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Abstract

MMPs comprise a family of proteolytic enzymes that degrade pericellular substances, which may result in the destabilization
of vessels and related to the development of brain arteriovenous malformations (BAVM). MMP3 is a key member of this
family, overexpressed in BAVM tissues, and a single nucleotide polymorphism within MMP3, —709A>G (rs522616), is
significantly associated with the risk of BAVM. In this study, we aimed to investigate the mechanism through which the
polymorphism rs522616 regulates the expression of MMP3. Our results showed that —709A led to a over 2-fold higher
transcriptional activity compared with the G allele (P<<0.05) and this transcriptional activity can be depressed by co-
transfecting cells with competitive DNA fragments containing —709A but not —709G. Bioinformatics analyses suggested
that the transcription factor C-MYB might bind to the area around rs522616. Overexpressed C-MYB significantly increased
the transcriptional activity of —709A compared with —709G or controls that did not overexpress c-myb (P<<0.01) in HEK293
and HUVEC cells. ChIP assays indicated that C-MYB bound to the SNP region in the two cell lines and three BAVM tissue
samples. Together, these data indicated that C-MYB can bind to the —709A allele of the MMP3 promoter, activate its
transcription and lead to a higher expression of this gene. This novel hypothesis, supported by molecular evidence, explains
how this SNP affects MMP3 promoter function and results in a risk of BAVM development.

Citation: Huai C, Song J, Ma Z, Qin X, Li P, et al. (2013) Allelic Variation of the MMP3 Promoter Affects Transcription Activity through the Transcription Factor C-
MYB in Human Brain Arteriovenous Malformations. PLoS ONE 8(3): €57958. doi:10.1371/journal.pone.0057958

Editor: Barbara Bardoni, CNRS UMR7275, France
Received October 16, 2012; Accepted January 29, 2013; Published March 4, 2013

Copyright: © 2013 Huai et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the National Natural Science Foundation of China (30500524, 30973103, 81070936), the web site url of this foundation is
http://www.nsfc.gov.cn/Portal0/default152.htm and the Key Subjects Innovative Talents Training Program of Fudan University. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.
* E-mail: dylansong0207@gmail.com (XS); yao.zhao.hs@gmail.com (YZ)

@ These authors contributed equally to this work.

Introduction Based on the existing literature, we hypothesized that BAVMs
could arise congenitally due to specific gene mutations and could
also be stimulated by some post-natal events. The inciting events
might include subclinical injury from otherwise unremarkable
episodes of trauma, infection, inflammation, irradiation or
compression. Then, VEGF and other inflammation factors
activate angiogenesis, followed by the excessive degradation of
the vascular matrix by matrix metalloproteinase (MMPs) [4,5].
MMPs comprise a family of proteolytic enzymes that degrade
extracellular matrix (ECM) proteins, cell surface molecules and
other pericellular substances, which may result in the destabiliza-
tion of vessels [5,7,10,11]. This is a critical step in further
angiogenesis and vascular remodeling. It appears that histological
prototype of BAVM, which is called vascular dysplasia is
developed after this event [12].

The basic morphology of a mature BAVM is a vascular mass,
called the nidus, which is a complex tangle of abnormal, dilated
channels that are not clearly arterial or venous, with intervening
gliosis that directly shunts blood between the arterial and venous
circulations without a true capillary bed [13]. Thus, we suggest
that abnormal vascular remodeling, mainly stimulated by MMPs,

Brain arteriovenous malformations (BAVM) are relatively
infrequent but important sources of spontaneous intracranial
hemorrhage (ICH) and may cause a life-threatening ICH in 2-6%
of cases annually, which would result in high neurological
morbidity in young adults [1,2]. Although most discovered
BAVMs can be treated by some combination of surgical resection,
endovascular embolization and radiosurgery, patients with typical
BAVMs of high Spetzler-Martin grade are still facing huge
therapeutic risks.

The genesis of AVM is still unclear, but several gene mutations,
such as ALK-1 (Activin-like kinase receptor 1) variants, have been
associated with a risk of sporadic BAVM [3,4,5]. BAVMs are often
presumed to be congenital, but there is little direct evidence to
support this idea. However, recent studies indicate that BAVMs
can grow or regress after birth due to active angiogenesis [6,7,8,9].
Because post-natal growth is possible and even likely, one plausible
basis for therapy would be further slow this already very slow
growth over time.
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is more important in BAVM development. The increased
expression of MMPs in BAVM tissues have been confirmed
[14,15], and MMP3 is an crucial activator of a number of pro-
MMPs [14,15]. In vitro, endothelial cell proliferation and
migration could be affected by elevated MMP3 [16].

