invasion and metastasis
(4, 28, 29, 34, 57, 60). Although the molecular mechanisms
for the antitumor effect of DATS are not fully understood, the
pharmacotherapeutic effects of garlic on cancer have been
shown in its combined treatment with chemotherapeutic
agents such as docetaxel (DOC) (7, 20). Interestingly, recent
studies implicate the antitumor effect of garlic alone or in
combination with DOC through inactivation of NF-jB in
human cancer cells, including colon, prostate, liver, stomach,
lung, and leukemic cells (7, 12, 28, 52). However, the mo-
lecular targets of DATS, in particular its effects on NF-jB in
tumor cells, remain to be elucidated.

Metallothioneins (MTs) are low-molecular-weight, heavy
metal-binding proteins. Human MTs consist of four iso-
forms, MT1, MT2A (or MT2), MT3, and MT4. In contrast to
MT3 and MT4 with tissue-specific expression, MT1 and
MT2A are the main MT isoforms that are well conserved
and present almost in all types of soft tissues. Expression of
MTs is inducible by a number of mediators and is regulated
in response to exogenous signals in a cell/tissue-specific
manner. Human MT genes are highly homologous and

clustered in the q13 region of chromosome 16 (16q13),
containing a set of MT1 genes (MT1A, B, E, F, G, H, and X
genes) and one gene for each of the other MT isoforms
(MT2A, MT3, and MT4) (6). MTs serve as nonenzymatic
antioxidants and detoxicants involved in diverse intra-
cellular functions, such as metal ion homeostasis, cell dif-
ferentiation, apoptosis, inflammation, carcinogenesis, and
chemosensitization. Aberrant expression of MTs may
change their functional properties in association with tu-
mors and neurodegeneration (46, 48).

The effects of MTs on pathophysiological processes, par-
ticularly on cancer development, are subjects of many stud-
ies. However, an intricate complexity of MT expression has
been shown to associate with oncogenesis, tumor progres-
sion, and patient prognosis in different types of cancers. For
instance, MT expression was augmented in breast, renal,
bladder, and ovarian cancers (46, 56, 58), whereas MT ex-
pression was low due to epigenetic silencing and functioned
as a tumor suppressor in a range of other human tumors, such
as thyroid, esophageal, liver, colon, and prostate cancers (5,
13, 22, 38, 47, 55). In human GC, the role of MTs during
tumorigenesis has been inconclusive because of the dis-
crepancy of MT expression pattern reported (16, 24, 46). Our
recent studies demonstrated that decreased MT2A in GC cell
lines and primary tumors correlated with reduction of IjB-a
and poor prognosis of GC patients (3, 44), suggesting an
oncosuppressive role of MT2A in GC linking to NF-jB.
However, the mechanisms of the regulation of MT2A and its
relationship to NF-jB signaling in GC remain elusive.

Since garlic and DOC have been shown to inhibit tumor
cell growth through inactivation of NF-jB in several types of
cancer cells (7, 12, 28, 31, 52) and NF-jB activity during
tumorigenesis may be regulated by MT2A (37, 44, 45, 50),
the present study aimed to investigate the role of DATS and
DOC in GC cell growth in relation to the regulation of MT2A
expression and NF-jB activation. In this study, we report
that DATS exerts its anti-GC activity and enhances chemo-
sensitivity of GC to DOC by epigenetic upregulation of
MT2A to attenuate NF-jB signaling. Our findings delineate
a mechanistic basis of MT2A/NF-jB signaling for DATS-
and DOC-mediated anti-GC effects, suggesting that MT2A
may be a chemosensitivity indicator in GC patients receiving
DOC-based treatment and a promising target for more ef-
fective treatment of GC by combination of DATS and DOC.

Results

DATS suppressed the proliferation and tumorigenicity
of human GC cells by inducing cell cycle arrest
and apoptosis

We first assessed the effect of DATS on the viability and
colony formation of three human GC cell lines, BGC823,
SGC7901, and AGS. DATS significantly inhibited the pro-
liferation of GC cells (Figs. 1A, 6A, and Supplementary
Fig. S1A; Supplementary Data are available online at www.
liebertpub.com/ars). The antiproliferative effect of DATS
on GC cells was confirmed by colony formation assay, in which
GC cells treated with DATS formed significantly fewer colonies
than the cells treated with saline (Figs. 1B, 6B, and Supple-
mentary Fig. S1B). We then evaluated the effect of DATS on a
subcutaneous mouse xenograft model. Intraperitoneal admin-
istration of DATS significantly reduced the volume of BGC823

Innovation

The primary role of metallothionein 2A (MT2A) in
relation to nuclear factor-kappaB (NF-jB) activation in
tumorigenesis and chemoresistance differs depending on
cell types and remains to be elucidated in gastric cancer
(GC). Our study provides the first evidence for epigenetic
upregulation of MT2A in GC by diallyl trisulfide (DATS)
and uncovers the molecular mechanisms of the anti-GC
activity of DATS as well as its ability to sensitize GC cells
to docetaxel (DOC) through the MT2A/NF-jB pathway.
Therefore, MT2A is considered as a promising prognostic
marker of sensitivity to DOC-based chemotherapy in GC
patients.
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FIG. 1. The effect of DATS on the proliferation, colony formation, and tumorigenicity of human GC cells. (A)
MTT assay performed to monitor the viability of BGC823 cells treated with DATS at the indicated concentrations for
4 days. Data are presented as the mean – standard deviation (n = 3), *p < 0.05, **p < 0.005, significant differences from
the control. (B) Colony formation by GC cells in soft agar with treatment of 40 lM DATS for 4 weeks. Total number of
colonies from triplicate experiments was counted. Results are shown as the mean – standard deviation (n = 3), *p < 0.05
versus control. (C–F) Tumorigenicity was measured by subcutaneously injecting BGC823 cells into the left and right
flanks of nude mice. After 1 day of BGC823 cell injection, the nude mice were divided into two groups and treated with
20 mg/kg of DATS or saline once every 4 days. (C) Top panel: representative image of BGC823 xenograft tumor-bearing
mice treated with DATS or saline photographed at day 20. Bottom panel: photographs of dissected BGC823 xenograft
tumors at day 20 from DATS-treated or control mice. (D) Tumor volume measured at the indicated times. (E) Tumor
weight at day 20. (F) Body weight of tumor-bearing mice measured at the indicated times. Results shown represent the
mean – standard deviation (n = 2 flanks ·3 mice in each group), *p < 0.05 versus control. DATS, diallyl trisulfide; GC,
gastric cancer.
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xenograft tumors in nude mice compared with tumors formed in
untreated control mice (Fig. 1C, D). DATS-treated mice also
showed a marked reduction of xenograft tumor weight com-
pared with control mice (Fig. 1E). Injection of DATS with a
dose of 20 mg/kg up to 20 days did not cause weight loss in
tumor-bearing mice (Fig. 1F), indicating the safety of DATS
treatment. Similar results were observed in SGC7901 cell xe-
nograft tumors in mice treated with DATS (Supplementary Fig.
S2A–C). The data demonstrate the ability of DATS to suppress
the tumorigenesis of human GC cells in nude mice.

