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Metallothionein 2A inhibits NF-κB pathway
activation and predicts clinical outcome
segregated with TNM stage in gastric cancer
patients following radical resection
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Abstract

Background: Metallothionein 2A (MT2A) as a stress protein, plays a protective role in gastric mucosal barrier. Its
role in the development of gastric cancer (GC) is unclear. The mechanism of MT2A will be investigated in gastric
tumorigenesis.

Methods: MT2A expression was detected in 973 gastric specimens. The biological function was determined
through ectopic expressing MT2A in vitro and in vivo. The possible downstream effectors of MT2A were
investigated in NF-κB signaling. The protein levels of MT2A, IκB-α and p-IκB-α (ser32/36) expression were analyzed
in a subset of 258 patients by IHC staining. The prognostic effects of MT2A, status of IκB-α and TNM stage were
evaluated using the Kaplan-Meier method and compared using the log-rank test.

Results: Decreased MT2A expression was detected in cell lines and primary tumors of GC. In clinical data, loss of
MT2A (MT2A + in Normal (n =171, 76.0%); Intestinal metaplasia (n = 118, 50.8%); GC (n = 684. 22.4%, P < 0.001)) was
associated with poor prognosis (P < 0.001), advanced TNM stage (P = 0.05), and down-regulation of IκB-α expression
(P < 0.001). Furthermore, MT2A was the independent prognostic signature segregated from the status of IκB-α and
pathological features. In addition, MT2A inhibited cell growth through apoptosis and G2/M arrest, which negatively
regulated NF-κB pathway through up-regulation of IκB-α and down-regulation of p-IκB-α and cyclin D1 expression.

Conclusions: MT2A might play a tumor suppressive activity through inhibiting NF-κB signaling and may be a
prognostic biomarker and potential target for individual therapy of GC patients.
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Background
What’s new
Abundance of Metallothionein 2A (MT2A) exhibits in
the gastric mucosal barrier, but its role in the progres-
sion of gastric cancer (GC) is still unclear. In this ana-
lysis of 171 normal gastric tissues, 118 intestinal
metaplasia, and 684 primary gastric cancers, decreased
MT2A was significantly correlated with poor prognosis.
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It inhibited the proliferation of GC cells through NF-κB
signaling inactivation. These results indicate that MT2A
may be an important prognostic marker and therapeutic
target for GC.
Gastric cancer (GC) is the most commonly diagnosed

malignancy and remains a significant burden of cancer in
Asia, especially in China [1,2]. Most GC patients undergo-
ing surgery are already at an advanced stage and the 5-
year survival is varied. Several histological factors have
been reported to be prognostic factors of GC, including
tumor size, WHO classification, tumor-node-metastasis
(TNM) stage system, and differentiation grade [3,4]. How-
ever, prognosis of GC patients at the same stage is still
inconsistent [5]. Therefore, identification of specific
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diagnostic markers and therapeutic target would allow re-
liable prediction, effective extension of postoperative sur-
vival and life quality of patients [6].
Cellular stress has been shown to play a role in the mo-

lecular regulation of carcinogenesis [7,8]. Metallothioneins
(MTs) as the stress proteins with low molecular weight and
rich-cysteine have the ability of a high affinity for metal
ions and ROS scavengers. MT2A as the main isoform of
MTs plays an important role in gastric mucosal barrier in
patients with gastritis and rodent models [9,10]. Pre-
administration of exogenous MT2A or pre-induction of
endogenous MT2A can protect stomach and liver against
stress-induced damage and inhibit the formation of stress-
induced lipid peroxide, implying a protective effect of
MT2A on stress-induced pathogenesis and a potential
therapeutic target applied for early prevention [11–13]. Re-
cently, MT2A plays an important role in tumorigenesis
and progression of multiple carcinomas including GC
[14]. The mice loss of MT2A gene predisposed to
diethylnitrosamine-induced hepatocarcinogenesis by acti-
vating NF-κB target genes, which demonstrates that
MT2A protects mice from hepatocarcinogen-induced liver
damage and carcinogenesis, underscoring its potential
therapeutic application against hepatocellular cancer [15].
Some studies focused on the role of MT2A in the protec-
tion against H.pylori-induced gastric injury using MT-null
mice. Himeno, S. discovered that activation of NF-κB and
expression of NF-κB-mediated chemokines in gastric cells
were markedly higher in MT2A-null mice than in wide-
type mice [9]. These data imply that MT2A realizes nega-
tive control of the transcription factor NF-κB activity, but
its role in gastric carcinogenesis is still ambiguous [16–18].
Aberrant activation of NF-κB is associated with cell in-

flammation, malignancy, and tumor progression [7,19].
The functional activity of NF-κB is inhibited through
binding to its inhibitor, IκB-α. Activation of NF-κB
is resulted from proteasome-mediated degradation of
IκB-α by phosphorylation of the inhibitor (p-IκB-α),
which suggests that NF-κB pathway is a potential target
for individual therapy [20–23].
Some evidence indicated that increased MT2A expres-