In our previous case-control study, we found that a single
nucleotide polymorphism rs522616 A>G (—709 A>G) variant of
the MMP3 promoter was significantly associated with BAVM in
a Chinese Han population (P=0.02). Logistic regression analysis
revealed that the variant genotype G was associated with
a significantly decreased risk of BAVM (adjusted odds ratio = 0.68
for the AG+GG vs the AA genotype). This finding indicated that
the MMP3 rs522616 polymorphism may contribute to the etiology
of sporadic BAVM in the Chinese Han population [11]. However,
the relationship between the rs522616 polymorphisms and the
expression of MMP3 remains unclear. In this study, we compared
the transcriptional activities of the MMP3 promoters with A or G
alleles to determine the molecular biological effects of the MMP3
1rs522616 polymorphism.

Materials and Methods

Cell Culture and Tissue Samples Collection

HEK?293 cells and HUVEC cells were obtained from the Type
Chulture Collection of the Chinese Academy of Sciences, Shanghai,
China. All cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; GIBCO, USA), with 10% fetal bovine serum
FBS; GIBCO, USA), 100 U/mL penicillin, and 100 pg/mL
streptomycin (Sigma, USA) and maintained at 37°C in 5% COs,.

The tissue samples of BAVM and adjacent tissues (normal
control) were obtained from 3 patients who underwent open
BAVM resection surgery between 2010 to 2011 at Huashan
Hospital, Shanghai, China, 2 male and 1 female patients, age from
26-50 years old. The obtained tissue specimens were immediately
snap frozen in liquid nitrogen and then stored at —80°C. The
study was approved by the ethical review committee of Huashan
Hospital, Fudan University. All patients were provided informed
consent and signed to agree with the use of their tissues for this
original human work.

RNA Extraction, cDNA Synthesis and Real-time PCR

RNAs of the three BAVM and control samples were isolated by
Trizol (Invitrogen, CA), and all cDNAs were synthesized using
ReverTra Ace® qPCR RT Kit (Toyobo, Japan) from 1 pg RNA.
MMP3 expression was quantitated by real-time PCR with the
cDNAs from these tissues using SYBR® Green Realtime PCR
Master Mix (Toyobo, Japan), and was performed with an ABI
7900 instrument (Life technology, USA). The cycling conditions
were 95°C for 3 min followed by 40 two-step cycles- 95°C for 15 s,
60°C for 30 s. The quantitative amplification of every sample was
performed triplicate, and the mean Ct values were used to
calculate expression levels of MMP3, using the relative standard
method.  Glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) was used as the endogenous control to obtain normalized
values. The sequences of the PCR oligonucleotide primers were:
MMP3 forward 5 -TGAGTCAATCCCTGGAAAGTC- 3', re-
verse 5'-TGAGTCAATCCCTGGAAA GTC-3'; GAPDH for-
ward 5'-GAAGGTGAAGGTCGGAGTC-3', reverse 5'- GAA-
GATGGT GATGGGATTTC-3'.

curve

HE Staining and Immunohistochemistry
HE staining and immunohistochemistry were performed with

all three paraffinembedded BAVM tissues and normal tissues to
test the expression of MMP3 in BAVM. The routine HE staining
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was performed to detect the histological character of individual
specimen. Immunohistochemical staining was carried out by
Envision technique using polyclonal antibody to MMP3 (Abcam,
ab53015, USA) with 1:500 dilution.

Reporter Plasmids Construction and Transcription Factor
Prediction

To compare the transcriptional activity of promoters with
different allele, reporter plasmids pGL3-A-pMMP3 (pGL3-A)/
pGL3-G-pMMP3 (pGL3-G) were generated by cloning promoter
segments of the human MAMP3 gene from 1084 bp upstream of the
initiation sequence to the transcription start site (—1084~—1),
including the single nucleotide polymerase rs522616 A/G at
—709, into the luciferase reporter plasmid pGL3-Basic (Promega,
Sweden). The —709A promoter segment was first amplified by
PCR using the High Fidelity DNA polymerase KOD-Plus
(Toyobo, Japan) with the upstream primer pl and downstream
primer p2 (the sequences of all primers are shown in Table 1.).
Epnl and Xhol recognition sequences of were added to the 5" -end
of the PCR fragment to be ligated into the vector. pGL3-G and
pGL3-mutant plasmids were generated by site-directed mutagen-
esis PCR using the primer pairs p1/p3, p2/p4 and pl1/p5, p2/p6,
respectively. The sequencing results for all plasmids are shown in
Fig. 1.

