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ABSTRACT

Methylglyoxal (MG), an extremely reactive glucose metabolite, exhibits antitumor
activity. Glyoxalase I (GLOI), which catalyzes MG metabolism, is associated with
the progression of human malignancies. While the roles of MG or GLOI have
been demonstrated in some types of cancer, their effects in colon cancer and the
mechanisms underlying these effects remain largely unknown. For this study, MG and
GLOI levels were manipulated in colon cancer cells and the effects on their viability,
proliferation, apoptosis, migration, and invasion in vitro were quantified by Cell
Counting Kit-8, colony formation assay, flow cytometry, and transwell assays. The
expression levels of STAT1 pathway-associated proteins and mRNAs in these cells
were quantified by western blot and qRT-PCR, respectively. The antitumor effects of
MG and silencing of GLOI were investigated in vivo in a SW620 colon cancer xenograft
model in BALB/c nude mice. Our findings demonstrate that MG in combination with
silencing of GLOI synergistically inhibited the cancer cells’ proliferation, colony
formation, migration, and invasion and induced apoptosis in vitro compared with the
controls. Furthermore, these treatments up-regulated STAT1 and Bax while down-
regulating Bcl-2 in vitro. MG treatment alone or in combination with silencing of GLOI
also reduced the growth of the SW620 tumors in mice by up-regulation of STAT1 and
Bax and down-regulation of Bcl-2. Taken together, our findings suggest that MG in
combination with silencing of GLOI merits further evaluation as a targeted therapeutic
strategy for colon cancer.

INTRODUCTION unresectable [3]. The main treatment options for colon

cancer are surgery and chemotherapy, and their efficacy

Colon cancer is the third most common cancer and depends on the cancer stage and tumor location at diagnosis

the third most common cause of cancer-related death as well as individual patient characteristics [4]. Although

worldwide [1]. In China, it is the fourth most common much work has been done to refine these therapies, the

cancer and the fifth leading cause of mortality among cancer high frequency of drug resistance and tumor metastasis

patients, both men and women [2]. At least 50% of patients limit their clinical efficacy [5-7]. Therefore, new and more
with colon cancer develop metastases, most of which are effective therapeutic approaches are profoundly needed.
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Methylglyoxal (MG), an extremely reactive glucose
metabolite, is an endogenous byproduct of glycolysis. It is
mainly generated in the dephosphorylation of glycolytic
intermediates and in metabolism of the polyol pathway and
amino acetone [8—13]. MG was historically investigated
as an antitumor agent, but sound scientific evidence of
its efficacy is lacking [9—16]. Previous studies from our
laboratory showed that MG suppressed human colon
cancer cell lines and tumor growth in a mouse model and
had inhibitory effects against breast cancer [12, 13]. MG
has been reported to prevent tumor growth by inhibiting
mitochondrial respiration in malignant cells [17].

The glyoxalase system is a ubiquitous detoxification
pathway that protects against cellular damage caused by
potent cytotoxic metabolites, such as MG. It consists of
glyoxalase I (GLOI) and GLOII. GLOI, using reduced
glutathione as a co-substrate, converts MG to S-D-
lactoylglutathione, which is further hydrolyzed by GLOII
to D-lactate [18-21]. Ranganathan et al. demonstrated
that GLOI expression was greater in human colon cancers
than in normal tissue from the same individuals [22].
Overexpression of GLOI has also been documented in
tumor cells, including colon cancer cells [19-26]. Tumor
cells became more sensitive to cell killing agents when
their GLOI expression was down-regulated [21].

Signal transducer and activator of transcription-1
(STAT1), a member of the STAT family, is a tumor
suppressor, preventing development and progression of
established tumors [27, 28]. A previous study indicated
that STAT1 could inhibit the growth of neoplastic cells by
regulating caspases, BCL-xL, and p21waf [27]. Antonis et
al. demonstrated that STAT1 is a bona fide suppressor of
breast tumorigenesis [29]. Another study has demonstrated
that STAT1 may be a negative regulator of the development
and progression of human hepatocellular carcinoma through
induction of apoptosis and cell cycle arrest [30]. Jonathan
M et al. suggested that hyperplastic polyposis 1s (HPP1s)
tumor-suppressive activity is mediated at least in part by
up-regulation STAT1 in colon cancer cells [31].

Although ample evidence supports the association
of MG and the glyoxalase system with suppression of
tumorigenesis, the role of MG, especially in combination
with the glyoxalase pathway, in colon cancer and the
mechanisms underlying that role are not clearly illustrated.
In this study, we investigated the anticancer effects of MG
alone or in combination with silencing of GLOI and their
potential underlying molecular mechanisms, particularly
with involvement of STAT1 pathway in colon cancer using
cell lines and an animal model.

RESULTS

Expression of GLOI in colon cancer cells

GLOI expression was significantly greater in
SW480 (p < 0.01), SW620 (p < 0.05), DLD-1(p < 0.001),

and HCT-15 (p < 0.001) colon cancer cells than in normal
colon FHC cells (Figure 1). The level of GLOI protein
varied from 3-fold to 8-fold greater in the colon cancer
cells than in the normal cell.

The expression levels of GLOI protein and mRNA
were significantly lower in colon cancer cells transfected
with the GLOI shRNA targeting sequence (shGLOI) than
in cells transfected with a empty vector construct (shNC;
p <0.01 to 0.001; Figure 2A and 2B). Similarly, GLOI
enzyme activity was significantly lower in the colon
cancer cells transfected with shGLOI than in the shNC
group (p <0.01 to 0.001; Figure 2C).

MG, alone or in combination with GLOI
silencing, inhibited viability and proliferation of
colon cancer cells

Colon cancer cell viability was inhibited by
MG, and the degree of inhibition was dependent on
concentration and treatment time (Figure 3). Incubation
with MG (0.4 or 0.8 mmol/L), alone or in combination
with GLOI silencing, had no notable effect on the viability
of SW480, SW620, DLD-1, or HCT-15 colon cancer cells
at 12 h (Figure 4A). MG (0.4 mmol/L) or GLOI silencing
alone had no notable effect on the viability of SW480,
DLD-1, or HCT-15 colon cancer cells at 24 h, 36 h, and 48
h, but the combination did reduce the viability of all three
cell types, SW480 (p < 0.001), DLD-1 (p < 0.001), and
HCT-15 (p < 0.05), at 24h, 36h, and 48h (Figure 4B-4D).
In contrast, MG (0.4 mmol/L) alone or in combination
with GLOI silencing inhibited the viability of SW620
cells at 24h, 36h, and 48h (all, p < 0.001; Figure 4B-4D).
The viability of all four types of colon cancer cells was
significantly reduced by treatment with the higher dose
of MG (0.8 mmol/L) for 24 h, 36 h, or 48 h, and this
inhibitory effect became more pronounced when MG was
combined with GLOI silencing (p < 0.001; Figure 4B-4D).