sion is important for cancer progression, and MT2A is
initially proposed as a proto-oncogene in breast, esopha-
geal, prostate, and ovarian cancers, associated with ma-
lignancy and poor prognosis [24–27]. In contrast, it is
down-regulated in gastrointestinal tumors and hepato-
cellular carcinomas, where MT2A is either inversely cor-
related or unrelated to mortality [28,29]. However, the
variation of MT2A and its clinical evaluation remains
contradictory in GC [28,30,31]. These results suggest
that dysregulation of MT2A is involved in tumor patho-
genesis, although the exact role is still unclear in GC.
Hence, we focused to reveal the co-expression of MT2A

and IκB-α gene correlated with clinical pathological
features and outcomes in a large scale of gastric tumors
with long-term follow-up data. Furthermore, we systemat-
ically analyzed the role of MT2A as a stress protein and
negative regulator in NF-κB activation to characterize its
biological role and molecular mechanism in vitro and
in vivo.

Methods
Patient characteristics
Gastric tumor samples from 684 GC patients treated at
Beijing Cancer Hospital from 1997 to 2007 were
assessed. The patients included 513 men (75.0%) and
171 women (25.0%) with an average age at diagnosis of
54 years (range, 19 to 81 years). The follow-up period
ranged from 1 to 127.2 months (median, 34.2 months).
All patients underwent radical resection with curative
intent. None of the patients had received neoadjuvant
chemotherapy or radiation therapy prior to surgery. The
inclusion criteria of all the patients is: (a) a distinctive
GC diagnosis based on the sixth edition of the tumor-
node-metastasis (TNM) classification of the Inter-
national Union against GC, (b) a radical resection,
(c) suitable formalin fixed, paraffin embedded tissues.
The total of 684 GCs had the clinicopathological data
(termed as ‘cohort’). Moreover, a set of 258 eligible sam-
ples were collected from the cohort with 10-year follow-
up data (termed as ‘subset’). The clinical outcome of the
patients was recorded from the date of surgery to the
date of death. In addition, 118 intestinal metaplasia (IM)
and 171 normal gastric tissues were collected from these
GC patients. Histological evaluation was performed by
three senior pathologists. The demographic breakdown
of the cohort and subset is listed in Supplementary
Table 1. Besides, 36 paired gastric tumors with adjacent
normal tissues was ground to a powder under liquid
nitrogen for RT-PCR and Real-Time PCR of MT
isoforms (Additional file 1).

Immunohistochemical analysis
IHC staining in tissue array was performed with MT2A
antibody (1:100 dilution; 18-0133, Invitrogen, CA, US),
p-IκB-α antibody (1:200 dilution; ab47752, Abcam,
Cambridge, UK), IκB-α antibody (1:300 dilution; sc-371,
Santa Cruz Biotechnology, CA). For each biomarker, im-
ages were scored visually by three pathologists who were
blinded to clinical outcome. Discrepancies were resolved
by consensus. Scores were assigned as a percentage of
positive staining within each cylinder. The mean percent-
age value of the two cores was calculated to represent one
tumor (Additional file 1).

Cell lines
Gastric cancer cell lines BGC823, MGC803, SGC7901
and PAMC82 were established in China and purchased



Table 1 Logistic regression analysis of clinicopathological
features and prognosis in GC

Variates No. of cases
(n = 258)

Survival time
(month)