The web-based transcription factor site prediction programs
TFSEARCH  (http://www.cbrc jp/research/db/ TFSEARCH.
html) and TESS (http://www.cbil.upenn.edu/cgi-bin/tess/tess)
were used to identify the transcription factors that might bind to
the —709 A/G region of the MMP3 promoter. Because these
results suggested that C-MYB may bind to this area, the ¢-myb
expression vector pcDNA3.1-¢c-mpb was generated by cloning the
cDNA into pcDNA3.1 with EcoRI and BamHI. All constructs were
confirmed by sequencing.

Transient Transfection and Luciferase Assay

The transcriptional activities of different sets of MMP3
promoters were determined by measuring luciferase reporter gene
expression. The Translipofect liposome kit (Tiangen Biotechnol-
ogy, China) was used to transfect the vectors into HEK293 and
HUVEC cells. Briefly, 1x10 cells were plated into each well of
a 24 well plate in 500 pL medium for 24 hours, allowing them to
reach 90% confluence at the time of transfection. Diluted plasmid
(800 ng constructed plasmids with 30 ng pLV-Renilla luciferase
plasmid) was mixed with diluted liposome (2 puL) in 100 uL Opti-
MEM I medium. After incubating for 20 minutes at room
temperature, 100 UL of this complex was added to each well
containing cells and 400 uL. FBS-free medium. The medium was
changed to fresh DMEM with 10% FBS after 6 hours.

After co-cultured for 24 hours, cells were washed twice with
PBS and extracted in 200 UL of 1 X passive lysis buffer. Luciferase
activity was measured with the Dual-Luciferase Reporter Assay
System on GLOMAX™' 96 microplate luminometer (Promega,
Sweden). Promoter activities were expressed as the ratio of firefly
luciferase to Renilla luciferase activities.

PUTANTIVE C-MYB BINDING SITE
PGL3-A GCAATGTAATTCATTTCAATTICTACAACTATTTATGGAGC,
I 2
PGL3-Mutant = » « + = s s s s s s w i a s L 6

Figure 1. sequencing results of different pMMP3-luciferase
plasmids.
doi:10.1371/journal.pone.0057958.g001
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Table 1. Primers used for construct pGL3-pMMP3-luciferase
plasmid.

Name Sequence

P1 GGCAGGTGGCA GAGGACT

P2 TTCCACTGGCTTTACTTAGCTCTATG

P3 GTTGTAGAATTGAAATGAATTACATTGC

P4 TCATTTCAATTCTACAACTATTTATGGAG

P5 GCAATGTAATTCATTCCCCCTCTACAACTATTTATG
P6 CATAAATAGTTGTAGAGGGGGAATGAATTACATTGC

doi:10.1371/journal.pone.0057958.t001

In the competition experiment, 100-fold excess DNA fragments
of MMP3 promoter fragment containing —709A or —709G allele,
or a control portion with 5 bases mutated to C at the SNP section
was co-transfected with firefly pGL3-A and pLV-Renilla luciferase
plasmid to HEK293 cell, to test the differential binding affinity to
transcription factor of the two alleles. The sequences of each
competitors were as follows: A competitor 5'-AAATCCGG-
TAAGCA ATGTAATTCATTTCAATTCTACAACT-3', G
competitor 5'- AAATCCGGTAAGCAATGT AATTCATTT-
CAGTTCTACAACT -3, and control competitor 5'-
AAATCCGGTAAGCAA TGTAATTCACCCCCCTCTA-
CAACT -3'. In the overexpression experiment, 400 ng of
pcDNA3.1-¢-mpb or the vector control pcDNAS3.1 was co-
transfected with these two reporters to determine whether the
up regulation of C-MYB had differential effects on A or G allele.

