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Restenosis arises after vascular injury and is characterized by
arterial wall thickening and decreased arterial lumen space.
Vascular injury induces the production of thrombin, which in
addition to its role in blood clotting acts as a mitogenic and
chemotactic factor. In exploring the molecular mechanisms
underlying restenosis, here we identified LMCD1 (LIM and cys-
teine-rich domains 1) as a gene highly responsive to thrombin in
human aortic smooth muscle cells (HASMCs). Of note, LMCD1
depletion inhibited proliferation of human but not murine vas-
cular smooth muscle cells. We also found that by physically
interacting with E2F transcription factor 1, LMCD1 mediates
thrombin-induced expression of the CDC6 (cell division cycle 6)
gene in the stimulation of HASMC proliferation. Thrombin-in-
duced LMCD1 and CDC6 expression exhibited a requirement
for protease-activated receptor 1-mediated G�q/11-dependent
activation of phospholipase C �3. Moreover, the expression of
LMCD1 was highly induced in smooth muscle cells located at
human atherosclerotic lesions and correlated with CDC6
expression and that of the proliferation marker Ki67. Further-
more, the LMCD1- and SMC�actin-positive cells had higher
cholesterol levels in the atherosclerotic lesions. In conclusion,
these findings indicate that by acting as a co-activator with E2F
transcription factor 1 in CDC6 expression, LMCD1 stimulates
HASMC proliferation and thereby promotes human atherogen-
esis, suggesting an involvement of LMCD1 in restenosis.

Restenosis, characterized by arterial wall thickening and
decreased arterial lumen space, occurs as a response to vascular
injury (1, 2). Vascular smooth muscle cell (VSMC)2 migration

and proliferation in the tunica intima is the root cause of rest-
enosis (1–3). Vascular injury stimulates coagulation cascade
activation and produces substantial amounts of thrombin (4).
The thrombus formed because of injury can serve as a reservoir
of active thrombin (5). Thrombin, in addition to its vital role in
blood clotting, acts as a mitogen and chemotactic factor to a
variety of cell types, including peripheral blood monocytes and
VSMCs (6 –8). In identifying the thrombin-induced genes by
microarray analysis, we found that a novel LMCD1 (LIM and
cysteine-rich domains 1) gene was induced by thrombin in a
sustained manner in human aortic smooth muscle cells
(HASMCs). LMCD1, a member of the LIM protein family, con-
tains a novel cysteine-rich domain at the N terminus, a central
PET (Prickle, Espinas, and Testin) domain, and two LIM
domains at the C-terminal region (9). The proteins containing
LIM domains are known to have distinct functions in gene
expression, cell adhesion, cytoskeleton remodeling, and signal
transduction (10). Although the cellular functions of many LIM
proteins have been studied (10), there are only a limited number
of reports on the biological functions of LMCD1. It was
reported that LMCD1 plays a role in the development of cardiac
hypertrophy (11). Another study suggests that LMCD1 acts as a
transcriptional repressor for GATA6, a zinc-finger transcrip-
tion factor, in lung and cardiac tissues (12). Previous studies
indicate that GATA6 mediates the expression of both SMC
synthetic genes such as endothelin-1 and quiescent genes such
as p21Cip1 (13, 14). Because LMCD1 is identified as a novel gene
induced by thrombin and we know that thrombin promotes
VSMC proliferation, we asked the question of whether LMCD1
mediates thrombin-induced HASMC proliferation, and if so,
what could be the possible mechanism, which is the major goal
of this current study. In the present study, we report that
LMCD1 acts as a co-activator for E2F1 in the modulation of
thrombin-induced CDC6 expression in promoting HASMC
replication.

Results

To identify thrombin-induced genes in HASMCs, we have
performed microarray analysis and identified 47 genes that
were up-regulated above 2-fold in response to thrombin (0.5
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unit/ml) and were represented as heat map and Venn diagram
(Fig. 1, A and B). Gene ontology analysis shows the majority of
these genes are involved in protein binding and catalytic activ-
ity (Fig. 1C). To validate the microarray data, we have studied

the time-course effect of thrombin on the expression of 17
novel genes whose role in vascular wall remodeling is largely
unknown (Fig. 1D). Among the genes tested, the expression of
LMCD1 is highly induced by thrombin both at mRNA and pro-

Figure 1. Microarray analysis shows LMCD1 as a highly responsive gene to thrombin in HASMCs. A, quiescent HASMCs were treated with and without
thrombin (0.5 unit/ml) for 2 and 8 h. Total cellular RNA was isolated from control and the thrombin-treated cells and subjected to microarray analysis.
Thrombin-induced genes that were up-regulated by more than 2-fold are presented as a heat map. B, Venn diagram showing the number of genes that were
up-regulated by more than 2-fold at both 2 and 8 h of thrombin treatment as compared with control. C, gene ontology analysis of the thrombin-induced genes
based on their molecular function. D, quiescent HASMCs were treated with and without thrombin (0.5 unit/ml) for various time periods, and total cellular RNA
was isolated. Equal amounts of RNA from control and each treatment were analyzed by RT-PCR for the indicated genes using their specific primers. E, all the
conditions were same as in D except that after the indicated treatments, the cell extracts were prepared, and equal amounts of protein from control and each
treatment were analyzed for LMCD1 levels by Western blotting using its specific antibody.
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tein levels (Fig. 1, D and E). To find the functional role of
LMCD1, first we tested a longer time-course effect of thrombin
on its expression in HASMCs. Thrombin induced LMCD1
expression in a sustained manner at both mRNA and protein
levels (Fig. 2A). Second, we examined its role in HASMC apo-
ptosis and proliferation. Thrombin had no effect on HASMC
apoptosis as measured by TUNEL assay, and siRNA-mediated
depletion of LMCD1 levels did not affect this cellular event (Fig.
2B, top and middle panels). On the other hand, thrombin-in-
duced HASMC proliferation as measured by [3H]thymidine
incorporation and siRNA-mediated down-regulation of LMCD1
levels attenuated thrombin-induced HASMC DNA synthesis
(Fig. 2B, top and bottom panels). These results indicate a role for
LMCD1 in thrombin-induced HASMC replication. To explore
the mechanisms by which LMCD1 mediates HASMC DNA
synthesis, we first studied the time-course effect of thrombin on
CDC6 and MCMs (MCM2-MCM7) that are involved in origin
recognition complex (ORC) formation, an essential factor in
the initiation of replication (15, 16). Thrombin induced CDC6
but not MCM levels in a sustained manner in HASMCs (Fig.
2C). In addition, silencing LMCD1 levels using its siRNA pre-
vented thrombin-induced CDC6 expression, suggesting that
LMCD1 plays a role in the regulation of CDC6 expression by
thrombin in HASMCs (Fig. 2D). We also observed that deplet-
ing CDC6 levels by its siRNA blocks thrombin-induced DNA
synthesis in HASMCs (Fig. 2E).