We next examined cell cycle distribution and apoptosis of
GC cells treated with DATS. FACS analysis demonstrated
accumulation of BGC823 cells in G2/M phase at 12 h after
DATS treatment (Fig. 2A). At this time point, DATS treat-
ment caused a significant increase in the percentage of
late apoptotic cells (Fig. 2B). Western blotting also showed that
DATS treatment of GC cells enhanced the expression of cyclin
B1 (CCNB1) and activated caspase-3 (a-CASP3), two key pro-
teins indicating G2/M phase arrest and apoptosis of the cells
(Fig. 2C, 6E, and Supplementary Fig. 4C, D). Immuno-
fluorescence staining confirmed the expression of CCNB1 and a-
CASP3 induced by DATS in GC cells (Fig. 2D). These results
support our previous observation with the BGC823 cell line (34),

indicating that DATS suppresses the growth of GC cells asso-
ciated with G2/M phase arrest and apoptosis.

DATS attenuated NF-kB activation in GC cells

To examine the role of DATS in regulating NF-jB acti-
vation in GC cells, treatment of GC cells with DATS resulted
in an increase in total IjB-a, but decrease in the NF-jB target
gene cyclin D1 (CCND1) at both mRNA (Fig. 3A) and
protein levels (Fig. 3B), in association with reduced phos-
phorylation of IjB-a (p-IjB-a) (Fig. 3B). Moreover, the
expression of Bax, a proapoptotic protein, was increased in
DATS-treated GC cells, whereas substantial reduction of X-
linked inhibitor of apoptosis protein (XIAP) and NF-jB p65
phosphorylation (p-P65) was observed upon DATS treatment
(Fig. 6E). Because both increased IjB-a expression and re-
duced p-IjB-a contribute to trapping NF-jB in the cyto-
plasm, we determined the distribution of NF-jB p65 subunit
in BGC823 cells upon DATS treatment. Although no ap-
parent change of total p65 subunit of NF-jB was observed in
the whole cell extracts from BGC823 cells treated with
DATS for 12 h (Fig. 3A, B), there was a time-dependent
augmentation of p65 in the cell cytoplasm, with progressive

FIG. 2. The effect of DATS on cycle arrest and apoptosis of BGC823 cells. (A) FACS analysis of the cycle of BGC823
cells after 12 h of treatment with DATS at the indicated concentrations. Left panel: representative histograms with the
percentage of cells in each cell cycle phase (Left red peak: G0/G1; right red peak: G2/M; hatched peak: S; Coefficient of
variation of G1 peak: % CV). Right panel: quantitative analysis of G2/M phase rate from three experiments shown as the mean –
standard deviation, **p < 0.005, DATS at indicated concentrations versus control. (B) FACS analysis of apoptosis in BGC823 cells
after 12 h of treatment with DATS at 40 lM. Left panel: representative FACS plots. Right panel: quantitative data of apoptotic rate
presented as the mean – standard deviation (n = 3), *p < 0.05. (C) Western blotting of CCNB1 and a-CASP3 protein in BGC823 cells
treated with DATS (40lM, 12 h) or saline. Results are representative of four independent experiments. (D) Immunofluorescence
staining of CCNB1 and a-CASP3 in BGC823 cells treated with DATS (40lM, 12 h) or saline. Nuclei shown by DAPI staining
(blue). Shown are results from one of two comparable experiments. Scale bars, 10 lM. a-CASP3, activated caspase-3.To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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diminution in the nuclei (Fig. 3C), suggesting that DATS
inhibits NF-jB activation in GC cells via blocking NF-jB
p65 subunit translocation. The inhibitory effect of DATS on
NF-jB translocation was validated by electrophoretic mobility
shift assay (EMSA), in which the DNA binding capacity of
NF-jB in the nuclei extracted from BGC823 cells was atten-
uated by DATS treatment (Fig. 3D). These results suggest that
DATS treatment attenuates NF-jB activity through modifying
the expression of NF-jB pathway genes in GC.

DATS induced the expression of MT2A in GC cells
through an epigenetic mechanism

Based on the observation that NF-jB activity may be
regulated either by DATS treatment or MT2A in GC cells (7,
10, 44), we investigated the role of MT2A in the inhibition of
NF-jB and the growth of GC cells by DATS. We found that
DATS dose-dependently increased the expression of MT2A
at both mRNA and protein levels in GC cells (Fig. 4A, B, and
Supplementary Fig. S3A, B). However, DATS did not affect
the transcription of three MT1 isoforms, MT1E, MT1F, or
MT1G, which show high nucleotide sequence similarity to
MT2A than any other MT isoforms (44) (Fig. 4C). These
findings indicate that MT2A is selectively induced by DATS
in GC cells.

To elucidate the mechanisms of MT2A induction by
DATS, we used a histone deacetylase (HDAC) inhibitor,
trichostatin A (TSA). TSA enhanced the expression of MT2A
or MT1G, but not MT1E or MT1F, in GC cells (Fig. 4C, D),
suggesting that DATS-mediated MT2A induction is mim-
icked by TSA. Moreover, Western blotting analysis showed
that DATS increased histone 3 acetylation at lysine 9
(H3K9ac) and histone 4 acetylation at lysine 5 (H4K5ac) in
GC cells, accompanied with reduction of HDAC1/2 (Fig. 4E),
suggesting that DATS inhibits the expression of HDACs re-
sulting in increased histone acetylation in GC cells.

