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Abstract

Rationale—Vascular smooth muscle cell (SMC) phenotypic modulation and vascular
remodeling contributes to the development of a number of vascular disorders such as restenosis
after angioplasty, transplant vasculopathy, and atherosclerosis. The mechanisms underlying these
processes, however, remain largely unknown.

Objective—The objective of this study is to determine the role of dedicator of cytokinesis 2
(DOCK?2) in SMC phenotypic modulation and vascular remodeling.

Methods and Results—Platelet-derived growth factor-BB (PDGF-BB) induced DOCK?2
expression while modulating SMC phenotype. DOCK2 deficiency diminishes PDGF-BB or
serum-induced down regulation of SMC markers. Conversely, DOCK2 overexpression inhibits
SMC marker expression in primary cultured SMC. Mechanistically, DOCK2 inhibits myocardin
expression, blocks SRF nuclear location, attenuates myocardin binding to SRF, and thus attenuates
myocardin-induced smooth muscle marker promoter activity. Moreover, DOCK2 and Kruppel-
like factor 4 cooperatively inhibit myocardin-SRF interaction. In a rat carotid artery balloon-injury
model, DOCK?2 is induced in media layer SMC initially and neointima SMC subsequently
following vascular injury. Knockdown of DOCK2 dramatically inhibits the neointima formation
by 60%. Most importantly, knockout of DOCK2 in mice markedly blocks ligation-induced intimal
hyperplasia while restoring SMC contractile protein expression.

Conclusions—Our studies identified DOCK2 as a novel regulator for SMC phenotypic
modulation and vascular lesion formation following vascular injury. Therefore, targeting DOCK2
may be a potential therapeutic strategy for the prevention of vascular remodeling in proliferative
vascular diseases.
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INTRODUCTION

Vascular remodeling contributes to the development of a number of vascular disorders
including restenosis after angioplasty, vein graft stenosis, transplant vasculopathy, and
atherosclerosis, etc 1 2. Although neointimal formation may be controlled by different
mechanisms, medial smooth muscle (SMC) phenotypic modulation from a contractile to a
synthetic phenotype triggered by damaging to blood vessel walls followed by SMC
migration and proliferation plays a major role in injury-induced vascular remodeling 3-5.
Elucidating mechanisms underlying SMC phenotypic modulation, therefore, is critical for
understanding the etiology of above-mentioned vascular proliferative disorders and for
developing effective therapeutics to block the narrowing of vessel lumen due to vascular
remodeling.

Dedicator of cytokinesis 2 (DOCK?2) is an atypical guanine nucleotide exchange factor for
the Rho-small guanine triphosphatase 7. Under physiological conditions, DOCK2 is mainly
expressed in hematopoietic cells and is involved in lymphocyte activation and migration via
regulating actin cytoskeleton through Rac activation 7 8. Deletion of DOCK2 enables long-
term cardiac allograft survival via suppressing graft tissue infiltration of alloreactive T

cells °. DOCK?2 also controls various immunological functions including helper T cell
differentiation, neutrophil chemotaxis and type | interferon induction 10-12, |t is unknown,
however, if DOCK2 is involved in regulating vascular function.

In this study, we found that platelet-derived growth factor-BB (PDGF-BB) induced DOCK2
expression in SMC while modulating SMC phenotype. Knockout of DOCK2 (DOCK2-/-)
enhanced SMC marker gene expression in primary cultured SMCs isolated from DOCK2-/-
mice. Ectopic expression of DOCK?2 inhibited the marker protein expression. DOCK2
appeared to modulate SMC phenotype by suppressing myocardin/serum response factor
(SRF)-mediated transcription of SMC marker genes. In vivo study using rat carotid artery
balloon-injury model showed that DOCK2 is essential for injury-induced neointima
formation because knockdown of DOCK2 dramatically inhibited the neointima formation by
60%. Most importantly, knockout of DOCK2 markedly blocked ligation-induced intimal
hyperplasia and SMC phenotypic modulation in mouse arteries. Our study demonstrates that
DOCK?2 is a novel regulator of SMC phenotypic modulation and an essential factor
contributing to vascular remodeling.

METHODS

Animals

Male Sprague-Dawley rats weighing 450-500 g were purchased from Harlan. DOCK2-/-
mice were previously described 8. All animals were housed under conventional conditions in
the animal care facilities and received humane care in compliance with the Principles of
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Laboratory Animal Care formulated by the National Society for Medical Research and the
Guide for the Care and Use of Laboratory Animals. Animal surgical procedures were
approved by the Institutional Animal Care and Use Committee of The University of
Georgia.

Cell culture

SMCs were cultured by enzyme digestion method from rat or mouse thoracic aorta as
described previously 13 14, The primary cultured SMCs were confirmed by the expression of
smooth muscle a-actin (a-SMA) and SM22a. SMCs less than 6 passages with 70% of
confluence were used in the experiments.

Construction of Adenovirus

Adenoviral vectors expressing scramble (shCtrl) or DOCK2 short hairpin RNA (shRNA)
(shDOCK?2) were constructed, and the viruses were purified as described previously 14. The
top and bottom strand sequences for shCtrl and shDOCK2 were included in Supplemental
Materials.