Chromatin Immunopreciption (ChIP) Assay

ChIP assays were performed using a chromatin immunopre-
cipitation assay kit (Beyotime Biotechnology, China). Briefly,
6x10° HEK293 or HUVEC cells or 100 mg homogenized tissue
samples were treated with 1% formaldehyde for 20 min at 37°C to
cross-link the protein to the DNA. Cells or tissues were then
suspended in SDS lysis buffer. The lysates were sonicated with
thirty cycles of 10 s sonication and 50 s idle time to shear the DNA
into fragments of 200-1000 base pairs using Ultrasonic Cell
Disruptor JY92-II (Xinzhi Biotechnology, China). One-third
supernatant was set aside as a positive control, and the remaining
samples were diluted 5-fold in ChIP dilution buffer and precleared
with salmon sperm DNA/protein A+G agarose. Half of the
diluted samples received no antibody (NA) and the other half was
incubated with 2 pL. anti-C-MYB antibody (Abcam, ab45150,
USA) overnight at 4°C. All samples were precipitated with
a salmon sperm protein A+G agarose slurry and washed
extensively. The protein-DNA crosslinks were reversed by heating
the samples at 65°C for 4 hrs with 0.2 mol/L NaCl. All the
samples and positive controls were phenol/chloroform-extracted,
ethanol-precipitated and then used for PCR with the forward
primer 5'- CTGTTCTTCAACTTCAAAGCATCTG -3’ and
reverse primer 5'- CCACGTAG CTGCTCCATAAAT -3'. The
primers for negative control PCR was forward: 5'- TGGTCCA
TACCCTCAAGTAGCT  -3', reverse: 5'- CCTGAAA-
GATGTTTCCCAAGTC -3".

Statistical Analysis

Statistical analysis was performed using SPSS 15.0 and
Microsoft Excel 2007. The Student’s t-test was used for statistical
comparisons between groups. All of the calculated P-values were
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two-tailed, and a level of P<<0.05 was considered to be statistically
significant.

Results

MMP3 Overexpressed and Positive
Immunohistochemical Staining in the Endothelial Cell/
peri-endothelial Cell Layer of BAVMs

To detect the mRNA and protein expression level of MMP3 in
BAVM, real-time PCR and immuohistochemical staining were
performed in the AVM and adjacent tissues(control) from the
three patients. In real-time PCR, the mean Ct values of the three
control tissues were set as reference (1.0). Compared with the
reference, MMP3 expression in BAVM samples increased to 4.1
fold, 18.5 fold and 33.6 fold respectively. HE staining showed the
typical histological character of BAVM (Fig. 2A) and the
immunohistochemical staining demonstrated that MMP3 was
localized mainly in the endothelial cell/peri—endothelial cell layer
of BAVMs (Fig. 2B). However, immunohistochemistry on control
brain samples showed that MMP3 was strongly expressed in
neurons but not in vascular structures (Fig. 2C), which confirmed
that the expression of MMP3 was up-regulated in BAVMs.

The —709 A>G Polymorphism in the MMP3 Promoter
Resulted in Decreased Transcriptional Activity

To determine whether the —709A>G polymorphism affects
MMP3 gene expression, we measured the transcriptional activity
of each MMP3 promoter with a luciferase assay, transiently
transfecting the pGL3-A/G reporter plasmids into HEK293 cells
and HUVEC cells. The luciferase activity in each transfection was
normalized to that of the pGL3-A vector as a reference (1.0). In
HEK?293 cells, the —709G promoter resulted in a 2.21-fold
(P<<0.01) decrease in expression compared with —709A (Fig. 3A);
this ratio was 2.36 in HUVEC cells (P<<0.05, Fig. 3B). It suggested
that —709 A is associated with a higher transcriptional activity of
the MMP3 promoter than variant G allele.

The —709A Promoter had a Stronger Transcription Factor
Binding Affinity in vivo

To investigate whether the differential expression of the A and
G alleles were caused by differential binding to some transcription
factor, a 5-bases mutant reporter (pGL3-mutant) was also
transfected into the two cell lines. The luciferase activity of the
A allele was notably up-regulated compared with the pGL3-
mutant construct both in HEK293 cells and HUVEC cells with
2.67-fold and 5.89-fold changes, respectively (P<<0.01, Fig. 3A,
3B). There was no statistically significant difference in expression
between the G allele and the pGL3-mutant in HEK293 cells, but
the expression of G allele was significantly higher in HUVEC cells
(P<0.01). This implied that the sequence near this SNP may
include a binding site for one or more transcriptional factors and
that the presence of A or G at this position may change the
binding affinity of those factors.