To analyze whether histone hyperacetylation mediated by
DATS was associated with the MT2A gene, chromatin im-
munoprecipitation (ChIP) assay was performed in DATS- or
TSA-treated GC cells. PCR analysis of genomic DNA im-
munoprecipitated by anti-H3K9ac antibody showed that
H3K9ac was significantly enriched in the MT2A promoter
(Fig. 4F). Thus, DATS inhibits the expression of HDACs,
resulting in histone hyperacetylation of the MT2A gene in
GC cells to provide accessible chromatin in favor of MT2A
transcription.

DATS inhibited GC cell growth through
an MT2A/NF-kB signaling pathway

In support of the capacity of DATS to inhibit GC cell
growth through an MT2A/NF-jB pathway, Figure 5A shows
that both DATS treatment and ectopic expression of MT2A
upregulated IjB-a, but downregulated CCND1, and depho-
sphorylated IjB-a in BGC823 cells. The effects were
further enhanced in MT2A overexpressing GC cells (MT2A-
BGC823) treated with DATS. As expected, the number
of apoptotic cells induced by DATS was augmented in
MT2A-BGC823 cells (Fig. 5B). In contrast, transfection of
BGC823 cells with MT2A mRNA-specific short hairpin
RNA (shMT2A) (44) impaired DATS-mediated MT2A ex-
pression, accompanied by restoration of NF-jB activation
(Fig. 5C) and a marked diminution in the percentage of ap-
optotic cells induced by DATS (Fig. 5D). Therefore, the ef-
fect of DATS on NF-jB inactivation and apoptosis in GC
cells is attributable to its capacity to induce MT2A and IjB-a
expression.

We further examined the relationship between DATS-
induced MT2A expression and IjB-a activity by transfection
of DNA constructs containing an IjB-a promoter region
(pIjB-a-Luc, from -2 kb to transcription start site [TSS])
into BGC823 cells (Fig. 5E). As shown in Figure 5F, DATS

FIG. 3. The effect of DATS on NF-jB activity in GC cells. (A) RT-PCR. (B) Western blotting of mRNA and protein of
NF-jB pathway genes in BGC823 cells after 12 h of treatment with DATS at the indicated concentrations. (C) Western
blotting of NF-jB p65 subunit from nuclear and cytoplasmic extracts of BGC823 cells treated with 40 lM DATS at the
indicated time points. b-Actin and lamin A serve as cytoplasmic and nuclear protein loading controls. (D) Electrophoretic
mobility shift assay of DNA binding to NF-jB in the nuclei extracted from BGC823 cells after DATS treatment for 12 h at
different concentrations. Results in (A–D) are representative from at least two independent experiments. NF-jB, nuclear
factor-kappaB; RT-PCR, reverse transcription–polymerase chain reaction.
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significantly augmented IjB-a promoter luciferase activity
in GC cells, consistent with our previous result of ectopic
expression of MT2A in GC cells (44). ChIP assay was per-
formed with DATS-treated BGC823 cells by using anti-MT2A
antibody to verify the association of MT2A with the pro-
moter region of the IjB-a gene. PCR analysis of immuno-
precipitated DNA fractions showed the products amplified
by ChIP primer sets P4 and P5 (Fig. 5E, G, and Supple-
mentary Table S1), but not P1 to P3 (data not shown), sug-
gesting a physical association of MT2A protein with the
proximal promoter region in the IjB-a gene from -494 to
+181 of the TSS. To determine the functional consequence of
MT2A enrichment in the IjB-a promoter region, luciferase
plasmids, pIjB-a-4-Luc or pIjB-a-5-Luc (constructed with
IjB-a promoter region from -494 to -212 or -308 to +181
of TSS, respectively), were cotransfected with plasmids
pcDNA3.1-MT2A into BGC823 cells (Fig. 5E and Supple-
mentary Table S1). Transfection of pIjB-a-4-Luc or pIjB-a-
5-Luc resulted in a significant increase of IjB-a promoter

luciferase activity in BGC823 cells only when cotransfected
with pcDNA3.1-MT2A (Fig. 5H), supporting the previous
observation that MT2A may directly target the IjB-a pro-
moter (44). Thus, MT2A induced by DATS in GC cells is likely
to suppress NF-jB activation by directly enhancing IjB-a
transcription as well as inhibiting the phosphorylation of IjB-a.

To obtain in vivo support of the results, immunohis-
tochemistry (IHC) analysis of tumor sections from GC xe-
nograft tumors showed that DATS treatment increased
MT2A expression associated with upregulation of IjB-a and
CCNB1, but downregulation of CCND1, as well as the de-
phosphorylation of IjB-a (Fig. 7D and Supplementary
Fig. S2D), suggesting that DATS inhibits GC cell growth via
the MT2A/NF-jB pathway.

To demonstrate if impairing in vivo MT2A upregulation by
DATS critically affects its antitumor activity, we performed
additional in vivo experiments. The results showed that al-
though the in vivo antitumor activity of DATS is not com-
pletely abrogated, it was significantly attenuated by shMT2A

FIG. 4. Epigenetic regulation of MT2A in GC cells by DATS. (A) RT-RCR and (B) Western blotting of MT2A
expression in BGC823 cells after 12 h of treatment with DATS at different concentrations. (C) qPCR of the expression of
MT1E, MT1F, and MT1G in BGC823 cells after DATS treatment (40 lM, 12 h). The mRNA of each gene was compared
with its own control after normalization against GAPDH, presented as the mean – standard deviation. (D) RT-PCR and (E)
Western blotting of BGC823 cells after DATS (40 lM, 12 h) or TSA (5 lM, 24 h) treatment. (F) ChIP was performed on
BGC823 cells after DATS (40 lM, 12 h) or TSA (5 lM, 24 h) treatment using antibody against H3K9ac or control IgG.
Precipitated ChIP DNA fractions were analyzed by PCR using primers specific for the MT2A gene (<+1 kb from TSS). Top
panel: representative conventional PCR products visualized on 1.5% agarose gel to analyze the association of H3K9ac to
the MT2A gene. Bottom panel: qPCR analysis of the enrichment of H3K9ac at the MT2A gene, expressed as the percentage
of input. Results are representative from at least three independent experiments. ChIP, chromatin immunoprecipitation;
H3K9ac, histone 3 acetylation at lysine 9; TSA, trichostatin A; TSS, transcription start site.
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injection (Supplementary Fig. S6A–C). The Supplementary
Figure S6D shows that MT2A upregulated by DATS in GC
cells was efficiently silenced by using shMT2A in association
with restoration of p-IjB-a, but reduction in IjB-a. These
results, in support of our other in vitro and in vivo data,
confirm the anti-GC activity of DATS via an MT2A/NF-jB
signaling pathway in both in vitro and in vivo experiments.