Cancer cells treated with MG (0.4 mmol/L) or GLOI
silencing alone formed fewer colonies than the controls (p
< 0.05 to 0.001; Figure 5). There was almost no colony
formation by cells treated with the higher dose of MG (0.8
mmol/L; p < 0.001; Figure 5). This inhibitory effect on
colony formation was even greater in cells treated with
combined MG and GLOI silencing (p < 0.001; Figure 5).

MG, alone or in combination with GLOI
silencing, inhibited migration and invasion of
colon cancer cells

The number of colon cancer cells penetrating the
transwell membrane was lower for the cells treated with
MG (0.4 or 0.8mmol/L) or GLOI silencing than for the
control cells (p < 0.05 to 0.001; Figure 6). This inhibitory
effect on migration was even greater when cells were
treated with combined MG and GLOI silencing (p < 0.05
to 0.001; Figure 6). Similarly, the invasion capacity of the
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Figure 1: GLOI is overexpressed in colon cancer cells. Expression of GLOI was determined by Western blotting in normal colon
cells (FHC) and in four colon cancer cell lines: SW480, SW620, DLD-1, and HCT-15. B-Actin was used as the internal control. "p < 0.05,
“p <0.01, ™p <0.001 vs shNC. All data are representative of three independent experiments (n = 3). Differences between groups were

analyzed by analysis of variance.
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Figure 2: GLOI silencing reduces GLOI mRNA and protein levels and enzyme activity in colon cancer cells. Colon
cancer cells were transfected with shGLOI, empty vector (shNC, negative control), or nothing (no transfection) (Control). The expression
levels of GLOI mRNA (A) and GLOI protein (B) in the cells were determined, as was GLOI enzyme activity (C). “p < 0.01, **p < 0.001
vs shNC. All data are representative of three independent experiments (n = 3). Differences between two groups were analyzed by analysis
of 2-tailed Student t-test.
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cancer cells was also reduced by MG or GLOI silencing.
Treatment with MG (0.4 or 0.8 mmol/L) or GLOI
silencing significantly reduced the number of colon cancer
cells that invaded through the transwell insert membrane
compared to the control cells (p < 0.05 to 0.001; Figure 7).
Co-treatment with MG and GLOI silencing reduced colon
cancer cells invasion to a dramatically greater extent than
either treatment alone (p < 0.05 to 0.001; Figure 7).

MG, alone or in combination with GLOI
silencing, induced apoptosis in colon cancer cells

The apoptosis rate of SW480 cells treated with
MG increased slightly over that of untreated cells, to
12.8% (0.4 mmol/L MG) or 14.9% (0.8 mmol/L MG).
Co-treatment with MG (0.4 or 0.8 mmol/L) and GLOI
silencing increased their apoptosis rate to 41.3% and
50.4% increase compared to shNC-transfected cells,
respectively (Figure 8A). The rates for MG (0.4 or 0.8
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mmol/L) with shGLOI - transfected cells were 24.9% and
24.6% higher than that for the MG (0.4 or 0.8 mmol/L)
with shNC - transfected cells, respectively. Similar effects
were observed in SW620, DLD-1, and HCT-15 cells
(Figure 8B, 8D-8H). The combination of MG (0.4 or 0.8
mmol/L) with GLOI silencing increased cell apoptosis to
a greater degree than either treatment alone (p < 0.05 to
0.001; Figure 8).

MG, alone or in combination with GLOI
silencing, up-regulated STAT1 and Bax and
down-regulated Bcl-2 in colon cancer cells

STAT1 protein levels were increased in all four
types of colon cancer cells after treatment with MG
(0.4 or 0.8 mmol/L) or GLOI silencing (Figure 9A-9D).
Co-treatment with MG (0.4 or 0.8 mmol/L) and GLOI
silencing increased STAT1 protein levels by 2-fold and
3-fold in SW480, 3-fold and 4-fold in SW620, 2.5-fold
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Figure 3: Methylglyoxal (MG) inhibits colon cancer cell proliferation. Colon cancer cells were treated with MG at various
concentrations (0.4, 0.8, 1.6, or 2.0 mmol/L) or with vehicle alone (0 mmol/L MG). Cell proliferation was determined at 12, 24, 36, and 48
h by the CCK-8 kit. p < 0.05, “p < 0.01, ™ p < 0.001 vs controls (0 mmol/L). All data are representative of three independent experiments
(n = 3). Differences between groups were analyzed by analysis of variance. Cell relative activity = {ODsample — ODblank }/{ODcontrol

(0 mmol/L) — ODblank}
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and 3.6-fold in DLD-1, and 2.7-fold and 4-fold in HCT- a greater degree than either treatment alone (p < 0.05 to

15 cells, compared to the shNC-transfected cells (Figure 0.001; Figure 9).
9A-9D). Similarly, Bax was increased in the colon cancer
cells under the same conditions (p < 0.05 to 0.001; Figure MG, alone or in combination with GLOI
9A-9D, 9G). In contrast, Bcl-2 levels were decreased by silencing, increased the intracellular
: 0 0 0 : . .
approximately 12%, 51% and 22.A) when treated with MG concentrations of MG in colon cancer cells
(0.4 or 0.8 mmol/L) or GLOI silencing alone compared
to the control in HCT-15 cells; after co-treatment with Treatment with MG or GLOI silencing increased
MG (0.4 or 0.8 mmol/L) and GLOI silencing, it decreased the intracellular concentrations of MG in colon cancer
by 64% and 80%, respectively, compared to the shNC- cells, with the highest increase observed in HCT-15 cells
transfected cells (Figure 9D). The combination of MG (0.4 (Figure 10). When treated with MG (0.4 or 0.8 mmol/L)
or 0.8 mmol/L) with GLOI silencing increased STAT1 and or GLOI silencing alone, the intracellular concentration
Bax protein levels and decreased Bcl-2 protein levels to of MG reached 2-fold, 5-fold, and 1.5-fold in HCT-
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Figure 4: Methylglyoxal (MG), alone or in combination with GLOI silencing, inhibits viability and proliferation of
colon cancer cells. Colon cancer cells transfected with shGLOI, empty vector (shNC), or nothing, were treated with MG at the doses
shown or vehicle alone. The viability of the cells was determined at 12 h (A), 24 h (B), 36 h (C), and 48 h (D). "p < 0.05, "p < 0.01, ™"p <
0.001 vs shNC (0 mmol/L); /p <0.05, #p < 0.01, *p < 0.001 shNC vs shGLOI. All data are representative of three independent experiments
(n = 3). Differences between groups were analyzed by analysis of variance. Cell relative activity = {ODsample — ODblank}/{ODshNC

