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The molecular mechanisms regulating smooth muscle-spe-
cific gene expression during smooth muscle development are
poorly understood. Myocardin is an extraordinarily powerful
cofactor of serum response factor (SRF) that stimulates
expression of smooth muscle-specific genes. In an effort to
search for proteins that regulate myocardin function, we
identified a novel HMG box-containing protein HMG2L1
(highmobility group 2 like 1).We found thatHMG2L1 expres-
sion is correlated with the smooth muscle cell (SMC) synthetic
phenotype. Overexpression of HMG2L1 in SMCs down-regu-
lated smooth muscle marker expression. Conversely, depletion
of endogenousHMG2L1 inSMCs increases smoothmuscle-spe-
cific gene expression. Furthermore, we found HMG2L1 specifi-
cally abrogates myocardin-induced activation of smooth mus-
cle-specific genes. By GST pulldown assays, the interaction
domains between HMG2L1 andmyocardin were mapped to the
N termini of each of the proteins. Finally, we demonstrated that
HMG2L1 abrogates myocardin function through disrupting
its binding to SRF and abolishing SRF-myocardin complex
binding to the promoters of smooth muscle-specific genes.
This study provides the first evidence of this novel HMG2L1
molecule playing an important role in attenuating smooth
muscle differentiation.

Differentiated smooth muscle is characterized by the pres-
ence of unique isoforms of contractile proteins that are
important to maintain the contractile function of cardiovascu-
lar, respiratory, genitourinary, and digestive systems. Although
the molecular mechanisms regulating smooth muscle-specific
gene expression during smoothmuscle development are poorly
understood, SRF2 has been shown to play a central role in the
expression of many different smooth muscle-specific genes
including the smooth muscle myosin heavy chain (SM MHC),
smooth muscle �- and �-actin, SM22�, calponin, and telokin
genes (1). SRF is an evolutionarily conserved MADS (MDM1,

agamous, deficiens, SRF) domain-containing protein that not
only binds a highly conserved cis-regulatory element CC(A/
T)6GG, termed a CArG box, but also provides a docking
surface within the conserved MADS domain for interaction
with a wide variety of accessory cofactors.
Of the SRF-associated proteins identified, myocardin has been

demonstrated to be an extraordinarily powerful SRF cofactor for
stimulating expression of smoothmuscle-specific genes (2). In an
effort to search for proteins that regulate myocardin function, we
identified a novel HMG box-containing protein HMG2L1. HMG
proteins are adiverse family ofnonhistone chromosomalproteins.
The HMGproteins contain DNA binding domains that allow the
molecules to produce specific conformational changes in DNA
structure, suchasbendingand twisting (3).HMGboxproteins can
be divided into two general groups, those that exhibit sequence
specificDNAbinding and those that bind toDNAnonspecifically.
The former group is exemplified by the SOX proteins, a group of
transcription factors that play important roles in development
(4–6). The latter group is referred to as the canonical HMG pro-
teins and is comprisedof three subfamilies,HMG-B,HMG-N,and
HMG-A (7). Several studies have demonstrated that HMG pro-
teins may play important roles in smooth muscle gene transcrip-
tion during phenotypic modulation of SMCs. The HMGA pro-
teinsHMG-I/Yhavebeenshownto interactwithSRFandenhance
SRF-dependent activation of SM22� (8). Conversely, these pro-
teins also have been shown to be up-regulated in proliferating vas-
cular SMCs at a time when SRF-dependent smooth muscle-spe-
cific genes are inhibited (9). Similarly, increased expression of
SOX18 has been associated with proliferating SMCs (10). The
HMG protein SSRP1, which is part of the facilitates chromatin
transcription (FACT) chromatin remodeling complex, also has
been shown to interactwith SRF and synergistically enhances SRF
trans-activation on multiple smooth muscle-specific promoters
(11).
HMG2L1 originally was identified to negatively regulate

Wnt/�-catenin signaling in Xenopus (12), but its function in
mammals thus far is unknown. In the current study, our data
demonstrate that HMG2L1 is a potent repressor for smooth
muscle differentiation through its ability to disrupt the interac-
tion of myocardin with SRF and abolish myocardin-SRF com-
plex binding to the promoters of smoothmuscle-specific genes.
This study provides the first evidence of this novel HMG2L1
molecule playing an important role in attenuating smoothmus-
cle differentiation.

EXPERIMENTAL PROCEDURES

Yeast Two-hybrid Screen—A two-hybrid screen was carried
out by usingN-terminalmyocardin (1–585 amino acids) essen-
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tially as described previously (13). One clone spanning the
C-terminal (380–594 amino acids) of HMG2L1 (NM_178017,
also known as HMGB2L1 or HMGXB4) was isolated and char-
acterized further.
Cell Culture—10T1/2, COS7,A7r5, andA10 cells weremain-

tained in 10-cm plates containing Dulbecco’s modified Eagle’s
mediumwith a supplement of 10% fetal bovine serum and anti-
biotics. For culture of primary human coronary artery SMCs
(Cell Applications, Inc.), cells (passages 3–8) were plated in
SMC growth medium (MCDB131 containing 5% fetal calf
serum, 2 ng/ml human basic fibroblast growth factor, 5 mg/ml
human insulin, and 0.5 ng/ml human epidermal growth factor)
for 24 h as described in our previous report (13). Cells were
incubated in serum-freeMCDB131medium for 0, 2, and 4 days
as indicated. Subsequently, total RNAwas extracted at the time
points indicated using TRIzol reagent (Invitrogen) for qRT-
PCR tomeasure smoothmuscle gene andHMG2L1 expression.
Mammalian Expression Constructs, Transfection, Reporter

