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Expression of methionine adenosyltransferase 2A
in renal cell carcinomas and potential mechanism
for kidney carcinogenesis
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Abstract

Background: Methionine adenosyltransferase 2A (MAT2A) is an enzyme that catalyzes the formation of
S-adenosylmethionine (SAMe) by joining methionine and ATP. SAMe is a methyl donor for transmethylation
and has an important role for DNA and/or protein methylation. MAT2A is expressed widely in many tissues
especially in kidney. Several studies have demonstrated that there are abnormal expressions of MAT2A in
several kinds of cancers such as liver and colon cancers. But the relationship of MAT2A between renal cell
carcinomas (RCC) is less understood.

Methods: The mRNA expression level of the MAT2A gene was determined in 24 RCC patients and 4 RCC cell lines,
using real-time quantitative-polymerase chain reaction (RT-PCR). The MAT2A protein content was measured by western
blotting and immunohistochemical analysis in 55 RCC patients. The mRNA levels of heme oxygenase-1 (HO-1) and
cyclooxygenase-2 (COX-2) were also analysized in patients using RT-PCR. The correlations between the MAT2A and
HO-1 as well as COX-2 were analyzed with nonparametric Spearman method.

Results: MAT2A transcript was significantly downregulated in cancer tissues compared to normal tissues (P < 0.05).
Immunohistochemical analysis and western blotting indicated that level of MAT2A protein was decreased in cancer
tissues. The statistical analysis reveals a negative correlation between MAT2A and HO-1 expression in RCC patients and
cell lines (P < 0.01).

Conclusions: This study demonstrated that MAT2A was lower expression in cancer tissues, suggesting that it may be
involved in the development of RCC. MAT2A is a transcriptional corepressor for HO-1 expression by supplying SAM for
methyltransferases, which may be one of potential mechanism of MAT2A as tumor suppressor in kidney carcinogenesis.
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Background
Kidney cancer is among the 10 most common cancers,
which accounts for 2% to 3% of all adult malignancies
and causes 100,000 deaths per year worldwide [1]. The
most common hisitologic subtype of kidney cancer is
renal cell carcinomas (RCC), of which 70–80% of cases
are defined as clear cell renal cell carcinoma (ccRCC)
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[2]. RCC is generally resistant to chemotherapy and radi-
ation therapy [3]. Radical or partial nephrectomy of the
tumor at an early stage remains the mainstay of curative
therapy nevertheless up to 40% of the patients relapse
after surgery [4]. Unlike other solid malignancies, methods
for RCC early diagnosis are lacking but they are critically
important because therapeutic efficacy and, hence, sur-
vival are tightly linked to the time of diagnosis. Distant
metastases are present at the time of initial diagnosis in
approximately one third of patients, and the tumor will
recur in another third, even after nephrectomy with cura-
tive intent [5]. Better understanding of the molecular
mechanisms of RCC may hasten identification of new
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Table 1 Summary of the clinical characteristics of 55 RCC
patients

Clinical Features Number of patients

Age
Mean 60

Range 28-79

Gender
Male 30

Female 25

TMN Stage

T1a 20

T1b 16

T2 12

T3/T4 7

Size (cm)
Mean 4.3

Range 1.3-11

Location

Side (Left/Right) 25/30

Upper pole 30

Middle pole 18

Lower pole 7

Fuhrman Grade

Grade 1 28

Grade 2 20

Grade 3 4

Grade 4 3

Lymph node
Negative 52

Positive 3
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prognostic markers and development of new diagnostic
and therapeutic strategies.
Cancer cell metabolism is significantly altered com-

pared with metabolism of normal cells. Significant pro-
gresses on genetics of renal cancer have proved that it is
a metabolic disease [6]. Several known genes related kid-
ney cancer, such as von Hippel-Lindau (VHL), fumarate
hydratase (FH) and succinate dehydrogenase (SDH) are
involved in pathways that respond to metabolic stress
[7]. VHL loss can increase the expression of hypoxia-
inducible factors, which affect several metabolic path-
ways, including glycolysis and oxidative phosphorylation
[8]. The mutations of FH and SDH are associated with
dysfunction of tricarboxylic acid cycle [9,10]. So, it will
provide the foundation for the development of effective
therapy for kidney cancer to understand the metabolic
basis of this disease [11].
One-carbon metabolism can integrate nutritional sta-

