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Abstract

The regulation of vascular smooth muscle cell (VSMC) proliferation is an important issue because
it has major implications for the prevention of pathological vascular conditions. Using microRNA
array screen, we found the expression levels of 200 unique miRNAs in hyperplasic tissues. Among
them, miR-200c expression substantially was down-regulated. The objective of this work was to
assess the function of miR-200c and SUMOylated Krippel-like transcription factor 4 (KLF4)

in the regulation of VSMC proliferation in both cultured cells and animal models of balloon
injury. Under basal conditions, we found that miR-200c inhibited the expression of KLF4 and the
SUMO-conjugating enzyme Ubc9. Upon PDGF-BB treatment, Ubc9 interacted with and promoted
the SUMOylation of KLF4, which allowed the recruitment of transcriptional corepressors (e.g.,
nuclear receptor corepressor (NCoR) and HDAC?) to the miR-200c promoter. The reduction in
miR-200c levels led to increased target gene expression (e.g., Ubc9 and KLF4), which further
repressed miR-200c levels and accelerated VSMC proliferation. These results demonstrate that
induction of a miR-200c-SUMOylated KLF4 feedback loop is a significant aspect of the PDGF-
BB proliferative response in VSMCs and that targeting Ubc9 represents a novel approach for the
prevention of restenosis.
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1. Introduction

Vascular smooth muscle cells (VSMCs) play pivotal roles in a variety of diseases, including
atherosclerosis [1], hypertension [2], cancer [3], asthma, and vascular aneurysms [4]. Major
challenges for the field of vascular medicine have been identifying environmental cues,
signaling pathways, and molecular mechanisms that normally control VSMC proliferation
and determining how these are disrupted in disease states. A key to understanding the basis
of VSMC proliferation and differentiation switching is identification of the mechanisms

that regulate the transcription of proliferation-related genes. Among the known proliferation-
related genes, p21WAFL/Cin1 (527) is known to play a particularly critical role. [5].

MicroRNAs (miRs) are processed from pre-miR hairpin structures by DICER1 and associate
with Argonaute family members and other components to generate micro-ribonucleoproteins
that can suppress or promote protein translation through regulatory elements within mMRNAs
[6]. It is well known that miR-145 [7,8], miR-221 [9], miR-146a [10], miR-31 [11],

and miR-208 [12] are post-transcriptional regulators of genes that participate in VSMC
proliferation and differentiation. We recently reported that miR-146a and KLF4 form a
feedback loop to regulate each other’s expression, which is consistent with the notion

that KLF4 can switch from a positive to a negative regulator of VSMC proliferation [10].
miR-200c is an important MiRNA that participates in epithelial proliferation, esophageal
cancer chemoresistance, and migration and invasion by breast cancer cells [13,14]. Although
many studies on miR-200c have focused on its function in cancer, few have paid attention to
its role in VSMC proliferation and differentiation.

Protein modification involving small ubiquitin-like modifier (SUMO) has been shown

to have an important function in regulating the assembly and disassembly of protein
complexes, as well as protein localization, stability, and function [1,15]. SUMO proteins are
moieties that are enzymatically conjugated to lysine residues in a variety of target proteins.
One of these proteins, the E2-conjugating enzyme Ubc9, is encoded by a single-copy gene
and is ubiquitously expressed in all human organs and tissues [4]. Ubc9 affects a variety of
cellular pathways, such as cell growth, proliferation, apoptosis, and chromatin remodeling
pathways [9,16]. SUMO-specific SENP family proteases ensure that the SUMOylation
reaction is reversible and highly dynamic [17]. Several cell-proliferation transcription
factors are modified by SUMOylation, including PPAR-o [18], KLF5 [18,19], C/EBPs, and
SREBPs [20].

Krippel-like factor 4 (KLF4), a zinc finger-containing transcription factor, is one of the four
original factors known to induce formation of pluripotent stem cells via the reprogramming
of somatic cells [21]. In pathological states, KLF4 plays a role in tumorigenesis [22] as

well as in cardiovascular [23] and inflammatory disorders [24]. KLF4 has previously been
identified as a proliferation—differentiation switch in VSMCs [25]. The overexpression of
KLF4 inhibits neointimal hyperplasia induced by balloon injury, blocks platelet-derived
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growth factor (PDGF)-BB-PDGFR-MEK-ERK signaling, and reduces VSMC proliferation
induced by the mitogen PDGF-BB [26]. Pidkovka et al. [27] reported that KLF4 inhibits
proliferation induced by redox-sensitive signaling through the inducible expression of
several negative cell-cycle regulatory genes, including p27, Mdm2, and retinoblastoma.
Vascular injury promotes KLF4-dependent induction of p21 in concert with p53, thus
counteracting pro-mitogenic stimuli in VSMCs [5]. Although KLF4 can induce p53
expression [5], it remains unclear how KLF4 functions in the transcriptional regulatory
programs that govern cell proliferation.

Here, we determined that miR-200c was among the miRNAs whose expression was
substantially changed both in hyperplasic tissues from a rat model of balloon injury and

in VSMCs after stimulation with PDGF-BB. Extensive in si/ico analysis uncovered KLF4
and Ubc9 as putative miRNA-200c target genes. Using several molecular approaches and
an /n vivo model of balloon injury and carotid ligation-induced vascular inflammation, we
identified some of the mechanisms of transcriptional control by miRNA-200c and the role
that these molecular components have in the control of VSMC proliferation.

2. Methods

Details regarding the reagents, antibodies, construction of plasmid and adenovirus vectors,
cell culture, oligonucleotide pull-down assay, ChIP assay, immunoprecipitation and Western
blot analyses, animal models of balloon injury, and statistical analysis are provided in the
Supplementary Online Data.