DATS in combination with DOC showed enhanced
anti-GC activity

Since DOC in combination with garlic or other compounds
has been shown to synergistically induce mitotic catastrophe

and apoptosis in many cancer cells (7, 14, 20, 31), we eval-
uated the effect of a combination regimen of DATS and DOC
on the growth of GC. Treatment of GC cells with a combi-
nation of DATS and DOC (DATS+DOC) resulted in syner-
gistic inhibition on cell growth, as demonstrated by reduced
cell viability (Fig. 6A) and colony formation (Fig. 6B).
Treatment of BGC823, SGC7901, and AGS cells with DATS
or DOC alone increased cell arrest in the G2/M phase, which
was synergistically enhanced by the combination of two
agents (Fig. 6C and Supplementary Fig. S4A). FACS analysis
showed that DATS+DOC increased the number of GC cells
in late apoptosis compared with either DATS or DOC alone
(Fig. 6D and Supplementary Fig. S4B). Western blotting

FIG. 5. The effect of DATS on the expression and function of MT2A, as well as the relationship with NF-jB in GC
cells. BGC823 cells were transfected with ectopic MT2A for 36 h, followed by 40 lM DATS treatment for 12 h (A), or
BGC823 cells were treated with 40 lM DATS for 6 h, and recultured in fresh complete medium for transfection of shMT2A
for 48 h (C). Cell extracts were immunoblotted for determination of MT2A, IjB-a, p65, CCND1, and p-IjB-a. Flow
cytometry of apoptosis in BGC823 cells transfected with ectopic MT2A (B) or shMT2A (D). Cells transfected with control
vector (Pc) or shMT2A-2 were used as negative controls. Left panel: representative results; Right panel: summary of
apoptosis assays, presented as the mean – standard deviation (n = 3), **p < 0.01 versus Pc control (B) or Ps+DATS (D). (E)
A schematic illustration of IjB-a promoter regions constructed into luciferase reporters: pIjB-a-Luc (-2kb/0 from TSS),
pIjB-a-4-Luc (-494/-212 from TSS), and pIjB-a-5-Luc (-308/+181 from TSS), and the promoter regions covered by ChIP
primers, including the primer set 4 (P4) (-494/-212 from TSS) and primer set 5 (P5) (-308/+181 from TSS). The sequences
and the positions of luciferase reporter constructs and ChIP primers are shown in Supplementary Table S1. (F) Luciferase
reporter assay showing IjB-a activities in BGC823 cells transfected with IjB-a promoter construct, pIjB-a-Luc, for 36 h,
followed by 12 h of treatment with 40 lM DATS or saline. The data are presented as the mean – standard deviation (n = 3),
*p < 0.05 versus control. (G) ChIP assay to identify in vivo association of DATS-induced MT2A with IjB-a promoter using
antibody specific for MT2A, or normal IgG, followed by PCR amplification with primers specific for different IjB-a
promoter regions (P1 to P5). Chromatin (1% of input) was used as input control. PCR products were visualized on a 1.5%
agarose gel. PCR products amplified by ChIP primer sets 4 and 5 are shown. (H) Luciferase assay measuring IjB-a
activities in BGC823 cells transiently cotransfected with pIjB-a-4-Luc or pIjB-a-5-Luc. pcDNA3.1-MT2A and pRL-TK
serve as internal controls. pGL-3-control vector and pGL-3-basic vector serve as positive and negative controls. The
experiments were repeated at least thrice, and the results are presented as the mean – standard deviation, * p < 0.05, versus
control. CCND1, cyclin D1.
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FIG. 6. The anti-GC activity of DATS in combination with DOC in relation to MT2A expression and NF-jB
activation. (A) MTT assay monitoring the viability of BGC823 cells treated with 40 lM DATS, 10 nM DOC, and the
combination (40 lM DATS +10 nM DOC) for 3 days. (B) Colony formation by BGC823 cells treated with DATS (40 lM)
and/or DOC (10 nM) once a week for 4 weeks. Left panel: representative analysis of cell cycle distribution (C) and
apoptosis (D) of BGC823 cells after treatment with DATS and/or DOC. Right panel: quantitation. (E) Western blotting of
BGC823 cells upon indicated treatment. (F) Luciferase assay measuring NF-jB activity in BGC823 cells. BGC823 cells
were transiently cotransfected with pNF-jB-Luc and pRL-TK, with or without pcDNA3.1-MT2A, for 24 h, and then were
treated with DATS (40 lM) and/or DOC (10 nM) for another 12 h. Cells incubated with TNF-a serve as positive control.
Relative luciferase activities were relative to luciferase activity in unstimulated cells. Data from at least three inde-
pendent experiments are presented as the mean – standard deviation, *p < 0.05, **p < 0.01 versus control. DOC, doc-
etaxel; TNF-a, tumor necrosis factor-alpha.
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confirmed increased MT2A, IjB-a, CCNB1, a-CASP3, and
Bax, but decreased p-IjB-a, p-P65, CCND1, and XIAP, ex-
pression upon treatment of GC cells with DATS+DOC
compared with either agent alone (Fig. 6E and Supplemen-
tary Fig. S4C, D). These results indicate that the anti-GC
effect of DOC is associated with its capability to induce
MT2A expression and suppress NF-jB activation, which is
further enhanced in combination with DATS. Moreover, lu-
ciferase assays showed that combined treatment with DATS
and DOC resulted in synergistic inhibition on the transcrip-
tional activity of NF-jB in GC cells (Fig. 6F). Thus, DATS in
combination with DOC exerts a synergistic anti-GC effect
through the regulation of the MT2A/NF-jB pathway.