To understand the mechanisms by which LMCD1 mediates
thrombin-induced CDC6 expression, we have cloned a
�1.2-kb human CDC6 promoter, and by TRANSFAC analysis
we identified one nuclear factor of activated T cells (NFAT)-
binding site at �473 nt and three E2F-binding sites at �279,
�43, and �8 nt, respectively (Fig. 3A). In addition, cloning the
1.2-kb human CDC6 promoter into pGL3 basic vector and test-
ing for its activity showed that thrombin induces CDC6 pro-
moter activity by 3-fold, which is substantially attenuated by
depletion of LMCD1 levels (Fig. 3B). To identify the minimal
CDC6 promoter region required for thrombin-induced CDC6
promoter activity, we have subcloned the truncated regions
�597 to �93 nt (0.690 kb), �354 to �93 nt (0.447 kb), �190 to
�93 nt (0.283 kb), and �31 nt to �93 nt (0.124 kb) of CDC6
promoter into pGL3 basic vector, and the constructs were
named as pGL3-CDC6p-(0.690 kb), pGL3-CDC6p-(0.447 kb),
pGL3-CDC6p-(0.283 kb), and pGL3-CDC6p-(0.124 kb), re-
spectively. We found that CDC6 promoter region from �190
to �31 nt of 0.283-kb promoter is sufficient for thrombin-
induced CDC6 promoter activity (Fig. 3C). In addition, knock-
down of LMCD1 levels by its siRNA prevented thrombin-in-
duced CDC6 (0.283 kb) promoter activity (Fig. 3D). This result
demonstrates that thrombin-induced LMCD1-responsive reg-
ulatory element(s) of CDC6 promoter is present within this
0.283-kb region. Because �190 to �31 nt of 0.283 kb promoter
contains only one potential E2F-binding site at �43 nt, we
mutated this site and tested its response to thrombin. Site-di-
rected mutagenesis of E2F-binding site at �43 nt significantly
reduced thrombin-induced CDC6 promoter activity (Fig. 3E),
suggesting the importance of this E2F site in thrombin-induced
CDC6 expression. Having found the requirement of this E2F
site in thrombin-induced CDC6 promoter activity and that a

role for E2Fs in the expression of CDC6 has been reported pre-
viously (17), we next sought to examine the role of E2Fs in
thrombin-induced CDC6 expression. Toward this end, deple-
tion of E2F1 by it siRNA blocked thrombin-induced CDC6
expression in HASMCs (Fig. 3F). This result infers that E2F1 is
also essential for thrombin-induced CDC6 expression. Based
on these observations, we wanted to explore any link between
LMCD1 and E2F1 in CDC6 expression by thrombin. In this
regard we measured DNA-binding activity by EMSA using the
E2F-binding element at �43 nt as a biotin-labeled dou-
ble-stranded oligonucleotide probe. Thrombin induced E2F
DNA-binding activity in a time-dependent manner (Fig. 3G). In
addition, supershift EMSA using anti-E2F1 or anti-LMCD1
antibodies showed the presence of both E2F1 and LMCD1 in
thrombin-induced E2F DNA–protein complexes (Fig. 3H). To
confirm the binding of E2F1 and LMCD1 to the E2F-binding
site at �43 nt in the CDC6 promoter, we mutated this site in the
oligonucleotide and used it as a probe for EMSA and supershift
EMSA. In both EMSA and supershift EMSA, no DNA–protein
complexes were formed with nuclear extracts of either control
or thrombin-treated HASMCs using the mutant probe (Fig. 3I).
The ChIP assay with anti-E2F1 and anti-LMCD1 antibodies
demonstrates that E2F1 and LMCD1 bind to the same pro-
moter region of CDC6 (Fig. 3J). Furthermore, the re-ChIP anal-
ysis of anti-LMCD1 chromatin immunocomplexes showed that
E2F1 binds to the CDC6 promoter along with LMCD1. Like-
wise, re-ChIP analysis of anti-E2F1 chromatin immunocom-
plexes revealed that LMCD1 binds to CDC6 promoter along
with E2F1 (Fig. 3J). These results imply that LMCD1 may inter-
act with E2F1 in the transcriptional regulation of CDC6 by
thrombin in HASMCs.

To determine whether LMCD1 physically interacts with
E2F1 in mediating thrombin-induced CDC6 expression, we
performed in situ proximal ligation assay (PLA), a powerful
method to detect protein–protein interactions in vivo (18). The
PLA results showed that LMCD1 interacts with E2F1 in
response to thrombin at 4 h (Fig. 4A). This result indicates that
LMCD1 interacts with E2F1 in response to thrombin in
HASMCs. To identify the protein domains involved in their
physical interaction, we next constructed the full-length and
various truncations of LMCD1 and E2F1 in Myc-DDK-tagged
and HA-tagged pCMV vectors, respectively (Fig. 4, B and C).
When the full-length or various truncates of LMCD1 were co-
expressed with the full-length of E2F1, we found that only
PET–LIM1 domain but not Cys, PET, LIM1, or LIM2 domains
alone or any of their other combinations were able to interact
with E2F1 (Fig. 4D). Similarly, when the full-length or various
truncations of HA-tagged E2F1 were co-expressed with full-
length Myc-DDK-tagged LMCD1, in addition to its full length,
only the mixed box domain (243–317 amino acids) of E2F1
interacts with LMCD1 (Fig. 4E). Furthermore, although the
expression of E2F1 or LMCD1 alone induced the CDC6 pro-
moter activity to some extent, co-expression of E2F1 along with
LMCD1 or its PET–LIM1 domain but not PET–LIM2 domain
further enhanced the CDC6 promoter activity (Fig. 4F). To fur-
ther confirm the interdependence between E2F1 and LMCD1
on CDC6 promoter activity, we overexpressed E2F1 or LMCD1
in the absence of LMCD1 or E2F1, respectively, and measured
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Figure 2. LMCD1 plays a role in thrombin-induced CDC6 expression and DNA synthesis in HASMCs. A, growth-arrested HASMCs were treated with and
without thrombin (0.5 unit/ml) for the indicated time periods, and either RNA was isolated and analyzed by RT-PCR for LMCD1 mRNA levels using its specific
primers, or cell extracts were prepared and analyzed by Western blotting for LMCD1 protein levels using its specific antibodies. B, top panel, HASMCs were
transfected with siControl or siLMCD1 (100 nM). For 48 h later, cell extracts were prepared and analyzed by Western blotting for LMCD1 levels using its specific
antibody, and the blot was normalized to �-tubulin and CDK4 levels. Middle and bottom panels, HASMCs that were transfected with siControl or siLMCD1 and
growth-arrested were treated with vehicle or thrombin (0.5 unit/ml) for 36 h, apoptosis was measured by TUNEL assay (middle panel), and DNA synthesis was
measured by [3H]thymidine incorporation (bottom panel). C, equal amounts of protein from control and various time periods of thrombin-treated HASMCs
were analyzed by Western blotting for CDC6 and MCM2–7 levels using their specific antibodies, and the CDC6 blot was normalized to �-tubulin. D, HASMCs
that were transfected with the indicated siRNA were treated with and without thrombin for 2 h, and either RNA was isolated, or cell extracts were prepared and
analyzed by RT-PCR and Western blotting, respectively, for CDC6 mRNA and protein levels using its specific primers or antibodies and normalized to �-actin
transcripts or �-tubulin levels, respectively. E, upper panel, HASMCs were transfected with siControl or siCDC6 (100 nM), and 48 h later cell extracts were
prepared and analyzed by Western blotting for CDC6 levels, and the blot was normalized to �-tubulin. Lower panel, HASMCs that were transfected with
siControl or siCDC6 and growth-arrested were treated with and without thrombin (0.5 unit/ml) for 36 h, and DNA synthesis was measured by [3H]thymidine
incorporation. *, p � 0.05 versus control or siControl; **, p � 0.05 versus siControl � thrombin.
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the CDC6 promoter activity. Overexpression of either LMCD1
in the absence of E2F1 or E2F1 in the absence of LMCD1 did not
result in enhanced CDC6 promoter activity (Fig. 4G). On the
other hand, co-expression of E2F1 with LMCD1 or its PET–
LIM1-LIM2 or PET–LIM1 but not PET–LIM2 domain
increased CDC6 expression at protein levels (Fig. 4H), suggest-
ing that LMCD1 via its PET–LIM1 domains interacts with
E2F1 to enhance CDC6 expression in HASMCs.