Assay, and Adenoviral Infection—The coding region of mouse
HMG2L1 cDNA (encoding amino acids 1–594) was amplified
from the positive yeast clone and an IMAGE clone (clone
5347132, Invitrogen) by PCR and ligated to pcDNA3.1/
Myc-His vector (Invitrogen), resulting in theexpressionof a fusion
protein with C-terminal His6 and Myc epitope tags. The full-
length coding sequence of HMG2L1was also cloned into amodi-
fied pShuttle vector (Clontech) encoding an N-terminal HA tag
to generate HMG2L1 adenovirus as reported previously (13, 14).
The mammalian expression plasmids for HMG2L1 truncation
mutants were generated in pcDNA3.1/Myc-His vectors by the
standard PCR cloning strategy. The coding region of mouse
HMG-I, HMG-Y, and rat HMGB1 was cloned to pcDNA3.1 His
vector (Invitrogen). The Myc or HA-tagged mammalian expres-
sionplasmids formyocardin,myocardin-related transcription fac-
tor-A,MRTF-B, SRF, thyrotroph embryonic factor �, and adeno-
virus encoding myocardin were reported in our previous studies
(13, 15). An expression plasmid encoding a myocardin leucine
zipper mutant was described previously (14). Expression plas-
mids for fusion proteins of GAL4 DNA binding domain-SRF
(pBind-SRF) and VP16 activation domain-myocardin (pAct-
myocardin) were generated in our previous study (16). Tran-
sient transfection and reporter assays were carried out with
FuGENE 6 transfection reagent (Roche Applied Science) as
described previously (13, 15). For adenoviral transduction,
mouse aortic primary SMCs were isolated from 4–6-week-old
mice as described previously (17) and plated in 12-well plates at
a density of 7 � 104 cells/well. The next day, cells were trans-
duced with adenovirus encoding HA-tagged nuclear-localized
yellow fluorescent protein or HA-tagged HMG2L1 in 10%
growthmedium. 72 h following transduction, total RNAor pro-
tein were extracted from the transduced cells with TRIzol or
radioimmune precipitation assay buffer, respectively.
Immunocytochemistry—The coding region of mouse

HMG2L1 cDNA was cloned into pTag-RFP-N vector (Evro-
gen), resulting in the expression of a red fluorescent protein
(RFP) fused to C-terminal of HMG2L1. Immunocytochemistry
was carried out as described previously (13).
Quantitative Real-time RT-PCR (qRT-PCR) Analysis—Total

RNA was isolated with TRIzol reagent, and qRT-PCR was car-

ried out with respective gene-specific primers as reported pre-
viously (13). Primers sets for mouseHMG2L1were designed as
sense (5�-GAGAAGCGGCACTCCCGGACCAAG-3�) and
antisense (5�-CGGTACTCCTTACAGAATACCTGGTAG-
3�). Primers sets for human HMG2L1 were designed as
sense (5�-GTATGGTGGCTGTGTCTGGCAGTTTG-3�) and
antisense (5�-AGTCCCGGCATGATGTAAGCAATGTTG-
3�). All samples were amplified in duplicate, and every experi-
ment was repeated independently two times. Relative gene
expression was converted using the 2���Ct method against an
internal control rplp0 (acidic ribosomal phosphoprotein P0)
housekeeping gene.
siRNA—Control siRNA or siRNA against HMG2L1 was

designed and purchased from Dharmacon. The siRNA
sequence for targeting endogenous mouse and rat HMG2L1
was 5�-GCAAGGTGCTTTACTCCTA-3�. For testing the
effects of smooth muscle gene expression by depletion of
endogenousHMG2L1, control siRNA, orHMG2L1 siRNA was
transfected intoA10 cells for 48 h, and total RNAwas harvested
for qRT-PCR as described above.
Coimmunoprecipitation and Western Blotting—A7r5 SMCs

were transduced with adenovirus encoding myocardin (no tag)
and HA-tagged MRTF-A and MRTF-B, as indicated in Fig. 5.
48 h after transduction, nuclear proteinwas harvested for coim-
munoprecipitation assays with anti-HMG2L1, myocardin, or
HA antibodies as described in our previous report (13). West-
ern blot analysis was carried out essentially as described previ-
ously (14, 15, 18). Antibodies used in this study were against
HA tag (Covance, 1:3,000), HMG2L1 (Sigma, 1:2,000), Myc
(Invitrogen, 1:5,000), myocardin (Santa Cruz Biotechnology,
M16, 1:2,000), Omni (Invitrogen, 1:3,000), SRF (Santa Cruz
Biotechnology, G20X, 1:10,000), T7 (1:10,000, Novagen), and
vinculin (Santa Cruz Biotechnology, 1:5,000).
GST Pulldown Assays—Fragments of mouse myocardin,