A Competitive DNA Fragment Containing the A Allele
Decreased the Binding with Transcription Factor

To compare the transcription factor binding affinity, 100 fold
excess DNA fragments of the MMP3 promoter bearing the A or G
allele were co-transfected with the —709A luciferase reporter
plasmid into HEK293 cells as competitors and control fragments
which mutated 5 bases at the SNP section was set as reference
(1.0). Compared with the reference, the co-transfected A portion
led to a greater decrease in luciferase activity (to 0.503-fold) than
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Figure 2. MMP3 was overexpressed in BAVM. A, HE staining (magnification x40) verified a typical histological character of BAVM. B, the
immunohistochemical staining showed that MMP3 was localized mainly in the endothelial cell layer of BAVMs (arrows, magnification x200). C, MMP3
was strongly immunostained in neurons (triangle) but not in vascular structures (arrows, magnification x400).

doi:10.1371/journal.pone.0057958.g002

did the G portion (to 0.756-fold, P<<0.01, Fig. 4). It confirmed that
the A allele has a greater binding affinity to transcription factors
in vivo.

involves —709A (Fig. 1). However, the —709 A>G polymorphism
changes this sequence to “I'TCAGTT”, which may destroy the
binding site with C-MYB or lead to a weaker affinity.

A ¢-myb expression plasmid was co-transfected with the pGL3-A
vector or pGL3-G vector respectively into HEK293 cells and
HUVEC cells. Compared with the ¢-mpb baseline expression
group, the luciferase activity of pGL3-A was significantly increased
in the overexpression group (P<<0.05), by a 1.70-fold in HEK293
cells and 1.21-fold in HUVEC cells (P<0.05, Fig. 3C, 3D),
indicating that C-MYB enhanced the transcriptional activity of the
promoter with the A allele. However, there was no significant

Overexpression of the Transcription Factor C-MYB
Increased the Transcriptional Activity of the —709A
Promoter

According to predictions made by the of TESS program, the
transcription factor C-MYB may bind to the “TTCAATT”
sequence from —713 to —707 in the MMP3 promoter, which
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Figure 3. MMP3 —709A>G variant resulted in a decreased transcriptional activity and C-MYB can activate —709A. A,B luciferase
activities in HEK293 cells and HUVEC cells caused by transfected with pGL3-A, pGL3-G or mutant reporter respectively, normalized by Renilla
luciferase. C and D pcDNA3.1 (basal) or pcDNA3.1-myb (overexpression) was co-transfected with luciferase reporter constructs A or G, show the
normalized luciferase activities in C-MYB basal and overexpression level. Statistical analysis was performed by a two-tailed t test.
doi:10.1371/journal.pone.0057958.g003
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Figure 4. Competitive DNA fragment containing the A allele
decreased MMP3-A’s binding with transcription factor. 100 fold
excess competitive MMP3 promoter portions containing A or G allele or
control potions with 5 baseds mutations at the SNP section were co-
transfected with pGL3-A reporter to HEK293 cell respectively and
normalized by Renilla luciferase. The luciferase activity in control group
was set as reference (1.0). Statistical analysis was performed by a two-
tailed t test.

doi:10.1371/journal.pone.0057958.g004

difference in the transcription activity of pGL3-G both in
HEK293 cells and HUVEC cells (P=0.713 and 0.618, re-
spectively). These finding implied that the added ¢-myb in cell
ascended the difference of transcriptional activity of —709A/G
MMP3 promoter, and expression of ¢-myb mediated the difference
in the transcriptional activity of the —709A/G MMP3 promoter.

C-MYB Binds to the MMP3 Promoter in vivo

To investigate whether C-MYB bound directly to the MMP3
promoter, ChIP assays were carried out in HEK293 cells,
HUVEC cells and 3 AVM tissue samples. PCR analysis using
a specific primer targeting the MMP3 promoter from —643 to
—772 revealed a single PCR amplicon, which was confirmed by
sequencing. The negative control targeting a AMMP3 intron
downstream in the gene. A weaker band was detected when no
antibody was present in a ChIP assay using HEK293 cells, but no
band was detected in HUVEC cells or the 3 tissue samples (Fig. 5).
Moreover, the sequencing results of PCR amplicons from ChIP
products confirmed the binding of MMP3 promoter with C-MYB,
and showed a increased proportion of —709A in MYB group
compared with the input group. These findings suggested that C-
MYB can bind directly to the SNP —709 A>G region of the
MMP3 promoter in vivo and have a high infinity with —709A.