3. Results

3.1.

miR-200c is downregulated in vascular tissue hyperplasia

VSMC proliferation is a major adaptive mechanism of cardiovascular diseases, including
hypertension and restenosis. To determine whether miRNA changes occur in human vascular
tissue hyperplasia, a microRNA array screen was performed, whereby total RNA was
extracted and used to determine the expression levels of 200 unique human miRNAS in
their mature forms. The results showed that miR-200c was substantially down-regulated

in hyperplasic tissues (Table 1). A portion of the RNA used for the microarray was

then converted to cDNA and subjected to quantitative PCR (qPCR). Consistent with the
microarray data, miR-200c levels in hyperplasic tissues were reduced to 14.9% of the
control tissues. By contrast, the expression levels of miR-2 remained unchanged between
both tissues (Fig. 1A). miR-200c levels decreased significantly in serum-starved human
aortic smooth muscle cells (HASMCs)following cell stimulation with PDGF-BB (Fig.

1B). To investigate whether circulating miR-200c also decreased, twenty-four patients with
angiographically documented coronary artery disease (CAD) and twenty-four individuals
without evidence for CAD were selected. The clinical characteristics of the 2 study
populations are summarized in Online Table I. As shown in Fig. 1C, circulating miR-200c
decreased 1.74-fold in patients with CAD. These data demonstrate that miR-200c is
probably a novel biomarker for CAD.
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3.2. miR-200c modulates HASMC proliferation in vitro

3.3.

To investigate the effect of miR-200c on cell proliferation, gain-of-function and loss-
of-function experiments were performed in HASMCs that were transfected with either
miR-200c mimic or anti-miR-200c for 48 h and then stimulated with PDGF-BB. A random-
sequence anti-miR molecule served as a negative control (pre-control). The overexpression
of miR-200c markedly reduced PDGF-BB-mediated HASMC proliferation when compared
with pre-control-transfected cells. In the absence of PDGF-BB, proliferation was only
marginally affected by miR-200c overexpression (Fig. 1D). By contrast, under basal
conditions, ectopic expression of anti-miR-200c led to greater HASMC proliferation,
reaching the levels observed after PDGF-BB treatment of pre-control-transfected cells (Fig.
1E). To assess the effect of miR-200c /n vivo, neointimal formation was made by balloon
injury, and 14 days later the 1/M thickness ratio was determined as a measure of VSMC
proliferation. As shown in Fig. 1F, neointimal hyperplasia was abundant after balloon injury,
with a significantly higher I/M ratio in anti-miR-200c animals vs. pAd controls (5.67 £
0.45 vs. 3.72 £ 0.51; P<0.01). Accordingly, a trend toward lower neointimal formation
was found in animals overexpressing miR-200c vs. the pAd control group (2.84 + 0.47 vs.
3.72 £ 0.51; P<0.05). miR-200c expression was determined by real-time PCR (Online

Fig. IA). To further corroborate miR-200c’s effects in vivo, we constructed miR-200c
transgenic mice. Morphometric analysis showed that neointima accounted for more than
50% of the carotid arterial wall thickness (Fig. 1G, left panel). When compared with the
ligated group, the miR-200c transgenic mice exhibited significantly thinner carotid arterial
walls, lower I/M ratios and smaller intima areas(Fig. 1G, right panel). Western blot showed
that overexpression of miR-200c markedly increased p21 expression in HASMCs treated
with PDGF-BB. By contrast, anti-miR-200c transfection led to a decrease in p21 expression
(Fig. 1H). These results suggest that miR-200c has a significant effect on VSMC growth
both /n vitroand in vivo.

KLF4 enhances, but SUMOylated KLF4 inhibits, miR-200c promoter activity

Next, we aimed to further determine the PDGF-BB-induced mechanism that decreased
miR-200c expression, which might be related to activation of some transcriptional factors.
Previous findings have indicated that PDGF-BB induces the expression of KLF4 [26,28], a
transcription factor whose activity is regulated by post-translational modifications, including
SUMOylation [18]. Therefore, the possibility exists that KLF4 is involved in the control
of miR-200c levels. Two algorithms (TESS and PRPMO) predicted the binding of many
transcription factors to the miR-200c promoter based on the presence of several GC boxes
(Sp1-binding sites) (Fig. 2A), a typical KLF4-binding motif (CACCC) and its reverse
orientation sequence (GGGTG). An oligonucleotide pull-down assay showed that KLF4
could bind to each of the three GC boxes (Fig. 2B) but not to the prototypical KLF4
binding site (data not shown). The relationship between KLF4 and miR-200c expression
was investigated further by cloning a 1-kb regulatory sequence of the human miR-200c
gene into the pGL3-luc reporter construct. Interestingly, the transfection of HASMCs

with Ad-KLF4 increased miR-200c levels in a dose-dependent manner (Fig. 2C), which
was contradictory to our presumption. Recent studies have also shown that transcription
factors post-translationally conjugated with SUMO often inhibit transcription [18]. Thus,
we hypothesized that miR-200c would be down-regulated by the SUMOylation of KLF4
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in response to PDGF-BB challenge. First, we detected PDGF-BB-induced expression of
KLF4 and Ubc9. As shown in Fig. 2D, HASMC cells stimulated with PDGF-BB for 24