tus from amino acids, glucose and vitamins, which is im-
portant for the biosynthesis of lipids, nucleotides and
proteins, the maintenance of redox status and the sub-
strates for methylation reactions [12]. One-carbon me-
tabolism involves in the folate and methionine cycles.
The related enzymes involved folate metabolism have been
discovered to be associated to RCC risk [13,14]. The abnor-
mality of methionine cycle was identified in many kinds of
cancers [15,16]. But, the relationship between methionine
metabolism and RCC is poorly understood. Methionine
adenosyltransferase (MAT) is an essential cellular en-
zyme that catalyzes the formation of S-adenosylmethionine
(SAMe), the principal biological methyl donor [17]. In
mammals, this essential enzyme is the product of two
different genes, MAT1A and MAT2A, which display a
distinct pattern of expression among different tissues.
MAT1A is the predominant enzyme in liver parenchymal
cells, while MAT2A is expressed in all other tissues [18].
However, the relationship between the expression of

MAT2A and RCC development is still unknown. In this
study, we investigated expression levels of MAT2A gene
and protein in RCC specimen and cell lines. Then, we also
determined the association between MAT2A expression
and other RCC related genes’ expressions to understand
the potential mechanism underlying MAT2A involved in
RCC carcinogenesis. Our results suggest that MAT2A is
downregulated in cancer tissues of RCC patients and has
function of tumor suppressor though repressing the ex-
pression of heme oxygenase-1 (HO-1).

Methods
Patients and tissue specimens
A total of 55 paired ccRCC cancer tissues and adjacent
normal tissues samples were obtained from the Biobank
of Complex Diseases in Shenzhen between 2010 and
2012 in China. The adjacent normal tissues were defined
as kidney tissues located 2.0 cm outside of visible ccRCC
lesions. All the 55 patients’ survival information was re-
ceived by telephone. The median follow-up period was
69 months (range: 4 ~ 116 months). Patients’ clinical
characteristics (gender, age, size, nodal status, metastasis
and Fuhrman Nuclear Grade) were obtained from the
medical records (Table 1). No any treatment (chemo-
therapy or radiation) was used before the operation.
All resection samples were confirmed to be ccRCC

by clinical pathology and carbonic anhydrase 9 (CA-9)
measurements (Additional file 1: Figure S1). The collec-
tion and use of the patient samples were reviewed and
approved by Institutional Ethics Committees of Peking
University Shenzhen Hospital, and written informed con-
sent from all patients was appropriately obtained. Frozen
tissues from 24 ccRCC cancer and adjacent normal sam-
ples were randomly selected from all 55 paired samples
for extraction of total RNA.

Cell culture
The human renal cancer cell lines (ACHN, Caki-1,769-P
and 786-O) and embryonic kidney cell (HEK293) were
obtained from cell resource center of Shanghai Institutes
for Biological Sciences, Chinese Academy of Science.
All cells were maintained in Dulbecco’s modified Eagle’s
medium (GIBCO, Grand Island, USA) supplemented with
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10% fetal bovine serum (FBS, Hyclone, Logan, USA),
50 U/mL penicillin and 50 μg/mL streptomycin. Cells
were grown in a humidified atmosphere with 5% CO2 at
37°C. Cells were collected for following study.

RNA extraction and cDNA synthesis
Total RNA was extracted from cancer tissues, normal
adjacent tissues and 5 cells with Trizol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
protocol. The concentration of total RNA was deter-
mined using a NanoDrop ND-1000 spectrophotometer
(Thermo Scientific, Wilmington, DE, USA). Then, cDNA
was synthesized from 1 μg of total RNA using a Fermentas
RT system (Thermo Scientific, Wilmington, DE, USA), ac-
cording to the manufacturer’s instructions. Reverse tran-
scription reactions were carried out at 25°C for 5 mins
and followed by 42°C for 60 mins.

Quantitative real-time polymerase chain reaction
(qRT-PCR)
The mRNA expression levels were analyzed using SYBR
Premix Ex TaqTM II (Takara, Dalian, China), with β-
Actin as an internal reference. qRT-PCR was performed
in 20 μl reaction mixture containing 10 μl of SYBR
Premix, 0.5 μM of forward and reverse primers, and
1 μl template cDNA on LightCycler480 System (Roche,
Foster City, CA, USA). The primers were designed ac-
cording to the human MAT2A, CA-9, heme oxygenase-1
(HO-1), cyclooxygenase-2 (COX-2) and β-Actin genes se-
quences reported in GenBank. The primer sequences were
synthesized by Invitrogen (Guangzhou, China) as follows:
MAT2A, Forward primer: 5′-ATGAACGGACAGCT