(0 mmol/L) — ODblank}
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Figure 5: Methylglyoxal (MG), alone or in combination with GLOI silencing, inhibits colony formation by colon
cancer cells. SW480, SW620, DLD-1, and HCT-15 colon cancer cells transfected with shGLOI, empty vector (shNC, negative control),
or nothing (Control), were treated with MG at the concentrations shown or with vehicle only (negative control). Colony formation by the
cells treated with MG was significantly suppressed at 10 days. The images (A, B, E, F) and the graphs (C, D, G, H) as panels were shown.
“p <0.01, "p < 0.001 vs shNC (0 mmol/L); *p < 0.05, #p < 0.01, *p < 0.001 shNC vs shGLOI. All data are representative of three
independent experiments (n = 3). Differences between groups were analyzed by analysis of variance.
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Figure 6: Methylglyoxal (MG), alone or in combination with GLOI silencing, inhibits migration of colon cancer cells.
SW480, SW620, DLD-1, and HCT-15 colon cancer cells transfected with shGLOI, empty vector (shNC, negative control), or nothing
(control), were treated with MG at the concentrations shown or with vehicle only (negative control). Migration of colon cancer cells treated
with MG was significantly suppressed, as evaluated by penetration of a transwell insert membrane. The images (A, B, E, F) and the graphs
(C, D, G, H) as panels were shown. “p <0.01, ""p <0.001 vs shNC (0 mmol/L); *p < 0.05, #p < 0.01, **p < 0.001 shNC vs shGLOI. All
data are representative of three independent experiments (n = 3). Differences between groups were analyzed by analysis of variance.
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Figure 8: Methylglyoxal (MG), alone or in combination with GLOI silencing, induces apoptosis of colon cancer cells.
SW480 (A, C), SW620 (B, D), DLD-1 (E, G), and HCT-15 (F, H) colon cancer cells were transfected with shGLOI, empty vector (shNC,
negative control), or nothing (Control), were treated with MG at the concentrations shown or with vehicle only (negative control). After 48
h, apoptosis was detected by Annexin V-APC assay and propidium iodide staining. (A, B, E, F) Apoptotic cells, including early apoptosis
(LR) and late apoptosis (UR), were identified by flow cytometry. (C, D, G, H) Histograms show quantification of apoptotic cells. "p <
0.05, “p <0.01, ™p < 0.001 vs shNC (0 mmol/L); *p < 0.05, #p < 0.01, #p <0.001 shNC vs shGLOI. All data are representative of three
independent experiments (n = 3). Differences between groups were analyzed by analysis of variance.
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Figure 9: Methylglyoxal (MG), alone or in combination with GLOI silencing, alters the expression levels of STAT1
signal pathway proteins in colon cancer cells. Colon cancer cells were transfected with shGLOI, with empty vector (shNC, negative
control), or nothing (Control), were treated with MG at the concentrations shown or with vehicle alone (negative control). (A-D) Whole-
cell levels of STAT1, Bax, and Bcl-2 were analyzed by Western blot. (E-G) Protein levels were quantified and graphed. “p< 0.05, "p <
0.01, ™" p<0.001 vs shNC (0 mmol/L); *p <0.05, #p <0.01, #*p < 0.001 shNC vs shGLOI. All data are representative of three independent

experiments (n = 3). Differences between groups were analyzed by analysis of variance.
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15 cells compared to that in shNC-transfected cells (p
< 0.01 to 001; Figure 10D). The combination of MG
(0.4 or 0.8 mmol/L) with GLOI silencing increased
intracellular MG concentration by 3.5-fold, 7-fold in
HCT-15 cells, compared to that in shNC-transfected
cells (Figure 10D). The MG concentration for MG (0.4
or 0.8 mmol/L) with shGLOI - transfected cells were
1.6-fold and 1.4-fold higher than that for the MG (0.4
or 0.8 mM) with shNC - transfected cells, respectively
(Figure 10D). The combination of MG (0.4 or 0.8
mmol/L) with GLOI silencing in colon cancer cells
increased the intracellular concentration of MG to a
greater degree than either treatment alone (p < 0.05 to
001; Figure 10).

MG, alone or in combination with GLOI
silencing, reduced tumor growth in BALB/c
nude mice

Significant inhibition of SW620-induced tumor
growth was observed on day 14 after injection of SW620
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cells (treatment day 7) in mice treated with MG alone or
in combination with GLOI silencing (p < 0.05 to 0.001;
Figure 11A). Administration of MG at doses of 30 mg/kg
or 60 mg/kg reduced the tumor weights by 40% and 60%,
respectively, by day 19, whereas the combination of MG
treatment with GLOI silencing in habited tumor weights
even further, by 60% and 70%, respectively (p < 0.05
to 0.001; Figure 11B, 11D). Treatment with MG, GLOI
silencing, or the combination increased the concentration
of MG in the peripheral blood of the treated mice (p < 0.05
to 0.001; Figure 12).

STAT1 protein levels in tumor tissues were increased
to approximately 1.3-fold in mice treated with 30 mg/
Kg MG and 1.7-fold in mice treated with 60 mg/Kg MG
relative to that in the tumors of the control group (Figure
13A). However, STAT1 levels increased 2-fold (30 mg/kg)
and 2.8-fold (60 mg/kg) in the tumors of mice treated with
the combination of MG and GLOI silencing. This result
was confirmed by immunohistochemical analysis, which
showed that STAT1 expression was higher in tumors from
mice treated with MG than in tumors from the controls
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Figure 10: Methylglyoxal (MG), alone or in combination with GLOI silencing, increases the concentration of
intracellular MG in colon cancer cells. Colon cancer cells were transfected with shGLOI, with empty vector (shNC, negative
control), or nothing (Control), were treated with MG at the concentrations shown or with vehicle alone (negative control). Intracellular
MG was quantified with an enzyme-based immunoassay after 48 h. "p < 0.05, “p < 0.01, **p <0.001 vs shNC (0 mmol/L); *p < 0.05, #p <
0.01, #p <0.001 shNC vs shGLOI. All data are representative of three independent experiments (n = 3). Differences between groups were

analyzed by analysis of variance.
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Figure 11: Methylglyoxal (MG), alone or in combination with GLOI silencing, reduces SW620 tumor growth in
BALB/c nude mice. Xenograft tumors were produced by subcutaneous inoculation of SW620 cells transfected with shGLOI, empty
vector (shNC, negative control), or nothing (Control). Seven days later, mice began treatment with MG (30 or 60 mg/kg) or vehicle only
(negative control) via intraperitoneal injection every other day. Treatment was continued for 12 days; mice were killed on day 19 and their
tumors excised. (A) Photographs of representative tumor-bearing mice by treatment group. (B) Photographs of representative excised
tumors by treatment group. (C) Xenograft tumors were measured every 2-3 days during treatment and their volumes calculated. (D) The
weights of excised tumors by treatment group are shown. All data are representative of three independent experiments (n = 3). “p < 0.01,

ok

'»<0.001 vs shNC (0 mmol/L); ’p <0.05, #p < 0.01 shNC vs shGLOI. Differences between groups were analyzed by analysis of variance.
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Figure 12: Methylglyoxal (MG), alone or in combination with GLOI silencing, increases the concentration of MG
in peripheral blood of mice bearing colon cancer xenografts. SW620 xenograft tumors were established in athymic BALB/c
nude mice as described in the legend to Figure 11. Beginning on day 7 after tumor cell inoculation, mice were treated with MG at the
concentrations shown or with vehicle alone (negative control). MG level in the peripheral blood was measured on day 19 after inoculation
of SW620 cells by an enzyme-based immunoassay. ““p < 0.001 vs shNC (0 mmol/L); #p < 0.01, **p < 0.001 shNC vs shGLOI. All data are
representative of three independent experiments (n = 3). Differences between groups were analyzed by analysis of variance.