h led to 2-2- and 3.1-fold increases in endogenous Ubc9 and KLF4 levels, respectively.
Co-immunoprecipitation (co-IP) assays further found increased interactions between KLF4
and Ubc9 in response to PDGF-BB (Fig. 2E); similar results were observed in 293A cells
transfected with plasmids encoding His-tagged KLF4 and GFP-tagged Ubc9 stimulated with
PDGF-BB (Fig. 2F). The above data show that PDGF-BB stimulation induced KLF4:Ubc9
interactions. To further investigate whether the interaction of Ubc9 and KLF4 affected KLF4
modification, the SUMOylation of KLF4 was observed. As shown in Fig. 2G, the rapid
accumulation of SUMOylated KLF4 in response to PDGF-BB was time dependent (Fig. 2G)
and dose dependent (Online Figure I1B) and largely reflected Ubc9-mediated SUMOQylation
events. Indeed, the transfection of Ubc9-DN (dominant negative mutant) abrogatedKLF4
SUMOylation compared with Ubc9-transfected cells (Online Figure 1C). Moreover, an in
vitro SUMOQylation assay indicated that KLF4 was a SUMOylation target when incubated in
the presence of SUMO1 and Ubc9 and that the deSUMOylating enzyme SENP1 efficiently
reversed this reaction (Online Fig. ID, upper panel). Two KLF4 SUMOylation mutants
(K275R and K225/K229/K275R) were constructed, and our data indicated that these
residues were critical for Ubc9 modification (Online Fig. IE). The SUMOylation of KLF4 is
completely offset by K225/K229/K275R mutation, suggesting K225/K229 mutation maybe
affect the modification of SUMOylation. We next detected this interaction in human vascular
tissue. SUMOylated KLF4 levels were higher in human renal vascular hyperplasia tissues
than in normal vascular tissue (Fig. 2G and Online Fig. IF). Taken together, our findings
indicate that Ubc9 and SUMOylated KLF4 play a key role in the process of vascular
hyperplasia.

To further investigate the effect of KLF4 and Ubc9 on miR-200c promoter activity, 293A
cells were cotransfected with pGL3-miR-200c-luc and expression plasmids for KLF4
(PEGFP-KLF4), Ubc9 (pCDH-Ubc9) or pcDH-Ubc9 DN (dominant negative mutant). The
results indicated that KLF4 overexpression significantly stimulated miR-200c promoter
activity by ~2.46-fold (Fig. 21). However, the ectopic expression of Ubc9 significantly
reduced the KLF4-mediated activation of the miR-200c promoter (2.17 + 0.39 vs. 0.39 +
0.54-fold stimulation over control transfected cells; £ < 0.05). ChIP assays indicated strong
GC box binding of KLF4 and Ubc9 to the miR-200c promoter in response to PDGF-BB
(Fig. 2J). However, transfection with pcDH-Ubc9 DN abrogated KLF4’s repressive effect
on miR-200c expression, whereas mutation of the GC boxes reversed the negative actions
of KLF4 and Ubc9 (Online Fig. IG). An oligonucleotide pull-down assay further indicated
that PDGF-BB increased the binding of Ubc9 to the miR-200c promoter (Fig. 2K). To

gain further insight into the roles of KLF4 and Ubc9 in the formation of transcriptional
complexes, KLF4 or Ubc9 levels were down-regulated using siRNA techniques, after
which ChlIP assays were performed. As shown in Fig. 2L, silencing of KLF4 adversely
affected the binding of Ubc9 to the miR-200c promoter in response to PDGF-BB. However,
downregulation of Ubc9 levels did not affect KLF4 binding. The fact that the PDGF-
BB-induced decrease in miR-200c expression was attenuated after KLF4 silencing (Fig.
2M) supports the notion that PDGF-BB reduces miR-200c levels via Ubc9-dependent
SUMOylation of KLF4.
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3.4. SUMOylated KLF4 interacts with the corepressors NCoR, HDAC2 and LSD1

3.5.

Previous studies have shown that the SUMOylation of KLF5 increases its affinity for the
corepressor nuclear receptor corepressor (NCoR) [18]. Therefore, SUMOylated KLF4 may
control the transcription of miR-200c through coregulator recruitment. As shown in Fig.
3A, KLF4 interactions with NCoR, histone deacetylase 2 (HDAC?2), and (lysine-specific
demethylase 1(LSD1) were clearly observed in co-IP assays using VSMCs treated for 2

h with PDGF-BB. Stronger interactions were observed between KLF4 and Ubc9, NCoR,
LSD1, and HDAC2 corepressors in human vascular hyperplasia specimens than in normal
vascular tissue samples (Fig. 3B). The SUMOylation-deficient KLF4 mutant was found to
be a poor interactor in HASMCs (Fig. 3C). The binding of KLF4 with NCoR, HDAC2, and
LSD1 was significantly weaker after deSUMOylation of KLF4 by the ectopic expression
of SENP1,; conversely, strong interactions were observed upon KLF4 SUMOylation with
overexpressed Ubc9 (Fig. 3D). Moreover, the binding of KLF4 with these corepressors
was markedly attenuated in KLF4 knockdown cells (Fig. 3E). None of the experimental
conditions shown in Fig. 3A to | led to alterations in the expression of HDAC2, NCoR, and
LSD1 (Online Fig. I1A-C). Collectively, these findings indicate that SUMOylation is key
for proper interactions of KLF4 with NCoR, HDAC2, and LSD1. Finally, ChIP assays using
the two primer pairs shown in Fig. 2A indicated that KLF4 binds to the three GC boxes

of the miR-200c promoter (Fig. 3F). PDGF-BB increased the binding activity of Ubc9 and
HDAC?2 on the miR-200c promoter (Online Fig. 11D). The SUMOylation-deficient KLF4
mutant bound poorly to the miR-200c promoter (Online Fig. 1IE). Accordingly, the binding
of KLF4 and Ubc9 on the miR-200c promoter was significantly lower after transfection
with SENP1, and conversely, strong binding was observed when KLF4 SUMOylation was
induced by Ubc9 overexpression (Online Fig. IIE). Thus, the reduction in miR-200c levels
in response to PDGF-BB stemmed from the rapid SUMOylation of KLF4 and from the
recruitment of corepressors.