To further investigate the effect of DATS in combina-
tion with DOC on BGC823 xenograft tumor growth in nude
mice, Figure 7A, B, and Supplementary Figure S5 show that
treatment with DATS or DOC alone for 42 days significantly
inhibited tumor growth in vivo, with enhanced effect seen in
combined treatment with DATS and DOC. Tumor-bearing
mice in all groups did not show moribund conditions. How-
ever, in contrast to reduced body weight of tumor-bearing

mice treated with DOC alone, mice treated with DATS
showed a comparable weight to control mice, and interest-
ingly, DATS+DOC treatment significantly reduced weight
loss of mice compared with DOC treatment alone (Fig. 7C).
These results indicate that DATS+DOC possessed enhanced
anti-GC activity with fewer side effects in mice. IHC analysis
of tumor sections from BGC823 xenograft tumors showed
higher expression of MT2A after DATS+DOC treatment
compared with either agent alone. This was associated with
upregulation of IjB-a, CCNB1, and a-CASP3, but down-
regulation of CCND1, as well as dephosphorylation of IjB-a
(Fig. 7D). Thus, the combination of two agents demonstrates
an enhanced effect of anti-GC activity in which DATS-
induced MT2A may promote the sensitivity of GC to DOC.

Upregulation of MT2A in tumors of GC patients
upon DOC treatment was associated with increased
chemotherapeutic efficiency and prolonged survival

To explore whether MT2A expression in tumors is corre-
lated with clinical outcome of GC patients who received

FIG. 7. The effect of DATS combined with DOC on the growth of BGC823 xenograft tumors. Tumorigenicity was
examined by subcutaneous injection of BGC823 into nude mice. The mice with tumor xenografts of *100 mm3 in size at
day 6 were treated with DATS (i.p., 20 mg/kg) and/or DOC (i.p., 10 mg/kg) twice per week. Tumor volume of BGC823
xenograft and body weight of the mice were measured every 3 days until the animals were sacrificed at day 42. (A) Tumor
volume measured at the indicated times, (B) weight of the xenograft tumors isolated at day 42. (C) Body weight of tumor-
bearing mice measured at the indicated times. Results shown represent the mean – standard deviation, n = 2 flanks ·3 mice
in each group, *p < 0.05, **p < 0.01, significant differences from the control. (D) Immunohistochemical staining of isolated
BGC823 xenograft tumors. Brown staining indicates the expression of MT2A, IjB-a, p-IjB-a, CCND1, CCNB1, or a-
CASP3, respectively. Magnifications: ·200. i.p., intraperitoneal injection. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/ars
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DOC treatment, we investigated MT2A expression in tumor
tissues collected from GC patients before and after DOC
treatment. Among 41 GC patients receiving DOC treatment,
33 (80.49%) were classified as clinically beneficial re-
sponders or effective responders based on a partial response
(PR) (6) or stable disease (SD), whereas 8 (19.51%) patients
with progressive disease (PD) were considered as ineffective
responders ( p = 0.0353 as evaluated by Fisher’s exact test)

(Fig. 8C, Table 1, and Supplementary Table S2). The number
of patients with high expression of MT2A in tumor tissues
(MT2AHigh) was significantly increased upon DOC treatment
(Expression rate: pretreatment 9.76% vs. post-treatment
34.15%; p = 0.016, Fig. 8B). As shown in Figure 8A, IHC
demonstrated clearly increased expression of MT2A in tu-
mors from patients with PR and SD after DOC treatment
compared with low MT2A expression in tumor tissues

FIG. 8. The association between MT2A expression and the clinical outcome of GC patients receiving DOC
treatment. (A) Representative immunohistochemical staining; magnifications: ·200. (B) Analysis of the status of MT2A
expression in 41 paired GC specimens from patients before and after DOC treatment ( p = 0.01 by Fisher’s test). (C)
Analysis of the association between the therapeutic efficacy of DOC and MT2A expression in the tumor of GC patients.
Patients benefited versus unbenefited: p = 0.0353 by Fisher’s exact test. (D) Kaplan–Meier analysis of survival of GC
patients with MT2A expression in the tumors upon DOC treatment. MT2AHigh, high expression of MT2A in tumor tissues;
MT2ALow, low expression of MT2A in tumor tissues; PD, progressive disease; PR, partial response; SD, stable disease. To
see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars

Table 1. The Relationship Between MT2A Expression and Clinicopathological

Features of Gastric Cancer Patients Treated with Docetaxel

Clinical feature Patient nos. (%) (n = 41) MT2AHigh MT2ALow Ratio p-Value

Gender
Male 32 (78.05%) 10 (31.25%) 22 (68.75%)
Female 9 (21.95%) 4 (44.44%) 5 (55.56%) -0.115 0.360

Age (years)
‡60 21 (51.22%) 6 (28.57%) 15 (71.43%)
<60 20 (48.78%) 8 (40.00%) 12 (60.00%) -0.120 0.329

Tumor differentiation
Moderate 7 (17.07%) 5 (71.43%) 2 (28.57%)
Moderate-poor 18 (43.90%) 8 (44.44%) 10 (55.56)
Poor 16 (39.03%) 1 (6.25%) 15 (93.75%) -0.351 0.024

GC type
Intestinal 34 (82.90%) 13 (38.24%) 21 (61.76%)
Diffuse 7 (17.10%) 1 (14.29%) 6 (85.71%) 0.190 0.224

Clinical benefit rate
Yes (PR+SD) 33 (80.49%) 14 (42.42%) 19 (57.58%)
No (PD) 8 (19.51%) 0 (0.00%) 8 (100.00%) -0.355 0.023

GC, gastric cancer; PD, progressive disease; PR, partial response; SD, stable disease.
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(MT2ALow) from PD patients. There was a fourfold increase
in the number of the patients with MT2AHigh in PR and a
threefold increase in SD, in contrast to no MT2A changes in
tumors of PD patients (PR, SD vs. PD: p = 0.0478 assessed by
Cochran–Mantel–Haenszel test, Fig. 8C). All patients with
MT2AHigh after DOC treatment showed effective response
(PR+SD) and better tumor differentiation compared with PD
patients (Table 1). However, there was no correlation with
other parameters. Among 41 GC patients with follow-up,
Kaplan–Meier survival analysis showed a significantly in-
creased survival time in MT2AHigh patients upon DOC treat-
ment ( p = 0.002), with a median survival time of 700 days
(95% confidence interval [CI]: 194–1346 days) compared with
359 days (95% CI: 257–452 days) of MT2ALow patients
(Fig. 8D). These results demonstrate a more favorable clinical
outcome for MT2AHigh GC patients upon DOC treatment.
Moreover, multivariate analysis showed that MT2AHigh was an
independent factor for clinical outcome prediction ( p = 0.002,
95% CIs: 0.074–0.557, Table 2). Thus, increased MT2A ex-
pression in GC upon DOC treatment is correlated with the
therapeutic efficiency of DOC and longer survival time of GC
patients. Our results indicate that MT2AHigh in GC after
treatment serves as an indicator of sensitivity to DOC-based
chemotherapy.