SRF, and HMG2L1 cDNAs were cloned into pGEX-4T vectors
(Stratagene) to generate GST fusion proteins or cloned into
pET28 vectors (Novagen) to generate T7 fusion proteins and
GST pulldown assays were performed as described in our pre-
vious reports (13, 19).
Quantitative Chromatin Immunoprecipitation (ChIP) As-

says—10T1/2 cells were cultured in 10% growth media and
infected with adenovirus encoding Omni-tagged myocardin
and HA-tagged YFP or HMG2L1 for 36 h. After cells fixed with
formaldehydeChIPwas performed by using anti-Omni epitope
tag (myocardin) or anti-SRF antibody essentially as described
by themanufacturer (Upstate) and in our previous reports (13).
For measuring endogenous HMG2L1 binding to smooth mus-
cle-specific gene promoters, partially differentiated A10 SMCs
were harvested for ChIP assay by using anti-HMG2L1 antibody
(Sigma).

RESULTS

HMG2L1 Is a Novel Transcription Factor Whose Expression
Is Correlated with SMC Synthetic Phenotype—In an effort to
identify myocardin regulatory proteins, we discovered a previ-
ously uncharacterized HMG box-containing protein HMG2L1
(HMG2-like 1) froma yeast two-hybrid screenusingmyocardin
as bait. The mouse hmg2l1 gene contains 11 exons located on
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chromosome 8. By using anti-HMG2L1 antibody to detect
HMG2L1 expression in adult mouse tissues, we found
HMG2L1 is widely expressed in many tissues including
smooth muscle-rich tissues such as bladder, colon, and
stomach (supplemental Fig. 1A). We next examined the sub-
cellular localization of RFP-fused HMG2L1 or epitope-
taggedHMG2L1 in transfected 10T1/2 fibroblast or A10 SMCs
and found it to be exclusively nuclear (supplemental Fig. 1B).
Previous studies have demonstrated induction of HMG box-
containing protein, including SOX18 andHMG-I, can be found
in proliferating vascular SMCs (9, 10). To examine the relation-
ship between HMG2L1 and SMC differentiation and prolifera-
tion, proliferating human coronary arterial SMCs were cul-
tured in serum-free medium for 2 or 4 days to promote
differentiation. Total RNA from these cells were harvested at
each time point and then analyzed by qRT-PCR as indicated
with gene-specific primers (Fig. 1A). These results show that
following serum withdrawal, expression of HMG2L1 mRNA
is down-regulated, whereas SM22� mRNA expression is
increased, suggesting expression of HMG2L1 is inversely cor-
related with expression of smooth muscle-specific genes. We

further examined HMG2L1 expression in apoE knock-out
mice, a mouse model that spontaneously develops arterial ath-
erosclerotic lesions in which SMCs are synthetic and dediffer-
entiated. We harvested aortic artery tissues from 5-month-old
apoE knock-out mice and age-matched control mice to extract
RNA. Subsequently, HMG2L1mRNAwas determined by qRT-
PCR. Data from this experiment reveal that HMG2L1 expres-
sion is increased 2.5-fold in apoE knock-out arteries (Fig. 1B).
Overexpression of HMG2L1 Down-regulates Smooth Muscle-

specific Gene Expression—Data presented above demonstrate
that HMG2L1 is down-regulated during smooth muscle differ-
entiation and up-regulated in synthetic SMCs. To explore the
role of HMG2L1 in the expression of endogenous smoothmus-
cle-specific genes, we transduced HMG2L1 adenovirus into
mouse aortic primary SMCs, andRNAor proteinwas harvested
to measure smooth muscle gene expression by qRT-PCR or
Western blotting, respectively. All smooth muscle-specific
genes examined, including telokin, SM22�, SM �-actin, calpo-
nin, and SM MHC were significantly down-regulated 50–75%
by HMG2L1 at both mRNA and protein levels (Fig. 2, A–C).
Depletion of Endogenous HMG2L1 in Smooth Muscle Cells

Results in Up-regulation Smooth Muscle-specific Gene Ex-
pression—To further determine the role of endogenous
HMG2L1 in regulating SM-specific gene expression in partially
dedifferentiated vascular SMCs, endogenous HMG2L1 levels
were depleted using siRNA. siRNA specific for HMG2L1 was
able to significantly knock down expression of exogenous
HMG2L1 in Cos7 cells (Fig. 3A) and to decrease endoge-
nous HMG2L1 by 75% (Fig. 3B) in A10 smooth muscle cells.
Depletion of HMG2L1 from A10 SMCs resulted in significant
increase SM22�promoter activity (Fig. 3C) andmRNA levels of
smooth muscle markers of telokin, SM22�, SM �-actin, calpo-
nin, and SM MHC mRNA expression to 1.5–4-fold (Fig. 3D).
Consistent with this, silencing endogenous HMG2L1 also lead
to an increase in calponin and SM22� proteins (Fig. 3E).
HMG2L1 Abrogates Myocardin-induced Expression of Smooth