Western blot analysis

Western blot (WB) was performed as described previously 1°. Antibodies against DOCK?2
(Millipore), a-SMA (Sigma), calponin (Abcam), SM22a (Abcam), SRF (Santa Cruz
Biotechnologies), Myocardin (Myocd, Abcam), smooth muscle myosin heavy chain
(SMMHC, Biomedical Technologies Inc.), Kruppel-like factor 4 (KLF4, Abcam), Flag
(Sigma), GAPDH (Sigma), and a-Tubulin (Sigma) were used for immunoblotting.

Real-time quantitative PCR (qPCR)

Quantitative PCR was performed as described previously 16. The primer sequences for the
involved genes were listed in the Online Table I.

Transfection and luciferase assay

Transfection of a-SMA promoter construct with myocardin and/or DOCK2 plasmids into
SMCs was described previously 17. Luciferase assay was performed as described
previously 16. Experiments were repeated for three times. Results shown were from a
representative experiment with standard deviations.

Immunofluorescent (IF) staining

SMCs cultured form WT and DK2~/~ mice or Rat were grown on glass coverslips. IF
staining was performed using SRF or DOCK2 antibody as described previously 18, Stained
cells were imaged using a Nikon fluorescent microscope.

Rat carotid artery injury model and adenoviral gene transfer

Rat carotid artery balloon injury model and the method that introduces adenovirus into the
injured artery have been previously described 4. The balloon-injured and adenovirus-
dwelled segments were collected at 3, 7, and 14 days later. Subsequent morphometric
analyses were performed in a double-blinded manner.
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Mouse carotid artery ligation-injury model

The mouse carotid artery ligation model was described previously 1°. Mouse left common
carotid arteries were exposed and ligated. The ligation-injured segments were collected at 4
weeks later. Contra-lateral non-injured carotid arteries were used as controls. Subsequent
morphometric analyses were performed in a double-blinded manner.

Histomorphometric analysis and immunohistochemistry (IHC) staining

Vessel segments were removed for analysis. The dissected arteries were stained with
modified hematoxylin and eosin (HE) or Elastica van Gieson staining and captured using a
Nikon microscope. The circumference of lumen, internal elastic lamina, and external elastic
lamina were measured by Image-pro Plus Software. IHC staining was performed using
DOCK2, a-SMA, or SMMHC antibody as described previously 0.

Statistical analysis

RESULTS

All data were evaluated with a 2-tailed, unpaired Student t test or compared by one-way
ANOVA followed by Fisher t test and are expressed as mean+SD. A value of P<0.05 was
considered statistically significant.

DOCK?2 was essential for SMC phenotypic modulation

PDGF-BB is a potent stimulator of SMC phenotypic modulation 2%, Although DOCK?2 is
expressed in a very low level in normal SMC, its expression was significantly induced in
SMCs when the cells were treated with PDGF-BB. Dose-dependent study showed that 5
ng/ml of PDGF-BB significantly elevated DOCK2 expression, while 10 ng/ml of PDGF-BB
induced a high level of DOCK2 expression (Online Figure 1A-1B). Therefore, we used 10
ng/ml of PDGF-BB for all subsequent experiments. Since SMC phenotypic modulation is
characterized by the reduction of SMC contractile proteins, we detected if DOCK2 induction
by PDGF-BB correlates with the attenuation of SMC marker proteins. As shown in Fig. 1A-
1B, PDGF-BB induced DOCK?2 expression in a time-dependent manner while inhibiting the
expression of SMC contractile proteins including SMMHC, calponin, and SM22a. These
data suggest that DOCK2 may be involved in PDGF-BB-mediated SMC phenotype
modulation.

To determine if DOCK2 is important for SMC phenotypic modulation, we tested if DOCK2
regulates SMC marker expression. PDGF-BB or fetal bovine serum (FBS) induced DOCK?2
while blocking SMC contractile protein expression in wild-type (WT) mouse primary
cultured SMC (Fig. 1C-1F). However, DOCK2 knockout dramatically increased the marker
protein expression even in basal condition (Fig. 1C-1F), suggesting that a low level of
DOCK?2 is essential for maintaining contractile protein homeostasis. PDGF-BB failed to
block the contractile protein expression in DOCK2-/- SMC (Fig. 1C-1D), indicating that
DOCK?2 plays an essential role in PDGF-BB-induced SMC phenotypic modulation. FBS
inhibited the marker expression in both WT and DOCK2-/- SMCs (Fig. 1E-1F). Although
the effect of FBS in DOCK2-/- cells was also significant, the percentage down regulation
of SMC proteins in DOCK2-/- SMCs was much lower comparing to the WT SMCs (Fig.
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1G), indicating that DOCK2-/- also attenuated FBS-induced SMC phenotypic modulation.
The discrepancy between PDGF-BB and FBS was likely due to the presence of multiple
growth factors in FBS. The function of some of the factors may not be affected by DOCK2,
and other intracellular factors appear to be also involved in mediating FBS-induced SMC
phenotypic modulation.