A Control  30mg/Kg MG 60mg/Kg MG

Control  shNC ~ shGLOI  shNC  shGLOI =~ shNC  shGLOI

STATI | WS S @ o oo oo SR O/KD

Bcl-2 T - . e 26KD

BAX | e e M i il | oD

GLOI | #h oo @HED S e 21KD

pacin (DD
@l Control @8 Control & Control
. NG B siNC B shNC

@8 shGLOI @ shGLOI @ shGLOI

Relative STAT1/B-actin expression
Relative Bcl-2/B-actin exspression
Relative Bax/B-Actin expression

Figure 13: Methylglyoxal (MG), alone or in combination with GLOI silencing, affects expression of STAT1 signal
pathway proteins in a colon cancer mouse model in vivo. SW620 colon cancer xenografts were established as described in the
legend to Figure 11. Beginning on day 7 after tumor cell inoculation, mice were treated with MG at the concentrations shown or with
vehicle alone (negative control). (A) Expression levels of STAT1 signal pathway proteins STAT1, Bcl-2, and Bax and of GLOI were
analyzed by Western blot. Treatment with MG upregulated STAT1 and Bax but downregulated Bcl-2. (B-D) Protein levels were quantified
and graphed. "p < 0.05, “p < 0.01, **p < 0.001 vs shNC (0 mmol/L); *p < 0.05, #p < 0.01 shNC vs shGLOL. All data are representative of
three independent experiments (n = 3). Differences between groups were analyzed by analysis of variance.

www.impactjournals.com/oncotarget 54850 Oncotarget



(Figure 14). Similarly, MG treatment up-regulated Bax
and down-regulated Bel-2, and MG combined with GLOI
silencing augmented these effects (p < 0.05 to 0.001;
Figure 13A, 13C, 13D).

DISCUSSION

Our findings demonstrate that MG treatment, GLOI
silencing, or combination of the two suppressed the
viability, proliferation, migration, and invasion of SW480,
SW620, DLD-1, and HCT-15 colon cancer cells and
increased their apoptosis in vitro. These treatments also
increased expression of STAT1 and Bax and decreased
expression of Bcl-2 in these cells. Furthermore, treatment
with MG with or without GLOI silencing inhibited SW620
tumor growth in vivo in a mouse xenograft model. As in
the in vitro model, treatment with MG with or without
GLOI silencing increased expression of STAT1 and Bax
in the tumors from these mice and decreased expression of

Control

Control

30mg/Kg MG

60mg/Kg MG

Bcl-2. The concentrations of MG in the colon cancer cells
and in the blood of the mice were increased following
treatment with MG, GLOI silencing, or the combination.
Our group and others have shown the antitumor
efficacy of MG [12-14, 32-34]. Monika et al. showed
that MG inhibited proliferation of human glioblastoma
multiforme cells [14]. Bair et al. showed that MG exerted
antiproliferative activity in human malignant melanoma
[19]. Another study demonstrated that MG inhibited PC-3
prostate cancer cell growth [35]. GLOI has been shown
to be overexpressed in numerous tumor tissues and cells,
including colon, breast, prostate, stomach, pancreatic,
and kidney cancers, while depletion of GLOI expression
significantly inhibited the proliferation of these tumor cells
[20, 22, 24, 36]. Inhibition of GLOI sensitized human
melanoma cells to the well-established antiproliferative,
apoptotic, and oxidative stress—inducing activity of
exogenous MG [19]. Our results showing that MG, alone
or in combination with GLOI silencing, inhibited the

shGLOI

Figure 14: Methylglyoxal (MG) upregulates expression of STAT1 in a colon cancer xenograft model. SW620 colon cancer
xenografts were established as described in the legend to Figure 11. Beginning on day 7 after tumor cell inoculation, mice were treated with
MG at the concentrations shown or with vehicle alone (negative control). The expression of STAT1 in the excised tumors was determined
by immunohistochemical staining; representative images are shown (original magnification, x400). The arrows are pointing at STAT1

positive cells.
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viability and proliferation of colon cancer cells are in
accordance with published results in other cancer types.
And our study also demonstrates that combination of MG
with GLOI silencing exerts synergistic inhibitory effects
on colon cancer cells’ viability and proliferation. This
synergistic effect may be attributed to that GLOI silencing
not only increased the concentration of MG [37] but also
increased the sensitivity of cells to MG. Another study
also indicated that GLOI silencing could improve the
sensitivity of cells to chemotherapeutic drugs [25].

Lorena et al. showed that MG down-regulated
migration and invasion of liver cancer cells and that these
effects were p53-dependent [32]. The down-regulation of
migration and invasion induced by GLOI depletion was
observed in gastric cancer cells [38]. Our group showed
that MG treatment and GLOI silencing reduced the
migration and invasion of breast cancer cells [12]. These
findings support our results showing that MG treatment
or GLOI silencing markedly reduces the migration and
invasion of colon cancer cells.

In this study, significantly increased apoptosis in
association with up-regulation of Bax and down-regulation
of Bcl-2 were observed in colon cancer cells treated with
MG or GLOI silencing. Kang et al. reported that MG
triggered apoptosis in neurons by down-regulating Bcl-
2 and up-regulating Bax [39]. MG triggered apoptosis in
several malignant cell types, including HelLa, leukemia
60, and prostate cancer cells [35, 40, 41]. Another
study showed that GLOI inhibition or treatment with
MG enhanced apoptosis induced by TRAIL via down-
regulation of Bcl-2 expression [42].

The up-regulation of STAT1 in our study by
treatment with MG, alone or combination with GLOI
silencing, is interesting because STAT1 is a known
tumor suppressor [27, 29]. STAT1 is involved in defense
against pathogens and the inhibition of cell proliferation
in SW480 colon cancer cell [43]. In addition, STAT1 has
been shown to enhance the transcriptional activity of pS3
on several p53-responsive pro-apoptotic genes such as
Bax and to negatively regulate the Bcl-xL promoter [27,
28, 44]. Studies have shown that MG markedly increased
IFN-y in Sarcomal80 tumor-bearing mice [45], and
STAT1 can be up-regulated by IFN-y [46]. Our results
suggest that STAT1, Bax, and Bcl-2 could be involved
in the antiproliferative and pro-apoptotic effects of MG
and silencing of GLOI in colon cancer cells. However, the
exact molecular mechanisms underlying the regulation of
these proteins and their relationships with each other need
further investigation.

Early study demonstrated that MG decreased in
cancer and GLOI activity increased in colon cancer
cells compared to the normal cells [22, 47]. A literature
demonstrated that silencing of GLOI increased the
concentration of MG in L6 Myoblasts [25]. Our results
suggest that the concentration of MG increased after MG
treatment or GLOI silencing.