P-value

Sex

Male 186 66.4 ± 4.6

Female 72 54.1 ± 4.8 0.604

Age at diagnosis

<60 173 65.0 ± 4.9

≥60 85 59.2 ± 5.6 0.867

TNM stage

I 34 105.5 ± 7.7 I vs. IV < 0.001

II 57 74.0 ± 5.9 II vs. IV < 0.001

III 115 49.1 ± 3.4 III vs. IV 0.010

IV 52 35.8 ± 4.1

Tumor depth

pT1 13 87.2 ± 9.9 pT1 vs. pT4 0.005

pT2 50 89.1 ± 9.1 pT2 vs. pT4 < 0.001

pT3 157 49.1 ± 2.9 pT3 vs. pT4 0.159

pT4 38 40.1 ± 5.3

Lymph node status

pN0 78 89.8 ± 6.2 pN0 vs. pN3 0.001

pN1 115 50.5 ± 3.4 pN1 vs. pN3 0.212

pN2 49 46.6 ± 6.0 pN2 vs. pN3 0.326

pN3 16 47.5 ± 12.6

Distant metastasis

pM0 232 67.5 ± 4.3

pM1 26 27.6 ± 5.8 < 0.001

Degree of differentiation

D1 54 76.0 ± 6.0

D0 204 59.8 ± 4.4 0.011

MT2A expression < 0.001

low 202 53.9 ± 3.4

high 56 86.9 ± 9.2

IκB-α expression

low 164 61.6 ± 4.9

high 94 64.9 ± 5.1 0.248

p-IκB-α expression

low 126 74.1 ± 5.3

high 132 47.7 ± 3.4 0.005

M0: no distant metastasis; M1: distant metastasis;
D1: well/moderately-differentiated GCs; D0: poorly-differentiated GCs.
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from the tissue bank of Shanghai (Shanghai, China). Es-
pecially, BGC823 cells exhibited high tumorigenecity.
MKN45, AGS, N87, RF-1, RF-48, SNU-1, SNU-5
and SNU-16 cell lines were purchased from ATCC
(American Type Culture Collection, Manassas, US).
GES-1, an immortalized human gastric epithelial cell
line, was generated by SV40 viral transfection at Beijing
Cancer Hospital and cultured in DMEM medium
supplemented with 10% fetal bovine serum (Gibco, Life
technologies, Grand Island, NY, USA) at 37°C in a
humidified atmosphere containing 5% CO2 [32].

MTT and soft agar assay
The cells were seeded into 96-well culture plates, and
MTT was added to the cells at 1-5 days. MTT (5 μg/ml)
was removed after 4 h incubation, and then dimethyl
sulfoxide (DMSO) was added to solubilize the formazan
product. The absorbency at 490 nm/570 nm was assayed
by a microplate reader (Bio-rad680 ELISA). Cells were
then incubated for 4 weeks, stained with vital tetrazo-
lium dye INT (piodonitrotetrazolium, Invitrogen) to
document the presence or absence of viable cell col-
onies. The soft agar was fixed with 100 μl methanol-
acetic acid (3:1 vol/vol) and colonies were counted.

Tumorigenicity assay
BGC823 cells (5 × 105 cells suspended in 0.1 ml PBS)
transfected with MT2A over-expressed vector or empty
vector were injected subcutaneously into the dorsal flank
of five 4-week-old female Balb/C nude mice (MT2A-ex-
pression clones on the right and vector control clones
on the left. Tumor diameter was measured and docu-
mented every 5 days. Tumor volume was calculated
according to the formula ab2/2 (a > b). At the end of
25 days, all mice were sacrificed and the tumor volume
was measured. Three independent experiments were
performed and gave the similar results. The animals
were maintained in facilities approved by the association
for assessment and accreditation of Laboratory Animal
Care in accordance with the current regulations and
international standards.

Statistical analysis
χ2 test statistics and Student’s t-test were used to com-
pare pretreatment characteristics of patient cases. The
cancer-related survival was analyzed using the Kaplan–
Meier method and compared using log-rank tests. The
Spearman rank test and Fisher’s exact test were applied
to demonstrate clinicopathological correlations. A Cox
proportional hazard regression model was used with as-
sociated 95% confidence intervals (CIs) and P values. All
statistical tests were two-sided, and P values of less than
0.05 were considered statistically significant. The statis-
tical analysis was performed using the statistical package
SPSS (Version 16.0; SPSS Inc, Chicago, IL).

Study approval
All animal studies were approved by the Ethics Commit-
tee of Peking University Cancer Hospital. The use of
human tissues and clinical data was according to the
guidelines of the hospital and approved by the Local
Ethical Committee.
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Results
Decreased MT2A expression is a molecular event in cell
lines and primary tumors of GC
Expression of MT2A was evaluated by RT-PCR and
Western blot in a panel of GC cell lines and GES1, which is
served as “normal control”. As shown in Figure 1A, MT2A
mRNA varied substantially with the highest levels in GES1.
Lack or decrease of MT2A expression was observed in
BGC823, MGC803, SGC7901, AGS, SNU-1, SNU-5, SNU-
16, RF-1, RF-48 and N87 cells. The protein level of MT2A
expression was further detected in the six common-used
GC cell lines (BGC823, MGC803, SGC7901, AGS, N87,
and MKN45) compared with GES1. Western blot analysis
showed that, in the six commonly used GC cell lines, the
levels of MT2A expression were absent or low compared
with GES1, consistent with mRNA expression detected
above (Figure 1B). Especially, BGC823, MGC803 and
Figure 1 Absent or decreased expression of MT2A is detected in cell
by RT-PCR in GC cell lines and the normal immortal cell line-GES1. And sem
scale scanning software (normalized to β-actin levels). The experiment was
blot analysis in GC cell lines and the normal immortal cell line-GES1. The M
differential expression of MT2A mRNA transcript in 36 paired GC tissues an
(normalized to β-actin levels). D, MT2A protein levels were detected in the
were scanned (normalized to β-actin levels). E, Decreased MT2A was obser
MT2A in normal tissues, (b) moderate staining of MT2A in IM tissues, (c) w
cancers and (d) negative expression of MT2A in poorly differentiated GCs (
precancerous lesions-IM samples, reduced MT2A was a common molecular
MT2A in GC, IM and normal tissues by IHC staining. Negative: score 0; Wea
SGC7901 cells with lack of MT2A expression exhibit high
tumorigenecity in nude mice.
36 primary tumors of GC with adjacent normal tissues