DOCK?2 inhibited Myocd while modulating SMC phenotype

SRF and its co-activator Myocd are well-known factors regulating SMC contractile protein
expression 2224, PDGF-BB has been shown to induce SMC phenotypic modulation by
inhibiting Myocd and SRF expression or blocking Myocd-SRF interaction. In order to
determine the mechanisms underlying DOCK2 function in SMC phenotypic modulation, we
first tested if DOCK2 regulates Myocd or SRF expression. We found that PDGF-BB
inhibited Myocd and SRF expression (Fig. 2A). Knockout of DOCK2, however,
dramatically increased Myocd but not SRF expression. PDGF-BB treatment failed to reduce
Myocd expression in DOCK2-/- SMCs, suggesting that DOCK2 can block Myocd
expression (Fig. 2A). SRF expression was inhibited by PDGF-BB in DOCK2-/- SMCs
similarly as in WT SMCs (Fig. 2A), suggesting that DOCK2 is not involved in SRF
expression. Conversely, overexpression of DOCK2 blocked Myocd, but not SRF, expression
(Fig. 2B) while blocking a-SMA and calponin expression (Online Figure I1). Importantly,
DOCK?2 overexpression attenuated Myocd expression while inhibiting SMMHC expression
(Fig. 2C-2D), suggesting that DOCK2 modulating SMC phenotype, at least partially,
through blocking Myocd expression. Indeed, knockdown of DOCK2 enhanced Myocd
expression while increased SMMHC expression (Fig. 2E-2F). These data demonstrated that
down regulation of Myocd is one of the mechanisms whereby DOCK2 mediates PDGF-BB-
induced SMC phenotypic modulation.

DOCK?2 mediated PDGF-BB function in blocking SRF nuclear location and attenuated
Myocd-induced SMC marker promoter activity

Although DOCK?2 did not affect SRF expression, SRF plays a very important role in SMC
marker gene expression and SMC phenotype 22. Since SRF has to be translocated into nuclei
to serve as a transcription factor, we sought to determine if DOCK2 is involved in SRF
nuclear location. PDGF-BB inhibited SRF nuclear location (Fig. 3A-3B), consistent with a
previous report 25, However, DOCK2-/- blunted the effect of PDGF-BB and restored SRF
nuclear location (Fig. 3A-3B), suggesting that DOCK?2 mediated PDGF-BB function in
inhibiting SRF nuclear location.

Because Myocd is a coactivator of SRF in regulating SMC marker gene transcription 24 26,
we sought to determine if DOCK2 alters Myocd/SRF-activated SMC marker gene
transcription. As shown in Figure 3C, Myocd strongly induced the transcription of a-SMA
promoter. PDGF-BB inhibited the promoter activity, likely due to PDGF-BB-induced
DOCK?2 expression. Myocd-induced promoter activity was not completely blocked by
PDGF-BB probably because of the limited DOCK?2 induced by PDGF-BB. However,
overexpression of DOCK2 almost completely blocked Myocd-activated a-SMA promoter
activity (Fig. 3C). These data demonstrate that DOCK2 regulates SMC phenotype through
inhibiting Myocd-activated transcription of SMC contractile genes. Previous studies have
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shown that DOCK2 function in lymphocyte migration is mainly mediated by Rac1 8. We
thus tested if DOCK?2 function in SMC promoter activity is also associated with Racl. As
shown in Fig. 3D, a specific inhibitor CPYPP 27 that blocks DOCK2 activity in activating
Racl (Online Figure I11) did not affect DOCK2 function in inhibiting Myocd-induced a-
SMA promoter activity, suggesting that DOCK2 modulates SMC phenotype independent of
its role in activating Racl.

The role of DOCK?2 in SMC marker gene transcription motivated us to hypothesize that
DOCK?2 may be a nuclear factor in SMCs. Indeed, immunostaining of DOCK2 showed that
PDGF-BB-induced DOCK2 were located in the nuclei of SMCs in addition to the cytoplasm
membrane and the cytoplasm (Fig. 3E), consistent with its function in inhibiting Myocd/
SRF-activated a-SMA promoter activity and SRF nuclear location.

DOCK?2 inhibited Myocd-SRF interaction

Since PDGF-BB also inhibits Myocd binding to SRF, which blocks SMC marker
transcription 28, we explored if DOCK2 modulates SMC phenotype by influencing Myocd-
SRF interaction. Thus, Flag-tagged Myocd plasmids were transfected into SMC, and the
interaction of Myocd with endogenous SRF was detected. As shown in Figure 4A and 4B,
Myocd indeed interacted with SRF in SMCs, and PDGF-BB inhibited their interaction.
However, when DOCK2 was knocked down by shRNA, the reduced Myocd-SRF interaction
by PDGF-BB was significantly increased. These data suggest that DOCK2 mediates PDGF-
BB-induced reduction of mycardin binding to SRF. To confirm DOCK?2 function in
blocking myocarin-SRF binding, we overexpressed DOCK2 in SMCs and found that
DOCK?2 indeed significantly blocked the interaction between Myocd and SRF (Fig. 4C-4D).
To determine how DOCK?2 inhibits Myocd-SRF interaction, we tested if DOCK?2 interacts
with myocardin or SRF. As shown in Fig. 4E-4F, DOCK2 interacted with Myocd, but not
SRF. PDGF-BB treatment significantly enhanced DOCK2-Myocd interaction. These data
suggest that DOCK2 may inhibit Myocd-SRF interaction by directly interacting with
Myocd, which likely diminished the availability of Myocd for SRF.