Muscle-specificGenesandAbolishesMRTF-induced trans-Activa-
tion of Smooth Muscle-specific Promoters—Data presented above
show that HMG2L1 is a strong repressor for smooth muscle-
specific gene expression. Given that HMG2L1 was identified as
a myocardin associated protein and myocardin is a potent acti-
vator for smooth muscle gene expression, we next sought to

determine whether HMG2L1 atten-
uates myocardin function. We first
determined the effects of HMG2L1
on the induction of endogenous
smooth muscle-specific genes by
myocardin in fibroblast cells. Myo-
cardin or empty pcDNA plasmids
were transfected into 10T1/2 cells
together HMG2L1 expression plas-
mids, and 24 h after transduction,
RNA was harvested from these cells
and subjected to quantitative RT-
PCR by using gene-specific primers
as indicated (Fig. 4A). Data from this
experiment reveals that co-trans-
fection of HMG2L1withmyocardin

FIGURE 1. HMG2L1 expression during SMC differentiation and in arteries
of apoE-null mouse. A, proliferating human coronary SMCs were cultured in
serum-free medium for 0, 2, or 4 days as indicated. Total RNA was harvested at
each time point from these cells, and gene expression of SM22� and HMG2L1
are examined by qRT-PCR. The gene expression of HMG2L1 and SM22� on day
0 was set to 100 (n � 3). Serum withdrawal results in inducing expression of
the smooth muscle gene, whereas it down-regulates expression of HMG2L1.
B, aortic artery tissues were harvested from 5-month-old apoE knock-out
mice or control age-matched wild-type mice, and HMG2L1 expression was
determined by qRT-PCR. The expression level of HMG2L1 in control vessels
was set to 1 (n � 6).

FIGURE 2. Overexpression of HMG2L1 down-regulates smooth muscle-specific gene expression in pri-
mary SMCs. A and B, primary SMCs were prepared from the aortic arteries of 4 – 6-week-old mice and trans-
duced with adenovirus encoding HMG2L1 or YFP as indicated. 72 h following transduction, mRNA was isolated
and analyzed by qRT-PCR to measure HMG2L1 (A) and smooth muscle gene expression (B), respectively. C, YFP
control virus or increasing amount of HMG2L1 adenovirus was transduced into primary SMCs as described in A
and B for 72 h, and then protein was harvested for Western blotting. Overexpression of HMG2L1 represses
smooth muscle-specific gene expression at both mRNA and protein levels in a dose-dependent manner.
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attenuated the myocardin-induced expression of telokin, cal-
ponin, and SM22� in a dose-dependentmanner without affect-
ing ectopic myocardin expression (Fig. 4A). We next deter-
mined whether HMG2L1 suppressed myocardin or MRTF-A
andMRTF-B-induced trans-activation on smoothmuscle-spe-
cific promoters. Myocardin family members were co-trans-
fected togetherwith telokin, SM22�, SM�-actin, and SMMHC
promoter-luciferase reporter genes with or without HMG2L1
expression plasmid into 10T1/2 cells, and the subsequent
effects on promoter activity were measured by luciferase assay.
Data from these experiments revealed that HMG2L1 repressed
the myocardin-mediated activation of each of these promoters
in a dose-dependent manner (Fig. 4B). HMG2L1 also attenu-
ated transactivation induced by a dimerization-defective myo-
cardin, indicating that HMG2L1 is unlikely to inhibit myocar-
din through interfering with its dimerization (supplemental
Fig. 2). Furthermore, HMG2L1 attenuated the transactivation
of the SM22� promoter induced by myocardin-related tran-
scription factors, MRTF-A and MRTF-B (Fig. 4C). The inhibi-
tory effects of HMG2L1 onmyocardin and theMRTFs are spe-
cific, as HMG2L1 was not able to affect SRF or TEF�-induced
trans-activation of the telokin promoter (supplemental Fig. 3).
On the another hand, myocardin-mediated activation of

smooth muscle genes was not significantly attenuated by other
HMG box-containing proteins including HMG-I, HMG-Y, or
HMGB1, demonstrating the inhibitory effect of HMG2L1 on
the transcriptional activity of myocardin was specific to
HMG2L1 (supplemental Fig. 4).
Myocardin Binds to HMG2L1 in Vivo and in Vitro—Data

described above demonstrated that HMG2L1 negatively regu-
lates myocardin and its family protein MRTF-A and MRTF-B
function. We next determined whether HMG2L1 physically
binds to myocardin family proteins in vivo by coimmunopre-
cipitation assays. As there are no antibodies available that
detect endogenous myocardin, MRTF-A, and MRTF-B in
SMCs, we transduced myocardin, MRTF-A, andMRTF-B ade-
novirus into A7r5 SMCs and myocardin (for immunoprecipi-
tation of ectopic myocardin), HA (for immunoprecipitation of
ectopic MRTF-A or MRTF-B), or HMG2L1 antibodies (for
immunoprecipitation of endogenous HMG2L1) were used to
immunoprecipitate reciprocally myocardin family protein-
HMG2L1 complexes. Western blotting of the precipitated
complexes revealed that HMG2L1 complexes contained myo-
cardin, MRTF-A, and MRTF-B, and myocardin family protein
complexes contained HMG2L1 (Fig. 5A). GST pulldown assays
further confirmed that HMG2L1 binds directly to myocardin