Discussion

MT genes contain multiple regulatory elements such as
metal responsive element (MRE) and CCAAT/enhancer-
binding protein a (C/EBPa) in their promoter regions and are
transcriptionally inducible by a diverse range of factors such
as metals, stress, ROS, nitrogen reactive species (NRS),
hormones, proinflammatory cytokines, toxic compounds, and
chemotherapeutic agents (1, 15, 23, 35, 45, 46, 48). Epige-
netic silencing of MT genes was detected in several types of
tumors, and epigenetic disruption of MT2A may occur in GC
(15, 17, 22, 23, 38, 47). In the present study, we found that
DATS, a garlic-derived antioxidant compound, significantly
induced the expression of MT2A, but not other MT isoforms
such as MT1E, MT1F, or MT1G in human GC cells. IHC
results also demonstrated that DATS was capable of inducing
the expression of MT2A in human GC cell xenograft tumors
in nude mice where MT2A was silenced in tumors in non-
DATS treatment mice. Despite the fact that tumor xenografts
in mice often form a hypoxic and chronic inflammatory mi-
croenvironment (2), which may cause the enrichment of
potential MT2A inducers, our results suggest that MT2A may
not be directly affected in the tumor microenvironment, but

rather tends to be selectively mediated by DATS. It was re-
ported that there is alteration of histone modifications in
MT promoter regions, which is involved in location-specific
epigenetic regulation of MTs (26, 36, 47). Recent studies
revealed that the anticancer activity of garlic involves inhi-
bition of HDAC (18, 42). Consistent with these reports, we
provided evidence that the suppressive effect of DATS on
HDAC activity resulted in histone hyperacetylation in the
MT2A promoter region in favor of MT2A transcription. The
epigenetic regulation of MT2A in GC cells by DATS indi-
cates that MT2A expression is regulated in a differential and
tissue-specific manner during cancer development (6, 46).

Aberrant expression of MTs may dampen their antioxidant
functions resulting in tumorigenesis and chemoresistance, in
which NF-jB plays a central role in the regulation of cellular
survival and death (6, 46, 48). Garlic and garlic extracts as
antioxidants have been reported to protect against free radical
damage in tissues (59). The anticancer pharmacotherapeutic
roles of DATS may be attributable to its ability to inhibit
cancer cell proliferation, induce apoptosis, and perturb cell
cycle in association with inhibition of NF-jB signaling,
which in turn results in enhanced chemosensitivity (7, 10, 12,
28). Despite the ambiguous association between MT2A and
NF-jB in the regulation of apoptosis in some tumor types,
substantial evidence from MT1 and 2 double knockout
(MTKO) cell lines or mice indicated that MT2A is important
for inactivation of NF-jB. For instance, deficiency in MT
facilitated NF-jB activation induced by TNF-a in embryonic
cells (50), stimulated by mitogens in splenocytes (11), or in
Helicobacter pylori-infected gastric cells (40) is associated
with carcinogenesis (39, 41). Moreover, MTKO mice dis-
played increased incidence of hepatocellular carcinoma
(HCC) upon diethylnitrosamine treatment accompanied by
accumulation of superoxide anions and NF-jB activation in
the liver (37). A recent study also demonstrated that down-
regulation of metallothionein 1M (MT1M) due to epigenetic
silencing in human HCC may promote tumorigenesis by in-
creasing NF-jB activity (38). In agreement with these, we
showed that MT2A contributes to DATS-mediated apoptosis
in GC associated with upregulation of proapoptotic pro-
teins, such as a-CASP3 and Bax, and downregulation of
antiapoptotic protein XIAP in GC cells. Moreover, we dem-
onstrated that MT2A, either by overexpression or DATS in-
duction, is capable of enhancing IjB-a transcription and
abrogating the phosphorylation of IjB-a in GC cells. We
further identified MT2A as a transcriptional cofactor associ-
ated with the proximal promoter of the IjB-a gene. Our results
thus revealed that MT2A mediates the anti-GC activity of
DATS via upregulation of IjB-a to inhibit NF-jB activation.

Since both MT2A and NF-jB are involved in the che-
mosensitivity of tumor cells, regulation of MT2A/NF-jB
signaling may benefit the sensitivity of GC cells to che-
motherapy. DOC is one of the most widely used chemo-
therapeutic agents, acting on several signaling pathways,
including NF-jB inactivation to induce cancer cell death (14,
31). A recent report showed that S-allylmercaptocysteine
derived from garlic promotes DOC-mediated prostate cancer
cell death by inducing G2/M cell cycle arrest and apoptosis
(20). Similarly, thiacremonone, another garlic-derived com-
pound, augments DOC-mediated inhibition of human colon
cancer cells with inactivation of NF-jB (7). Therefore, garlic
in combination with DOC may synergistically induce cell

Table 2. Multivariate COX Regression Analysis

of Clinical Features Potentially Correlated

with Survival of Gastric Cancer Patients

Variable factor Wald p-Value Exp (B) 95% CI

MT2AHigh 9.607 0.002 0.203 0.074–0.557
Clinical benefit rate 0.238 0.626 1.273 0.483–3.354
GC type (intestinal) 1.322 0.25 1.853 0.648–5.305
Age (‡60) 1.975 0.16 0.602 0.297–1.221
Sex (male) 1.803 0.179 2.146 0.704–6.539
Differentiation

(moderate)
0.066 0.798 0.857 0.263–2.79
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cycle arrest and apoptosis by suppressing NF-jB activation.
In addition, the antioxidant effect of garlic may turn down
NF-jB activity resulting in increased chemosensitivity of
cancer cells to DOC. Our study showed that the combination
of DATS with DOC synergistically inhibited GC cell growth
by inducting G2/M cell arrest and apoptosis, accompanied by
induction of MT2A and inactivation of NF-jB. More im-
portantly, DATS treatment had no side effects and appeared
to reduce the toxicity of DOC in tumor-bearing animals. In
fact, DATS has been recognized as a safe agent in the sup-
pression of tumor growth in animal models and in human
epidemiological studies (7, 14, 20, 31, 33, 59, 61). It is also
noteworthy that the effect of DATS and DOC on tumor
growth may involve multiple mechanisms (7, 20, 59). Our
results suggest that DATS-regulated MT2A/NF-jB signaling
may play an important role in enhancing the chemosensitivity
of GC cells to DOC.