DOCK?2 and KLF4 cooperatively blocked Myocd-SRF interaction

KLF4 is found to be a critical factor in modulating PDGF-BB-induced SMC phenotypic
modulation 29, Since both KLLF4 and DOCK2 modulates SMC phenotype by blocking
Myocd-SRF interaction 29, we sought to determine if KLF4 and DOCK2 work together to
regulate Myocd-SRF interaction. As shown in Fig. 5A-5B, individual expression of either
DOCK?2 or KLF4 significantly attenuated Myocd-SRF binding. Co-expression of DOCK?2
and KLF4 further and almost completely blocked the Myocd-SRF interaction (Fig. 5A-5B),
suggesting that DOCK2 and KLF4 cooperatively regulate Myocd-SRF interaction in SMC
phenotypic modulation. In addition, knockdown of DOCK2 enhanced Myocd-SRF
interaction. But this effect was blocked by the overexpression of KLF4 (Fig. 5D-5E),
probably due to a deprivation of SRF by a strong interaction between KLF4 and SRF, as
shown in Fig. 5A and previous findings 30. KLF4 appeared to compete with Myocd for
binding to SRF because the KLF4-SRF binding was significantly increased while Myocd-
SRF binding was diminished (Fig. 5D-5F). Interestingly, the KLF4-SRF interaction was
regulated by DOCK?2 because overexpression of DOCK?2 attenuated KLF4 binding to SRF
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(Fig. 5A and 5C) while knockdown of DOCK?2 increased KLF4-SRF binding (Fig. 5D and
5F). This effect of DOCK2 was likely attributed to the role of DOCK2 in SRF nuclear
location (Fig. 3A-3B). Collectively, these data indicate that DOCK2 can block both the
Myocd-SRF interaction and KLF4-SRF interaction in phenotype modulated SMCs.

DOCK?2 expression was activated during injury-induced SMC phenotypic modulation and
was essential for injury-induced vascular remodeling

Mechanical injury to artery causes phenotypic modulation of medial layer SMC followed by
neointimal formation. DOCK2 is clearly important for PDGF-BB-induced SMC phenotypic
modulation in vitro. To determine if DOCK2 is involved in SMC phenotypic modulation
and vascular remodeling in vivo, we used balloon catheter to mechanically injure rat carotid
artery. As shown in Figure 6A, balloon injury induced a progressive neointima formation,
consistent with previous reports 31. DOCK2 expression is barely detectable in SMCs of the
normal artery, but was highly induced in the medial layer SMCs 3 days after the injury (Fig.
6B), a time when SMC phenotypic modulation occurs without evident neointima formation.
7 or 14 days after the injury, DOCK2 was expressed in the neointimal SMCs (Fig. 6B).
Notably, strong DOCK2 expression was mainly observed in the neointimal SMCs near or on
the luminal surface of arteries with 14 days of injury (Figs. 6B and 7A), consistent with it’s
role in modulating SMC phenotype because luminal surface SMCs exhibit de-differentiated
state while SMCs in other neointima area start to re-differentiate at this stage 32. Time
course quantitative analysis of DOCK2 expression revealed that DOCK2 protein was highly
induced as early as 3 days after the injury (Fig. 6C-6D), indicating that DOCK2 may be
involved in vascular lesion formation.

To test if DOCK?2 plays a role in balloon injury-induced vascular remodeling, we used
adenovirus to deliver DOCK2 shRNA to the injured arteries. As shown in Figure 7A,
DOCK2 shRNA effectively blocked DOCK2 expression in neointima SMCs. Saline or
control ShRNA did not affect the injury-induced neointima formation. However, knockdown
of DOCK2 dramatically blocked the neointima formation (Fig. 7B). Morphometric
quantification of elastic-stained sections showed that DOCK2 shRNA inhibited the
neointima formation by 60% (0.050+0.006 versus 0.123+0.011 mm?2; P<0.01, n=6, Fig. 7C).
The Intima/Media area ratios (Fig. 7D) showed similar results as in Figure 7C. These results
demonstrate that DOCK?2 is a novel regulator essential for injury-induced vascular
remodeling.

Knockout of DOCK2 in mice blocked ligation injury-induced intimal hyperplasia and SMC
phenotypic modulation

Adenovirus-mediated shRNA delivery approach may not be able to fully reveal DOCK2
function in vascular remodeling because adenoviral vector can only modify DOCK2
expression in cells with a direct contact with the virus. Therefore, we used DOCK2-/- mice
and carotid artery ligation injury model to further confirm the role of DOCK2 in vascular
remodeling. Mouse carotid artery ligation injury elicits a remodeling response similar to rat
carotid artery balloon injury although the small size of the vessel and thrombus often limit
the sample size for molecular analysis. In addition, the degree of neointimal development in
various distance from the ligature may cause variations in the measurements of the response.
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These variations can be eliminated by comparing the neointima development in areas with
the same distance from the ligature among mice with artery ligation. As shown in Figure 8,
knockout of DOCK?2 (Fig. 8A) dramatically inhibited ligation injury-induced neointima
formation (Fig. 8B). Morphometric quantification of the elastic-stained sections showed that
the neointima was reduced by 80% in carotid arteries of DOCK2-/- mice as compared with
the WT mice (0.009+0.001 versus 0.048+0.001 mm?2; P<0.01, n=6, Fig. 8C). The Intima/
Media area ratios (Fig. 8D) showed similar results as in Figure 8C. These data further
demonstrate a critical role of DOCK2 in injury-induced vascular remodeling.