To elucidate the upstream signaling mechanisms of throm-
bin-induced LMCD1-mediated CDC6 expression, we have
tested the role of protease-activated receptor 1 (PAR1) and its
downstream G proteins using pharmacological and siRNA
approaches, respectively. SCH79797, the specific antagonist of
PAR1 (19), substantially reduced thrombin-induced LMCD1
and CDC6 expression, CDC6 promoter activity, and DNA syn-
thesis in HASMCs (Fig. 5, A–D). In addition, thrombin caused
a time-dependent dissociation of G�q/11 but not G�12 or G�13
from PAR1 in response to thrombin (Fig. 5E), suggesting that
thrombin activates G�q/11 downstream to PAR1 in HASMCs.
Furthermore, silencing G�q/11 using their siRNAs prevented

thrombin-induced LMCD1 and CDC6 expression, CDC6 pro-
moter activity, and DNA synthesis in HASMCs (Fig. 5, F–J).
Several studies suggest that GPCR agonists stimulate PLC�s in
facilitating their cellular effects (20, 21). To test the role of
PLC�s in thrombin-induced LMCD1/E2F1-CDC6 signaling,
we first studied the time-course effect of thrombin on the
steady-state levels of PLC� isoforms. Thrombin had no effect
on PLC�1–3 levels, and the presence of PLC�4 was not
detected in HASMCs (Fig. 6A). Next, using the fluorogenic PLC
substrate WH-15 (22), we studied the effect of thrombin on
their activities. Thrombin induced PLC�3 but not PLC�1 or
PLC�2 activities in a time-dependent manner in HASMCs (Fig.
6B). To find whether PAR1 and G�q/11 activation is required for
thrombin-induced PLC�3 activity, we tested the effect of
SCH79797 and siG�q/11 on PLC�3 activity. Inhibition of PAR1
by its antagonist SCH79797 or depletion of G�q/11 levels by
their siRNAs blocked thrombin-induced PLC�3 activity (Fig. 6,
C and D). Furthermore, depletion of PLC�3 levels by its short-
hairpin RNA expression plasmid (23) inhibited thrombin-in-
duced LMCD1 and CDC6 expression, CDC6 promoter activity,

Figure 3—continued

Figure 3. LMCD1 acts as a co-activator for E2F1 in mediating thrombin-induced CDC6 promoter activity. A, CDC6 promoter encompassing from �1122
to �93 nt (1.215 kb) was cloned into pGL3-basic vector and sequenced. B, HASMCs were transfected with pGL3-basic vector or pGL3-CDC6 promoter (1.215 kb)
in combination with siControl or siLMCD1, growth-arrested, and treated with and without thrombin (0.5 unit/ml) for 6 h, and the luciferase activities were
measured. C, HASMCs that were transfected with pGL3-basic vector or pGL3-CDC6 promoter reporter gene constructs with serial 5�-deletions were quiesced
and treated with and without thrombin (0.5 unit/ml) for 6 h and analyzed for luciferase activity. D, HASMCs were transfected with pGL3-basic vector or
pGL3-CDC6 promoter (0.283 kb) in combination with siControl or siLMCD1, growth-arrested, and treated with and without thrombin (0.5 unit/ml) for 6 h, and
the luciferase activities were measured. E, HASMCs were transfected with pGL3-basic vector or pGL3-hCDC6 promoter with and without the mutated E2F-
binding site (at �43 nt), quiesced, and treated with and without thrombin for 6 h, and the luciferase activity was measured. F, HASMCs that were transfected
with siControl or siE2F1 and growth-arrested were treated with and without thrombin (0.5 unit/ml) for 6 h, and either RNA was isolated, or cell extracts were
prepared analyzed by RT-PCR and Western blotting, respectively, for CDC6 mRNA and protein levels using its specific primers or antibodies and normalized to
�-actin transcripts or �-tubulin levels, respectively. G, nuclear extracts of control and various time periods of thrombin-treated HASMCs were analyzed by EMSA
using the E2F-binding element at �43 nt as a biotin-labeled probe. H, nuclear extracts of control and 4 h of thrombin-treated cells were analyzed for the
presence of E2F1 and LMCD1 in the E2F–DNA complexes by supershift EMSA. I, all the conditions were same as in H, except that both WT and mutant (Mut)
probes were used. J, quiescent HASMCs were treated with and without thrombin for the indicated time periods and subjected to ChIP and re-ChIP assays for
CDC6 promoter region encompassing the E2F site at �43 nt using anti-E2F1 or anti-LMCD1 antibodies with the indicated sequential order. *, p � 0.05 versus
control or siControl; **, p � 0.05 versus thrombin or siControl � thrombin. RLU, relative luciferase units. FP, free probe.
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and DNA synthesis in HASMCs (Fig. 6, E–H). These observa-
tions imply that PLC�3 plays an important role in LMCD1/
E2F1-mediated CDC6 expression promoting DNA synthesis in
HASMC downstream to PAR1 and G�q/11.

To understand the role of LMCD1 in the modulation of
VSMC proliferation in vivo, we used both mouse carotid artery
ligation and rat carotid artery balloon injury as models for rest-
enosis. Either ligation of mouse carotid artery or BI of rat
carotid artery while inducing the expression of E2F1 and CDC6
decreased the LMCD1 expression (Fig. 7A). Thrombin also had
no effect or decreased LMCD1 expression in MASMCs or
RASMCs and down-regulation of LMCD1 levels, whereas
attenuating DNA synthesis in HASMCs did not affect the DNA
synthesis in MASMCs or RASMCs in response to thrombin
(Fig. 7, B and C). To find whether LMCD1 plays a role in VSMC
replication in a species and agonist-specific manner, we exam-
ined its involvement in PDGF-BB-induced VSMC DNA syn-
thesis. Down-regulation of LMCD1 while attenuating PDGF-
BB-induced DNA synthesis in HASMCs had no effect on
MASMC or RASMC DNA synthesis (Fig. 7D). These observa-
tions clearly demonstrate that LMCD1 mediates VSMC DNA
synthesis in a species-specific manner. Because LMCD1 was
only involved in HASMC DNA synthesis and because of a lack
of access to human restenosis artery tissue samples, we used
human normal and atherosclerotic coronary artery samples as
an in vivo model, because VSMC proliferation is a common

phenomenon in both restenosis and during early development
of atherosclerosis (24 –28). It was interesting to note that
LMCD1 expression was induced highly in SMC and co-local-
ized with the cell proliferation marker Ki67 in human athero-
sclerotic lesions as compared with normal artery (Fig. 7E). Sim-
ilarly, we found increased CDC6 expression in SMC, and it was
co-localized with LMCD1 in human atherosclerotic lesions
as compared with normal artery (Fig. 7E). Furthermore,
LMCD1 expression was found to be co-localized with filipin
staining in human atherosclerotic lesions as compared with
normal artery (Fig. 7E). These findings reveal that LMCD1
via CDC6 expression, thereby promoting VSMC replication,
might be involved in vascular pathologies such as restenosis
and atherosclerosis.

