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Drebrin attenuates atherosclerosis by limiting
smooth muscle cell transdifferentiation

CVR-2020-1336R3

ABSTRACT

Methods and results: SM22-Cre+/Dbnflox/flox/Ldlr-/- (SMC-Dbn-/-/Ldlr-/-) and control mice (SM22Cre+/Ldlr-/-, Dbnflox/flox/Ldlr-/-, and Ldlr-/-) were fed a Western diet for 14-20 weeks.
Brachiocephalic arteries of SMC-Dbn -/-/Ldlr-/- mice exhibited 1.5- or 1.8-fold greater crosssectional lesion area than control mice at 14 or 20 wk, respectively. Aortic atherosclerotic lesion
surface area was 1.2-fold greater in SMC-Dbn -/-/Ldlr-/- mice. SMC-Dbn -/-/Ldlr-/- lesions
comprised necrotic cores that were two-fold greater in size than those of control mice.
Consistent with their bigger necrotic core size, lesions in SMC-Dbn -/- arteries also showed more
transdifferentiation of SMCs to macrophage-like cells: 1.5- to 2.5-fold greater, assessed with
BODIPY or with CD68, respectively. In vitro data were concordant: Dbn-/- SMCs had 1.7-fold
higher levels of KLF4 and transdifferentiated to macrophage-like cells more readily than
Dbnflox/flox SMCs upon cholesterol loading, as evidenced by greater up-regulation of CD68 and
galectin-3. Adenovirally mediated Drebrin rescue produced equivalent levels of macrophagelike transdifferentiation in Dbn-/- and Dbnflox/flox SMCs. During early atherogenesis, SMC-Dbn -//Ldlr-/- aortas demonstrated 1.6-fold higher levels of reactive oxygen species than control mouse
aortas. The 1.8-fold higher levels of Nox1 in Dbn-/- SMCs was reduced to WT levels with KLF4
silencing. Inhibition of Nox1 chemically or with siRNA produced equivalent levels of
macrophage-like transdifferentiation in Dbn-/- and Dbnflox/flox SMCs.
Conclusions: We conclude that SMC Drebrin limits atherosclerosis by constraining SMC Nox1
activity and SMC transdifferentiation to macrophage-like cells.
Translational perspective
Drebrin is abundantly expressed in vascular smooth muscle cells (SMCs) and is up-regulated in
human atherosclerosis. A hallmark of atherosclerosis is the accumulation of foam cells that
secrete pro-inflammatory cytokines and contribute to plaque instability. A large proportion of
these foam cells in humans derive from SMCs. We found that SMC Drebrin limits
atherosclerosis by reducing SMC transdifferentiation to macrophage-like foam cells in a manner
dependent on Nox1 and KLF4. For this reason, strategies aimed at augmenting SMC Drebrin
expression in atherosclerotic plaques may limit atherosclerosis progression and enhance plaque
stability by bridling SMC-to-foam-cell transdifferentiation.

Abbreviations
SMC
WT
NADPH
ROS
KLF4

vascular smooth muscle cell
wild-type
nicotinamide adenine dinucleotide phosphate
reactive oxygen species
Kruppel-like factor 4
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Aims: The F-actin-binding protein Drebrin inhibits smooth muscle cell (SMC) migration,
proliferation and pro-inflammatory signaling. Therefore, we tested the hypothesis that Drebrin
constrains atherosclerosis.