To determine if DOCK2-/- affects injury-induced SMC phenotypic modulation in vivo, we
detected a-SMA and SMMHC expression in WT and DOCK2-/- mouse carotid arteries
with or without ligation injury. As shown in Fig. 8E-8H, in control arteries without ligation,
DOCK2-/- increased a-SMA and SMMHC expression. Injury caused a down regulation of
both a-SMA and SMMHC in WT mouse arteries. However, DOCK2-/- increased the a-
SMA and SMMHC expression as compared to the injured WT arteries (Fig. 8E-8H),
suggesting that DOCK2 mediates the injury-induced SMC phenotypic modulation in vivo.

DISCUSSION

In the present study, we have identified DOCK?2 as a novel regulator in SMC phenotypic
modulation and vascular remodeling. DOCK2 is scarcely detectable in normal SMCs.
However, it is induced during SMC phenotypic modulation induced by PDGF-BB or serum
in vitro and vascular injury in vivo. DOCK2 deficiency increased the expression of SMC
marker proteins down-regulated by PDGF-BB or serum in vitro and by vascular injury in
vivo, demonstrating that DOCK2 promotes SMC phenotypic modulation, leading to
vascular remodeling/neointima formation. Interestingly, DOCK2 knockout in normal SMCs
also causes a dramatic increase of contractile proteins, suggesting that a low level of
DOCK?2 in quiescent SMCs may be necessary for maintaining the proper level of contractile
proteins while excessive DOCK2 expression results in SMC phenotype alteration, similar to
the treatment with PDGF-BB or serum. Importantly, vascular injury induces DOCK2
expression initially in medial SMCs and subsequently neointima SMCs. The initial
expression of DOCK2 in medial SMCs is likely attributed to the SMC phenotypic
modulation in injured arteries because at this time (1-3 days after injury), SMCs are
responding to injury-triggered serum factors such as PDGF-BB to modulate its phenotype.
The absence of intimal hyperplasia during the initial expression of DOCK2 also suggests
that DOCK2 may be transforming SMCs from a contractile to a synthetic phenotype at this
stage. Blocking the initial expression of DOCK2 immediately after injury using adenovirus-
delivered shRNA effectively blocks injury-induced neointima formation, indicating that
DOCK2-induced SMC phenotype modulation is essential for injury-induced vascular
remodeling. The definitive role of DOCK2 in vascular remodeling and SMC phenotypic
modulation in vivo is supported by the blockade of intimal hyperplasia and increased
expression of SMC contractile proteins in ligation-injured DOCK2-/- mouse arteries.

DOCK?2 appears to modulate SMC phenotype by inhibiting Myocd/SRF-mediated SMC
marker gene transcription. DOCK?2 regulates Myocd/SRF function via inhibiting Myocd
expression, SRF nuclear location and Myocd-SRF interaction. DOCK2 may inhibit Myocd
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expression by regulating Myocd transcription similar to SMC marker genes because
DOCK?2 is a nuclear factor. DOCK2 blocks SRF nuclear translocation probably via an
indirect mechanism because DOCK?2 does not directly interact with SRF. These mechanisms
may include SRF nuclear transporting or SRF exporting machinery. Although the
mechanisms by which DOCK2 inhibits Myocd expression and SRF nuclear location require
further investigation, DOCK2 is likely to block Myocd-SRF interaction through diminishing
the availability of Myocd for SRF binding because DOCK2 inhibits Myocd expression as
well as directly binding to Myocd. The combined effects of DOCK2 on Myocd expression,
SRF nuclear location and Myocd-SRF interaction make DOCK2 a powerful regulator
mediating SMC phenotypic modulation.

DOCK2 and KLF4 appear to cooperatively mediate SMC phenotypic modulation because
co-expression of DOCK2 and KLF4 has a greater effect in reducing Myocd-SRF interaction
comparing to each of the individual effect. KLF4 is known to inhibit SMC marker
expression and modulate SMC phenotype also by inhibiting Myocd expression and Myocd-
SRF interaction. However, the mechanisms underlying DOCK2 and KLF4 are different.
DOCK?2 interacts with Myocd, but not SRF to attenuate Myocd-SRF interaction while KLF4
interacts with SRF, but not Myocd to block Myocd-SRF binding. DOCK2 also inhibits
KLF4 binding to SRF (Fig. 5), which is likely due to the role of DOCK2 in blocking SRF
nuclear translocation (Fig. 3A-3B). Since PDGF-BB induces the expression of both DOCK?2
and KLF4, the cooperative action of DOCK2 and KLF4 may be required for suppressing the
strong activity of Myocd in SMC marker expression, leading to a successful phenotypic
modulation.

The present study has used both rat balloon carotid artery injury model and mouse carotid
artery ligation model to study the role of DOCK2 in vascular remodeling. The mechanisms
underlying the balloon injury-induced remodeling are not identical to that of ligation injury.
Balloon catheter completely denudes endothelium, which triggers the production of
inflammatory factors such as PDGF-BB 21, Ligation injury maintains intact endothelium
initially although the endothelium may be partially detached by persistent vessel
constriction 12, The near-stasis conditions in the ligated vessel may prompt significant
inflammatory response 19. Balloon injury-induced vascular response resembles the
remodeling of vascular structures in restenosis after angioplasty while ligation injury-
mediated remodeling partially recapitulates the development of intimal lesions in human
vascular diseases that occurs in the absence of noticeable endothelial denudation.
Knockdown or knockout of DOCK2 blocks neointima formation in both the balloon- and
ligation-injured arteries suggest that DOCK2 mediates a key mechanism, i.e., the SMC
phenotypic modulation, which is shared by these two different vascular responses.