CAACGG-3′,
Reverse primer: 5′-CCAGCAAGAAGGATCATTCC

AG-3′;
CA-9, Forward primer: 5′- GGATCTACCTACTGTT

GAGGCT-3′,
Reverse primer: 5′- CATAGCGCCAATGACTCTGGT-3′;
HO-1, Forward primer: 5′-ATGACACCAAGGACCA

GAGC -3′,
Reverse primer: 5′-GTGTAAGGACCCATCGGAGA -3′;
COX-2, Forward primer: 5′-CTGGCGCTCAGCCAT

ACAG-3′,
Reverse primer: 5′-CGCACTTATACTGGTCAAATC

CC-3′;
β-Actin, Forward primer: 5′- CCACTGGCATCGTGA

TGGACTCC -3′,
Reverse primer: 5′-GCCGTGGTGGTGAAGCTGTA

GC-3′;
All reactions were incubated at 95°C for 5 min, followed

by 40 cycles of 95°C for 10 s, 60°C for 20 s and 72°C
for 30 s. PCR reactions of each sample were conducted in
duplicate. Data were analyzed through the comparative
threshold cycle (CT) method.
Western blotting
Five cells, cancer tissues and adjacent normal tissues from
all patients were homogenized in radioimmunoprecipita-
tion assay buffer (RIPA) containing the protease inhibi-
tors phenylmethylsulfonyl fluoride (100 μg/mL), cocktail
(1 mmol/L) and dithiothreitol (0.5 mmol/L). Homoge-
nates were centrifuged and supernatants were collected.
Protein concentrations were determined by bicinchoninic
acid (BCA) protein assay kit (Thermo Pierce ). A total of
50 μg of protein from each sample was resolved by redu-
cing loading buffer and separated by 10% sodiumdodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
followed by electrophoretic transfer to a polyvinylidene
difluoride (PVDF) membrane. The PVDF membrane was
saturated with 5% skim milk in TBST (50 mM Tris–HCl,
150 mM NaCl, 0.1% Tween-20) for 2 h and then incubated
with primary antibodies at 4°C overnight. The primary
antibodies used included rabbit polyclonal antibodies to
MAT2A (1:1000, Abcam, Hong Kong, China), HO-1
(1:200, Santa Cruz, Shanghai, China) and β-actin (1:5,000,
Abcam, Hong Kong, China). The specificity of the MAT2A
antibody has been determined (Additional file 2: Figure S2).
PVDF membrane was incubated with 1:10,000-diluted
peroxidase-coupled goat anti-rabbit immunoglobulin G
(IgG) (secondary antibody, EarthOx, San Francisco, USA)
for 1 h, after washing three times with TBST (5 min/time)
at room temperature. After further washing with TBST
four times, the PVDF membrane was exposed to enhanced
chemiluminescence substrate (Millipore, Rockford, USA)
for 30 min and detection was performed using a film.

Immunohistochemical analysis
Paraffin sections (3 μm) from samples of 55 ccRCC sam-
ples and adjacent normal samples were deparaffinized in
100% xylene and re-hydrated in descending ethanol
series (100%, 90%, 80%, 70% ethanol) and water accord-
ing to standard protocol. Heat-induced antigen retrieval
was performed in 10 mM citrate buffer for 2 min at
100°C. Endogenous peroxidase activity and non-specific
antigen were blocked with peroxidase blocking reagent
containing 3% hydrogen peroxide and serum, followed by
incubation with rabbit anti-human MAT2A antibody for
1 h at 37°C. After washing, the sections were incubated
with biotin-labelled goat anti-rabbit antibody for 10 min
at room temperature, and subsequently were incubated
with streptavidin-conjugated horseradish peroxidase (HRP)
(Maixin Inc, China). The peroxidase reaction was devel-
oped using 3, 3-diaminobenzidine chromogen solution in
DAB buffer substrate. Sections were visualized with DAB
and counterstained with hematoxylin, mounted in neutral
gum, and analyzed using a bright field microscope.
All of the IHC staining results were reviewed independ-

ently by two pathologists. Positive expression of MAT2A
was defined as the brown staining in the cytoplasm and
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nucleus. The staining results for MAT2A were semiquan-
titatively scored. Intensity was estimated in comparison to
the control and scored as follows: 0, negative staining; 1,
weak staining; 2, moderate staining; and 3, strong staining.
Scores representing the percentage of tumor cells stained
positive were as follows: 0, no positive cell; 1, <5%; 2, 6–
25%; 3, 26–50%; 4, 51–75%; and 5, > 75%. A final score
was calculated by multiplying the scores for intensity and
percentage.