FIGURE 3. Knocking down endogenous HMG2L1 results in increased smooth muscle-specific gene expression in A10 SMCs. A, COS7 cells were trans-
fected with Myc-tagged HMG2L1 expression plasmid followed by either 100 pmol of an RNA duplex directed against HMG2L1 (sequence targets rat and mouse;
Dharmacon) or scrambled control RNA duplex (Dharmacon). Western blotting was used to detect exogenous HMG2L1 expression with anti-Myc antibody.
Vinculin served as a loading control. B, A10 cells were transfected with either control siRNA or HMG2L1 siRNA duplex. 48 h later, total RNA was harvested, and
endogenous HMG2L1 gene expression was analyzed by qRT-PCR. Data are represented as mean � S.E. of six samples from two independent experiments.
*, p � 0.05. Transfection of silencing duplex against HMG2L1 results in an significant decreasing expression of endogenous HMG2L1. C, A10 cells were
transfected with either control siRNA or HMG2L1 siRNA for 12 h and then were transfected with SM22� gene luciferase reporter. 24 h later, promoter activity was
measured by dual luciferase assay. Reporter activity is normalized to a Renilla luciferase internal control and expressed relative to control transfections (set to
100). Data were presented as mean � S.E. of six samples from two independent experiments. Silencing endogenous HMG2L1 significantly increases SM22�
promoter activity. *, p � 0.05. D and E, A10 cells were transfected with either control siRNA or HMG2L1 siRNA duplex for 48 h as described in B. To measure
smooth muscle-specific gene expression, mRNA was harvested for qRT-PCR (D), or protein was harvested for Western blotting (E), respectively. Silencing
endogenous HMG2L1 significantly up-regulates smooth muscle-specific gene expression at mRNA and protein levels.

Role of HMG2L1 in Smooth Muscle Differentiation

23180 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 30 • JULY 23, 2010

http://www.jbc.org/cgi/content/full/M110.109868/DC1
http://www.jbc.org/cgi/content/full/M110.109868/DC1
http://www.jbc.org/cgi/content/full/M110.109868/DC1
http://www.jbc.org/cgi/content/full/M110.109868/DC1


but does not bind directly to SRF (Fig. 5B). To understand the
mechanism by which HMG2L1 represses myocardin function,
we performed GST pulldown assays to map the myocardin
domains that bind to HMG2L1. As summarized in Fig. 5C,
HMG2L1 binds to the full-length myocardin (Fig. 5D) and
binds specifically to two portions of myocardin, the amino-ter-
minal domain and the region that includes the basic domain
and poly Q domain (Fig. 5E) that are required for SRF interac-
tion. Conversely, a large fragment of HMG2L1 spanning
amino-acids 1 to 472 binds to myocardin (Fig. 6, A and B). To
furthermapHMG2L1 functional domains that inhibit myocar-
din, we generated a variety ofHMG2L1 truncationmutants and
co-transfected these together with myocardin and an SM22�
reporter gene into 10T1/2 cells. The effects of these HMG2L1
mutants on myocardin transactivation subsequently were
measured by luciferase assays (Fig. 6C). Data from this reporter
assay revealed that residues between 237 and 472 of HMG2L1,
which includes the HMG box domain, are sufficient to inhibit
myocardin transcriptional activity.
HMG2L1 Disrupts the Interaction of Myocardin with SRF

and Abolishes Myocardin-SRF Complex Formation on the Pro-
moters of Smooth Muscle-specific Genes—We next determined
the mechanism by which HMG2L1 inhibits myocardin. As
myocardin has been shown to be able to bind both histone
acetyltransferase and histone deacetylases, and another HMG
box molecule, such as UBF, has been shown to recruit HDAC
(20, 21), we first determined whether the inhibitory activity of

HMG2L1 was dependent on its ability to recruit HDAC or dis-
rupt myocardin interaction with its known co-activator such as
P300 (20). In luciferase experiments, we found that treating
cells with the HDAC inhibitor Trichostatin A augmented the
activity of myocardin; however, this did not affect the ability of
HMG2L1 to block the activity of myocardin (supplemental Fig.
5). Moreover, overexpression of p300 in 10T1/2 cells was not
able to rescue the inhibitory effect of HMG2L1 on the SM22�
promoter (supplemental Fig. 6). Because the ability of myocar-
din to activate smooth muscle-specific genes is dependent
strictly on its interaction with SRF, we next tested the possibil-
ity that HMG2L1 blocks this interaction. In coimmunoprecipi-
tation assays, the binding between myocardin and SRF was
decreased significantly in the presence of HMG2L1 (Fig. 7A).
Using a mammalian two-hybrid reporter assay, we also found
that HMG2L1 significantly attenuated reporter activity pro-
duced by the interaction of SRF and myocardin (Fig. 7B). In
partially differentiated A10 SMCs, ChIP assay revealed that
endogenous HMG2L1 can bind to the smooth muscle gene
CArG region where SRF/myocardin binding (supplemental
Fig. 7). Furthermore, data from ChIP assays demonstrated that
myocardin binding to the endogenous telokin promoter was
remarkably inhibited by exogenous HMG2L1 (Fig. 7C). Taken
together, these data demonstrated that HMG2L1 disrupts SRF-
myocardin complex formation in vivo. Previous studies have
shown that HERP1 and KLF4 can abrogatemyocardin-induced
activation of smooth muscle gene expression by interfering