Discussion

Increased vascular smooth muscle cell proliferation is a
major contributing factor in restenosis following angioplasty
(1–3). Many molecules produced at the site of vascular injury
such as PDGF-BB, fibroblast growth factor 2, monocyte che-
moattractant protein 1 (MCP1), and thrombin can influence
the growth of VSMCs (7, 8, 29 –31). Toward exploring the
mechanisms of VSMC multiplication during restenosis, we
found that thrombin induces the expression of LMCD1 in
HASMCs. Previous studies have shown that LMCD1 represses
transcriptional factor GATA6 and promotes cardiac hypertro-

Figure 4. LMCD1 interacts with E2F1 in mediating thrombin-induced CDC6 promoter activity. A, quiescent HASMCs were treated with or without
thrombin for the indicated time periods, fixed, and incubated with mouse anti-E2F1 and rabbit anti-LMCD1 antibodies. After washing, the cells were incubated
with anti-mouse PLUS oligonucleotides and anti-rabbit MINUS oligonucleotide-conjugated secondary antibodies. The protein interactions were observed
under confocal microscope using 20� magnification. B and C, the cloning strategy for full-length and various truncations of LMCD1 and E2F1 in Myc-DDK-
tagged and HA-tagged pCMV expression vectors. D, Myc-DDK-tagged full-length or various truncations of LMCD1 were co-transfected with HA-tagged
full-length E2F1 in HASMCs, and 36 h later cell extracts were prepared, immunoprecipitated with the indicated antibodies, and immunoblotted with the
indicated antibodies. E, HA-tagged full-length or various truncations of E2F1 co-transfected with Myc-DDK-tagged full LMCD1 in HASMCs, and 36 h later cell
extracts were prepared, immunoprecipitated with the indicated antibodies, and immunoblotted with the indicated antibodies. F, the pGL3-basic vector and
the pGL3-hCDC6 promoter were co-transfected with E2F1, LMCD1, or various truncations of LMCD1 in HASMCs, and 36 h later cell extracts were prepared and
analyzed for luciferase activity. G, the pGL3-basic vector and the pGL3-hCDC6 promoter were co-transfected with the indicated siRNA in the presence
and absence of pCMV-LMCD1 or pCMV-E2F1 constructs in HASMCs, and 36 h later cell extracts were prepared and assayed for luciferase activity. H, Myc-DDK-
tagged full-length or various truncations of LMCD1 were co-transfected with HA-tagged full-length E2F1 in HASMCs, and 36 h later cell extracts were prepared
analyzed by Western blotting for CDC6 levels and normalized with �-tubulin. *, p � 0.05 versus pCMV-EV or siControl; **, p � 0.05 versus pCMV-LMCD1,
pCMV-E2F1 or siControl � pCMV-LMCD1. DAPI, 4�,6�-diamino-2-phenylindole; IB, immunoblot; IP, immunoprecipitation.
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phy (11, 12). In line with its role in cardiac hypertrophy, the
present findings show that LMCD1 expression is required
for thrombin-induced HASMC replication. Because it was
reported to act as a repressor for GATA6 in promoting cardiac
hypertrophy, we were intrigued to explore the mechanisms of
its involvement in HASMC replication. Our findings show that

LMCD1 is required for thrombin induction of CDC6 that plays
a rate-limiting role in ORC formation during replication (15,
16). These observations suggest that through CDC6 expres-
sion, LMCD1 may play a role in the regulation of ORC for-
mation during thrombin-induced VSMC proliferation. The
promoter reporter gene analysis reveals the presence of throm-

Figure 4—continued
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bin-responsive element in CDC6 promoter within a 300-bp
region from the transcription start site. Because this region
contains three E2F-binding sites and because site-directed
mutagenesis shows that the E2F binding site at �43 nt is essen-
tial for thrombin-induced CDC6 promoter activity, it is implied
that LMCD1-mediated CDC6 expression also depends on this
regulatory element. Because the down-regulation of E2F1 levels
also abolished thrombin-induced CDC6 promoter activity, it is
likely that LMCD1 interacts with E2F1 in the regulation of
CDC6 expression. This view can be supported by the observa-
tions that both LMCD1 and E2F1 bind to a E2F-binding site as
demonstrated by EMSA, supershift EMSA, ChIP, and re-ChIP

assays. In fact, the PLA findings reveal that LMCD1 physically
interacts with E2F1 in response to thrombin in HASMCs. Fur-
thermore, the protein–protein interaction studies show that
LMCD1 interacts with E2F1 via involving its PET–LIM1
domains. It was shown that E2Fs modulate their target gene
expression via interacting with their co-activators (32). In this
context, it was shown that ACTR acts as a co-activator for E2F
in the regulation of a subset of genes (32). In co-transfection
experiments, we found that although expression of LMCD1 or
E2F1 alone exhibited CDC6 promoter activity to some extent,
when both were simultaneously transfected, the CDC6 pro-
moter activity was enhanced. In addition, LMCD1 PET–LIM1

Figure 5. Par1 and G�q/11 mediate thrombin-induced LMCD1 and CDC6 expression in HASMCs. A and B, quiescent HASMCs were treated with and
without thrombin (0.5 unit/ml) in the presence and absence of SCH79797 (10 �M), the Par1 antagonist, for 4 h, and either RNA was isolated or cell extracts were
prepared analyzed by RT-PCR and Western blotting, respectively, for LMCD1 and CDC6 mRNA and protein levels using their specific primers or antibodies and
normalized to �-actin transcripts or �-tubulin levels, respectively. C, the pGL3-basic vector and the pGL3-CDC6 promoter were transfected in HASMCs,
growth-arrested, and treated with vehicle or thrombin (0.5 unit/ml) in the presence of SCH79797 for 6 h, and the luciferase activities were measured. D,
quiescent HASMCs were treated with and without thrombin (0.5 unit/ml) in the presence and absence of SCH79797 for 36 h, and DNA synthesis was measured
by [3H]thymidine incorporation. E, cell extracts of control and various time periods of thrombin (0.5 unit/ml)-treated HASMCS were immunoprecipitated with
anti-Par1 antibodies, and the immunocomplexes were analyzed by Western blotting for the indicated G� proteins using their specific antibodies and normal-
ized to Par1 levels. F, HASMCs were transfected with siControl, siG�q, or siG�11, and 36 h later the cell extracts were prepared and analyzed by Western blotting
for G�q, G�11, or �-tubulin levels using their specific antibodies. G and H, HASMCs that were transfected with siControl, siG�q, or siG�11 and growth-arrested
were treated with and without thrombin (0.5 unit/ml) for 4 h, and either total cellular RNA was isolated, or cell extracts were prepared analyzed by RT-PCR and
Western blotting, respectively, for LMCDI and CDC6 mRNA and protein levels using their specific primers or antibodies and normalized to �-actin transcripts
or �-tubulin levels, respectively. The LMCDI and CDC6 blots were reprobed for G�q, G�11, or �-tubulin levels to show the efficacy of the siRNA on its target and
off target molecule levels. I, HASMCs were transfected with pGL3-basic vector or pGL3-CDC6 promoter in combination with siControl, siG�q, or siG�11,
growth-arrested, and treated with and without thrombin (0.5 unit/ml) for 6 h, and cell extracts were prepared and analyzed for luciferase activity. J, all the
conditions were the same as in G except that cells were subjected to thrombin (0.5 unit/ml)-induced DNA synthesis using [3H]thymidine incorporation. *, p �
0.05 versus control or siControl; **, p � 0.05 versus thrombin or siControl � thrombin. RLU, relative luciferase units.
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domains were found to be sufficient to enhance the E2F1-me-
diated CDC6 promoter activity, which is consistent with its
binding capacity with E2F1. In addition, when cellular E2F1