Discussion

Although the cause of BAVM is unknown, lines of evidence
indicate that BAVM may occur because of pressure and damage
to blood vessel tissue. With the weakening of the vessel walls, the
vessel structure changes, and blood may leak into the brain or
surrounding tissues. The treatment of BAVM includes open
surgery, interventional therapy and radiotherapy, but for large and
high Spetzler-grade BAVM, few treatments are available [17]. It is
indeed needed to get clear how BAVMs generate and develop.

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent proteolytic enzymes that degrade ECM and basement
membrane barriers to remodel and maintain the pericellular
environment, [10] which may result in the destabilization of
vessels and lead to angiogenesis [18,19,20]. MMPs are dyregulated
in almost every human cancer [19].
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MMP3 NEG
Input NA MYB Input NA MYB

Figure 5. C-MYB binded to the MMP3 promoter in vivo. ChIP
assay carried out using antibody against C-MYB (or no antibody as
negative control) in 2 cell lines and 3 AVM tissue samples. PCR products
“MMP3" represent the amplicon amplified from MMP3 promoter from
—643 to —772. PCR products “NEG” represent the amplicon amplified
from the intron of the gene. Input, positive control using total genomic
DNA as template; MYB, PCR products amplified from the ChIP samples
mediated by anti-c-myb antibody; NA, PCR products using ChIP
samples by non-antibody control.
doi:10.1371/journal.pone.0057958.9g005

MMP3 is a key member of the MMP family, which participates
in regulating the accumulation of ECM and activating the other
MMPs (such as MMP2 and MMP9) [21]. It has been reported to
release cell surface molecules, including E-cadherin [22], promote
mammary carcinogenesis [23] and is related to several diseases
that are characterized by unstable vascular and matrix scaffolds. In
this study, we found that the expression of MMP3 increased in
vessel endothelial cells and adventitia in BAVM tissues by
immunohistochemical staining, which implies that the overexpres-
sion of MMP3 affects the tumorigenesis of BAVM.

Further, we detected differential transcriptional activity of the
MMP3 promoter caused by —709 polymorphism, finding that the
minor allele G induced a lower transcriptional activity and lead to
a decreased expression of MMP3 than did the major allele A. This
result is consistent with our previous finding in an epidemiology
case-control study that variant allele —709G was significantly
associated with a decreased risk of developing BAVM [19]. The
overexpression of MMP3 may be a risk factor for BAVM
tumorigenesis, while decreased MMP3 expression could be
a protective factor.

The risk of tumor development conferred by the A allele has
been reported in several different types of cancers and in different
ethnic populations. In addition to its association with BAVM
mentioned above, the A allele was also found to increase the
incidence of gliomas (HR =2.36, P=0.022), esophageal carcino-
ma and lung cancer in the Chinese Han population [24,25].
Moreover, in US datasets, rs522616A was identified as an ovarian
cancer susceptibility “hot-spot” [26] and was significantly related
to the development of chronic periodontitis. However, all of these
results were reported in simple gene association studies, and none
provided any experimental evidence of the effects of this allele.
The findings presented in this study offer a mechanistic explana-
tion for the risk presented by —709A and provide molecular
evidence that the SNP in MMP3 contributes to the etiology of
BAVM.

Furthermore, we clarified how the —709A allele of the MMP3
promoter up-regulated the gene expression. Bioinformatics anal-
yses suggested that the transcription factor C-MYB might bind to
the promoter containing the A allele allele but not containing the
G allele, and it was confirmed to bind to the SNP region both in
cell lines and in AVM samples in vivo. As ¢-mpb is a famous
oncogene that is overexpressed in most cancers or pretumorous
cells [27,28], our finding that ¢-myb increased the expression driven
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by the A allele promoter but not the G allele promoter implies that
¢-myb may be one important factor that interacts with rs522616 to
regulate the MMP3 expression.

However, there are also some contradictory findings in
epidemiology studies. For example, in eastern India, the MMP3
—709GG genotype conferred a risk for gastric cancer develop-
ment [29]. It is clear that G-MYB cannot be the only transcription
factor that interacts with the rs522616 region; other transcription
factors such as TST-1 (identified by 7F-search prediction), C/EBP
and Cre-BP1 [25] may also bind to neighboring locations. In
particular, C/EBP, has a target sequence within this region and it
is a CCAAT enhancer factor, which may help elevate the gene
expression. C/EBP is also thought to be related to tumor invasion
and migration [30]. For example, elafin is activated by C/EBP B in
breast cancer cells, promoting cell migration [31]. The complex
regulation of the MMP3 promoter may also explain the differences
in reporter activity between pGL3-mutant and pGL3-G in
HUVEC cells observed here and the opposite findings in others’
research.