Taken together, our study has identified DOCK2 as a novel regulator for SMC phenotypic
modulation and vascular remodeling. Blocking DOCK?2 expression, therefore, may be an
effective approach to treat proliferative vascular disorders. Since DOCK2 is also
functionally involved in inflammation, an essential process contributing to neointima
formation, targeting DOCK2 may hamper SMC phenotypic modulation and inflammation
simultaneously to achieve a better vascular repair.
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Nonstandard Abbreviations and Acronyms

SMC Smooth muscle cell

PDGF-BB Platelet-derived growth factor

DOCK2 dedicator of cytokinesis 2

SRF serum response factor

a-SMA smooth muscle a-actin

ShRNA short hairpin RNA

H&E hematoxylin and eosin

PFA paraformaldehyde

IHC immunohistochemistry

FBS fetal bovine serum
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Novelty and Significance
What Is Known?

«  Smooth muscle cell (SMC) phenotypic modulation is an essential process
initiating vascular remodeling/neointima formation in proliferative vascular
diseases.

»  Myocardin (Myocd)-serum response factor (SRF) interaction is critical for
maintaining the contractile SMC phenotype

e Kruppel-like factor 4 (KLF4) blocks Myocd-SRF interaction by binding to SRF,
resulting in SMC phenotypic modulation.

What New Information Does This Article Contribute?

« Dedicator of cytokinesis 2 (DOCK2) is a novel protein factor regulating SMC
phenotypic modulation and vascular remodeling. Deletion of DOCK2 blocks
injury-induced vascular remodeling while restoring SMC contractile protein
expression.

» DOCK2 modulates SMC phenotype by inhibiting Myocd expression, blocking
SRF nuclear localization, attenuating Myocd binding to SRF, and consequently
diminishing smooth muscle marker promoter activity.

e DOCK?2 and KLF4 cooperatively modulate SMC phenotype. Unlike KLF4 that
binds to SRF, DOCK2 attenuates Myocd-SRF interaction by binding to Myocd.

Prior studies have shown that SMC phenotypic modulation plays an important role in
injury-induced vascular remodeling, but the mechanisms underlying this process remain
incompletely elucidated. Here, we used a DOCK2 knockout mouse model as well as
molecular and cellular analyses to identify a novel mechanism underlying SMC
phenotypic modulation. Our studies demonstrate for the first time that DOCK2 is a novel
regulator for SMC phenotype modulation and injury-induced vascular remodeling.
DOCK2 modulates SMC phenotype by decreasing Myocd expression, blocking SRF
nuclear localization, and attenuating Myocd binding to SRF, thus inhibiting Myocd-
induced SMC marker promoter activity. Importantly, our studies indicate that
mechanisms underlying DOCK2 and KLF4 functions are different. DOCK?2 interacts
with Myocd, but not SRF, to attenuate Myocd-SRF interaction, while KLF4 interacts
with SRF, but not Myocd, to block Myocd-SRF binding. In a rat carotid artery balloon-
injury model, DOCK2 is induced in medial SMC initially and neointimal SMC
subsequently following vascular injury. Knockdown of DOCK?2 inhibits the neointima
formation by 60%. Most importantly, knockout of DOCK2 in mice markedly blocks
ligation-induced intimal hyperplasia while restoring SMC contractile protein expression,
demonstrating a critical role of DOCK2 in SMC phenotypic modulation in vivo.
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Figure 1. DOCK2 mediated SMC phenotypic modulation
A, Time-dependent induction of DOCK2 (DK2) and SMC markers by PDGF-BB (10 ng/

ml). B, Quantitative analysis of protein expression shown in A by normalizing to a-Tubulin.
*, P<0.05 vs vehicle-treated group (0 h). n=3. C, Knockout of DOCK2 blocked PDGF-BB-
induced downregulation of SMC marker proteins. SMCs isolated from wild type (WT) and
DOCK2 knockout (DK2-/-) mice were treated with vehicle (=) or PDGF-BB (+) for 36 h.
DK2, a-SMA, and calponin protein expression was detected by western blot. D, Protein
levels shown in C were quantified by normalizing to GAPDH. Fold changes are shown. *,
P<0.05 vs vehicle-treated WT group (-); #, P>0.05 vs vehicle-treated DK2-/- group, n=3.
E, Serum (FBS)-induced SMC phenotypic modulation in WT and DK2-/- SMCs. Cells
were treated with vehicle (=) or 10% FBS (+) for 48 h. SM22a, calponin, and DK2 protein
expression was detected by western blot. F, Protein levels shown in E were quantified by
normalizing to GAPDH. *, P<0.05 vs vehicle-treated WT group (-); &, P<0.05 vs vehicle-
treated DK2—/- group; #, P>0.05 vs vehicle-treated DK2-/- group. n=3. G, DOCK2-/-
attenuated FBS-induced SMC phenotypic modulation. The percentage downregulation of
SMC markers by FBS was calculated by the following formula: (untreated value — FBS-
treated)/untreated value)x100. *, P<0.05 vs WT group for each corresponding marker, n=3.
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Figure 2. DOCK2 modulated SMC phenotype through downregulating myocardin
A, Knockout of DOCK2 (DK2-/-) increased myocardin (Myocd) but not SRF mRNA