levels were depleted, overexpression of LMCD1 had no effect
on CDC6 promoter activity. Similarly, when cellular LMCD1
levels were depleted, overexpression of E2F1 resulted only in a

Figure 6. PLC�3 mediates thrombin-induced LMCDI and CDC6 expression. A and B, cell extracts of control and various time periods of thrombin (0.5
unit/ml)-treated HASMCs were analyzed by Western blotting for PLC�1– 4 levels using their specific antibodies and normalized to �-tubulin (A) or immuno-
precipitated with anti-PLC�1–3 antibodies, and their activities were measured using a fluorogenic PLC substrate, WH-15 (B). C, quiescent HASMCs were treated
with and without thrombin in the presence and absence of SCH79797 for 30 min and assayed for PLC�3 activity. D, HASMCs that were transfected with
siControl, siG�q, or siG�11 and quiesced were treated with and without thrombin for 30 min and PLC�3 activity was measured. E and F, cells were transfected
with shControl or shPLC�3 plasmid, growth-arrested, and treated with and without thrombin (0.5 unit/ml) for 4 h, and either total cellular RNA was isolated, or
cell extracts were prepared and analyzed by RT-PCR and Western blotting, respectively, for LMCDI and CDC6 mRNA and protein levels using their specific
primers or antibodies and normalized to �-actin transcripts or �-tubulin levels, respectively. The LMCD1 blot was reprobed for PLC�3 or �-tubulin to show the
efficacy and specificity of the short-hairpin RNA on it target and off target molecules. G, HASMCs were transfected with pGL3-basic vector or pGL3-CDC6
promoter in combination with shControl or shPLC�3 plasmid, growth-arrested, and treated with and without thrombin (0.5 unit/ml) for 6 h, and cell extracts
were prepared and assayed for luciferase activity. H, HASMCs were transfected with shControl or shPLC�3, growth-arrested, and treated with and without
thrombin (0.5 unit/ml) for 36 h, and DNA synthesis was measured by [3H]thymidine incorporation. *, p � 0.05 versus control or siControl; **, p � 0.05 versus
thrombin or siControl � thrombin. RLU, relative luciferase units.
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small increase in CDC6 promoter activity. These results collec-
tively infer that LMCD1 acts as a co-activator for E2F1
in thrombin-induced CDC6 expression mediating HASMC
replication.

In regard to the upstream signaling, our results show that
Par1-dependent G�q/11 activation is involved in thrombin-in-
duced LMCD1 and CDC6 expression and DNA synthesis. The
role of PAR1 and G�q/11 in the regulation of VSMC growth has
been reported previously (33, 34). Similarly, the involvement of
PLC� in the regulation of VSMC growth has also been demon-
strated (20, 33). The findings that thrombin activates PLC�3 in

Par1 and G�q/11-dependent manner and down-regulation of
PLC�3 negates thrombin-induced LMCD1 and CDC6 expres-
sion and DNA synthesis suggest that PLC�3 acts downstream
to Par1 and G�q/11 in the mediation of LMCD1-dependent
CDC6 expression in enhancing HASMC replication by throm-
bin. Interestingly thrombin-induced MASMC or RASMC
growth does not require LMCD1. Because down-regulation of
LMCD1 blocks both PDGF-BB and thrombin-induced DNA
synthesis only in HASMC but not MASMC or RASMC, it is
likely that the role of LMCD1 in CDC6 expression and DNA
synthesis is selective for humans. The lack of the effect of mouse

Figure 7. The lack of a role of LMCD1 in mouse or rat aortic smooth muscle cell proliferation. A, tissue extracts were prepared from control and ligated
mice carotid arteries, and uninjured (UI) and balloon-injured rat carotid arteries were analyzed by Western blotting for LMCD1, E2F1, and CDC6 levels using
their specific antibodies and normalized to �-tubulin levels. B, quiescent MASMCs and RASMCs were treated with and without thrombin (0.5 unit/ml) for the
indicated time periods and analyzed by Western blotting for LMCD1 levels and normalized to �-tubulin. C, upper panel, MASMCs and RASMCs were transfected
with siControl or siLMCD1 for 36 h and analyzed by Western blotting for LMCD1 levels and normalized to �-tubulin. Lower panel, HASMCs, MASMCs, and
RASMCs were transfected with siControl or siLMCD1, growth-arrested, and treated with and without thrombin (0.5 unit/ml), and DNA synthesis was measured
by [3H]thymidine incorporation. D, all the conditions were same as in the bottom panel of C except that cells were treated with and without PDGF-BB and DNA
synthesis was measured by [3H]thymidine incorporation. E, paraffin-embedded human normal and atherosclerotic artery sections were stained for LMCD1
(red) and SMC�-actin (blue) in combination with Ki67 (green), CDC6 (green), or filipin (green). Scale bar, 50 �m. *, p � 0.05 versus siControl; **, p � 0.05 versus
siControl � thrombin.
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common carotid artery ligation or rat carotid artery BI on
LMCD1 induction while increasing the levels of E2F1 and
CDC6 further supports a disconnect between LMCD1 and
E2F1 in the induction of CDC6 expression in the modulation of
rodent VSMC growth in vivo as well. It should be pointed out
that E2F1 mediates CDC6 expression in the induction of DNA
synthesis in rat embryonic fibroblasts (17). However, it was also
reported that the selectivity of various E2Fs on CDC6 expres-
sion in inducing DNA synthesis in mammalian cells depends on
their interaction with factors such as YY1 (35). Based on these
observations, it may be suggested that various E2Fs via inter-
acting with distinct other factors such as LMCD1 or YY1 attain
selectivity in mediating CDC6 expression in the induction of
DNA synthesis in response to a specific agonist in a particular
cell type. The link between LMCD1 and E2F1 in CDC6 expres-
sion in the modulation of VSMC replication in human athero-
sclerotic lesions is consistent with its role in the regulation
HASMC multiplication in vitro. Based on these observations
and the fact that VSMC growth is an important contributing
factor in restenosis, one can postulate that LMCD1 via en-
hancing VSMC proliferation influences the development of
neointima in humans but not rodents. Because VSMC multipli-
cation is a common factor in restenosis and during the early
development of atherosclerosis (24, 36), the above observations
further infer that LMCD1 via enhancing VSMC replication can
promote the pathogenesis of atherosclerosis as well. In addi-
tion, on the basis of the present observations, it may be sug-
gested that although thrombin modulates the growth of both
rodent and human VSMCs (7, 8, 30), it might be mediating these
effects by engaging distinct signaling events in different species.
Therefore, the observations made by studies involving animals
may require caution to extrapolate them to humans and thus war-
rant species-specific studies to understand the human disease pro-
cess and to develop the targeted therapeutic molecules.