Conclusions
we carried out this study to investigate the effects of the —709
A/G polymorphism on the transcriptional activity of MMP3

References

1. Berman MF, Sciacca RR, Pile-Spellman J, Stapf C, Connolly ES, Jr., et al.
(2000) The epidemiology of brain arteriovenous malformations. Neurosurgery
47: 389-396; discussion 397.

2. Halim AX, Johnston SC, Singh V, McCulloch CE, Bennett JP, ct al. (2004)
Longitudinal risk of intracranial hemorrhage in patients with arteriovenous
malformation of the brain within a defined population. Stroke; a journal of
cerebral circulation 35: 1697-1702.

3. Pawlikowska L, Tran MN, Achrol AS, Ha C, Burchard E, et al. (2005)
Polymorphisms in transforming growth factor-beta-related genes ALKI1 and
ENG are associated with sporadic brain arteriovenous malformations.
Stroke; a journal of cerebral circulation 36: 2278-2280.

4. Kim H, Marchuk DA, Pawlikowska L, Chen Y, Su H, et al. (2008) Genetic
considerations relevant to intracranial hemorrhage and brain arteriovenous
malformations. Acta neurochirurgica Supplement 105: 199-206.

5. Kim H, Pawlikowska L, Chen Y, Su H, Yang GY, et al. (2009) Brain
arteriovenous malformation biology relevant to hemorrhage and implication for
therapeutic development. Stroke; a journal of cerebral circulation 40: S95-97.

6. Du R, Hashimoto T, Tihan T, Young WL, Perry V, et al. (2007) Growth and
regression of arteriovenous malformations in a patient with hereditary
hemorrhagic telangiectasia. Ciase report. Journal of neurosurgery 106: 470-477.

7. Leblanc GG, Golanov E, Awad IA, Young WL (2009) Biology of vascular
malformations of the brain. Stroke; a journal of cerebral circulation 40: ¢694—
702.

8. Quick CM, Hashimoto T, Young WL (2001) Lack of flow regulation may
explain the development of arteriovenous malformations. Neurological research
23: 641-644.

9. Jeffree RL, Stoodley MA (2009) Postnatal development of arteriovenous
malformations. Pediatric neurosurgery 45: 296-304.

10. Luo J (2005) The role of matrix metalloproteinases in the morphogenesis of the
cerebellar cortex. Cerebellum 4: 239-245.

11. ZhaoY, Li P, Fan W, Chen D, Gu Y, et al. (2010) The rs522616 polymorphism
in the matrix metalloproteinase-3 (MMP-3) gene is associated with sporadic
brain arteriovenous malformation in a Chinese population. Journal of clinical
neuroscience : official journal of the Neurosurgical Society of Australasia 17:
1568-1572.

12. Zhu Y, Lawton MT, Du R, Shwe Y, Chen Y, et al. (2006) Expression of
hypoxia-inducible factor-1 and vascular endothelial growth factor in response to
venous hypertension. Neurosurgery 59: 687-696; discussion 687-696.

13. Hacein-Bey L, Young WL (1999) Hemodynamic perturbations in cerebral
arteriovenous malformations and management implications. Interventional
neuroradiology : journal of peritherapeutic neuroradiology, surgical procedures
and related neurosciences 5 Suppl 1: 177-182.

14. Hashimoto T, Wen G, Lawton MT, Boudreau NJ, Bollen AW, et al. (2003)
Abnormal expression of matrix metalloproteinases and tissue inhibitors of
metalloproteinases in brain arteriovenous malformations. Stroke; a journal of
cerebral circulation 34: 925-931.

15. Hashimoto T, Lawton MT, Wen G, Yang GY, Chaly T Jr, et al. (2004) Gene
microarray analysis of human brain arteriovenous malformations. Neurosurgery
54: 410-423; discussion 423-415.

PLOS ONE | www.plosone.org

C-MYB Regulates MMP3 SNP Function in BAVM

promoter. We found that the A allele notably increased the
expression of MMP3 compared with the G allele. A competition
assay indicated that the addition of excess A fragment significantly
decreased the luciferase activity of the reporter compared to the
addition of excess G fragment. We also predicted and confirmed
that C-MYB can bind to the SNP region and activate only the A
allele promoter. Meanwhile, other studies predicted that other
transcription factors might bind around this region, but it is not
clear whether these transcription factors cooperate in regulating
MMP3 gene expression. More experiments are needed to fully
elucidate how the SNP rs522616 affects MMP3 expression and the
development of BAVMs.