were also examined in Figure 1C and D, to confirm the
results derived from GC cell lines, decreased MT2A
mRNA was displayed in GCs compared with that in
matched normal controls (27/36, 75.0%, P < 0.001,
Figure 1C). Low expression of MT2A protein was
detected in 29 out of 36 GC cases (80.6%) compared
with the matched normal tissues (P < 0.001, Figure 1D).
The mRNA level of MT2A was correlated to the protein
level detected by Western blot (R = 0.510, P = 0.009). In
humans, the MTs are encoded by a family of genes
consisting of 10 functional MT isoforms and the
encoded proteins are conventionally subdivided into four
groups, MT1, MT2, MT3, and MT4 proteins. Since the
coding regions of MT isoforms are highly conserved in
lines and primary tumors of GC. A, MT2A mRNA level was measured
i-quantification analyses were performed with Imagetool 3.0 gray
done in triplicate. B, MT2A protein level was determined by Western
T2A protein bands were scanned (normalized to β-actin levels). C, The
d adjacent normal tissues. The MT2A mRNA bands were scanned
36 paired GC tissues by Western blotting. The MT2A protein bands
ved during gastric malignant transformation. (a) intense staining of
eak staining of MT2A in moderately differentiated primary gastric
original magnification × 400). (D) Compared with the normal and
event in gastric carcinogenesis (P < 0.001) F: Differential expression of
k: score 1-4; Strong: score 5-12. For details, see the Additional file 1.
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transcript and protein levels, MT2A is highly homolo-
gous with MT1G, MT1E and MT1F (Additional file 1:
Figure S1B). Hence, experiments on any individual iso-
form should be carefully conducted to ensure that the
exact isoform is analyzed. In this study, differential ex-
pression of MT1 transcripts was observed in GC cell
lines and primary tumors of GC with adjacent normal
controls (n = 36) (Additional file 1: Figures S1A and S2).
We authenticated actual MT2A gene down-regulation in
GC significantly compared with adjacent normal tissues
(27/36, 75%, Figure 1C). There was no difference of
MT1E and MT1F and MT1G mRNA transcripts in
normal and tumor samples as well as MT1B mRNA
transcript was not detectable in all cells and tissues
(Additional file 1: Figures S1A and S2).
To investigate the candidacy of MT2A in gastric

tumorigenesis, we initially characterized the status of
MT2A expression in 171 normal tissues, 118 IM and
684 GC samples by IHC staining. The antibody for
MT2A (E9 18-0133, Invitrogen) is not specific for MT-2A
only, and cross-reacts with MT-1 to some extent, even if it
is cloned by the full length of MT2A. Since there is no
specific antibody to detect MT2A, so we use the common
commercial antibody for IHC staining which was pub-
lished in most related studies, MT2A expression is classi-
fied as low and high expression in normal appearance
tissues, IM, and primary GCs. High level of MT2A expres-
sion was detected in 153 of 684 (22.4%) GC cases, and
60 of 118 (50.8%) IM cases, as well as 130 of 171 (76.0%)
normal appearance cases, respectively (Additional file 1:
Table S3, P < 0.001), it was consisted with MT2A mRNA
transcripts and protein expression by Western blot. The
expression of MT2A was classified as negative, weak and
strong cases in 13 (7.6%), 28 (16.4%) and 130 (76.0%) out
of 171 normal tissues, respectively; In IM tissues, 27
(22.9%), 31 (26.3%) and 60 (50.8%) out of 118 IM cases
were detected respectively; In GC samples, 494 (72.2%),
37 (5.4%) and 153 (22.4%) out of 684 GC cases were
detected respectively (Figure 1F, Additional file 1). There
was a gradually decreased expression of MT2A protein in
IM and GC (P < 0.001, Figure 1E and F). It is clear that
MT2A mRNA was highly expressed in GES1 cells and
normal tissues, but was reduced or lost in most GC cells
and tissues. These results suggest that decreased MT2A is
a molecular event in tumorigenesis and progression.

MT2A expression is correlated with poor prognosis in GC
MT2A was frequently down-regulated in GC. To explore
whether MT2A expression was a prognostic factor in
human GC, MT2A protein expression was examined in the
subset by IHC staining. The individual samples were catego-
rized as low (MT2A-) or high expression (MT2A+). MT2A-
was associated with poor overall survival (Figure 2A,
P < 0.001). Univariate analysis indicated that some factors
including decreased MT2A expression (P < 0.001), TNM
stage (P < 0.01), tumor depth (P < 0.05), lymph node status
(P < 0.05), distant metastasis (P < 0.001) and degree of differ-
entiation (P = 0.011) were correlated with poor survival
(Table 1). Cox multivariate analysis showed that the overall
survival was associated with MT2A expression (MT2A+
versus MT2A- hazard ratio [HR], 0.429; 95% CIs,
0.187-0.683; P = 0.002, Table 2). We estimated the potential
clinical significance of MT2A by correlating its expression
pattern with the clinical parameters (Additional file 1: Table
S4). MT2A exhibited an extensive positive correlation with
tumor differentiation (P < 0.001) and inverse correlation
with TNM stage (P= 0.05). These results indicate that
MT2A is correlated with clinical pathological features and
survival in GC patients.