FIGURE 4. HMG2L1 suppresses the induction of endogenous smooth muscle-specific genes by myocardin and abrogates the myocardin and MRTF-
induced activation of smooth muscle-specific promoters. A, mouse myocardin expression vector, together with mouse HMG2L1 or empty plasmid
pcDNA3.1 were transfected into 10T1/2 cells. 24 h post-transfection, total RNA was harvested from cells, and qRT-PCR was performed to examine expression
of endogenous smooth muscle-specific genes as indicated. The ectopic expression of myocardin and HMG2L1 also was measured. Transcript levels first was
normalized to acidic ribosomal phosphoprotein (rplp0) internal loading control and then normalized to their respective vector transfected control group. The
��Ct method was used to calculate the relative quantity values of gene expression levels. Relative Expression � 2���Ct and ��Ct � (Ct experimental � Ct RPLP0) �
(Ct control � Ct RPLP0). Data presented are the mean � S.E. of four samples obtained from two independent experiments. B, luciferase reporter genes and
myocardin expression plasmids were transfected into 10T1/2 cells with or without HMG2L1 expression plasmids. Values are presented as relative luciferase
activity compared with myocardin-induced activation (set to 100) and are the mean � S.E. of six samples from two independent experiments. Co-transfection
with HMG2L1 significantly abrogates myocardin-induced transactivation of each of the smooth muscle gene reporters examined in a dose-dependent
manner. C, an SM22� promoter reporter gene was transfected into 10T1/2 cells together with MRTF-A or MRTF-B in the presence of increasing amounts of
HMG2L1 expression plasmids. All data are normalized to the activation produced by MRTF-A or MRTF-B alone (set to 100).
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with SRF binding to the CArG box (22, 23). Because HMG box
proteins can bend and distort DNA, it is also possible that the
binding of HMG2L1 to myocardin may induce conformational
changes in DNA that prevents the formation of stable myocar-
din-SRF complexes on promoters. We therefore performed

ChIP assays from cells transduced with myocardin adenovirus
with or without co-transduction of HMG2L1 and then used
anti-SRF antibodies to precipitate chromatin complexes as
shown in Fig. 7D. Results from this analysis showed that
HMG2L1 significantly attenuated myocardin-induced SRF

FIGURE 5. HMG2L1 interacts with myocardin in vivo and in vitro. A, HMG2L1 binds to myocardin family proteins in vivo. Myocardin or HA-tagged MRTF-A/B
adenovirus were transduced into A7r5 SMCs. Subsequently, nuclear extract was harvested, and proteins were immunoprecipitated with anti-myocardin, HA,
HMG2L1, or control IgG antibodies. The immunoprecipitated proteins were detected by Western blotting using anti-myocardin, anti-HA, and anti-HMG2L1
antibodies, as indicated at the right of the blot. 10% total extract was loaded as input. B, HMG2L1 does not bind to SRF. GST fused to SRF or GST alone was
expressed in bacteria, conjugated to glutathione-Sepharose beads, and incubated with bacterially expressed T7 tagged amino-terminal-myocardin (amino
acids 1–585) or full-length HMG2L1 as indicated. Bound proteins were identified by Western blotting with an anti-T7 antibody (upper panel). The lower panel
showed the expression of the GST-SRF fusion protein or GST alone (marked by an asterisk to the top left of each protein). The interaction between myocardin
and SRF served as a positive control. C, schematic representation of myocardin indicating the GST-fusion proteins analyzed and summary of myocardin
domains mapped for interacting with HMG2L1 from D and E. NTD, N-terminal domain; ��, basic domain; Q, poly Q domain; LZ, leuzine zipper domain; TAD,
transcriptional activation domain; mut: mutant. D, HMG2L1 binds to the full-length myocardin. Bacterially expressed full-length myocardin was incubated with
the GST-HMG2L1 fusion protein. Western blotting was performed to detect the myocardin fusion protein that bound to HMG2L1 (upper panel). The lower panel
in D indicates the expression of the GST fusion protein of full-length HMG2L1 as detected by a Ponceau S staining. E, HMG2L1 binds to the myocardin
N-terminal domain, basic, and poly Q domain. Bacterially expressed HMG2L1 was incubated with the series of GST-myocardin fusion proteins indicated in C.
Western blotting was performed to detect the GST-myocardin fusion proteins that bound HMG2L1 (upper panel). The lower panel in E indicates the expression
of the myocardin GST fusion proteins as detected by a Ponceau S staining. *, GST fusion protein.
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binding to the smoothmuscle-specific telokin, SM22�, and SM
MHC promoters (Fig. 7D). In sum, these data suggest that the
HMG2L1 inhibitory effects on the promyogenetic function of
myocardin occurs through disrupting SRF/myocardin interac-
tions, which subsequently decreases both myocardin and SRF
binding to smooth muscle-specific genes, thereby attenuating
their expression.