PDGF-BB induces KLF4 SUMOylation via JNK and ERK pathways

PDGF-BB increased KLF4 SUMOylation in a time-dependent manner (Fig. 2G). We next
investigated which signaling pathway mediates KLF4 SUMOylation in response to PDGF-
BB. Under these experimental conditions, PDGF-BB dramatically increased phospho-JNK,
ERK, and JNK levels. However, the levels of phospho-p38 increased only slightly (Fig. 4A).
These results suggest that multiple signaling pathways are involved in PDGF-BB-induced
KLF4 SUMOylation in HASMCs. We then incubated HASMCs with the JNK inhibitor
SP600125, the p38 mitogen-activated protein kinase (MAPK) inhibitor SB203580, the ERK
inhibitor PD98059, or the PI3K/Akt inhibitor LY 294002 for 4 h before exposure to PDGF-
BB. As shown in Fig. 4B, the inhibition of INK or ERK blocked PDGF-BB-induced KLF4
SUMOylation, suggesting that PDGF-BB induces KLF4 SUMOylation via the JNK and
ERK pathways.

3.6. KLF4, Ubc9, and SRF are miR-200c targets

Next, we investigated the mechanism by which reduced miR-200c expression affected
cell proliferation. The identification of miR-200c targets was first performed using
different algorithms, including miRecords, miRanda, and TargetScan5.1. Significantly,
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the transcriptional regulators KLF4, Ubc9, HDAC?2, and SRF, as well as the cell cycle-
related factors cyclin E and cyclin-dependent kinase 2 (cdk2), were identified as putative
miR-200c targets. These results suggest that miR-200c can regulate cell proliferation
through many pathways. We investigated the functionality of miR-200c in 293A cells, in
which a miR-200c plasmid was coexpressed with a luciferase reporter fused to the 3’

UTR (untranslated region) of KLF4, Ubc9, SRF, or HDAC2. The levels of reporter activity
for KLF4, SRF, and Ubc9 were significantly lower in miR-200c-expressing cells, whereas
HDAC?2 activity was unaffected (Fig. 5A). To confirm the selectivity of miR-200c target
regulation, a four-nucleotide deletion in the miR-200c seed sequence of KLF4, Ubc9,

and SRF 3" UTRs was performed. No inhibition of reporter activity was observed in the
miR-200c-expressing cells (Fig. 5B, lower panel). Similar results were obtained in HASMCs
transfected with miR-200c precursors (Online Figure 111A). Thus, KLF4, Ubc9, and SRF are
direct miR-200c targets. Ectopic expression of miR-200c also decreased the abundance of
KLF4, Ubc9, and SRF proteins in HASMCs (Fig. 5C, lane 2 vs. 1); however, their levels
were higher in anti-miR-200c-transfected cells than in cells transfected with an anti-miR
control (Online Fig. 111B, lane 4 vs. 3; < 0.05).

The expression of KLF4, Ubc9, and SRF was further examined in the vascular tissues of
animals infected with either pAd-miR-200c or pAd control. Immunohistochemical staining
revealed that the percentage of cells positively stained for Ubc9, SRF, and KLF4 was lower
in the pAd-miR-200c group (Online Fig. 111C). Conversely, more intense staining for Ubc9,
SRF, and KLF4 was observed after anti-miR-200c transfection (Online Fig. I1IC). After
staining, positive cells were found primarily in the subintimal media. Collectively, these
results show that Ubc9, SRF, and KLF4 transcripts are endogenous targets of miR-200c.
Co-IP results further showed that the interaction between Ubc9 and KLF4 was lower in

the anti-miR-200c group. By contrast, an increase in interactions between Ubc9 and KLF4
was observed after a pAd-miR-200c transfection (Fig. 5D). To further demonstrate the
effect of miR-200c /n vivo, SUMOylation of KLF4 and the interaction of KLF4 and Ubc9
were detected in the carotid arterial walls of miR-200c transgenic mice. The interaction
between Ubc9 and KLF4 (Fig. 5E) and the SUMOylation of KLF4 (Fig. 5F) were higher
in miR-200c transgenic mice at 7 days after vessel ligation. These data further revealed that
miR-200c could regulate the SUMOylation of KLF4 and affect its function.

We next assessed the question of whether the rescue of KLF4, Ubc9 or SRF could prevent
the inhibitory effects of miR-200c on HASMC growth. As shown in Fig. 5G, ectopic
expression of Ubc9 blocked the anti-proliferative action observed in miR-200c-infected
cells (lane 3 vs. lane 2), whereas overexpression of KLF4 synergistically enhanced the
ability of miR-200c to inhibit VSMC proliferation (lane 4 vs. lane 2). Surprisingly, the
combined overexpression of KLF4 and Ubc9 more than tripled HASMC proliferation in
miR-200c-infected cells (lane 6 vs. lane 2), which is consistent with the notion that the
combination of KLF4 and Ubc9 conferred protection against the suppressive action of
miR-200c on VSMC growth. The role of SRF seemed quite distinct from that of KLF4
and Ubc9 because coexpression of SRF and Ubc9 did not affect the growth-inhibitory
signals elicited by miR-200c (lane 7 vs. lane 2). The combined transfection of SRF and
KLF4 markedly enhanced the anti-proliferative response of miR-200c (lane 8 vs. lane 2).
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Western blot analysis performed under these experimental conditions showed that reciprocal
regulation occurred between cell proliferation and p21 protein levels (Online Fig. 111D).