Prognostic significance of MT2A combined with TNM
stage in GC patients
To further elucidate MT2A expression in prognostic sig-
nificance, we combined MT2A expression with the clinico-
pathological features in GC. The aim was to evaluate the
prognosis of GC patients with pathological classification,
and to investigate whether pathological classification should
be further sub-classified for more accurate prediction of
outcome. As shown in Additional file 1: Table S4, MT2A
expression in GC was associated with TNM stage and
tumor differentiation, implying that MT2A may be a poten-
tial molecular biomarker to predict pathological classifica-
tion in GC. As dichotomous covariates, both MT2A and
TNM stage were independent predictors for survival
(Table 2, Figure 2A and B). Prognostic significance of
MT2A expression was further analyzed in GC patients
according to the pTNM classification system. There was a
significant difference in overall survival between patients
with MT2A expression in both early (I and II) and ad-
vanced (III and IV) stage groups (P = 0.048 and P < 0.001,
respectively; Figure 2C and D). Moreover, MT2A expres-
sion status was also effective for the prognosis in the same
stages (P = 0.052, Figure 2E; P < 0.001, Figure 2F; P < 0.001,
Figure 2G and P < 0.001, Figure 2H). These data represent
that MT2A is a molecular signature to predict clinical
outcome based on TNM stage.

Restoration of MT2A expression results in growth
suppression of GC cells in vitro and in vivo
To reveal the mechanism of MT2A in GC, we stably
transfected MT2A over-expressed plasmid and empty
vector into three GC cell lines (BGC823, SGC7901 and
AGS). We examined the growth, apoptosis rates and cell
cycle of these cell lines transfected with MT2A plasmid.
Cell viability was reduced in GC cells re-expressing
MT2A using MTT assay (BGC823, P = 0.0038, Figure 3B;
AGS, P = 0.0007, Additional file 1: Figure S3A;
SGC7901, P = 0.0004, Additional file 1: Figure S3C). To



Figure 2 (See legend on next page.)
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Figure 2 Analysis of combined MT2A with TNM stage to predict clinical outcome in GC. Kaplan–Meier analysis of overall-survival for MT2A
expression was used according to TNM stage. A, Prognostic value of MT2A expression in GC patients was benefit for predicting the outcome of
patients, low expression of MT2A was associated with poor overall survival (P < 0.01); B, TNM stage was benefit for the prognostic prediction in
GC patients. C D, Prognostic value of MT2A in TNM stage I-II and stage III-IV (P = 0.048, P < 0.001, respectively); E F, Prognostic value of MT2A
expression in lymph node metastasis or not (P < 0.001, P = 0.052, respectively); G. Prognostic value of MT2A expression in no distant metastasis
subgroup (n = 232, P < 0.001); H. Prognostic value of MT2A in pT3-pT4 subgroup (P < 0.001). All data imply that MT2A could be an effective
prognostic signature.
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further investigate the function of MT2A in GC cell
lines, we analyzed the effects of MT2A expression on
cell proliferation and cell cycle regulation by Annexin-
V/PI staining and flow cytometry analysis. More apop-
tosis was detected in these GC cells re-expressing
MT2A (P < 0.01, respectively, Figure 3F; Additional file 1:
Figure S3A and C). Furthermore, G2/M arrest was ob-
served in GC cells using ectopic expression of MT2A. The
ratios of G2/M phase in MT2A groups were twice higher
than those in the vector groups did (P < 0.01, respectively,
Figure 3E and Additional file 1: Figure S3B and D).
Further, we plated BGC823 cells repressing MT2A or not

into soft agar, ectopic expression of MT2A was confirmed
by western blot analysis first (Figure 3A). After 3 weeks of
culture MT2A expression caused a statistically significant
reduction in colony formation (P = 0.0053, Figure 3C).
Furthermore, there was a dramatic growth inhibition of
MT2A-re-expressing cells compared with the negative con-
trol (P = 0.0027, Figure 3D) in the xenograft models. These
data demonstrate that MT2A might play a role in suppress-
ing proliferation of GC cells in vitro and in vivo.
MT2A represses NF-κB activity through IκB-α up-regulation
It was reported that the loss of MT2A induced NF-κB
signal activation in transgenetic mice model (MT2A-
knock out) [15]. But the role of MT2A as a friend or foe
in NF-κB signal pathway was still controversial [18,33].
In order to interpret the mechanism of MT2A mediated
Table 2 Cox regression analysis of clinicopathological
features and molecular signatures in GC