DISCUSSION

HMG transcription factors are the most abundant nonhis-
tone proteins in the nucleus. In the current study, we have iden-
tified a novel HMG-box containing protein HMG2L1 as a
potent repressor for smooth muscle differentiation that atten-
uates themyogenic activity ofmyocardin. Previous studies have
shown HMGB family factors are involved in regulating many
transcriptional events by physical and functional interaction
with multiple transcription factors such as HOX, OCT, steroid
hormone receptors, RAG1 and -2, REL, and P53 (24–26). The

consequence of these interactions either activates or represses
transcription depending on the factors with which they associ-
ate, suggestingHMGBproteins have broad functions in distinct
cell or tissue contexts. Several studies have demonstrated that
HMG proteins may play important roles in smooth muscle
gene transcription during phenotypic modulation of smooth
muscle cells. For example, the HMG protein SSRP1 and
HMGI(Y) have been shown to interact with SRF and enhance
SRF-dependent activation of smooth muscle-specific promot-
ers (8, 11). Although the HMG2L1 contains a highly conserved
HMG motif similar to SSRP1 and HMGI(Y) proteins, our data
demonstrated that the physical and functional interactions of
HMG2L1 with myocardin are highly specific. In addition,
although HMGI/Y directly binds to SRF, we found HMG2L1
neither directly binds to SRF (Fig. 5B) nor directly affects SRF-
induced activation of a smooth muscle-specific promoter
(supplemental Fig. 3). Moreover, HMG2L1 does not affect the
activation of smooth muscle-specific genes by other transcrip-

FIGURE 6. Characterization of HMG2L1 domains that physically and functionally bind to myocardin. A, schematic illustration of the domain structures of
HMG2L1 indicating the positions of the truncation mutants used for mapping studies. mut, mutant. B, bacterially expressed HMG2L1 truncation mutants indicated in
A were incubated with the N-terminal myocardin (amino acids 1–585) GST fusion protein (lower panel). Western blotting was performed to detect the HMG2L1 bound
to amino-terminal-myocardin GST fusion protein (upper panel). The lower panel in B indicates the expression of the GST or GST-fused amino-terminal-myocardin
protein as detected by a Ponceau S staining. Myocardin was found to bind to the HMG2L1 N terminus (amino acids 1– 472) as summarized in A. C, HMG box of
HMG2L1 is required but not sufficient to abrogate the transactivation of myocardin on the SM22� promoter. An SM22� promoter reporter gene was trans-
fected into 10T1/2 cells together with myocardin in the presence of expression plasmids for full-length of HMG2L1 or a variety of HMG2L1 truncation mutants
as indicated at the left panel. All data are normalized to the activation produced by myocardin alone (black bar, set to 100).
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tion factor such as TEF� (supplemental Fig. 3). These data sug-
gest that it is unlikely that HMG2L1 attenuates expression of
smooth muscle-specific genes through global changes in the
physical structure of these genes. Rather, our data suggest that
HMG2L1 functions to block the binding of SRF andmyocardin
to attenuate expression of smooth muscle-specific genes.
Although themolecular mechanisms underlying the specificity
for HMG2L1 remains elusive, our data indicate that the inhib-
itory effects and high affinity binding tomyocardin requires the
HMG domain and a region amino-terminal of this domain. As
shown in Fig. 6, the HMG box of HMG2L1 is required but not
sufficient to convey the HMG2L1 inhibitory effects onmyocar-
din-mediated activation of the smooth muscle gene. As this
additional amino-terminal region is not highly conserved
among HMG family members, this could account for the spec-
ificity of HMG2L1 action on myocardin.
In this study, we show that HMG2L1 can suppress smooth

muscle-specific gene expression by preventingmyocardin from

binding to SRF and attenuating myocardin-SRF complex bind-
ing to the promoters of smooth muscle-specific genes (Fig. 7).
Our data revealed that HMG2L1 inhibition of myocardin acti-
vation on the smooth muscle gene promoter likely is indepen-
dent of HDAC or P300 recruitment, as neither treatment with an
HDAC inhibitor nor exogenous expression of P300 were able to
rescue HMG2L1-mediated inhibition of myocardin activity
(supplemental Figs. 5 and 6). We also found that HMG2L1 is
able to attenuate the activity of a dimerization-defectivemutant
of myocardin (supplemental Fig. 2), suggesting that inhibition
ofmyocardin dimerization is not a likely inhibitorymechanism.
In contrast to previous studies, which showed that KLF4 inhib-
its smooth muscle differentiation in part by diminishing myo-
cardin expression (23), overexpression or silencing ofHMG2L1
did not affect myocardin expression (data not shown). Rather,
by coimmunoprecipitation andmammalian two-hybrid assays,
we foundHMG2L1 can disrupt myocardin binding to SRF (Fig.
7). This can be explained simply by the competitive binding of