SiRNA techniques were used to examine the effect of KLF4, Ubc9, or SRF knockdown

in HASMCs stimulated with PDGF-BB. The effect of anti-miR-200c expression under
conditions where KLF4, Ubc9, and/or SRF were downregulated was also investigated. As
shown in Fig. 5H, knockdown of Ubc9 alone markedly reduced cell growth induced by
either anti-miR-200c or PDGF-BB (lane 4 vs. 2), whereas KLF4 silencing was not as
effective (lane 3 vs. 4). The cotransfection of both Ubc9 and KLF4 siRNAs yielded a pattern
of cell proliferation resembling that of KFL4 siRNA alone (lane 6 vs. 3). The reduction

in SRF levels led to greater cell proliferation in response to anti-miR-200c expression, but
the proliferative effect of PDGF-BB was significantly lower when compared to that in cells
transfected with a non-silencing control siRNA (lane 5 vs. 2; P< 0.05). These data suggest
that KLF4 and Ubc9 participated in miR-200c-induced growth arrest, and that the regulation
of cell proliferation by PDGF-BB appears to be primarily under the control of Ubc9 rather
than of SRF. Hence, the PDGF-BB-mediated increase in SUMOylated KLF4 levels was
dependent on Ubc9 but not on SRF (Fig. 51), and these levels were unaffected by anti-
miR-200c (data not shown). Hence, KLF4/Ubc9 and miR-200c form a negative-feedback
loop, but SRF/miR-200c does not. A reporter gene assay further showed that the reporter
activity of p21 significantly increased (3.7-fold) with KLF4 overexpression (lane 3 vs. 1; P<
0.05) but decreased by 3.2-fold with Ubc9 and KLF4 overexpression (lane 3 vs. 1; £< 0.05)
(Online Fig. IIIE). These results show that a miR-200c-SUMOylated KLF4 feedback loop is
an important aspect of the PDGF-BB proliferative response in VSMCs.

4. Discussion

Cardiovascular disease is the largest single cause of mortality. The proliferation of VSMCs
is a key event in the pathogenesis of various vascular diseases, including atherosclerosis
and hypertension [29]. Many factors, such as KLFs [1,23,25,30], myocardin [31], and SRF
[32], are involved in the abnormal proliferation of VSMCs associated with atherosclerosis
and hypertension. As shown in other studies, miRNASs are post-transcriptional regulators
of genes that participate in the proliferation and differentiation of VSMCs. We screened
miRNAs expressed in human normal and vascular hyperplasia tissues and found that
miR-200c expression decreased dramatically with hyperplasia. The function of miR-200c
in cancer biology has been well established; however, its role during VSMC proliferation
and differentiation is unknown. In this study, PDGF-BB treatment induced the interaction
of Ubc9 with KLF4 and the promotion of KLF4 SUMOylation, which allowed the
recruitment of transcriptional corepressors (e.g., NCoR and HDAC?2) to the miR-200c
promoter. Furthermore, lower miR-200c levels restored the expression of target genes (e.g.,
Ubc9 and KLF4), thereby accelerating VSMC proliferation through the formation of a
KLF4-miR-200c positive-feedback loop.

In recent years, tremendous efforts have been made to use a miR-microarray screening
approach to address the miR expression profiling of CAD in animal models and human
patients. However, the roles of specific miRs in CAD are only emerging. In the

present study, we found that miR-200c is relevant to CAD. miR-200c participates in
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epithelial proliferation, esophageal cancer chemoresistance, and invasion by breast cancer
cells [13,14]. Rebustini et a/. found that miR-200c regulates FGFR-dependent epithelial
proliferation via VIdIr [33]. Liu identified that miR-200c inhibited melanoma progression by
targeting Bmi-1 [34]. Hur et a/. proved that miR-200c modulates epithelial-to-mesenchymal
transition in human colorectal cancer metastasis [35]. However, little focus on its role

in CAD. Therefore, we focused on elucidating the functional consequences of miR-200c

in vivoand in vitro using gain-of-function and loss-of-function approaches. MTT assay
showed that overexpression of miR-200c markedly reduced PDGF-BB-mediated HASMC
proliferation /in vitro (Fig. 1D). Accordingly, a trend toward lower neointimal formation
was found in animals overexpressing pAd-miR-200c (Fig. 1F). Furthermore, the miR-200c
transgenic mice exhibited significantly thinner carotid arterial walls, lower I/M ratios in vivo
(Fig. 1G). It is well known that p21WAF1/Cipl js 3 potent cyclin-dependent kinase inhibitor.
Western blot showed that overexpression of miR-200c markedly increased p21WAF1/Cipl
expression in HASMCs. These data showed that miR-200c reduces PDGF-BB-induced
VSMC proliferation, which may be related to p21 expression (Fig. 1). To further detect

the mechanism of miR-200c activation, we analyzed the m/iR-200c promoter and obtained
evidence for the presence of GC boxes and a KLF4-binding site. In fact, KLF4 regulates
the transcription of many genes by binding to GC-rich sites or CACCC-boxes [7,23].

This finding prompted us to investigate whether KLF4 participates in the regulation of
miR-200c. KLF4 has been reported to inhibit VSMC proliferation by upregulating several
negative cell-cycle-regulatory genes, including p21WAFL/Cipl [5] p27 [36], and Mdm2 [5],
as well as by downregulating several positive cell-cycle-regulatory genes, such as cyclin D1
[37] and ODC [38]. However, our recent observations that PDGF-BB induced an increase
in KLF4 expression [28] along with a concomitant surge in miR-200c levels appeared
contradictory to these findings. Some mechanism must be involved in this regulation.
Protein modification is known to have an important function in regulating gene expression.
For example, SUMOylation of transcription factors leads to repression of transcription
[18,19]. Importantly, we found that the expression of Ubc9 and KLF4 was unregulated by
PDGF-BB. The roles of Ubc9 in protein SUMQylation and SUMOQylation-mediated cellular
pathways have been established [39]. Ubc9 is to be juxtaposed with its ability to enhance
the activity of pleomorphic adenomagene like-2 (PLAGL2), a transactivator of surfactant
protein-C, by a SUMOylation-independent mechanism [40]. Ubc9 SUMOylates Smad4,
which promotes stability and nuclear accumulation. Notably, Ubc9 interacts with Vsx-1
[41], glucocorticoid receptors [42], and estrogen receptors [43] to inhibit gene expression.
Furthermore, ectopically expressed Ubc9 inhibits GLUT4 degradation while promoting its
targeting to a unique insulin-responsive storage compartment in muscle [44]. Therefore, we
speculate that KLF4 may regulate miR-200c expression by SUMOylation.