Multivariate analysis

Covariate by end point Hazard ratio 95% CI P-value

Age≥ 60 years 1.300 0.840 to 1.934 0.254

Sex 0.823 0.499 to 1.233 0.292

Differentiation 0.753 0.509 to 1.778 0.875

Tumor invasive depth 1.914 1.389 to 2.638 < 0.001

Lymph node status 1.291 1.034 to 1.612 0.024

Distant metastasis 2.595 1.332 to 5.056 0.005

MT2A 0.429 0.187 to 0.683 0.002

IκB-α 0.779 0.524 to 1.311 0.423

p-IκB-α 1.857 1.256 to 2.912 0.003
GC cell growth suppression in vivo and in vitro, we tried
to explore the potential relationship between MT2A and
NF-κB signaling pathway, and the inner mechanism was
still unclear in GC. MT2A and the main genes in NF-κB
signaling, such as p65, IκB-α, p-IκB-α and the downstream
effector of NF-κB signaling, cyclin D1 were detected in
this study (Additional file 1). Ectopic expression of MT2A
induced both mRNA and protein expression of IκB-α in
all investigated GC cell lines (BGC823, SGC7901 and
AGS), IκB-α mRNA steady-state levels were increased 5.5-
fold in BGC823 cells re-expressing MT2A for 48 h. In
AGS and SGC7901 cells, we observed a 7.2-fold and 4.3-
fold induction of IκB-α mRNA (Figure 4A), the relative
protein levels were consistent with mRNA transcripts,
and the p-IκB-α protein was decreased in those GC
cells transfected MT2A vector (Figure 4B). As shown in
Figures 4C and D, knockdown of endogenous MT2A in
GES1 cells led to down-regulation of IκB-α expression as
well as up-regulation of p-IκB-α and cyclin D1 expression,
suggesting a connection between MT2A activity and
IκB-α expression. These experiments indicate that MT2A
induces IκB-α expression in mRNA and protein levels.
And MT2A-mediated up-regulation of IκB-α expression
was further confirmed by immunofluorescence (Figure 5A,
Additional file 1). To clarify the mechanism of MT2A on
IκB-α expression, we performed luciferase reporter assays
by restructuring of IκB-α promoter region, 5.6-fold up-
regulation of IκB-α promoter luciferase activity was found
in MT2A group than that in vector group (negative con-
trol) (P = 0.0035, Figure 5B). To investigate the relation-
ship between MT2A and IκB-α-mediated NF-κB
inactivation, we further studied the effects of MT2A in
NF-κB nuclear translocation. As shown in Figure 5C, the
DNA binding activity of NF-κB in nuclei was reduced by
over-expressed MT2A. The protein levels and transloca-
tion of NF-κB main subunit p65 were detected in nuclear
and cytoplasmic extracts derived from BGC823 cells
transfected with MT2A or empty vector, and nuclear p65
was decreased in MT2A re-expressed group (Figure 5D,
Additional file 1). Same results were observed in sections
from BGC823 xenografts (Additional file 1: Figure S5A).
Based on the similarity of MT isoform, the specific

primer pairs for different MT isoforms were designed to
illustrate whether ectopic expression of MT2A or knock-
down of MT2A could affect on other MT isoforms, as



Figure 3 Ectopic expression of MT2A inhibits GC cells growth in vitro and in vivo. MT2A inhibited cell proliferation and colony formation in
human GC cells. A, Western blot of MT2A was detected in BGC823 cells transfected with ectopic expression of MT2A plasmid and empty vector.
The MT2A protein bands were scanned (normalized to β-actin to control for loading). B, Cell proliferation was analyzed by the MTT assay in re-
expressing MT2A of BGC823 cells or not. Data was shown as the mean ± .SD of three independent experiments. C, Growth of BGC823 cells was
analyzed in a semisolid soft agar medium. The empty vector colonies formed statistically significantly more colonies (mean = 426 large colonies
per plate. 95% CIs: 387-472 colonies) than MT2A clones (mean = 136 colonies. 95% CIs: 100-164 colonies. The numbers represent the mean
number of colonies of three independent experiments ± S.D. The relative number was calculated in control and BGC823-MT2A cells, and analyzed
using Student’s t-test (P = 0.0038). D, MT2A-inhibited tumorigenicity of BGC823 cells in nude mice. The mean tumor volume for BGC823-MT2A at
3 weeks after injection was 112 mm3 (95% CIs: 93-147 mm3), compared with 352 mm3 (95% CIs: 298-423 mm3) for BGC823-Vector. Data represent
the mean ± S.D of tumor volume derived from each group. In each group, tumor sizes were measured using a caliper at the indicated time
points. Data were shown as mean ± S.D (t-test detection, P = 0.0027). E, FACS analysis showed that MT2A over-expression led to G2/M arrest, and
the ratio of G2/M phase was higher than in empty control and parent cells (P < 0.01). F, Antitumor effect of MT2A was detected by annexin V/
FITC-PI staining assay. Percentage of apoptotic cells was 52.9% ± 5.4% in MT2A group compared with that in the parent cells (8.3% ± 2.4% and
cells transfected with the empty vector (8.2% ± 3.7%, P < 0.001).
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Figure 4 MT2A was involved in regulating IκB-α expression in gastric cells. MT2A positively regulated IκB-α expression. A, MT2A played a
role in increasing IκB-α mRNA expression and reducing cyclin D1 mRNA expression in the NF-κB signaling but did not change p65 mRNA level in
GC cells (“-”, parent cells). B, Western blot analysis showed that the level of MT2A expression was up-regulated and accompanied with elevation
of IκB-α expression as well as decreased p-IκB-α and cyclin D1 in GC cells re-expressing MT2A. C, Silencing of MT2A in GES1 cells resulted in
increased levels of cyclin D1 mRNA expression, as well as down-regulation of MT2A and IκB-α mRNA expression. D, cyclin D1 and p-IκB-α protein
levels were increased by silencing of MT2A expression, accompanied with down-regulation of IκB-α expression.
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shown in Additional file 1: Figure S4, there was no obvious
change for other MT isoforms after re-expression or
knockdown of MT2A. Interestingly, different cell lines
exhibited differential expression of MT isoforms. These
data indicate that a significant reduction of p-IκB-α and
cyclin D1 is induced by ectopic MT2A expression in GC
cells, suggesting that MT2A suppressed cell proliferation
and tumorigenicity through NF-κB inactivation.