In summary, our study results clearly demonstrate
that treatment with MG or silencing of GLOI can restrain
proliferation, migration, and invasion and induce apoptosis
in human colon cancer cells. These effects may be
modulated by up-regulation of STAT1 and Bax and down-
regulation of Bcl-2. Moreover, treatment with MG, alone
or in combination with GLOI silencing, suppressed the
growth of SW620-induced tumors in BALB/c nude mice
in vivo. Combination of MG with GLOI silencing exerts
synergistic inhibitory effects on colon tumorigenesis and
colon cancer growth mediated through up-regulation of
STAT1 and Bax and down-regulation of Bcl-2. These
findings suggest a promising therapeutic approach against
colon cancer.

MATERIALS AND METHODS

Cell lines and culture

Human colon cell lines SW480 (Dukes type B),
SW620 (Dukes type C), DLD-1 (Dukes type C), and HCT-
15 (Dukes type C), representing different pathological
stages of colon cancer, were purchased from the Institute
of Biochemistry and Cell Biology, Chinese Academy
of Sciences (Shanghai, China). SW480 was established
from a primary adenocarcinoma of the colon and SW620
established from a lymph node metastasis taken from the
same patient one year later is available. DLD-1 and HCT-
15 (CCL-225) were independently derived from different
clonal origin from the same individual. Normal FHC colon
cells were obtained from Key Laboratory of Laboratory
Medicine, Ministry of Education of China, Zhejiang
Provincial Key Laboratory of Medical Genetics, School of
Laboratory Medicine and Life Sciences, Wenzhou Medical
University, Wenzhou, Zhejiang 325035, China. The cells
were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum (FBS; Bioind, Beit-Haemek,
Israel) and 100 U/mL penicillin-streptomycin (P1400;
Solarbio, Beijing, China) at 37°C in an incubator
containing a humidified atmosphere supplemented with
5% CO,. All four cell types were used in all experiments.

Plasmid transfection

The GLOI shRNA targeting sequences (shGLOI)
and empty vector (shNC, negative control) were
synthesized by GenePharma (Shanghai, China). The
group in which cells received no transfection was defined
as Control. Cells were grown to 80-90% confluence, then
transfected with one of these constructs. Transfection
was carried out with Lipofectamine 2000 (Invitrogen,
Shanghai, China; DNA: Lipofectamine 2000 ratio,
4:5) according to the manufacturer’s instructions. After
transfection for 6 h, the culture medium was replaced with
fresh RPMI-1640 containing 10% FBS. The fluorescence
comes from sh-vectors pGPU6/GFP/Neo. According to
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the manufacturer’s instruction (GenePharma), transfection
efficiency is directly correlated with fluorescence
determined by fluorescence (green) microscope. The
transfection efficiency of cells= cells of the green
fluorescent protein/total number of cells X100 %. Stable
transfectants (transfection efficiency > 50%) were
established by incubating cells in complete RPMI-1640
medium with 1000 pg/mL G418 (11811031; Sigma, St
Louis, MO) for 15 days. The clones were verified by
Western blot, real-time quantitative reverse-transcription
polymerase chain reaction (RT-PCR), and quantification
of GLOI enzymatic activity. The successful clones were
pooled and used for further experiments. The sequences
of shGLOI were GGATTCGGTCATATTGGAATT;
GGGAGTCAAATTTGTGAAGAA; GGCATTTATTCAA
GATCCTGA; and GAAGAACTGGGAGTCAAATTT.

Quantification of GLOI mRNA

Total RNA was extracted from cells or dissected
tumors by using TRIzol (3101-100; Invitrogen) according
to the manufacturer’s instructions. Total RNA was reverse-
transcribed to cDNA, which was evaluated by using an
Applied Biosystems 7500 Fast Sequence Detection System
and SYBR Green PCR Kit (20454; Qiagen, Shanghai,
China) under the following conditions: denaturation at
95°C for 5 min, followed by 40 cycles of denaturation at
95°C for 10 s and annealing and extension at 60°C for 30
s. The GLOI mRNA expression was normalized to that
of GAPDH. Random primer (RRO37A; Takara, Shiga,
Japan). Primers (Sangon Biotech, Shanghai, China)
for GLOI were 5'-AGCAGACCATGCTACGAGTG-3'
(forward) and 5-TAGCTTTTCTGGAGAGCGCC-3'
(reverse). Primers for the internal control GAPDH were5'-
AAGGTGAAGGTCGGAGTCAAC-3" (forward) and
5-GGGGTCATTGATGGCAACAATA-3' (reverse).

Quantification of GLOI enzymatic activity

GLOI enzyme activity was determined using the
QuantiChrom Glyoxalase I Assay Kit (Shanghai Universal
Biotech Co., Shanghai, China), following manufacture’s
instruction. In brief, cells transfected with shGLOI or
shNC were trypsinized and collected by centrifugation
at 650g for 5 min. After two washes with phosphate-
buffered saline solution (PBS), the treated cells were
subjected to lysis in the presence of a protease inhibitor
cocktail and then centrifuged at 12,000g for 15 min at 4°C.
The supernatant concentration was measured by using a
bicinchoninic acid protein assay kit (P0010; Beyotime,
Hangzhou, China). The working liquid and blank control
were prepared and centrifuged. The supernatant fraction
(200 pL) was placed in 96-well culture plates. Absorbance
was measured at 240 nm using a Multiskan Spectrum
reader (Thermo Scientific, Waltham, MA, USA). GLOI
enzymatic activity =175%(ODsample-ODblank) [12].

Cell viability assay

Effects on cell viability were determined with the
Cell Counting Kit 8 (CCK-8) assay (CKO04; Dojindo,
Kumamoto, Japan). Details of this assay have been
described elsewhere [45]. In short, cells were seeded in
96-well culture plates (3x10° cell/well, SW480 and DLD-
1; 2.5%103 cell/well, SW620; 2x10° cell/well, HCT-15)
and allowed to adhere for 12 h. The cells were treated with
one of two concentrations of MG (0.4 or 0.8 mmol/L) or
control vehicle for 12, 24, 36, or 48 h. The CCK-8 assay
reagent (10 uL) was added to each well, and the plates
were incubated at 37°C for 1 h. Absorbance was measured
at 450 nm using an Multiskan Spectrum reader (Thermo
Scientific, Waltham, MA, USA).

Colony formation assay

The culture plate colony formation assay was used
to detect cell proliferation [45]. Cells were seeded in
6-well culture plates (3x10° cells/well) and treated with
MG (0.4 or 0.8 mmol/L) or vehicle and/or shGLOI to
silence GLOI. After 10 days, the resulting colonies were
disposed and fixed with 4% cold paraformaldehyde for
15 min and stained with crystal violet (C0121; Beyotime,
Hangzhou, China) for 15 min at room temperature. After
two washings with PBS, the colonies were viewed and
counted under a microscope at x40 magnification. Only
clearly visible colonies (diameter > 50 pm) were counted.