Kawai-Kowase et al. [1] reported that the E3-ligase PIAS1 promotes TGF-induced
activation of smooth muscle a-actin gene expression partly via KLF4 SUMOylation. The
cotransfection of KLF4 and GFP-SUMO-1 expression vectors results in the SUMOylation
of KLF4 [45]. In the present study, we found that PDGF-BB blocks KLF4-mediated
induction of miR-200c by enhancing SUMOylation of KLF4 and subsequent recruitment of
the corepressors NCoR, HDAC? and LSD1 (Fig. 3), together with lower binding affinity for
p300 (Fig. 2). Moreover, ChIP analyses indicated that PDGF-BB induces rapid changes in
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the assembly of transcriptional regulatory complexes to the endogenous m/R-200c promoter.
Furthermore, reporter gene assay showed that the reporter activity of p21 significantly
increased with KLF4 overexpression, but decreased by 3.2-fold with Ubc9 and KLF4
overexpression (Online Fig. I1IE). These results show that a miR-200c-SUMOylated KLF4-
p21 feedback loop is an important aspect of the PDGF-BB proliferative response in VSMCs.

These results indicate that SUMOylation enables KLF4 to have dual roles in transcriptional
regulation in response to cellular and environmental cues, which in turn suggests that
inducible SUMOylation of KLF4 allows exchange of the components of transcriptional
regulatory complexes and chromatin remodeling.

Most interestingly, in the current study, we also identified KLF4, Ubc9, and SRF as
miR-200c targets (Fig. 6). In fact, as an important transcriptional factor, downregulated
expression of KLF4 may affect the expression of many genes, including p21, p53, SM-a
actin, and SM-22a.. Therefore, we propose that miR-200c¢ and KLF4 form a feedback
loop to regulate each other’s expression. However, the molecular mechanism by which the
KLF4-miR-200c pair controls VSMC proliferation remains to be elucidated.

In our proposed model (Fig. 5), unSUMOylated KLF4 is associated with p300 under

basal conditions and functions to activate m/R-200c transcription. In response to PDGF-

BB challenge, Ubc9 interacts with and promotes SUMOylation of KLF4, which allows
recruitment of transcriptional corepressors (e.g., NCoR and HDAC?2) to the miR-200c
promoter. Furthermore, lower miR-200c levels restore the expression of target genes (e.g.,
Ubc9 and KLF4), which further repress miR-200c levels and accelerate VSMC proliferation
through the formation of a KLF4-miR-200c positive-feedback loop. Because of the high
baseline levels of miR-200c and its ability to reduce KLF4 expression, it remains unclear
how miR-200c expression is controlled by KLF4. It would appear that SUMOylated KLF4
does not inhibit KLF4 expression but instead can be induced by forming a positive-feedback
loop. The roles of other trans-acting factors in the regulation of KLF4 expression as well as
in the formation of the KLF4-miR-200c positive-feedback loop cannot be discounted.
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Fig. 1.

m?R—ZOOc is down-regulated in vascular hyperplasia tissues and proliferating HASMCs.
(A) miR-200c and miR-2 expression from normal and matched renal vascular hyperplasia
tissues were detected by quantitative real-time PCR (QRT-PCR). Shown are representative
of three specimen pairs. *£ < 0.05 vs. normal tissue using Student’s ztest. (B) HASMCs
were treated with PDGF-BB (10 ng/mL) for 2 h followed by gRT-PCR analysis to detect
miR-200c and miR-2 expression. Bars represent the means + SEM from three independent
experiments. *£ < 0.05 vs. vehicle using Student’s ¢test. (C) A miR-29a expression in
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EDTA-plasma obtained from patients with CAD (n = 24) and healthy volunteers (HC;
n=24), as determined by TagMan PCR. Bars represent the means £ SEM from three
independent experiments. *~ < 0.05 vs. healthy volunteers using Student’s #test. (D, E)
VSMCs were transfected either with miR-200c (D) or anti-miR-200c (miR-200c inhibitor)
(E) followed by incubation with or without PDGF-BB for 24 h. Cell proliferation was
determined by MTT assay. Values represent fold increase relative to cells transfected with
control oligonucleotides. Experiments were performed in triplicate and each value is the
mean + SEM of three independent experiments. *P < 0.05 vs. control using Student’s ¢

test. (F) Neointima hyperplasia 14 days after balloon injury. Representative sections of
hemotoxylin and eosin-stained arterial section from uninjured, model (control virus, pAd),
anti-miR-200c (miR-200c inhibitor), and pAd-miR-200c-infected rats. Magnification, x 100.
Neointimal formation was evaluated by calculating the I/M ratio *P < 0.05 vs. model

group (n=6 in each group). (G) Neointima hyperplasia 14 days after carotid ligation.
Representative sections of hemotoxylin and eosin-stained arterial section from different
vessels including unligated vessels, ligated vessels of miR-200c transgenic or control mice
three time points (1.5 mm from ligation site). Magnification, x 200. Neointimal formation
was evaluated by calculating the I/M ratio *~ < 0.05 vs. control group (/7= 3 in each group).
(H) HASMCs were transfected either with miR-200c or anti-miR-200c (miR-200c inhibitor)
and treated with PDGF-BB for 24 h. The expression of p21 protein was detected by Western
blotting. Experiments were performed in triplicate and each value is the mean + SEM of
three independent experiments. *P < 0.05 vs. pre-control transfected cells.
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Fig. 2.