expression. SMCs isolated from WT or DK2-/- mice were treated with vehicle (=) or
PDGF-BB (+) for 24 h. Myocd and SRF mRNA expression was detected by qPCR. *,
P<0.05 vs vehicle-treated (=) WT group, #, P>0.05 vs vehicle-treated DK2—-/- group. &,
P<0.05 vs vehicle-treated DK2—-/- group. n=3. B, Ectopic expression of DK2 inhibited
Myocd but not SRF mRNA expression. Myocd and SRF mRNA expression was detected by
gPCR. *, P<0.05 compared with control plasmid group (Ctrl), n=3. C, Ectopic expression of
DK2 blocked Myocd and SMC marker protein expression. The protein expression of DK2,
Myocardin, and SMMHC was detected by western blot. D, Quantification of protein levels
shown in C by normalized to a-Tubulin. *, P<0.05 compared with Ctrl group, n=3. E,
Knockdown of DK2 by shRNA enhanced Myocd and SMMHC protein expression in SMC.
Primary cultured SMCs were transfected with control (shCtrl) or DOCK2 shRNA (shDK?2)
followed by PDGF-BB-treatment. The protein expression of DK2, Myocd, and SMMHC
was detected by western blot. F, Quantification of protein levels shown in E by normalized
to a-Tubulin. *, P<0.05 compared with shCtrl group, n=3.
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Figure 3. DOCK2 blocked SRF nuclear translocation and myocardin-mediated SMC marker
gene transcription

A, DOCK?2 deficiency (DK2-/-) restored PDGF-BB-blocked SRF nuclear location. WT and
DK2-/- SMCs were treated with vehicle or PDGF-BB for 24 h. SRF cellular location was
detected by immunostaining. DAPI stained the nuclei. B, Quantification of nuclear SRF
level shown in A by normalizing to the signal intensity in vehicle-treated WT SMCs (set as
1). *, P<0.05 vs vehicle-treated WT SMCs (-); #, P>0.05 vs vehicle-treated DK2—/- SMCs
(-). n=3. C, DK2 blocked Myocd-activated a-SMA promoter activity. pcDNA, Myocd, or
DK2 plasmid were co-transfected with a-SMA promoter as indicated into SMCs followed
by vehicle or PDGF-BB treatment for 24 h. Luciferase assay was performed. *, P<0.05 vs
pcDNA-transfected groups; #, P<0.05 vs Myocd alone-transfected groups. n=3. D, DK2
blocked a-SMA promoter activity independent of Rac. pcDNA, Myocd, or DK2 plasmid
were co-transfected with a-SMA promoter into SMCs followed by vehicle (=) or CPYPP
(25 uM) treatment as indicated for 24 h. Luciferase assay was performed. *, P<0.05 vs
pcDNA-transfected group; #, P<0.05 vs Myocd alone-transfected group. &, P>0.05 vs
Myocd/DK2 co-transfected group (n=3). E, DOCK?2 nuclear location. DOCK2 cellular
location was detected by immunostaining. DK2 was located on both cytoplasm membrane
(red arrows) and nuclei (yellow arrow) of SMCs upon PDGF-BB treatment in addition to the
cytoplasm.
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Figure 4. DOCK?2 inhibited Myocd-SRF interaction
A, Knockdown of DOCK2 (DK?2) restored PDGF-BB-blocked Myocardin-SRF interaction.

SMCs were transduced with scramble (shCtrl) or DK2 shRNA (shDK2) and transfected with
Flag-tagged Myocd cDNA as indicated. Cells were then treated with PDGF-BB. Cell lysates
were immunoprecipitated (IP) with normal 19gG or SRF antibody followed by
immunobloting (IB) with Flag or SRF antibody. B, Quantification of SRF-bound Myocd by
normalizing to the input Myocd level in each treatment and set the vehicle-treated group as
1. *, P<0.05 vs the vehicle treated group (-); #, P<0.05 vs PDGF-BB and shCtrl-treated
groups (n=3). C. DK2 overexpression suppressed Myocardin-SRF interaction. Control (=) or
DK2 expression plasmids were co-transfected with Flag-tagged Myocd into SMCs followed
by Co-IP with IgG or SRF antibody and IB with Flag antibody. D, SRF-bound Myocd was
quantified similarly as in B. *, P<0.05 vs control plasmid-transfected group (=), n=3. E, Co-
IP with endogenous proteins indicated that Myocd physically interacted with DK2. Primary
cultured SMCs were treated with vehicle (=) or PDGF-BB (+) for 24 h. Cell lysates were
Co-IP with normal 1gG or DK2 antibody, and blotted with Myocd or SRF antibody as
indicated. Myocd-DK2 interaction was enhanced by PDGF-BB. F, Quantification of DK2-
bound Myocd shown in E. *, P<0.05 vs vehicle-treated group, n=3.
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Figure 5. DOCK2 and KLF4 cooperatively inhibited Myocd-SRF binding
A, Co-expression of DOCK2 (DK2) and KLF4 completely blocked Myocd-SRF binding.