Statistical analysis
Statistical analysis was carried out using the SPSS 13.0
statistical software package. qRT-PCR and immunohisto-
chemical data were analyzed by two-tailed paired t-test
and Mann–Whitney U test (α = 0.05). The nonparametric
Spearman rank correlation coefficient was used to calcu-
late the correlation between the MAT2A and HO-1 as
well as COX-2 expressions. For all analyses, p < 0.05 was
considered significant.
Figure 1 The mRNA level analysis of the MAT2A in RCC patients and
extracted and reverse transcripted to cDNA. Then, real-time qRT-PCR was c
A. Relative mRNA expression level of MAT2A in RCC cancer tissues and pai
level of MAT2A was lower in RCC cancer tissues (C) than in paired normal
MAT2A was lower in 4 RCC cell lines than in HEK293.
Result
Downregulated mRNA expression of MAT2A in ccRCC
patients and kidney cancer cell lines
MAT2A expression in ccRCC has yet to be explored.
Therefore, we first examined the transcription level of
the MAT2A in cancer tissues and adjacent normal tis-
sues from 24 RCC patients using qRT-PCR. Analysis of
mRNA levels reveals 19/24 (79.2%) of RCC patients have
reduced MAT2A mRNA level in cancer tissues. More-
over, 16/24 patient samples (66.7%) demonstrated a
greater than twofold reduction (Figure 1A). Overall, the
average reduction in MAT2A mRNA levels was 3.4 fold
(P < 0.05, Figure 1B). Otherwise, the mRNA expressions
in all four RCC cell lines were also downregulated rela-
tive to HEK293.

Reduced protein content of MAT2A in ccRCC
To support the change in mRNA level, the protein content
of MAT2A was further measured by immunohistochemical
cell lines. Total RNA of 24 RCC patients and 4 RCC cell lines was
arried out to determine the mRNA expression levels of MAT2A.
red normal tissues of 24 RCC patients. B. Relative mRNA expression
tissues (N) (n = 24; P < 0.05). C. Relative mRNA expression level of
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and western blotting analysis. The immunohistochemical
examinations indicated that MAT2A protein is mainly
present in nuclei and level of it was obviously down-
regulated in cancer tissues compared to adjacent normal
Figure 2 The protein expression level of MTA2A in RCC patients. A-D
content was obviously lower in cancer tissues (C and D) than in normal tis
E Level of MAT2A protein was lower in RCC cancer samples (C) than in pai
were semiquantitatively scored according to staining intensity and percent
F Western blotting analysis of MAT2A. The protein expression level of MAT2A
tissues (Figure 2A-D). The lower level is approxi-
mately 3.4 times (P < 0.001, Figure 2E). The western
blotting analysis showed similar trend with immuno-
histochemical result in that protein content of MAT2A
Immunohistochemical analysis of MAT2A expression. MAT2A protein
sues (A and B). Magnifications × 200 (A and C) and × 400 (B and D).
red normal tissuesamples (N) (n = 55, P < 0.001). The MAT2A protein
age in immunohistochemical analysis of cancer or adjacent tissues.
was lower in RCC cancer tissues (C) than in paired normal tissues (N).
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was less in cancer tissues relative to adjacent normal tis-
sues (Figure 2F).