Transwell assays

Cell migration and invasion were assessed by
transwell assays. Transwell plates with an 8-um pore
membrane insert (Corning, Shanghai, China) were used.
For the migration assay, cells were seeded in 6-well culture
plates (3x10° cells/well), after treatment colon cancer cells
with MG for 24 h, cells were collected and washed twice
with serum-free RPMI-1640 medium and resuspended
in the same medium. The cells were seeded into the
upper chambers of the transwell culture plates (SW480,
8x10* cells; SW620, 1.2x10° cells; DLD-1, 8x10* cells;
and HCT-15, 8x10* cells), and RPMI-1640 medium
containing 20% FBS was placed in the lower chambers
as a chemoattractant. The cells were seeded into the upper
chambers of the transwell culture plates as described in our
previous paper [13]. The invasion assay was similar to the
migration assay except that the inserts were coated with
45 uL matrigel solution (matrigel: serum-free medium
ratio 1:10). All the above steps were carried out on the
ice. After 48 h, the cells that adhered to the upper surface
of the membranes were removed with a cotton swab, and
the cells that had penetrated the membrane (and, for the
invasion assay, the matrigel) and were attached to its lower
surface were fixed with 4% paraformaldehyde for 15 min
and stained with crystal violet. These cells were counted in
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five randomly chosen regions under a microscope (Nikon,
Tokyo, Japan) at x400 magnification.

Apoptosis assay

The Annexin V-APC Apoptosis Detection Kit
(KGA1030; KeyGEN Biotech) was used to identify
apoptotic cells as described in our previous studies and
others [13, 48]. In brief, the cells were seeded in 6-well
plates (6x10° cells/well). After incubation with MG for
24 h, cells were collected and washed twice with PBS.
The cell suspensions were stained with annexin V and PI
from the kit for 30 min at 4°C in the dark. The apoptotic
cells were then quantified by flow cytometry analyzer (BD
Biosciences, San Jose, CA). BD Accuri C6 software was
used to analyze the data. Cell apoptosis was determined as
either annexin positive or both annexin and PI positive by
flow cytometry and the percentage of apoptotic cells was
calculated.

Western blotting analysis

Cells or tissues were harvested and subjected to
lysis in the presence of a protease inhibitor cocktail. The
supernatant was collected and the protein concentration
was measured by using a bicinchoninic acid protein
assay kit (P0010; Beyotime, Hangzhou, China). Equal
amounts of protein sample (20 pug) were subjected to
electrophoresis on a polyacrylamide mini-gel with 12%
sodium dodecyl sulfate. Proteins were transferred onto
a nitrocellulose membrane, and after blocking with 5%
nonfat milk for 2 h at room temperature, the membranes
were incubated at 4°C overnight with appropriate
antibodies. Antibodies used included anti-GLOI antibody
(1:1000 dilution; Sangon, shanghai, China), anti-STAT1
antibody (1:1000 dilution; Abcam, always indicate
location like state or country), anti-Bcl-2 antibody (1:2000
dilution; Abcam, Cambridge, English), anti-Bax antibody
(1:3000 dilution; Abcam, Cambridge, English), and anti-
B-actin antibody (1:1000 dilution; Beyotime, Hangzhou,
China). Membranes were washed and incubated with
corresponding  horseradish  peroxidase—conjugated
secondary antibody (1:2500 dilution; Beyotime,
Hangzhou, China) at room temperature. The membranes
were then washed with a mixture of tris-buffered saline
solution and Tween 20 and incubated with enhanced
chemiluminescence solution, and the final signals were
tested and quantified by densitometry using Quantity One
software (Bio-Rad, Hercules, CA).

Tumor xenografts in mice

We purchased 42 male athymic BALB/c nude mice
(4 weeks old) from the Shanghai Medical Experimental
Animal Care Commission (Shanghai, China), sufficient
for seven treatment groups of six mice each. All animal
procedures and experimental protocols were approved

by the Laboratory Animal Ethics Committee of
Wenzhou Medical University. Each mouse was injected
subcutaneously in the left dorsal flank with SW620 cells
(4x10° in 200 uL of medium) stably transfected with
shGLOI or shNC or untransfected controls. Seven days
later, tumors were measured in two perpendicular axes by
vernier caliper, and tumor volumes were calculated using
the formula: volume = (length x width?)/2. The mice then
began receiving intraperitoneal injections of MG (30 or 60
mg/kg) dissolved in physiological saline solution or saline
solution alone every 2 days. After 12 days of treatment,
significant variations in tumor size among the groups were
apparent. The mice were killed by cervical dislocation
and the tumors dissected; the tumors were weighed, and
portions were fixed in 4% paraformaldehyde or frozen at
-80°C for further work.

Immunohistochemistry

STAT1 expression in tumor tissues was determined
by immunohistochemical analysis by using a kit
(Boster, Wuhan, China) according to the manufacturer’s
instructions. In short, the formalin-fixed, paraffin-
embedded tumor sections were deparaffinized and
rehydrated through a series of ethanol washes. Slides were
steamed for 30 min in 1x sodium citrate buffer solution
to repair antigens. Tumor sections were probed with the
anti-STAT1 antibody (1:3000 dilution in 5% bovine serum
albumin) and incubated at 4°C overnight. The sections
then were incubated with secondary antibody for 1 h at
37°C. The slides were stained with 3, 3-diaminobenzidine,
counterstained with hematoxylin, and photographed under
a microscope.

Measurement of MG level

MG measurement was determined using the ELISA
Kit for Human MG (Shanghai Westang Bio-Tech Co.,
Shanghai, China) following manufacture’s instruction. In
brief, cells were harvested and subjected to lysis buffer
(RIPA to PMSF ratio, 100:1), and then centrifuged at
14,000% g for 15 min at 4 °C. The supernatant fraction
was collected and diluted by 10-fold lysis buffer (RIPA
to PMSF ratio, 100:1). Standard solution was prepared.
Standard or samples (20 pL) and 100 pL enzyme substrate
working liquid were added in each well of 96-well plate
and incubated at 37°C for 15 min. Absorbance was
measured at 550 nm using a Multiskan Spectrum reader
(Thermo Scientific, Waltham, MA, USA) within 30 min.
All OD value should be deducted from the blank value
after calculation. The sample OD value representing MG
concentration was calculated against the standard curve.

Statistical analysis

Results were obtained from at least three
independent experiments. All results were expressed as
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mean * standard deviation (SD). Differences between
groups were analyzed by one-way analysis of variance
(ANOVA) with Dunnett’s test or 2-tailed Student t-test.
A p-value <0.05 was considered statistically significant.
Statistical analyses were performed with SPSS 17.0
(Chicago, IL) and GraphPad Prism 5 (La Jolla, CA)
software packages.

Abbreviations

CCK-8: Cell Counting Kit-8; FBS: fetal bovine
serum; GLOI: glyoxalasel; MG: methylglyoxal; PBS:
phosphate-buffered saline solution; qRT-PCR: quantitative
real-time polymerase chain reaction; STATI: signal
transducer and activator of transcriptionl.