IκB-α expression is correlated with MT2A in gastric tumors
To investigate the correlation between MT2A and IκB-α
expression, we analyzed the sections of 684 GC, 118 IM
and 171 normal tissues by IHC staining. As shown in
Additional file 1: Table S3. Our data showed that both
MT2A and IκB-α expression was absent in gastric malig-
nancy. They had the positive correlation in the cohort
(Spearman Coefficient = 0.429, P < 0.001, Additional file 1:
Table S5). However, in the same cases, p-IκB-α (ser32/36)
expression was up-regulated generally (Additional file 1:
Figure S5B). Univariate survival analysis revealed that GC
patients with high level of p-IκB-α expression exhibited
poor survival (P = 0.005; Table 1 and Figure 6B). Multivari-
ate analysis of p-IκB-α expression as covariates in multiple
regression models showed that p-IκB-α expression was



Figure 5 MT2A mediated IκB-α transcript up-regulation to interfere NF-κB inactivation. A, Increased IκB-α expression was induced by
MT2A in BGC823 cells by immunofluorescence analysis. B, MT2A activated the promoter of IκB-α. 5.6-fold increase of IκB-α promoter luciferase
activity was detected in MT2A group than that in Vector group. Data were presented relative to cells transfected with empty vector. Results
represent mean ± S.D. for three independent experiments. Positive control means “PGL3-control (100 ng) + PRL-SV40 (10 ng)” plasmids are co-
transfected in GC cells, and the high level of luciferase data will be detected and which evaluates the whole system of dual-luciferase activity.
C, The nuclear translocation of NF-κB probe was decreased in BGC823 cells re-expressing MT2A by EMSA assay. D, The nuclear location of p65,
as the main subunit of NF-κB, was reduced, and increased p65 exhibited in cytoplasm.
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also the significant and independent prognostic factor
when all variables were included in the multivariate re-
gression equation. The relative risk for cancer-related
death was increased in the subgroup with p-IκB-α +
expression (95% CIs: 1.256-2.912, P = 0.003; Table 2),
but the variation of IκB-α was not benefit for the
clinical outcome (Figure 6A). These data indicate that
decreased MT2A and IκB-α is involved in gastric ma-
lignant transformation.
Combined MT2A and IκB-α expression status as a
molecular signature to predict prognosis in GC
The aberrant NF-κB activation led to poor prognosis, asso-
ciated with p-IκB-α activation and degradation of IκB-α in
many types of cancer. To assess MT2A and IκB-α status in
GCs in more detail, further stratification was conducted
according to status of IκB-α expression. p-IκB-α + patients
had shorter overall survival than p-IκB-α- patients in high
expression of IκB-α (IκB-α+) subgroup (n = 94, P = 0.047,