Negative correlation of gene expression between MAT2A
and HO-1
In order to understand the potential mechanism of
MAT2A, we further measure the expressions of two kid-
ney cancer related genes COX-2 and HO-1 in RCC pa-
tients and cell lines. The results indicate that both genes
are highly expressed in cancer tissues than in adjacent
normal tissues (P < 0.01, Figures 3A and 3B).The mRNA
levels are also upregulated in four RCC cell lines than in
HEK293 (Figures 3C). The protein content of HO-1 is
obviously higher in four RCC cell lines than in HEK293
while MAT2A shows the opposite style (Figures 3D).
The statistical analysis reveals a negative correlation
between MAT2A and HO-1 expression in RCC patients
(P < 0.01, Figures 3E). The correlation between MAT2A
and HO-1 is also negative in cell lines (Additional file 3:
Figure S3). But, there is no significant correlation
between MAT2A and COX-1 (Figures 3F).
Figure 3 The negative correlation between MAT2A and HO-1 express
qRT-PCR. The correlation analysis was performed between MAT2A and HO-
levels of HO-1 (A) and COX-2 (B) were higher in RCC cancer tissues (C) tha
expression level of HO-1 and COX-2 were higher in 4 RCC cell lines than in
lines.The correlation of protein content between MAT2A and HO-1 is nega
MAT2A and HO-1 expression in RCC patients (P < 0.01). F The statistical ana
expression in RCC patients.
Discussion
Both DNA and histone methylation are important regula-
tors for gene expression and chromatin structure, which
have multiple effects on carcinogenesis [19,20], but the de-
tailed mechanism is required to be determined. As a me-
thyl donor, SAMe also plays vital role in gene expression
via its effect on methylation [21]. So, MAT2A has a poten-
tial effect on tumor development and progression [22].
Recent studies have illustrated there are abnormal expres-
sions of MAT2A in some tumors, including liver, gastric
and colon cancers [23-25]. In our study, the content of
MAT2A is obviously decreased in cancer tissue of RCC
patients under mRNA and protein levels. So, MAT2A
functions as a tumor suppressor in RCC. An increasing
number of studies have suggested that MAT2A plays
an important pathogenetic role in facilitating liver and
colon cancer growth [26,27]. Our results further provide
evidence that abnormal MAT2A is also a factor of RCC
development.
Previous studies have indicated HO-1 and COX-2 are

regulated by MAT2A [28]. HO-1 is an enzyme that catalyzes
the degradation of heme and affords protection against
ion. mRNA levels of HO-1 and COX-2 were analyzed with real-time
1 as well as COX-2 in RCC patients. A and B Relative mRNA expression
n in paired normal tissues (N) (n = 24; P < 0.05). C Relative mRNA
HEK293. D The western blotting analysis of MAT2A and HO-1 in cell
tive. E The statistical analysis reveals a negative correlation between
lysis reveals no significant correlation between MAT2A and COX-2



Figure 4 The proposed model of MAT2A role on RCC development. The lower content of MAT2A level reduces the product of S-
adenosylmethionine (SAMe) and then decreases the level of methylation, which leads to the reactivation of HO-1 expression to increase the cell
proliferation and inhibit cell apoptosis.
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programmed cell death. HO-1 is vital to fumarate
hydratase deficient kidney cells survival and inhibition
of it can lead to cell death [29]. It has been demon-
strated HO-1 is often overexpressed in RCC patients
and cell lines, and promotes survival of renal cancer
cells [30,31]. COX-2 is an enzyme which catalyzes the
synthesis of prostaglandins from arachidonic acid. It
has been also demonstrated that COX-2 is increased
in RCC and plays an important role in the prolifera-
tion of malignant renal cells [32,33]. Our results also
confirmed both HO-1 and COX-2 are upregulated in
RCC patients and cell lines, but further evidence indi-
cates MAT2A is negative correlation with HO-1, no
COX-2. It means that MAT2A biological role in RCC
seems to be mainly associated with HO-1.
It has been indicated MAT2A can inhibit the expres-

sion of HO-1 as a transcriptional corepressor [28], which
supplies SAMe for DNA and histone methyltransfer-
ases. MAT2A can interact with many chromatin-related
proteins of diverse functions such as histone modifi-
cation, chromatin remodeling, transcription regulation,
and nucleo-cytoplasmic transport [34]. DNA methylation
and histone modification are known to be closely related
to carcinogenesis and cancer progression [35]. So, lower
level of MAT2A can re-activate HO-1 to promote cell
proliferation because of reducing methylation on HO-1
promoter. Accordingly, we propose the possible mechan-
ism underlying MAT2A involved in RCC development
(Figure 4).

Conclusion
In summary, our results reveal that downregulated ex-
pression level of MAT2A is common in cancer tissues of
RCC patients. The reduced MAT2A may derepress the
expression of HO-1 through lowering DNA and/or his-
tone methylation, which can be considered as potential
cause of MAT2A involved RCC suppression. The results
also imply that identification of other genes regulated by
MAT2A during RCC development will expand our un-
derstanding of the carcinogenesis and screening strat-
egies in RCC. Because samples in our study are limited,
whether MAT2A can be as biomarker for the early diag-
nosis of RCC and prognostic evaluation is to be further
determined. Our study only provides a possible mechan-
ism of MAT2A biological role, so additional research
is also required to determine the link between lower
MAT2A levels and RCC development.
Additional files

Additional file 1: Figure S1. The mRNA level analysis of the CA-9 in
RCC patients. Relative mRNA expression level of carbonic anhydrase 9 in
RCC cancer tissues and paired normal tissues of RCC patients.