As summarized in Fig. 8, the present findings demonstrate
that LMCD1 acts as a co-activator for E2F1 in the regulation of
CDC6 expression mediating human but not mouse or rat aortic
smooth muscle cell replication in response to a GPCR agonist,
thrombin, involving Par1, G�q/11, and PLC�3. On the basis of
these observations, it is likely that LMCD1 plays a role in rest-
enosis in humans. In addition, the present observations suggest
that LMCD1 via enhancing SMC replication may promote
SMC-derived foam cell formation and hence influence athero-
genesis in humans.

Materials and methods

Reagents

Anti-CDC6 (SC-9964), anti-CDK4 (SC-260), anti-DDK tag
(SC-166384), anti-E2F1 (SC-251), anti-G�q (SC-393), anti-
G�11 (SC-390382), anti-G�12 (SC-409), anti-G�13 (SC-410),
anti-HA-tag (SC-53516, SC-57592), anti-MCM2 (SC-9839),
anti-MCM3 (SC-9850), anti-MCM4 (SC-28317), anti-MCM5
(SC-136366), anti-MCM6 (SC-9843), anti-MCM7 (SC-9966),
anti-Myc tag (SC-789; SC-40), anti-Par1 (SC-13503), anti-
PLC�1 (SC-205), anti-PLC�2 (SC-9018), anti-PLC�3 (SC-
403), anti-PLC�4 (SC-404), and anti-�-Tubulin (SC-9104)
antibodies and Duolink in situ PLA reagents were obtained

from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
LMCD1 antibodies (ab179454) and TUNEL Assay Kit
(ab66110) were bought from Abcam (Cambridge, MA).
Duolink in situ PLA reagents were procured from Sigma–
Aldrich. SCH79797 was obtained from TOCRIS Biosciences
(Bristol, UK). pGL3 basic vector and Luciferase assay system
(E4530) were purchased from Promega (Madison, WI). Biotin
3�-end DNA labeling kit (89818) and light-shift chemilumines-
cent EMSA kit (20148) were procured from Pierce Biotechnol-
ogy. Human G�q siRNA (ON-TARGETplus SMARTpool
J-008562), human G�11 siRNA (ON-TARGETplus SMART-
pool J-010860), and control nontargeting siRNA (D-001810-
10) were purchased from Dharmacon RNAi Technologies
(Chicago, IL). Goat anti-rabbit HRP (31460) and goat anti-
mouse HRP (31437) antibodies, Lipofectamine 3000 transfec-
tion reagent (L3000 – 015), Hoechst 33342 (H3570), Prolong
gold antifade mounting medium (P36930), medium 231
(M231-500), smooth muscle growth supplements (S-007-25),
and gentamicin/amphotericin solution (R-015-10) were ob-
tained from Thermo Scientific (Waltham, MA). Protein
A-Sepharose CL-4B (170780-01), protein G-Sepharose Fast
flow (17061801), and ECL Western blotting detection reagents
(RPN2106) were purchased from GE Healthcare.

Primers

All the primers for RT-PCR, cloning, EMSA, and ChIP were
synthesized by IDT (Coralville, IA) and listed in Table 1.

Cell culture

HASMCs were obtained from Invitrogen and subcultured in
medium 231 containing smooth muscle cell growth supple-
ments and gentamicin/amphotericin at 37 °C in humidified
95% air-5% CO2 atmosphere. The cells with passage numbers
between 4 and 10 were growth-arrested in medium 231 without

Figure 8. Schematic diagram depicting the potential signaling of
LMCD1-mediated CDC6 expression in the induction of human aortic
smooth muscle cell replication by thrombin.
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any growth supplements overnight and used for the experi-
ments unless otherwise indicated.

Microarray analysis

Quiescent HASMCs were treated with and without throm-
bin (0.5 unit/ml) for the indicated time periods, and total cellu-
lar RNA was extracted by TRIzol reagent, purified using Qiagen
RNeasy mini kit, and sent for microarray analysis to SABiosci-
ences (human HT-12v4 expression bead chip assay). The heat
map was generated by using R statistical programming soft-
ware. The gene ontology analysis was performed in the Panther
classification system (www.pantherdb.org).3 The microarray
data has been submitted to the Gene Expression Omnibus
(code GSE104498).

Animals

Sprague-Dawley rats and C57BL/6 mice were obtained from
Charles River Laboratories (Wilmington, MA) and maintained

at the University of Tennessee Health Science Center’s animal
facilities. All the experiments involving animals were per-
formed according to protocols approved by the Institutional
Animal Care and Use Committee of the University of Tennes-
see Health Science Center (Memphis, TN).

Human normal and atherosclerotic artery specimen

All human normal and atherosclerotic artery samples were
collected as described previously following the protocols
approved by the institutional review boards (37). These samples
were considered to be deemed nonhuman subjects, because
they were postmortem samples. Both genders were used with
age groups ranging from 21 to 71 years.

Co-immunoprecipitation

After rinsing with cold PBS, the cells were lysed in 400 �l of
lysis buffer (PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 100 �g/ml PMSF, 100 �g/ml aprotinin, 1 �g/ml leu-
peptin, and 1 mM sodium orthovanadate) for 20 min on ice. The
cell extracts were cleared by centrifugation at 14,000 rpm for 20
min at 4 °C. The cleared cell extracts containing an equal

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.

Table 1
List of primers used in the study

Forward primer (5�3 3�) Reverse primer (5�3 3�)

Primers used for mRNA amplification by RT-PCR
ANXA10 GCCTGAGTCTGAGGTGAACA TGTCACAGTCAAATCCTTGGAG
BMP2 AGAATAACTTGCGCACCCCA GAGACCGCAGTCCGTCTAAG
DIRAS3 GAGAAAGGGGTCTCCTGCT GTGCAGCAGCGTACTTTTCC
DUSP1 CACTCTACGATCAGGGTGGC GGAGCTGATGTCTGCCTTGT
GABBR2 GAACTGGCCATCGAGCAGA GCAGCAAAAGAAAGCTGCAC
HAS2 ACCAAGAGCTGAACAAGATGC CGGTGCTCCAAAAAGGCAAA
LMCD1 ACAGAGGGTGCCTTTTACCG GCTCGCAGACGTATTCCACT
PAR2 AGTGGCACCATCCAAGGAAC GCAAACCCACCACAAACACA
RGS4 TCATGAATGTGAACCTGGATTCTTG TGGCATTTCATCCCTCTGCC
SERPINB2 TGGCCAAGGTGCTTCAGTTTA GCAGACTTCTCACCAAACAGC
SERPINE1 GACCTCAGGAAGCCCCTAGA ACTGTTCCTGTGGGGTTGTG
SOCS2 GACTTCAAGGAAGGACGCGA CCCCAGTACCATCCTGTCTG
STC1 AACTCAGCTGAAGTGGTTCGT GAAAGTGGAGCACCTCCGAA
TIMP3 CAGTACCTGCTGACAGGTCG AGGCGTAGTGTTTGGACTGG
TMEM158 GGGCCCTTTCCCCTCTATTG AAATCCTTCCCATGCCCTCC
TNFRSF12A GAGAAGTTCACCACCCCCAT ACCTTGGAAGGTTCCCCTGA
XYLT1 TGCTTCCTGCTGAGTCCTTC TCCTGATTCACCACGGCTTC
CDC6 AGAAGGGCCCCATGATTGTG TGCAGCATTGTCCAGAACCT