Acknowledgments

Great thanks for the patients who provide the tissue samples to our project.

Author Contributions

Conceived and designed the experiments: YZ XS. Performed the
experiments: CH XS JS YZ. Analyzed the data: CH ZM XQ DL.
Contributed reagents/materials/analysis tools: PL HC FZ DS YM. Wrote
the paper: CH JS XS YZ.

16. Sage EH, Reed M, Funk SE, Truong T, Steadele M, et al. (2003) Cleavage of
the matricellular protein SPARC by matrix metalloproteinase 3 produces
polypeptides that influence angiogenesis. The Journal of biological chemistry
278: 37849-37857.

17. Brown RD, Jr. (2008) Unruptured brain AVMs: to treat or not to treat. Lancet
Neurol 7: 195-196.

18. Chambers AF, Matrisian LM (1997) Changing views of the role of matrix
metalloproteinases in metastasis. J Natl Cancer Inst 89: 1260-1270.

19. Zhao Y, Li P, Fan W, Chen D, Gu Y, et al. (2010) The rs522616 polymorphism
in the matrix metalloproteinase-3 (MMP-3) gene is associated with sporadic
brain arteriovenous malformation in a Chinese population. J Clin Neurosci 17:
1568-1572.

20. Letra A, Silva RM, Rylands R], Silveira EM, de Souza AP, et al. (2012) MMP3
and TIMP1 variants contribute to chronic periodontitis and may be implicated
in disease progression. J Clin Periodontol 38: 707-716.

21. Ogata Y, Enghild JJ, Nagase H (1992) Matrix metalloproteinase 3 (stromelysin)
activates the precursor for the human matrix metalloproteinase 9. J Biol Chem
267: 3581-3584.

22. Biondi ML, Turri O, Leviti S, Seminati R, Cecchini F, et al. (2000) MMP1 and
MMP3 polymorphisms in promoter regions and cancer. Clin Chem 46: 2023
2024.

23. Sternlicht MD, Lochter A, Sympson CJ, Huey B, Rougier JP, et al. (1999) The
stromal proteinase MMP3/stromelysin-1 promotes mammary carcinogenesis.
Cell 98: 137-146.

24. Fan W, Zhou K, Hu D, Song X, Zhao Y, et al. (2011) Single nucleotide
polymorphisms of matrix metallopeptidase 3 and risk of gliomas in a Chinese
han population. Mol Carcinog 51: E1-E10.

25. Qingbo Chen, Qiwen Gao, Zhifang Deng, Gang Ouyang, Wenjuan Hu, et al.
(2011) Association of the rs522616 single nucleotide polymorphism in the 5'-
transcriptional regulatory region of the human matrix metalloproteinase-3 gene
with susceptibility to esophageal squamous cell carcinoma. World Chinese
Journal of Digestology 19: 3130.

26. Johnatty SE, Beesley J, Chen X, Macgregor S, Duffy DL, et al. (2010)
Evaluation of candidate stromal epithelial cross-talk genes identifies association
between risk of serous ovarian cancer and TERT, a cancer susceptibility “hot-
spot”. PLoS Genet 6: ¢1001016.

27. Alitalo K, Winqvist R, Lin CC, de la Chapelle A, Schwab M, et al. (1984)
Aberrant expression of an amplified c-myb oncogene in two cell lines from
a colon carcinoma. Proc Natl Acad Sci U S A 81: 4534-4538.

28. Weston K, Bishop JM (1989) Transcriptional activation by the v-myb oncogene
and its cellular progenitor, c-myb. Cell 58: 85-93.

29. Dey S, Stalin S, Gupta A, Saha D, Kesh K, et al. (2011) Matrix
metalloproteinase3 gene promoter polymorphisms and their haplotypes are
associated with gastric cancer risk in eastern Indian population. Mol Carcinog
51: E42-E53.

30. Sterneck E, Zhu S, Ramirez A, Jorcano JL, Smart RC (2006) Conditional
ablation of C/EBP beta demonstrates its keratinocyte-specific requirement for
cell survival and mouse skin tumorigenesis. Oncogene 25: 1272-1276.

31. O’Brien P, O’Connor BF (2008) Seprase: an overview of an important matrix
serine protease. Biochim Biophys Acta 1784: 1130-1145.

March 2013 | Volume 8 | Issue 3 | e57958