Author contributions

JL, QHM, YC, and LF designed the study and
drafted the manuscript. YC, FL, GL, JZ, CL, MM, CG, and
FB conducted the experiments. JL and QHM conceived
and supervised the study and revised the manuscript. All
of the authors read and approved the final manuscript.

ACKNOWLEDGMENTS

This investigation was supported by a grant from
the National Natural Science Foundation of China
(81170257).

CONFLICTS OF INTEREST

The authors declare that they have no competing
interests.

REFERENCES

1. Siegel RL, Miller KD, Jemal A. Cancer statistics. 2016. CA
Cancer J Clin. 2016; 66: 7-30.

2. Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F,
Jemal A, Yu XQ, He J. Cancer statistics in China, 2015. CA
Cancer J Clin. 2016; 66: 115-32.

3. Ye TH, Yang FF, Zhu YX, Li YL, Lei Q, Song XJ, Xia
Y, Xiong Y, Zhang LD, Wang NY. Inhibition of Stat3
signaling pathway by nifuroxazide improves antitumor
immunity and impairs colorectal carcinoma metastasis. Cell
Death Dis. 2017; 8: €2534.

4. Gill S. Adjuvant therapy for resected high-risk colon cancer:
Current standards and controversies. Indian journal of
medical and paediatric oncology. 2014; 35: 197-202.

5. Li X, Zhang G, Wang Y, Elgehama A, Sun Y, Li L, Gu Y,
Guo W, Xu Q. Loss of periplakin expression is associated
with the tumorigenesis of colorectal carcinoma. Biomed
Pharmacother. 2017; 87: 366-74.

10.

11.

12.

13.

14.

15.

16.

Tovine B, Guardia F, Irace C, Bevilacqua MA. 1-carnosine
dipeptide overcomes acquired resistance to 5-fluorouracil
in HT29 human colon cancer cells via downregulation of
HIF1-alpha and induction of apoptosis. Biochimie. 2016;
127: 196-204.

Li C, Zhao L, Chen Y, He T, Chen X, Mao J, Li C, Lyu
J, Meng QH. MicroRNA-21 promotes proliferation,
migration, and invasion of colorectal cancer, and tumor
growth associated with down-regulation of sec23a
expression. BMC Cancer. 2016; 16.

Bo J, Xie S, Guo Y, Zhang C, Guan Y, Li C, Lu J, Meng
QH. Methylglyoxal Impairs Insulin Secretion of Pancreatic
beta-Cells through Increased Production of ROS and
Mitochondrial Dysfunction Mediated by Upregulation of
UCP2 and MAPKs. J Diabetes Res. 2016; 2016: 2029854.

Antognelli C, Mezzasoma L, Fettucciari K, Talesa VN. A
novel mechanism of methylglyoxal cytotoxicity in prostate
cancer cells. Int ] Biochem Cell Biol. 2013; 45: 836-44.

Thornalley PJ. Pharmacology of methylglyoxal: formation,
modification of proteins and nucleic acids, and enzymatic
detoxification--a role in pathogenesis and antiproliferative
chemotherapy. General pharmacology. 1996; 27: 565-73.

Zhu MM, Skraly FA, Cameron DC. Accumulation of
methylglyoxal in anaerobically grown Escherichia coli and
its detoxification by expression of the Pseudomonas putida
glyoxalase [ gene. Metab Eng. 2001; 3: 218-25.

Guo Y, Zhang Y, Yang X, Lu P, Yan X, Xiao F, Zhou H, Wen
C, Shi M, Lyu J, Meng QH . Effects of methylglyoxal and
glyoxalase I inhibition on breast cancer cells proliferation,
invasion, and apoptosis through modulation of MAPKs,
MMP9, and Bcl-2. Cancer Biology & Therapy. 2015; 17:
169-80.

He T, Zhou H, Li C, Chen Y, Chen X, Li C, Mao J, Lyu J,
Meng QH. Methylglyoxal suppresses human colon cancer
cell lines and tumor growth in a mouse model by impairing
glycolytic metabolism of cancer cells associated with down-
regulation of c-Myc expression. Cancer Biol Ther. 2016;
17: 955-65.

Paul-Samojedny M, Lasut B, Pudelko A, Fila-Danilow A,
Kowalczyk M, Suchanek-Raif R, Zielinski M, Borkowska
P, Kowalski J. Methylglyoxal (MGO) inhibits proliferation
and induces cell death of human glioblastoma multiforme
T98G and U87MG cells. Biomed Pharmacother. 2016; 80:
236-43.

Chiavarina B, Nokin MJ, Durieux F, Bianchi E, Turtoi A,
Peulen O, Peixoto P, Irigaray P, Uchida K, Belpomme D,
Delvenne P, Castronovo V, Bellahcéne A. Triple negative
tumors accumulate significantly less methylglyoxal
specific adducts than other human breast cancer
subtypes. Oncotarget. 2014; 5: 5472-82. doi: 10.18632/

oncotarget.2121.

Kaneko H, Hibasami H, Mori K, Kawarada Y, Nakashima
K. Apoptosis induction in human breast cancer MRK-nu-1

www.impactjournals.com/oncotarget

54855

Oncotarget



17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

cells by a polyamine synthesis inhibitor, methylglyoxal
bis(cyclopentylamidinohydrazone)(MGBCP). Anticancer
Res. 1998; 18: 891-6.

Talukdar D, Chaudhuri BS, Ray M, Ray S. Critical
evaluation of toxic versus beneficial effects of
methylglyoxal. Biochemistry (Mosc). 2009; 74: 1059-69.

Thornalley PJ. The glyoxalase system: new developments
towards functional characterization of a metabolic pathway
fundamental to biological life. Biochem J. 1990; 269: 1-11.
Bair WB 3rd, Cabello CM, Uchida K, Bause AS, Wondrak
GT. GLOI overexpression in human malignant melanoma.
Melanoma Res. 2010; 20: 85-96.

Antognelli C, Baldracchini F, Talesa VN, Costantini E,
Zucchi A, Mearini E. Overexpression of glyoxalase system
enzymes in human kidney tumor. Cancer J. 2006; 12: 222-8.
Zou XY, Ding D, Zhan N, Liu XM, Pan C, Xia YM.
Glyoxalase I is differentially expressed in cutaneous
neoplasms and contributes to the progression of squamous
cell carcinoma. J Invest Dermatol. 2015; 135: 589-98.
Ranganathan S, Walsh ES, Godwin AK, Tew KD. Cloning
and characterization of human colon glyoxalase-1. J Biol
Chem. 1993; 268: 5661-7.

Deswal R, Sopory SK. Glyoxalase I from Brassica juncea is
a calmodulin stimulated protein. Bba-Mol Cell Res. 1999;
1450: 460-7.

Wang Y, Kuramitsu Y, Ueno T, Suzuki N, Yoshino S, lizuka
N, Akada J, Kitagawa T, Oka M, Nakamura K. Glyoxalase
I (GLO1) is up-regulated in pancreatic cancerous tissues
compared with related non-cancerous tissues. Anticancer
Res. 2012; 32: 3219-22.