Figure 6 Combined MT2A and IκB-α expression status as a prognostic indicator in GC. A, IκB-α expression was not benefit for the clinical
outcome (P = 0.248). B, The overall survival was better in subgroup with low expression of p-IκB-α (p- IκB-α-) than that in p-IκB-α + subgroup
(P = 0.005). C, The expression of p-IκB-α status was benefit for prognostic prediction in the IκB-α + subgroup (n = 94, P = 0.047). D, Combination of
MT2A and IκB-α was benefit for prognostic prediction in GC patients. MT2A+/IκB-α + subgroup had the better outcome than other subgroups
(P < 0.05, respectively, other subgroups versus MT2A-/IκB-α-). E, In the MT2A-/IκB-α- subgroup, better survival was in the low level of p-IκB-α
expression (n =142, P = 0.026). F, Combined MT2A and p-IκB-α expression together, is better for the prognostic prediction (P < 0.01, respectively,
other subgroups versus MT2A-/p-IκB-α+).
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Figure 6C). When combining MT2A and IκB-α expression
as the co-index for the prognostic prediction in GC, the
overall survival was significantly better in MT2A+/IκB-α +
group (P < 0.05, Figure 6D). In most samples with MT2A-/
IκB-α- (n = 142), p-IκB-α + subgroup had the worse out-
come (P = 0.026, Figure 6E). Furthermore, when combing
MT2A and p-IκB-α expression together, we found that only
MT2A+/p-IκB-α- group had the best survival (P < 0.01;
Figure 6F). These results show that combination of MT2A
and p-IκB-α expression might be a molecular signature to
predict prognosis of GC.

Discussion
GC is histopathologically heterogeneous and difficult for
prognosis prediction by tumor grade or histological type.
In this study, we offered both clinical and mechanistic
evidence that MT2A is an independent prognostic factor
and effective molecular target for cancer therapy. MT2A
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has been shown to reduce the tumorigenicity in vivo and
in vitro, and decrease or loss of MT2A is a critical molecu-
lar event in GC cell lines and primary GC tissues. De-
creased MT2A was associated with gastric malignant
transformation, as well as poor survival. Re-expressing
MT2A significantly inhibited the growth of GC cells.
Interestingly, restoration of MT2A led to down-regulation
of p-IκB-α and cyclin D1 but to induce IκB-α up-
regulation, which was consistent with the typical apoptosis
of GC cells resulting from suppression of NF-κB activa-
tion, accompanied with G2/M arrest [34-36]. Moreover,
cyclin D1 is a therapeutic target in cancer. Its abundance
will lead to oncogenic activation in stomach [37,38].
Importantly, the luciferase activity of IκB-α promoter

was induced by re-expressing MT2A in GC, leading to
suppress the nuclear translocation of NF-κB. NF-κB has a
key role as a pivotal link between inflammation and cancer
[39]. Recently, NF-κB inhibitors have emerged as new
therapeutic targets for neoplasia [23,40]. In this study, we
have demonstrated MT2A expression is significantly re-
lated to apoptotic indices by suppressing NF-κB signaling
activation (Figure 7). Mageed and Agrawal found a direct
interaction of MT with the p50 subunit of NF-κB, which
is a heterodimeric sequence-specific transcriptional activa-
tor [33]. Moreover, it has also been reported that MT is
capable of modulating NF-κB transcriptional activity [18].
Figure 7 The potential pathway of MT2A involved in NF-κB signaling
activation. Ectopic expression of MT2A could induce upregulation of IκB-α
cyclin D1expression. Moreover, MT2A could be one of the transcriptional fa
MT2A is the negative regulator in NF-κB signaling pathway.
Some inverse results are reported that ApoMT (metal-free
MT) has the potential to remove zinc from NF-κB and
hence inactivate the NF-κB-mediated transcriptional activ-
ity consequent to zinc clelation [16]. MT possessed
antioxidant properties that prevent H2O2, or lipopolysac-
charide (LPS)-stimulated NF-κB signaling in many inflam-
matory diseases [9,41-43].
Differential expression of MT isoforms was detected

in GC cells and tissues, which indicated that the poten-
tial role of MT isoforms in carcinogenesis gained atten-
tion and make sure that the exact isoform is analyzed in
our study. It is therefore not surprising that members of
the MT family may be involved pleiotropically in a num-
ber of different biological functions except for ROS scav-
enger and metal-binding ability. However, there are no
readily available commercial antibodies for distin-
guishing the highly homologous protein isoforms of
MT1/2. The controversial results of MT in human neo-
plasia could possibly be attributed to the methods ap-
plied using antibodies that were unable to distinguish
specific MT1/2 isoforms. In most studies where immu-
nohistochemistry was applied, MT expression was re-
vealed antibodies against a common epitope of MT1 and
MT2A that were unable to detect over-expression due
to other MT isoforms, reducing the significance of MT
participation in tumors.
. MT2A mediated IκB-α up-regulation to suppress the NF-κB pathway
in mRNA and protein levels, as well as down-regulation of p-IκB-α and
ctors to induce the activity of IκB-α promoter, which indicates that
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In addition, MT2A suppression is frequently observed
in GC, and similar data was reported in hepatocellular
and colon cancer [44,45]. Duncan et al reported that
down-regulation of MT2A expression occurred upon
immortalization, which implies that MT2A is down-
regulated when human cells become immortal pheno-
types, a key event in tumorigenesis [46].
Collectively, down-regulation of MT2A expression is

an independent predictor for clinical outcome. It is con-
ceivable that re-expression of MT2A can be considered
as a molecular target in GC for molecular classification
and individual therapy.
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