KLF4 enhances, but SUMOylated KLF4 inhibits, transactivation activity of miR-200c. (A)
Partial sequence of the m/R-200c promoter and Spl-, CREB-, and TCE-binding motifs.
The green underlined sequences are primers used for ChIP assay. (B) Oligonucleotide
pull-down assay was performed with biotin-labeled, double-stranded oligonucleotides for
the Sp1-binding sites and their mutants as probes. The DNA-bound proteins were collected
with streptavidin-agarose beads and analyzed by Western blotting with KLF4 antibody. (C)
VSMCs were transduced with Ad-KLF4 for 24 h, after which miR-200c expression levels
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were detected by qRT-PCR. *£ < 0.05 compared with Ad-GFP control. All experiments
were repeated three times. (D) VSMCs were treated with PDGF-BB for 2 h and the
expression of Ubc9 and KLF4 proteins was detected by Western blotting. The right

panel shows densitometric analyses from three independent experiments, one of which is
shown on the left. *P< 0.05 vs. the respective control group. (E) HASMC were treated

with PDGF-BB (10 ng/mL) for 2 h. Anti-KLF4 immunoprecipitates were immunoblotted
with anti-Ubc9 and anti-KLF4 antibody. All experiments were repeated three times. (F)
VSMCs cotransfected with pcDNA3-KLF4 (His-tagged) and pCDH-Ubc9 (GFP-tagged)
were treated with or without PDGF-BB for 2 h. Anti-GFP immunoprecipitates were
immunoblotted with anti-GFP (Zgp) and anti-His (bottom) antibody. The bars represent

the mean + SEM from 3 independent experiments. *P < 0.05 compared with control
treatment. (G) VSMCs were treated with PDGF-BB (10 ng/mL) for the time points
indicated. Anti-KLF4 immunoprecipitates were immunoblotted with anti-SUMO1 (arrows
indicate SUMOylated KLF4) and anti-KLF4 antibody. All experiments were repeated three
times. Representative gel for SUMOylated KLF4 levels (ypper) (Arrowhead). (H) Normal
tissues and vascular hyperplasia specimens were prepared and subjected to anti-KLF4
immunoprecipitation followed by Western blot analysis. All experiments were repeated three
times. Representative gel for SUMOylated KLF4 levels (ypper) (arrowhead). (1) 293A cells
were cotransfected with pGL3-miR-200c-luc together with either KLF4, wild-type Ubc9 or
Ubc9-DN (dominant negative mutant) expression plasmid. Luciferase activity was measured
24 h later. *P< 0.05 compared with empty vector control. (J) VSMCs were treated with

or without PDGF-BB for 2 h. ChIP assays were performed with anti-KLF4 or anti-Ubc9
antibody and the miR-200c promoter region containing Sp1-binding sites were amplified by
gRT-PCR. The bars represent the mean £ SEM from 3 independent experiments. *£< 0.05
compared with vehicle. (K) VSMCs cotransfected with pcDNA3-KLF4 and pCDH-Ubc9
were treated with or without PDGF-BB for 2 h. Oligonucleotide pull-down assay was
performed with biotin-labeled, double-stranded oligonucleotide probes corresponding to the
Spl-binding sites (Spl + 2 + 3) and their mutants. The DNA-bound proteins were collected
with streptavidin-agarose beads and analyzed by Western blotting with His or GFP antibody.
The bars represent the mean £ SEM from 3 independent experiments. *£< 0.05 compared
with vehicle. (L) HASMCs were transfected with the indicated siRNAs for 24 h followed
by PDGF-BB stimulation for 2 h. Chromatin fragments were immunoprecipitated with
anti-KLF4 or anti-Ubc9 antibody, followed by a brief treatment with 0.5% SDS-containing
buffer. The immunoprecipitated DNA was amplified by PCR using primers (P2, forward
primer; P3, reverse primer) specific for the KLF4-binding region. IgG was used as a negative
control. The bars represent the mean = SEM from 3 independent experiments. *£ < 0.05
compared with control siRNA. (M) HASMCs were transfected with KLF4 siRNA for 24

h followed by a 2-h treatment with PDGF-BB. miR-200c expression was detected by
gRT-PCR. The bars represent the mean £ SEM from 3 independent experiments. *£< 0.05
compared with control siRNA.
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Sumoylated KLF4 interacts with corepressors NCoR, HDAC2, and LSD1. (A) VSMCs
were treated with PDGF-BB for 2 h, after which the interaction between KLF4 and

NCoR, HDAC?2 and LSD1 was examined in anti-KLF4 immunoprecipitates and Western
blot analysis. The bars represent the mean + SEM from 3 independent experiments. *P <
0.05 compared with vehicle. (B) Interaction between KLF4 and Ubc9, NCoR, HDAC?2,
and LSD1 was examined in normal tissues (/7= 6) and vascular hyperplasia (/7= 6)
specimens. *P < 0.05 compared with normal tissues. Representative gel for interaction. (C)
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VVSMCs were infected with pAd-KLF4 wild-type or pAd-KLF4-mut (pAd-KLF4-K225R/
K229R/K279R) adenovirus for 24 h. Then, cells were treated or not with PDGF-BB for 2

h. Interaction between KLF4 and NCoR, HDAC?2, and LSD1 was examined (Arrowhead).
The bars represent the mean £ SEM from 3 independent experiments. *£< 0.05 compared
with pAd-KLF4 (mut). (D) VSMCs were infected either with pAd-KLF4 wild-type or
pAd-KLF4-mut in the presence of Ubc9 lentivirus or pcDNA-SENP1 for 24 h. Interaction
between KLF4 and NCoR, HDAC2, and LSD1 was examined (arrowhead). The bars
represent the mean £ SEM from 3 independent experiments. *P < 0.05 compared with
pAd-KLF4 (mut). (E) VSMCs were transfected either with control siRNA or KLF4 siRNA
for 24 h, and then treated with PDGF-BB for 2 h. Interaction between NCoR (Arrowhead),
HDAC2 (Arrowhead), LSD1, and Ubc9 was examined in anti-Ubc9 immunoprecipitates by
Western blot analysis. The bars represent the mean = SEM from 3 independent experiments.
*P < 0.05 compared with con siRNA. (F) ChlP assays in VSMCs were performed with the
indicated antibodies, and the miR-200c promoter region containing Sp1-binding sites was
amplified by PCR. Primer 1 (P1, forward primer; P3, reverse primer); Primer 2 (P2, forward
primer; P3, reverse primer). All experiments were repeated three times. Representative gel
for interaction.
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Fig. 4.
PDGF-BB induces KLF4 SUMOylation via JNK and ERK pthway. (A) Phospho-JNK,