CVR-2020-1336R3

1. Introduction
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A hallmark of atherosclerotic lesions is the accumulation of foam cells: cholesteryl esterladen cells that express macrophage markers and secrete pro-inflammatory cytokines as well as
matrix-degrading proteases that contribute to plaque instability.1-3 It was previously believed that
foam cells derived exclusively from circulating monocytes; however, lineage tracing and other
approaches have identified transdifferentiated SMCs as an important subpopulation of foam
cells.4-7 Indeed, SMC transdifferentiation produces ~40-50% of foam cells in advanced human
atherosclerotic lesions5,8 and up to 75% of aortic arch foam cells in advanced mouse
atherosclerotic lesions.9 SMC-derived foam cells down-regulate ABCA1,9 lack expression of
certain macrophage-specific genes, and exhibit poor phagocytic and efferocytic function;
consequently, SMC-derived foam cells appear to augment atherosclerosis and contribute to
necrotic core formation.5 Furthermore, SMC-derived foam cells are deficient with regard to
collagen synthesis required to maintain a fibrous cap, and thereby may contribute to plaque
instability.7,10 Therefore, molecular mechanisms that reduce SMC-to-foam-cell
transdifferentiation have implications for both limiting atherosclerosis progression and promoting
plaque stability.
The transcription factor Kruppel-like factor 4 (KLF4) is required for SMC de-differentiation11
and has been shown to regulate SMC transdifferentiation to macrophage-like cells during
atherogenesis.7 Lineage tracing revealed that SMC-specific KLF4 deletion during atherogenesis
results in decreased SMC-to-macrophage-like-cell transdifferentiation, decreased atherosclerotic
lesion size and increased fibrous cap thickness.7 To identify gene targets of KLF4 in the context
of atherogenesis, Shankman et. al. performed chromatin immunoprecipitation-sequencing on
brachiocephalic artery specimens from Klf4+/+/Apoe-/- and Klf4-/-/Apoe-/- mice fed a Western diet;
with this approach, KLF4 was shown to bind to the promoter of the gene encoding Drebrin
(Dbn1).7
Drebrin was identified first as a neuronal actin-binding protein that stabilizes actin filaments
and thereby contributes to synaptic plasticity and memory.12 Drebrin was later found to be
abundantly expressed in SMCs, wherein it is up-regulated in response to arterial injury in mice
and to atherosclerosis in humans.13 Comparing WT with Dbn-/+ mice, we found that Drebrin
inhibits SMC migration and proliferation, both in vitro and in vivo, through stabilization of actin
filaments.13 In studies with SMC-specific Dbn-/- (SMC-Dbn-/-) mice, we found that SMC Drebrin
limits angiotensin II-induced remodeling of the ascending aorta, and that Drebrin-dependent
effects correlate with down-regulation of NADPH oxidase 1 (Nox1), decreased SMC reactive
oxygen species (ROS) production, and reduced vascular inflammation.14 Thus, Drebrin
constrains not only the migratory/proliferative SMC phenotype evoked by vascular injury but also
the pro-inflammatory SMC phenotype evoked by angiotensin II. For these reasons, we tested
whether SMC Drebrin attenuates KLF4-dependent SMC-to-foam-cell transition and
atherosclerosis.
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2. Methods