Additional file 2: Figure S2. The specificity of the MAT2A antibody.
The western blotting (A) and immunohistochemistry (B) were used to
determined the specificity of the MAT2A antibody.

Additional file 3: Figure S3. The correlation between MAT2A and
HO-1 expression in cell lines. The correlation between MAT2A and HO-1
mRNA (A) or protein (B) was determined. They are obviously negative
(P < 0.01).
Competing interests
The authors declare no competing financial interests exist.

Authors’ contributions
XG, YG, ZC were responsible for experimental design, data analysis and
writing of manuscript. XW, XG and CL conducted the experiments including
qRT-PCR, western blotting and immunohistochemical analysis. XG and WY

http://www.biomedcentral.com/content/supplementary/1471-2407-14-196-S1.tiff
http://www.biomedcentral.com/content/supplementary/1471-2407-14-196-S2.tiff
http://www.biomedcentral.com/content/supplementary/1471-2407-14-196-S3.tiff


Wang et al. BMC Cancer 2014, 14:196 Page 8 of 9
http://www.biomedcentral.com/1471-2407/14/196
were responsible for collection and histological classification of clinical
specimens. All authors have read and approved the final manuscript.
Acknowledgments
This research was supported by Emerging Scientist Project of Shenzhen
Second People’s Hospital (No 2012001), the promotion Program for
Shenzhen Key Laboratory (ZDSY20120615154448514) and National Natural
Science Foundation of China (No 81270740).

Author details
1Shenzhen Key Laboratory of Genitourinary Tumor, Shenzhen Second
People’s Hospital, First Affiliated Hospital of Shenzhen University, Shenzhen
518035, Guangdong, China. 2Department of Urology, Guangdong and
Shenzhen Key Laboratory of Male Reproductive Medicine and Genetics,
Peking University Shenzhen Hospital, Shenzhen PKU-HKUST Medical Center,
Shenzhen 518036, Guangdong, China. 3Medical College, Shantou University,
Shantou 515041, Guangdong, China.

Received: 4 November 2013 Accepted: 6 March 2014
Published: 17 March 2014
References
1. Rini BI, Campbell SC, Escudier B: Renal cell carcinoma. Lancet 2009,

373(9669):1119–1132.
2. Lopez-Beltran A, Carrasco JC, Cheng L, Scarpelli M, Kirkali Z, Montironi R:

2009 update on the classification of renal epithelial tumors in adults.
Int J Urol 2009, 16(5):432–443.

3. Basu B, Eisen T: Perspectives in drug development for metastatic renal
cell cancer. Target Oncol 2010, 5(2):139–156.

4. Ficarra V, Schips L, Guille F, Li G, De La Taille A, Prayer Galetti T, Cindolo L,
Novara G, Zigeuner RE, Bratti E, Tostain J, Altieri V, Abbou CC, Artibani W,
Patard JJ: Multiinstitutional European validation of the 2002 TNM staging
system in conventional and papillary localized renal cell carcinoma.
Cancer 2005, 104(5):968–974.

5. Mohammed A, Shergill I, Little B: Management of metastatic renal cell
carcinoma: current trends. Expert Rev Mol Diagn 2009, 9(1):75–83.

6. Linehan WM, Srinivasan R, Schmidt LS: The genetic basis of kidney cancer:
a metabolic disease. Nat Rev Urol 2010, 7(5):277–285.

7. Baldewijns MM, van Vlodrop IJ, Vermeulen PB, Soetekouw PM, van Engeland
M, de Bruine AP: VHL and HIF signalling in renal cell carcinogenesis.
J Pathol 2010, 221(2):125–138.

8. Sudarshan S, Karam JA, Brugarolas J, Thompson RH, Uzzo R, Rini B,
Margulis V, Patard JJ, Escudier B, Linehan WM: Metabolism of kidney
cancer: from the lab to clinical practice. Eur Urol 2013,
63(2):244–251.

9. Selak MA, Armour SM, MacKenzie ED, Boulahbel H, Watson DG, Mansfield
KD, Pan Y, Simon MC, Thompson CB, Gottlieb E: Succinate links TCA cycle
dysfunction to oncogenesis by inhibiting HIF-alpha prolyl hydroxylase.
Cancer Cell 2005, 7(1):77–85.