FIGURE 7. HMG2L1 abrogates myocardin and myocardin-mediated SRF binding to the promoters of smooth muscle-specific genes. A, Adenoviruses
encoding SRF, myocardin of HMG2L1 were transfected into COS7 cells as indicated. SRF was immunoprecipitated from nuclear extracts of the transduced cells
and co-precipitating myocardin was detected by Western blotting. B, 10T1/2 were transfected with pG5Luc reporter plasmid and expression plasmids for
fusion proteins of GAL4 DNA binding domain-SRF (pBind-SRF), VP16 activation domain-myocardin (pAct-myocardin) in the presence or absence of HMG2L1.
Increased luciferase activity, indicative of protein/protein interactions, was seen when pBind-SRF and pAct-myocardin were co-transfected. In the presence of
HMG2L1, the SRF/myocardin interaction-induced reporter activity was significantly abolished (n � 6). *, p � 0.05. C, HMG2L1 represses myocardin binding to
smooth muscle-specific gene promoters. ChIP assays using 10T1/2 cells transduced with adenovirus encoding Omni-tagged myocardin, HA-tagged YFP, or
HMG2L1. Cross-linked chromatin was immunoprecipitated with anti-Omni antibody (myocardin), and the precipitated DNA was amplified by real-time PCR
with telokin gene-specific primers spanning the GArG box region. The myocardin binding is indicated relative to YFP control-transduced cells (set to 1). These
data were calculated and normalized to input levels as follows: relative myocardin binding � 2���Ct, with ��Ct � (Ct myocardin � HMG2L1 � Ct input) � (Ct YFP �
Ct input). Data shown are the mean � S.E. of four samples obtained from two independent experiments. *, significantly different (p � 0.05). D, the myocardin-
induced SRF binding to smooth muscle-specific gene promoters is inhibited significantly by the presence of HMG2L1. 10T1/2 cells were transduced with
myocardin, HMG2L1, or YFP control adenovirus as indicated. After 36 h, cells were fixed and harvested for chromatin immunoprecipitation assays using an
antibody against SRF. The precipitated genomic DNA was purified, and the enrichment of the promoters of SRF-dependent smooth muscle genes was
measured by real-time PCR using gene-specific primers as indicated. The effects of myocardin or/and HMG2L1 on SRF binding to smooth muscle-specific genes
were indicated relative to those transduced with YFP (set to 1). These data were calculated and normalized to input levels as follows: relative SRF binding �
2���Ct, with ��Ct � (Ct experiment � Ct input) � (Ct YFP � Ct input). Data shown are the mean � S.E. of four samples obtained from two independent experiments.
p � 0.05.
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HMG2L1 and SRF tomyocardin, asHMG2L1 and SRF share an
overlapping binding site in theN-terminal region ofmyocardin,
which includes basic and glutamine rich domain (Fig. 5C),
although we cannot totally rule out other unknown mecha-
nisms.AlthoughHMG2L1N-terminal fragment (1–236) is able
to bind tomyocardinwith strong affinity, this fragment failed to
inhibit myocardin-mediated transactivation (Fig. 6). We spec-
ulate that this fragment may interact with the amino-terminal
domain of myocardin, whereas the fragment between amino
acids 237 and 472 interact with myocardin basic and poly Q
domains, which are required for SRF interaction to allow myo-
cardin to activate the smoothmuscle gene. Asmyocardin func-
tion is strictly dependent on SRF interaction, binding to these
SRF interaction domains ofmyocardin byHMG2L1will disrupt
the myocardin/SRF interaction, thereby resulting in abolishing
myocardin function.
HMG2L1 is anHMGbox protein identified initially as a neg-

ative regulator ofWnt/�-catenin signaling inXenopus (12). The
functions of HMG2L1 are only beginning to be elucidated,
however. Previous studies have demonstrated that HMG pro-
teins HMGI/Y and SOX18 were up-regulated in proliferating
vascular SMCs in vitro and in vivo (9, 10). Antisense SOX18
inhibitedDNA synthesis and vascular cell growth (10). Further-
more, antisense SOX18 also significantly reduced vascular
SMC regrowth after injury in an in vitromodel of wound repair
(10). These data suggest that SOX18 plays an important role in
promoting smooth muscle proliferation following vascular
injury. Similarly, we found that HMG2L1 expression is up-reg-
ulated in apoE-null mice, which have elevated smooth muscle
proliferation. Conversely, HMG2L1 is down-regulated during
smooth muscle differentiation in vitro (Fig. 1, A and B).
Together, these data suggest that HMG family members may
coordinate the complex cellular changes that occur following
vascular injury resulting in dedifferentiation and proliferation
of vascular SMCs. Although we have demonstrated a role for
HMG2L1 in attenuating expression of smoothmuscle differen-
tiation genes, this does not preclude possible additional roles in
regulating SMC proliferation. Previous studies have shown
HMGB1 regulates P53-mediated transcription (27) and
HMG2L1 is a potential P53 binding protein (28).Given that P53
is a critical transcription factor involved in cell cycle arrest and
activation of apoptotic program (29), it will be very important
to assess whether HMG2L1 is also involved in apoptosis or cell
cycle regulation in SMCs. Furthermore, the evolutionary con-
servation from plants to humans of theseHMGbox-containing
proteins suggests a role in fundamental cellular processes (3).
Single nucleotide polymorphisms have recently been identified
in the HMG2L1 gene that is linked in both bipolar affective
disorder and schizophrenia, suggesting that HMG2L1 also
plays important roles in neurons (30). In summary, our data
demonstrate that HMG2L1 can repress differentiation of vas-
cular smooth muscle cells by interfering with the binding of
myocardin to SRF. In future studies, it will be exciting to deter-
mine the role of HMG2L1 in smoothmuscle and neuron devel-
opment and their related diseases in vivo.
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