phospho-p38, phospho-ERK, and phospho-Akt were analysed by western blotting with
their respective antibodies. The total protein of JNK, p38, ERK, and Akt is also shown.
(B) VSMCs were pretreated with SP600125, SB203580, PD98059, or LY 294002 for
4 h and then treated with PDGF-BB for 2 h. SUMOylated KLF4 was determined by
immunoprecipitation using anti-SUMO1 antibody and immunoblotting with anti-KLF4
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antibody. The bars represent the mean + SEM from 3 independent experiments. *~< 0.05
compared with Vehicle.
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Role of miR-200c targets in HASMC proliferation in vitro. (A) 293A cells were
cotransfected with pre-miR-200c together with either pLuc-KLF4-3” UTR, pLuc-Ubc9-3’
UTR, pLuc-SRF-3” UTR, or pLuc-HDAC2-3" UTR. Twenty-four hours later, cells were
harvested for the determination of luciferase activities. Experiments were performed in
triplicate and each value is the mean + SEM of three independent experiments. *£< 0.05
vs. control, untransfected cells. (B) Schematic description of KLF4, Ubc9, and SRF 3" UTR
with putative binding sites for miR-200c (upper). Deletion analysis of the pLuc-KLF4-3’
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UTR, pLuc-Ubc9-3" UTR, and pLuc-SRF-3" UTR was detected as above (/ower). Values
are averages of three separate experiments £ SEM. (C) HASMCs were transfected either
with miR-200c or anti-miR-200c (miR-200c inhibitor). The expression of KLF4, Ubc9, and
SRF proteins was detected by Western blotting. (D) HASMCs were transfected either with
miR-200c or anti-miR-200c (miR-200c inhibitor). The interaction between KLF4 and Ubc9
was detected by Co-IP. Experiments were performed in triplicate and each value is the mean
+ SEM of three independent experiments. * P < 0.05 vs. anti-con cells. #P< 0.05 vs. pAd
cells. (E, F) Vascular tissue of unligated vessels, ligated vessels of miR-200c transgenic

or control mice 7 days after carotid ligation were prepared and subjected to anti-KLF4
immunoprecipitation followed by Western blot analysis of Ubc9 (E) and SUMO-1 (F). The
bars represent the mean + SEM from 3 independent experiments. *P < 0.05 compared with
ligated vessels of control mice.(G) HASMCs were transfected of 24 h with different vectors
and cell proliferation was then detected by BrdU assay. Values represent fold increase
relative to the control, untransfected cells. Experiments were performed in triplicate and
each value is the mean + SEM of three independent experiments. */~ < 0.05 vs. control
using one-way ANOVA for independent groups. (H) HASMCs were transfected with anti-
miR-200c or induced by PDGF-BB for 24 h, followed by cell proliferation determination
by BrdU assay. Values represent fold increase relative to controls. *P < 0.05 vs. the control
using one-way ANOVA for independent groups. The expression of KLF4, Ubc9, and SRF
were detected by Western blotting after a 24-h treatment with PDGF-BB. (1) Twenty-four
hours after transfection with the indicated vectors, HASMCs were treated with PDGF-BB
for 2 h. Anti-KLF4 immunoprecipitates were immunoblotted with anti-SUMO1 (arrows
indicate SUMOylated KLF4) and anti-KLF4 antibody. The expression of Ubc9 and SRF
were detected by Western blotting using the cell lysates. The bars represent the mean + SEM
from 3 independent experiments. *£ < 0.05 compared with con siRNA.
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Fig. 6.
Model illustrating a molecular mechanism of VSMC proliferation induced by PDGF-

BB. Upon PDGF-BB treatment, Ubc9 interacts with and promotes SUMOylation of
KLF4, which allows recruitment of transcriptional corepressors (e.g., NCoR) to miR-200c
promoter. Lower miR-200c level restores the expression of target genes (e.g., Ubc9 and
KLF4), which further represses miR-200c levels thereby accelerating VSMC proliferation.
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Comparison of array analyses of kidney vascular tissues.

Table 1

Name Fold  Expression (hyperplasia vs control)
hsa-miR-548a-5p 10.75  Upregulated
hsa-miRPlus-F1050 54.13  Upregulated
hsa-miR-10a* 10.38  Upregulated
hsa-miR-744 9.08  Upregulated
hsa-miR-302c* 15.25  Upregulated
hsa-miR-30c-1* 13.70  Upregulated
hsa-miR-27a 2.40 Upregulated
hsa-miR-342-5p 0.07 Downregulated
hsa-miR-221 0.28 Downregulated
hsa-miR-212 0.09 Downregulated
hsa-miR-200c 0.09 Downregulated
hsa-miR-1915* 0.10 Downregulated
hsa-miR-222 0.26 Downregulated
hsa-miR-564 0.02 Downregulated
hsa-miR-143 0.44  Downregulated
hsa-miR-130b* 0.04 Downregulated
hsa-miR-363* 0.09 Downregulated
hsa-miR-340* 0.14  Downregulated
hsa-miR-668 0.09 Downregulated
hsa-miR-215 0.14 Downregulated
hsa-miR-589 0.13  Downregulated
hsa-miR-122* 0.11 Downregulated
hsa-miR-2113 0.10 Downregulated
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