A recent report showed that ectopic overexpression of
MT1E increased the sensitivity of melanoma to cisplatin-
induced apoptosis, where the MT1E gene was originally si-
lenced due to hypermethylation in its promoter region (15).
Our study thus suggests that MT2A may also act as a prog-
nostic indicator of the chemosensitivity to DOC-based
treatment of GC. However, in human breast cancer and lung
cancer, overexpression of MT was reported to be associated
with poor patient outcome and may favor the resistance of
tumors to chemotherapeutic agents (30, 51, 56, 58). These
discrepancies indicate that the regulation and function of
MTs in cancer may differ in various tumor types reflecting
the heterogeneity of cancer development and the requirement
for personalized therapeutic strategy (44, 46, 48).

The cause for downregulation of MT2A in GC remains to
be elucidated, despite a well-understood interaction between
MT and oxidants in tumorigenesis (1, 54). In human HCC,
PI3K/AKT inhibits the capacity of glycogen synthase kinase
3 (GSK-3) to mediate the phosphorylation of C/EBPa to initiate
transcriptional activation of the MT gene in cooperation with
metal transcription factor-1 (MTF-1) (13). In breast cancer
cells, metal-induced expression of the MT gene was regulated
by p53-induced MTF-1 to target MRE in MT promoter asso-
ciated with inhibition of HDAC (43). Consistent with epige-
netic regulation of MT during tumorigenesis, we recently
reported that miR-23a may play a role in downregulating
MT2A and promoting the proliferation of GC cells (3).

Concluding remarks

We demonstrate that MT2A upregulated by DATS, DOC,
or both agents exerts suppressive activity on human GC.
MT2A expression is associated with a more favorable anti-
cancer effect of DOC and a better GC patient outcome. We
also reveal the capacity of DATS to inhibit the growth of GC
cells via the MT2A/NF-jB pathway. Furthermore, the levels
of MT2A expression may be used as a marker for tumor
sensitivity to DOC-based chemotherapy in GC patients and
as a therapeutic target for personalized treatment of GC.

Materials and Methods

Cell culture and treatment

GC cell lines BGC823, SGC7901, and AGS and MT2A-
BGC823 (stably overexpressing MT2A) were cultured as

previously described (44). Cells at 60% confluence were
treated with DATS (Shanghai Hefeng Company) (34) and/or
DOC (Taxotere, 20 mg; Aventis Pharma Dagenham) or saline
as control treatment. DATS at fixed concentration of 40 lM
was used for the treatment of GC cell line based on our pre-
vious observation that DATS (25–100 lM) dose-dependently
attenuated cell growth, with an IC50 value of 33.42 lM in
BGC823, 55.75 lM in SGC7901, and 40.13 lM in AGS cells
(unpublished data), in agreement with the dose used in other
studies (19, 57). BGC823 cells were treated with TSA at
concentration of 5 lM for 24 h, then harvested.

DNA constructs and transfection

Ectopic MT2A, short hairpin RNA against MT2A (shMT2A-
1 and -2), and luciferase reporter containing IjB-a promoter
region (pIjB-a-Luc) were constructed and transfected into
BGC823 cells for transient expression as described (3, 44).
Luciferase reporter plasmids, pIjB-a-4-Luc and pIjB-a-5-Luc,
were constructed by cloning the proximal promoter sequence of
the IjB-a gene luciferase reporter construct into BglII/HindIII
sites of the pGL3-Basic reporter plasmid (Promega). NF-jB-
luciferase reporter plasmid (pNF-jB-Luc) was purchased from
Beyotime, Ltd. (D2206). The internal control vector, pRL-TK,
was purchased from Promega. In vitro transfection was per-
formed using Lipofectamine 2000 (Invitrogen) following the
manufacturer’s instructions. All oligonucleotide sequences are
listed in Supplementary Table S1.

Patients and specimens

This study was approved by the Institutional Ethics Re-
view Board for human investigation at Peking University.
Patients with advanced GC in stage IV previously not treated
with chemotherapy were enrolled into the study with
neoadjuvant chemotherapy, including DOC. Endoscopical
biopsy specimens of primary GC were obtained from patients
before and after treatment (DOC: two cycles, 60 mg/m2 i.v.,
every 3 weeks) and stored at the Tissue Bank of Peking
University Cancer Hospital according to the standard pro-
cedures of the Ethics Committee of Peking University Cancer
Hospital. Informed consent was obtained from patients.
Clinical responses were assessed after chemotherapy. Forty-
one matched pairs of GC biopsy specimens from patients
before and after neoadjuvant chemotherapy with follow-up
data were collected. Patients in this study were between 19
and 77 years old, including 32 males and 9 females (Table 1
and Supplementary Table S2).

RNA isolation, reverse transcription, and polymerase
chain reaction

Total RNA was isolated from cells using TRIzol Reagent
(Invitrogen) and reverse transcribed according to the manu-
facturer’s instructions. PCR was performed using primers
described in Supplementary Table S1. Conventional PCR
products were visualized on 1.5% agarose gel. The mRNA
expression levels of MT1E, MT1F, and MT1G were analyzed
using SYBR Green-based qPCR reagent (Transgen, Ltd.) on
ABI7500 (Applied Biosystems) (44). The relative expression
level of each MT gene was normalized against GAPDH
control using the 2-DDCt method and further compared with
its own control.
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Western blotting

Western blotting was performed as described previously
(44). Details are provided in the Supplementary Material and
Methods.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde at 4�C for
10 min. After washing and preblocking, the cells were in-
cubated at 4�C overnight with antibodies against CCNB1
(1:50) and a-CASP-3 (1:50), respectively, followed by in-
cubation with FITC-conjugated secondary antibody (1:50;
Santa Cruz) for 1 h. DAPI was used for nuclear staining
(10 lg/ml in phosphate-buffered saline [PBS], Invitrogen,
Life Technologies). Images were then analyzed by laser
confocal microscopy (Leica Sp5 Laser Scanning Confocal
Microscope; GE).