Primers used for human CDC6 promoter
cloning into pGL3 basic vector
CDC6p (1.2 kb) ATAAGAGCTCCTGGCATACACTTAAGCACTCAATA CGTTAAGCTTCTTCTCACGTCTCTCACAC
CDC6p (0.6 kb) ATAAGAGCTCATCACTAGTTCAGCCATCAGGAGATC
CDC6p (0.4 kb) ATAAGAGCTCGAACCACATCTTGACACTTCCAG
CDC6p (0.2 kb) ATAAGAGCTCCGTTCAGTGGTCGTGGCCTCA
CDC6p (0.1 kb) ATAAGAGCTCTGGGAACGCTGTGGCCATT
CDC6p-E2F (Mut) GAGGCCGGGCTTTGAAGGGAGGTGGGAACG CGTTCCCACCTCCCTTCAAAGCCCGGCCTC

Primers used for EMSA
CDC6-E2F-(WT) AATCGAGGCCGGGCT[b]TTGGCGGGAGGTGGGAA TTCCCACCTC[b]CCGCCAAAGCCCGGCCTCGATT
CDC6-E2F-(Mut) AATCGAGGCCGGGCAATT[bi]CCGGGAGGTGGGAA TTCCCACCTC[bi]CCGGAATTGCCCGGCCTCGATT

Primer used for ChIP assay
CDC6-E2F AAAAGAGGCGGTGCCCAAGG CACCACCACAAGCCCCTGAAC

Primers used for gene cloning
Cys-PET-LIM1 AGTCTGCGGCCCACGCGTACGCGG CCGCGTACGCGTGGGCCGCAGACT
PET-LIM1-LIM2 CAGCAAGAGGTGTGGCACTAACATCTGACCTAGA TCTAGGTCAGATGTTAGTGCCACACCTCTTGCTG
Cys-PET CGCGTACGCGTTTCCACTTCTTTGGACGGGTC GACCCGTCCAAAGAAGTGGAAACGCGTACGCG
PET TCTAGGTCAGATGTTAGTGCCACACCTCTTGCTG GCAAGAGGTGTGGCATTGCCCAAGGAGGAG
LIM1-LIM2 GCAAGAGGTGTGGCATTGCCCAAGGAGGAG CTCCTCCTTGGGCAATGCCACACCTCTTGC
LIM1 AGTCTGCGGCCCACGCGTACGCGG CCGCGTACGCGTGGGCCGCAGACT
LIM2 CCCGTCCAAAGAAGTGGAACGGTGCTCCG CGGAGCACCGTTCCACTTCTTTGGACGGG
PET-LIM1 AGTCTGCGGCCCACGCGTACGCGG CCGCGTACGCGTGGGCCGCAGACT
PET-LIM2 CCCGTCCAAAGAAGTGGAACGGTGCTCCG CGGAGCACCGTTCCACTTCTTTGGACGGG
E2F1 (1–317 AA)a CCCATCCCAGGAGGTCACTTGATCTGAGGAGG CCTCCTCAGATCAAGTGACCTCCTGGGATGGG
E2F1 (1–243 AA) CACTGACAGCCAGTGACGCCTGGCCTACG CGTAGGCCAGGCGTCACTGGCTGTCAGTG
E2F1 (1–191 AA) TCATGCATCCTGTCAGCTGCCCAGCCACTG CAGTGGCTGGGCAGCTGACAGGATGCATGA
E2F1 (318–437 AA) TGTTCTCCTCCTCAGACATATGGGATCCGAGG CCTCGGATCCCATATGTCTGAGGAGGAGAACA

a AA, amino acids.
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amount of protein from control, and the indicated treatments
were incubated with the indicated antibodies overnight at 4 °C,
followed by incubation with protein A/G-Sepharose CL4B
beads for 3 h with gentle rocking. The beads were collected by
centrifugation at 1000 rpm for 2 min at 4 °C and washed four
times with lysis buffer and once with PBS. The immunocom-
plexes were released by heating the beads in 40 �l of Laemmli
sample buffer and analyzed by Western blotting for the indi-
cated molecules using their specific antibodies.

Apoptosis

Apoptosis was measured using TUNEL assay kit following
the manufacturer’s instructions.

DNA synthesis

DNA synthesis was measured by [3H]thymidine in-
corporation as described previously (38) and expressed as
counts/min/dish.

Western blotting

Equal amounts of protein from control and treatment sam-
ples were separated by SDS-PAGE and analyzed by Western
blotting for the indicated molecules using their specific anti-
bodies as described previously with minor modifications (23).
Briefly, all the primary antibodies were used at 1:500 to 1:1000
dilutions and incubated overnight at 4 °C. Goat anti-rabbit or
goat anti-mouse antibodies conjugated with HRP were used at
1:4000 to 1:5000 dilutions and incubated for 2 h at room tem-
perature. The blots were developed using ECL detection re-
agents and quantified by densitometry using ImageJ software
(National Institutes of Health).

Cloning and site-directed mutagenesis

Human LMCD1 overexpression plasmid (Myc-DDK-tagged
pCMV6-LMCD1) was obtained from Origene (catalog no.
RC200062). Human E2F1 overexpression plasmid (HA-tagged
pRcCMV-E2F1) was a gift from Dr. William Kaelin (Addgene
plasmid catalog no. 21667) (39). LMCD1 and E2F1 truncates
were made from pCMV6-LMCD1 and pRcCMV-E2F1 plas-
mids, respectively, using the QuikChange Lightning Site-di-
rected mutagenesis kit (Agilent Technologies; catalog no.
210518) and the primers listed in Table 1. Human CDC6 pro-
moter with various truncations were cloned into pGL3 basic
vector using the primers listed in Table 1. Mutation in the E2F
at �43 nt was introduced by the QuikChange Lightning site-
directed mutagenesis kit. Plasmid DNAs were purified using
the EndoFree plasmid maxi kit (catalog no. 12362; Qiagen) and
used in the transfection experiments.

Transfections

HASMCs were transfected with nontargeted control or on-
target siRNA at a final concentration of 100 nM using Lipo-
fectamine 3000 transfection reagent according to the manufa-
cturer’s instructions. The cells were transfected with plasmid
DNAs at a final concentration of 2.5 �g/60-mm dish or 5
�g/100-mm dish using Lipofectamine 3000 transfection re-
agent according to the manufacturer’s instructions. After trans-

fections, the cells were growth-arrested for 36 h and used as
required.