SMCs were co-transfected with pcDNA, DK2, and/or KLF4 expression plasmids as
indicated followed by serum starvation for 24 h. Cell lysates were immunoprecipitated (IP)
with IgG and SRF antibody. The immunoprecipitates were blotted (1B) with Myocd, KLF4
and SRF antibody as indicated. B, Quantification of SRF-bound Myocd in A. *, P<0.05 vs
pcDNA-transfected group (set as 1); #, P<0.05 vs all other groups (n=3). C, Quantification
of SRF-bound KLF4 in A. *, P<0.05 vs pcDNA/KLF4 plasmid-transfected group, n=3. D,
KLF4 blocked DOCK2 knockdown-enhanced Myocd-SRF binding. SMCs were transfected
with control (shCtrl) or DK2 shRNA (shDK?2) for 48 h followed by transfection of pcDNA
(=) or KLF4 expression plasmid (+) as indicated and PDGF-BB treatment for 24 h. Cell
lysates were Co-IP with IgG and SRF antibody. The precipitated proteins were blotted (IB)
with Myocd, KLF4 and SRF antibody as indicated. E, Quantification of SRF-bound Myocd
in D. *, P< 0.05 compared with shCtrl group (set as 1); #, P<0.05 vs shDK2-treated cells
without KLF4 plasmid (n=3). F. Quantification of SRF-bound KLF4 in D. *, P< 0.05
compared with shCtrl group (set as 1); #, P<0.05 compared other two groups (n=3).
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Figure 6. Balloon injury induced DOCK2 expression in tunica media and neointima SMCs
A, Balloon injury induced progressive neointima formation. Rat left carotid arteries were

injured for 3, 7, and 14 days as indicated. The right non-injured carotid arteries were used as
controls (Ctrl). Artery sections were stained with Elastica van Gieson solution. Yellow
arrows indicate the internal elastin lamina. B, DOCK2 was induced in tunica media initially
and neointima VSMCs subsequently following injury. Artery sections were incubated with
DOCK?2 antibody followed by horseradish peroxidase-conjugated secondary antibody and
DAB staining. Dark blue arrows in the enlarged image of the red box in the 3d sections
show representative SMCs expressing DOCKZ2. Yellow arrows indicate the internal elastin
lamina. C, DOCK?2 expression in injured arteries was detected by western blot. Data shown
are a representative result of 3 independent experiments. D, Quantification of DOCK2
expression by normalizing to a-Tubulin. *, P<0.05 compared to uninjured arteries (0 d).

Circ Res. Author manuscript; available in PMC 2016 May 08.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Guo et al.

DK2

Ctrl

[

i PrTT ey

A L

Ad-shCtrl

Page 20

P

Ad-shDK2

€
§01

C
©
Q
S
©
©
IS
=
£

Saline shCtrl shDK2

Intima/media

ratio

1.2
0.8

0.4

Saline shCtrl shDK2

Figure 7. Knockdown of DOCK?2 blocked neointima formation
A, DOCK?2 expression was efficiently blocked by adenovirus delivery of DOCK2 shRNA.

Immediately after balloon injury, the injured rat carotid arteries were incubated with sterile
saline solution, adenovirus expressing scramble (Ad-shCtrl), or DOCK2 shRNA (Ad-
shDK?2) as indicated. 14 days later, artery sections were stained with DOCK2 antibody.
DOCK2 (DK2) expression was visualized by DAB staining. B, DOCK2 knockdown blocked
injury-induced neointima formation. Artery sections were stained with Elastica van Gieson
solution. Yellow arrows indicate internal elastic lamina. C and D, Quantification of intima
area and intima/media ratio. *, P<0.05 compared with saline- or Ad-shCtrl-treated arteries

(n=6).
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Figure 8. DOCK2 deficiency attenuated injury-induced neointima formation and SMC
phenotypic modulation in mouse arteries

A, Ligation injury induced DOCK2 expression in wild type (WT), but not DOCK2 knockout
(DK2-/-) mouse carotid arteries. Mouse left carotid arteries were injured by ligation for 28
days. DOCK?2 (DK?2) expression was detected by immunohistochemistry (IHC) staining
using DK2 antibody and DAB visulization. B, DK2 knockout blocked ligation-induced
neointima formation. Artery sections were stained with Elastica van Gieson solution.
Arrows indicate internal elastic lamina. C-D, Quantification of intima area (C) and intima/
media ratio (D) of the injured arteries. *, P<0.05 vs WT mouse carotid arteries with ligation
(n=6). E-H, DK2-/- increased a-SMA (E) and SMMHC (G) expression in both control
(Ctrl) and ligation-injured arteries. a-SMA and SMMHC was detected by IHC staining
using a-SMA (E) and SMMHC (G) antibodies followed by DAB visualization. Arrows
indicate internal elastic lamina. T indicates the thrombus in injured DK2-/- arteries. a-SMA
(F) and SMMHC (H) expression was quantified by normalizing to the DAB intensity in the
WT Citrl arteries (set as 1). *, P<0.05 vs WT arteries without injury (-); #, P<0.05 vs WT
arteries with injury for each individual proteins (n=6).
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