10. Linehan WM, Rouault TA: Molecular pathways: Fumarate hydratase-
deficient kidney cancer–targeting the Warburg effect in cancer. Clin
Cancer Res 2013, 19(13):3345–3352.

11. Linehan WM, Ricketts CJ: The metabolic basis of kidney cancer. Semin
Cancer Biol 2013, 23(1):46–55.

12. Locasale JW: Serine, glycine and one-carbon units: cancer metabolism in
full circle. Nat Rev Cancer 2013, 13(8):572–583.

13. Moore LE, Hung R, Karami S, Boffetta P, Berndt S, Hsu CC, Zaridze D,
Janout V, Kollarova H, Bencko V, Navratilova M, Szeszenia-Dabrowska N,
Mates D, Mukeria A, Holcatova I, Yeager M, Chanock S, Garcia-Closas M,
Rothman N, Chow WH, Brennan P: Folate metabolism genes,
vegetable intake and renal cancer risk in central Europe. Int J
Cancer 2008, 122(8):1710–1715.

14. Gibson TM, Brennan P, Han S, Karami S, Zaridze D, Janout V, Kollarova H,
Bencko V, Navratilova M, Szeszenia-Dabrowska N, Mates D, Slamova A,
Pfeiffer RM, Stolzenberg-Solomon RZ, Mayne ST, Yeager M, Chanock S,
Rothman N, Chow WH, Rosenberg PS, Boffetta P, Moore LE: Comprehensive
evaluation of one-carbon metabolism pathway gene variants and renal
cell cancer risk. PLoS One 2011, 6(10):e26165.

15. Greenberg AK, Rimal B, Felner K, Zafar S, Hung J, Eylers E, Phalan B, Zhang M,
Goldberg JD, Crawford B, Rom WN, Naidich D, Merali S: S-adenosylmethionine
as a biomarker for the early detection of lung cancer. Chest 2007,
132(4):1247–1252.

16. de Vogel S, Schneede J, Ueland PM, Vollset SE, Meyer K, Fredriksen A,
Midttun O, Bjorge T, Kampman E, Bretthauer M, Hoff G: Biomarkers
related to one-carbon metabolism as potential risk factors for
distal colorectal adenomas. Cancer Epidemiol Biomarkers Prev 2011,
20(8):1726–1735.

17. Lu SC, Mato JM: Role of methionine adenosyltransferase and
S-adenosylmethionine in alcohol-associated liver cancer. Alcohol 2005,
35(3):227–234.

18. Garcia-Trevijano ER, Latasa MU, Carretero MV, Berasain C, Mato JM, Avila MA:
S-adenosylmethionine regulates MAT1A and MAT2A gene expression in
cultured rat hepatocytes: a new role for S-adenosylmethionine in the
maintenance of the differentiated status of the liver. FASEB J 2000,
14(15):2511–2518.

19. Hashimoto H, Vertino PM, Cheng X: Molecular coupling of DNA
methylation and histone methylation. Epigenomics 2010, 2(5):657–669.

20. Cedar H, Bergman Y: Linking DNA methylation and histone modification:
patterns and paradigms. Nat Rev Genet 2009, 10(5):295–304.

21. Ara AI, Xia M, Ramani K, Mato JM, Lu SC: S-adenosylmethionine inhibits
lipopolysaccharide-induced gene expression via modulation of histone
methylation. Hepatology 2008, 47(5):1655–1666.

22. Halim AB, LeGros L, Chamberlin ME, Geller A, Kotb M: Regulation of
the human MAT2A gene encoding the catalytic alpha 2 subunit of
methionine adenosyltransferase, MAT II: gene organization, promoter
characterization, and identification of a site in the proximal
promoter that is essential for its activity. J Biol Chem 2001,
276(13):9784–9791.

23. Liu Q, Liu L, Zhao Y, Zhang J, Wang D, Chen J, He Y, Wu J, Zhang Z, Liu Z:
Hypoxia induces genomic DNA demethylation through the activation of
HIF-1alpha and transcriptional upregulation of MAT2A in hepatoma cells.
Mol Cancer Ther 2011, 10(6):1113–1123.

24. Zhang T, Zheng Z, Liu Y, Zhang J, Zhao Y, Liu Y, Zhu H, Zhao G, Liang J,
Li Q, Xu H: Overexpression of methionine adenosyltransferase II alpha
(MAT2A) in gastric cancer and induction of cell cycle arrest and
apoptosis in SGC-7901 cells by shRNA-mediated silencing of MAT2A
gene. Acta Histochem 2013, 115(1):48–55.