EMSA

Nuclear extracts of HASMCs with and without appropriate
treatments were prepared using NE-PER nuclear and cytoplas-
mic extraction reagents according to the manufacturer’s (cata-
log no. 78833, Thermo Scientific) instructions. The protein
content of the nuclear extracts was determined using a micro-
BCA method (Pierce Biotechnology). Biotin-labeled double-
stranded oligonucleotides encompassing E2F-binding element
at �43 nt with forward (CDC6-E2F-WT_F) and reverse
(CDC6-E2F-WT_R) as WT probe and forward (CDC6-E2F-
Mu_F) and reverse (CDC6-E2F-Mu_R) as mutant probe were
used. Briefly, 5 �g of nuclear extract was incubated in a binding
buffer (10 mM Tris-HCl, pH 7.5, 50 mM KCl, 1 mM DTT, 2.5%
glycerol) with 2.5 nM of biotin-labeled probe and 2 �g of
poly(dI�dC) for 30 min at room temperature in a total volume of
20 �l on ice, and the DNA–protein complexes were resolved by
electrophoresis on a 6% polyacrylamide gel using Tris borate–
EDTA buffer (44.5 mM Tris-HCl, 44.5 mM borate, and 20 mM

EDTA, pH 8.0). After separation the protein–DNA complexes
were transferred to nylon membrane using Tris borate–EDTA
buffer, UV cross-linked, and visualized by chemiluminescence.
To perform a supershift EMSA, the complete reaction mix was
incubated with 2 �g of the indicated antibody for 1 h on ice
before separating it by electrophoresis. Normal serum was used
as a negative control.

Luciferase assay

HASMCs were co-transfected with pGL3 empty vector,
pGL3-hCDC6, or pGL3-hCDC6m promoter along with the
indicated plasmids using Lipofectamine 3000 transfection re-
agent. After growth arresting in serum-free medium for 36 h,
the cells were treated with and without 0.5 unit of thrombin or
6 h, washed with cold PBS, and lysed in 200 �l of lysis buffer.
The cell extracts were cleared by centrifugation at 12,000 rpm
for 2 min at 4 °C. The supernatants were assayed for luciferase
activity using luciferase assay system (Promega) and a single
tube luminometer (TD20/20; Turner Designs, Sunnyvale, CA)
and expressed as relative luciferase units.

ChIP

HASMCs with and without the indicated treatments were
fixed with 1% formaldehyde for 10 min at 37 °C, washed, and
scraped in PBS and centrifuged at 2000 rpm for 4 min at 4 °C to
pellet the cells. The cell pellet was resuspended in SDS lysis
buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1) con-
taining protease inhibitors (1 �g/ml aprotinin, 1 �g/ml pepsta-
tin, and 1 mM PMSF), sonicated, centrifuged at 13,000 rpm for
10 min at 4 °C, and collected the supernatant. The supernatant
was diluted with ChIP dilution buffer (16.7 mM Tris-HCl, pH
8.1, 167 mM NaCl, 1.2 mM EDTA, 0.01% SDS, and 1.1% Triton
X-100) and immunoprecipitated with anti-LMCD1 or anti-
E2F1 antibodies. Mouse or rabbit preimmune serum was used
as a negative control. For re-ChIP assay, the chromatin com-
plexes were eluted from the first ChIP with 10 mM DTT at 37 °C
for 30 min, diluted 20 times with ChIP dilution buffer,
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and immunoprecipitated with the indicated antibodies. The
immunoprecipitated DNA was un-cross-linked, subjected to
proteinase K digestion, and purified using QIAquick col-
umns (catalog no. 28104, Qiagen). The ChIP and re-ChIP
samples were analyzed by PCR using the ChIP-E2F_F and
ChIP-E2F_R primers that would amplify a 165-bp fragment
encompassing the E2F-binding site at �43 nt.

In situ PLA

The interaction between endogenous LMCD1 and E2F1 was
analyzed by using in situ proximity ligation assay kit (Duolink
PLA kit; Sigma) following the manufacturer’s instructions.
Briefly, after appropriate treatments, HASMCs were fixed with
3.7% paraformaldehyde for 15 min, permeabilized in 0.3% Tri-
ton X-100 for 15 min, and blocked with 3% BSA for 1 h. The
cells were then incubated with mouse anti-E2F1 (1:100) and
rabbit anti-LMCD1 (1:200) antibodies overnight at 4 °C fol-
lowed by incubation with goat anti-mouse secondary antibody
conjugated with oligonucleotide PLA probe Plus and goat anti-
rabbit secondary antibody conjugated with oligonucleotide
PLA probe Minus, respectively. The cells were then incubated
with a ligation solution for 30 min at 37 °C followed by a rolling-
circle amplification of ligated oligonucleotide probes. A fluo-
rescently labeled complementary oligonucleotide detection
probe was used to amplify the oligonucleotides conjugated to
the secondary antibodies. After washing with wash buffer, the
slides were mounted with a mounting medium containing
4�,6�-diamino-2-phenylindole. PLA signals were examined
using a Zeiss 710 NLO multi-photon microscope (magnifica-
tion at 20�/1.0 NA), and the fluorescence intensities were cap-
tured with ZEN operating software (Lasers 405 and 543).

Immunofluorescence

The human normal and atherosclerotic artery sections were
deparaffinized with xylene and then treated with antigen-un-
masking solution for 15 min at 99 °C. The sections were per-
meabilized with 0.5% Triton X-100 for 15 min, and after block-
ing in normal goat serum, the sections were probed with mouse
anti-mouse SMC�-actin and rabbit anti-human LMCD1
(Alexa Fluor 568-conjugated antibody) in combination with
rabbit anti-human Ki67 or rabbit anti-human CDC6 (all at
1:100 dilution) or filipin, followed by incubation with Alexa
Fluor 488-conjugated goat anti-mouse or Alexa Fluor 350-con-
jugated goat anti-mouse and Alexa Fluor 488-conjugated goat
anti-rabbit secondary antibodies (all at 1:500 dilution). The sec-
tions were observed under a Zeiss Inverted Microscope (Zeiss
AxioObserver Z1; magnification at 40�/NA 0.6), and the fluo-
rescence images were captured with a Zeiss AxioCam MRm
camera using the microscope operating software and Image
Analysis Software AxioVision 4.7.2 (Carl Zeiss Imaging
Solutions).

Balloon injury (BI) and carotid artery ligation (CAL)

BI was performed essentially as described previously (30). At
5 days post-BI, the animals were sacrificed with an overdose of
ketamine/xylazine (200 mg/kg), and the carotid arteries were
isolated. The arteries were cleaned, and tissue extracts were
prepared for further analysis. To perform CAL, the mice

were anesthetized with ketamine/xylazinem, and the right
common carotid artery was exposed and ligated with a 6-0 Ethi-
con suture just proximal to the carotid artery bifurcation (40).
The surgical incision was closed, and the mice were maintained
in the animal facilities. At 1 week post-CAL, the mice were
euthanized with an overdose of ketamine/xylazine (200 mg/kg),
the ligated arteries were isolated, and tissue extracts were pre-
pared for further analysis.

Statistics

All the experiments were repeated three times, and the data
are presented as means � S.D. Two-way analysis of variance
was used to perform statistical analysis, and p values � 0.05
were considered statistically significant. In the case of EMSA,
supershift EMSA, in situ PLA, and Western blotting, one rep-
resentative set of data is shown.
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