Immunohistochemistry

IHC was performed on tumor sections from GC cell xe-
nografts in nude mice, using antibodies listed in Supple-
mentary Material and Methods. GC patient tumor specimens
were analyzed and scores described previously (44).

Luciferase assay

Luciferase reporter assay was performed using a Dual-
Luciferase Reporter Assay System (Promega). Luciferase
reporters were transfected into BGC823 cells cultured in 35-
mm dishes with or without DATS treatment as described (3,
44). All experiments were performed at least thrice.

Electrophoretic mobility shift assay

Nuclear extracts were isolated from BGC823 cells with or
without DATS treatment. Nuclear proteins (3 lg) were mixed
with biotin-labeled probes containing the NF-jB consensus
sequence (50 fmol) (Supplementary Table S1) and incubated
at room temperature for 20 min. The protein-DNA mixtures
were then separated from free probe on 6% polyacrylamide
gel in a 4�C cold room for 2 h in Tris-glycine-EDTA running
buffer. The gel was dried, exposed to films, and analyzed by a
PhosphorImager (Storm 840; Amersham Biosciences).

Chromatin immunoprecipitation

ChIP assay was performed following an EpiTech ChIPO-
neDay kit protocol (Qiagen). Details are described in Sup-
plementary Material and Methods.

Cell viability and colony formation

Cell viability and colony formation were examined as
previously described (3, 44). Details are given in Supple-
mentary Material and Methods.

Cell cycle and apoptosis

Cells were seeded into 10-cm dishes (1 · 106 cells/dish)
and treated with DATS and/or DOC. The cells were fixed
and stained in a solution containing propidium iodide (PI)
overnight at 4�C, following the instructions of the cell cy-
cle detection kit (Beyotime Ltd.), and then analyzed by
flow cytometry (BD FACS Array� Bioanalyzer; BD Bios-

ciences). Apoptotic cells were stained using the Apo-Alert
Annexin V kit (BD Biosciences) before analysis.

Tumorigenicity

The animal handling and all in vivo experimental proce-
dures were approved by the Institutional Animal Ethics
Committee of Peking University Cancer Hospital. To ob-
serve the effect of DATS on tumor growth in vivo, 1 · 106 GC
cells in 0.1 ml PBS were subcutaneously implanted in 4-
week-old Balb/c female athymic mice (Vital River Labora-
tories) with both flank injections of BGC823 (9) or one flank
injection of SGC7901 cells. After 1 day, the mice were ran-
domly divided into two groups, followed by intraperitoneal
injection (i.p.) of DATS (20 mg/kg) or saline every 4 days.
Tumor diameters and body weight in GC xenograft tumor-
bearing nude mice were measured and documented every
4 days until xenograft tumor-bearing mice were sacrificed at
day 20 or 24. GC tumor xenografts were isolated and
weighted. Another set of experiments was performed to
evaluate the effect of combination of DATS with DOC and
test the long-term safety and toxicity of combined treatment.
Six days after subcutaneous implantation of BGC823 cells
into both flanks of nude mice, the mice with tumor xenografts
of about 100 mm3 in size were randomly divided into four
groups and treated with DATS (i.p., 20 mg/kg) and/or DOC
(i.p., 10 mg/kg) or saline twice per week. Tumor volumes and
body weights of the mice in different groups were measured
twice per week until the animals were sacrificed at day 42.
Tumor volume was calculated by measuring the longest (a)
and shortest (b) diameters of the tumor and calculated by the
following formula: ab2/2, where a is for the longest diameter
and b is for the shortest diameter.

Statistical analyses

Unless otherwise specified, all experiments were per-
formed at least thrice. Data are presented as the mean –
standard deviation. If variances were homogeneous, differ-
ences were assessed by two-way ANOVA. Two-tailed v2 test
and Student’s t-test were used to compare pretreatment
characteristics of patients. Cancer-related survival was ana-
lyzed using the Kaplan–Meier method and compared using
log-rank tests. Spearman’s rank test and Fisher’s exact test
were used to analyze clinicopathological correlation. A Cox
proportional hazard regression model was used with associ-
ated 95% CIs and p-values. All statistical analyses were
carried out using SPSS, version 16.0. A two-tailed p-value of
<0.05 was considered as statistically significant.
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Abbreviations Used

5-AZ¼ 5-Aza-2¢-deoxycytidine
a-CAPS3¼ active caspase-3
C/EBPa¼CCAAT/enhancer-binding protein a
CCNB1¼ cyclin B1
CCND1¼ cyclin D1

ChIP¼ chromatin immunoprecipitation
CI¼ confidence interval

DATS¼ diallyl trisulfide
DATS+DOC¼ combination of diallyl trisulfide with

docetaxel
DOC¼ docetaxel

EMSA¼ electrophoretic mobility shift assay
GC¼ gastric cancer
GI¼ gastrointestinal

GSK-3¼ glycogen synthase kinase 3
H3K9ac¼ histone 3 acetylation at lysine 9

HCC¼ hepatocellular carcinoma
HDAC¼ histone deacetylase

i.p.¼ intraperitoneal injection
IHC¼ immunohistochemistry

MRE¼metal responsive element
MT1A¼metallothionein 1A
MT1B¼metallothionein 1B
MT1E¼metallothionein 1E
MT1F¼metallothionein 1F
MT1G¼metallothionein 1G
MT1H¼metallothionein 1H
MT1M¼metallothionein 1M
MT2A¼metallothionein 2A

MT2A-BGC823¼GC cell line BGC823 with ectopic
expression of MT2A

MT2AHigh¼ high MT2A expression
MT2ALow¼ low MT2A expression

MTF-1¼metal transcription factor-1
MTKO¼MT1 and 2 double knockout

MTs¼metallothioneins
MTT¼ 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide
NF-jB¼ nuclear factor-kappaB

NRS¼ nitrogen reactive species
PD¼ progressive disease

p-IjB-a¼ phosphorylation of IjB-a
PR¼ partial response

ROS¼ reactive oxygen species
RT-PCR¼ reverse transcription–polymerase chain

reaction
SD¼ stable disease

shRNA¼ short hairpin RNA
TNF-a¼ tumor necrosis factor-alpha

TSA¼ trichostatin A
TSA¼ trichostatin A
TSS¼ transcription start site

XIAP¼X-linked inhibitor of apoptosis protein
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