25. Chen H, Xia M, Lin M, Yang H, Kuhlenkamp J, Li T, Sodir NM, Chen YH,
Josef-Lenz H, Laird PW, Clarke S, Mato JM, Lu SC: Role of methionine
adenosyltransferase 2A and S-adenosylmethionine in mitogen-induced
growth of human colon cancer cells. Gastroenterology 2007,
133(1):207–218.

26. Wang Q, Liu QY, Liu ZS, Qian Q, Sun Q, Pan DY: Inhibition of hepatocelluar
carcinoma MAT2A and MAT2beta gene expressions by single and dual
small interfering RNA. J Exp Clin Cancer Res 2008, 27:72.

27. Zhang W, Sviripa V, Chen X, Shi J, Yu T, Hamza A, Ward ND, Kril LM,
Vander Kooi CW, Zhan CG, Evers BM, Watt DS, Liu C: Fluorinated N,
N-dialkylaminostilbenes repress colon cancer by targeting methionine
S-adenosyltransferase 2A. ACS Chem Biol 2013, 8(4):796–803.

28. Katoh Y, Ikura T, Hoshikawa Y, Tashiro S, Ito T, Ohta M, Kera Y,
Noda T, Igarashi K: Methionine adenosyltransferase II serves as a
transcriptional corepressor of Maf oncoprotein. Mol Cell 2011,
41(5):554–566.

29. Frezza C, Zheng L, Folger O, Rajagopalan KN, MacKenzie ED, Jerby L,
Micaroni M, Chaneton B, Adam J, Hedley A, Kalna G, Tomlinson IP, Pollard PJ,
Watson DG, Deberardinis RJ, Shlomi T, Ruppin E, Gottlieb E: Haem oxygenase
is synthetically lethal with the tumour suppressor fumarate hydratase.
Nature 2011, 477(7363):225–228.

30. Banerjee P, Basu A, Datta D, Gasser M, Waaga-Gasser AM, Pal S: The heme
oxygenase-1 protein is overexpressed in human renal cancer cells
following activation of the Ras-Raf-ERK pathway and mediates
anti-apoptotic signal. J Biol Chem 2011, 286(38):33580–33590.

31. Banerjee P, Basu A, Wegiel B, Otterbein LE, Mizumura K, Gasser M, Waaga-
Gasser AM, Choi AM, Pal S: Heme oxygenase-1 promotes survival of renal
cancer cells through modulation of apoptosis- and autophagy-regulating
molecules. J Biol Chem 2012, 287(38):32113–32123.

32. Miyata Y, Koga S, Kanda S, Nishikido M, Hayashi T, Kanetake H:
Expression of cyclooxygenase-2 in renal cell carcinoma: correlation
with tumor cell proliferation, apoptosis, angiogenesis, expression of
matrix metalloproteinase-2, and survival. Clin Cancer Res 2003,
9(5):1741–1749.



Wang et al. BMC Cancer 2014, 14:196 Page 9 of 9
http://www.biomedcentral.com/1471-2407/14/196
33. Tuna B, Yorukoglu K, Gurel D, Mungan U, Kirkali Z: Significance of
COX-2 expression in human renal cell carcinoma. Urology 2004,
64(6):1116–1120.

34. Igarashi K, Katoh Y: Metabolic aspects of epigenome: coupling of S-
Adenosylmethionine synthesis and gene regulation on chromatin by
SAMIT module. Subcell Biochem 2012, 61:105–118.

35. Kurdistani SK: Histone modifications in cancer biology and prognosis.
Prog Drug Res 2011, 67:91–106.

doi:10.1186/1471-2407-14-196
Cite this article as: Wang et al.: Expression of methionine
adenosyltransferase 2A in renal cell carcinomas and potential
mechanism for kidney carcinogenesis. BMC Cancer 2014 14:196.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Patients and tissue specimens
	Cell culture
	RNA extraction and cDNA synthesis
	Quantitative real-time polymerase chain reaction (qRT-PCR)
	Western blotting
	Immunohistochemical analysis
	Statistical analysis

	Result
	Downregulated mRNA expression of MAT2A in ccRCC patients and kidney cancer cell lines
	Reduced protein content of MAT2A in ccRCC
	Negative correlation of gene expression between MAT2A and HO-1

	Discussion
	Conclusion
	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