Sakamoto H, Mashima T, Kizaki A, Dan S, Hashimoto Y,
Naito M, Tsuruo T. Glyoxalase I is involved in resistance of
human leukemia cells to antitumor agent-induced apoptosis.
Blood. 2000; 95: 3214-8.

Sakamoto H, Mashima T, Sato S, Hashimoto Y, Yamori T,
Tsuruo T. Selective activation of apoptosis program by S-p-
bromobenzylglutathione cyclopentyl diester in glyoxalase
[-overexpressing human lung cancer cells. Clin Cancer Res.
2001; 7: 2513-8.

Kim HS, Lee MS. STAT1 as a key modulator of cell death.
Cellular signaling. 2007; 19: 454-65.
Wang S, Koromilas AE. STAT1-mediated translational

control in tumor suppression and antitumor therapies.
Molecular & cellular oncology. 2016; 3: ¢1055049.

Koromilas AE, Sexl V. The tumor suppressor function of
STATT in breast cancer. JAKSTAT. 2013; 2: e23353.

Chen J, Wang H, Wang J, Huang S, Zhang W. STAT1
inhibits human hepatocellular carcinoma cell growth
through induction of p53 and Fbxw?7. Cancer cell
international. 2015; 15: 111.

Hernandez JM, Elahi A, Clark W, Humphries LA,
Wang J, Achille A, Seto E, Shibata D. The Tumor
Suppressive Effects of HPP1 Are Mediated Through

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

JAK-STAT-Interferon Signaling Pathways. DNA Cell Biol.
2015; 34: 541-9.

Loarca L, Sassi-Gaha S, Artlett CM. Two alpha-dicarbonyls
downregulate migration, invasion, and adhesion of liver
cancer cells in a p53-dependent manner. Dig Liver Dis.
2013; 45: 938-46.

Ghosh M, Talukdar D, Ghosh S, Bhattacharyya N, Ray M,
Ray S. In vivo assessment of toxicity and pharmacokinetics
of methylglyoxal. Augmentation of the curative effect of
methylglyoxal on cancer-bearing mice by ascorbic acid and
creatine. Toxicol Appl Pharmacol. 2006; 212: 45-58.
Kaneko H, Hibasami H, Satoh N, Wakabayashi H, Ikeda H,
Tsuge N, Yonemaru K, Muraki A, Kawarada Y, Nakashima
K. Involvement of apoptosis and cyclin D1 gene repression
in growth inhibition of T-47D human breast cancer cells by
methylglyoxal bis(cyclopentylamidinohydrazone). Int J Mol
Med. 1998; 1: 931-6.

Milanesa DM, Choudhury MS, Mallouh C, Tazaki H,
Konno S. Methylglyoxal-induced apoptosis in human
prostate carcinoma: potential modality for prostate cancer
treatment. Eur Urol. 2000; 37: 728-34.

Hu X, Yang X, He Q, Chen Q, Yu L. Glyoxalase 1 is
up-regulated in hepatocellular carcinoma and is essential for
HCC cell proliferation. Biotechnol Lett. 2014; 36: 257-63.
Akoachere M, lozef R, Rahlfs S, Deponte M, Mannervik
B, Creighton DJ, Schirmer H, Becker K. Characterization
of the glyoxalases of the malarial parasite Plasmodium
falciparum and comparison with their human counterparts.
Biol Chem. 2005; 386: 41-52.

Cheng WL, Tsai MM, Tsai CY, Huang YH, Chen CY,
Chi HC, Tseng YH, Chao IW, Lin WC, Wu SM, Liang Y,
Liao CJ, Lin YH. Glyoxalase-I is a novel prognosis factor
associated with gastric cancer progression. PLoS One.
2012; 7: e34352.

Tajes M, Eraso-Pichot A, Rubio-Moscardo F, Guivernau
B, Bosch-Morato M, Valls-Comamala V, Munoz FlJ.
Methylglyoxal reduces mitochondrial potential and
activates Bax and caspase-3 in neurons: Implications for
Alzheimer's disease. Neurosci Lett. 2014; 580: 78-82.

Du J, Suzuki H, Nagase F, Akhand AA, Yokoyama T,
Miyata T, Kurokawa K, Nakashima I. Methylglyoxal
induces apoptosis in Jurkat leukemia T cells by activating

c-Jun N-terminal kinase. J Cell Biochem. 2000; 77: 333-44.

Kang Y, Edwards LG, Thornalley PJ. Effect of
methylglyoxal on human leukaemia 60 cell growth:
modification of DNA G1 growth arrest and induction of
apoptosis. Leuk Res. 1996; 20: 397-405.

Taniguchi H, Horinaka M, Yoshida T, Yano K, Goda AE,
Yasuda S, Wakada M, Sakai T. Targeting the glyoxalase
pathway enhances TRAIL efficacy in cancer cells by
downregulating the expression of antiapoptotic molecules.
Mol Cancer Ther. 2012; 11: 2294-300.

Tadlaoui Hbibi A, Laguillier C, Souissi I, Lesage D, Le
Coquil S, Cao A, Metelev V, Baran-Marszak F, Fagard

WWw

.impactjournals.com/oncotarget

54856

Oncotarget



44.

45.

46.

R. Efficient killing of SW480 colon carcinoma cells by a
signal transducer and activator of transcription (STAT) 3
hairpin decoy oligodeoxynucleotide--interference with
interferon-gamma-STAT 1-mediated killing. FEBS J. 2009;
276: 2505-15.

Meng C, Guo LB, Liu X, Chang YH, Lin Y. Targeting
STAT1 in both cancer and insulin resistance diseases.
Current protein & peptide science. 2016; 18:181-188.
Chakrabarti A, Talukdar D, Pal A, Ray M.
Immunomodulation of macrophages by methylglyoxal
conjugated with chitosan nanoparticles against Sarcoma-180
tumor in mice. Cell Immunol. 2014; 287: 27-35.

Ning Y, Riggins RB, Mulla JE, Chung H, Zwart A,
Clarke R. IFNgamma restores breast cancer sensitivity to
fulvestrant by regulating STAT1, IFN regulatory factor

47.

48.

1, NF-kappaB, BCL2 family members, and signaling to
caspase-dependent apoptosis. Mol Cancer Ther. 2010; 9:
1274-85.

Sakellariou S, Fragkou P, Levidou G, Gargalionis AN,
Piperi C, Dalagiorgou G, Adamopoulos C, Saetta A,
Agrogiannis G, Theohari I, Sougioultzis S, Tsioli P,
Karavokyros I, et al. Clinical significance of AGE-RAGE
axis in colorectal cancer: associations with glyoxalase-I,
adiponectin receptor expression and prognosis. BMC
Cancer. 2016; 16: 174.

Yan GX, Lv XD, Gao GZ, Li F, Li J, Qiao JW, Xu K,
Chen BY, Wang L, Xiao X, Wu XM. Identification and
Characterization of a Glyoxalase I Gene in a Rapeseed
Cultivar with Seed Thermotolerance. Front Plant Sci.
2016; 7.

www.impactjournals.com/oncotarget

54857

Oncotarget