2.1 Mice
All animal studies were approved by the Duke Institutional Animal Care and Use Committee and
were performed in accordance with NIH guidelines. All mice used in this study were congenic to
C57BL/6J. Mice with SMC-specific Drebrin deficiency (SM22-Cre+/Dbnflox/flox or SMC-Dbn-/-)
were described previously.14 These mice were crossed with Ldlr-/- mice (Jackson Laboratory ) to
generate SMC-Dbn-/-/Ldlr-/- mice. Control “Dbn+/+/Ldlr-/-” mice comprised Dbnflox/ flox/Ldlr-/-, SM22Cre+/Ldlr-/-, and Ldlr-/- mice. Both male and female mice were used in atherosclerosis studies;
they were analyzed in a sex-stratified manner, as indicated.
2.2 Atherosclerosis studies
These experiments adhered to the guidelines for experimental atherosclerosis studies described
in the AHA Statement,15 and performed as reported previously.16 “Pre-atherosclerotic” aortas
were harvested from 9-wk-old mice that had been fed a Western diet for 1 week. Mice fed a
Western diet for 14-20 weeks from age 8 wk were used for studies of atherosclerotic aortas and
brachiocephalic arteries, which were processed as described. Mice were euthanized by CO2
asphyxia followed by exsanguination; blood was used for serum cholesterol measurements, as
described.16 Atherosclerotic lesion areas were measured by observers blinded to specimen
identity.16
2.3 Carotid interposition grafting
This procedure was performed as we described.17 Mice were anesthetized with pentobarbital
(50 mg/kg, i.p.). Right common carotid arteries from male 8-wk-old Dbnflox/flox and SMC-Dbn-/mice were orthotopically transplanted into age-matched male Apoe-/- mice, which were fed
normal chow and harvested 4 wk post-operatively after euthanasia with pentobarbital (100
mg/kg, i.p.). Carotid grafts were embedded and frozen in Neg-50™ frozen section medium
(Thermo Fisher).
2.4 Statistical analyses
To compare two groups with regard to one parameter, we used an unpaired t test or the MannWhitney test, respectively, for normally or non-normally distributed data. To compare >2 groups
with regard to ≥2 parameters we used 2-way ANOVA followed by the Sidak post hoc test for
multiple comparisons. To compare 2 groups with regard to ≥2 parameters for which
measurements differed greatly in magnitude, we used multiple t tests and the Holm-Sidak
correction for multiple comparisons. To ascertain normality of the data, we used the D’AgostinoPearson omnibus normality test for n≥7/group, and the Kolmogorov-Smirnov test for n=56/group. For datasets with n<5/group, data were considered normally distributed if the mean
and median values were within 10% of each other. Analyses were performed with GraphPad
Prism 8.3.1 software (GraphPad, Inc.). A p<0.05 was considered significant.

3. Results
3.1 SMC Drebrin attenuates atherosclerosis
To investigate the effects of SMC Drebrin on atherosclerosis, we bred our SM22-Cre+/Dbnflox/flox
(SMC-Dbn-/-) mice14 with Ldlr-/- mice, to create congenic cohorts of SMC-Dbn-/-/Ldlr-/- and
4
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Detailed methods are available in the Supplementary material.
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Dbnflox/flox/Ldlr-/- mice. We previously demonstrated SMC-specific knockout of Drebrin and
showed that SMC-Dbn-/- and Dbnflox/flox mice have equivalent blood pressures, heart rates, and
aortic dimensions.14 After 14-20 weeks on a Western diet, SMC-Dbn-/-/Ldlr-/- and Dbnflox/flox/ Ldlr-/mice were indistinguishable with regard to body weight, serum total cholesterol concentration,
and serum high-density lipoprotein cholesterol concentration (Table 1).
Prior to the infiltration of the arterial neointima by monocyte/macrophages, arterial
inflammation in atherosclerosis initiates with the expression of cytokines and adhesion
molecules by endothelial cells and SMCs, substantially under the control of the pro-inflammatory
transcription factor NFκB.16 In vivo, SMC Drebrin reduces angiotensin II-induced activation of
NFκB and expression of VCAM-1 (vascular cell adhesion molecule-1).14 Therefore, we tested
whether SMC Drebrin reduces NFκB activation and VCAM-1 expression in the earliest stages of
atherogenesis. To do so, we fed SMC-Dbn-/-/Ldlr-/- and Dbnflox/flox/ Ldlr-/- mice a Western diet for
just one week starting at the age of 8 wk; aortas harvested at this time point were devoid of
intimal monocyte/macrophages.16,18 Compared with aortas from control Dbnflox/flox/Ldlr-/- mice,
aortas from SMC-Dbn-/-/Ldlr-/- mice demonstrated equivalent levels of the NFκB subunit p65, but
19±3% higher levels of Ser536-phosphorylated NFκB p65, which is transcriptionally activated14,16
(Supplementary Figure S2). Congruent with this increased activation of NFκB in preatherosclerotic aortas, SMC-Dbn-/-/Ldlr-/- aortas also demonstrated 35±5% and 30±5% higher
levels of the NFκB-dependent19 gene product VCAM-1 in the tunica media and tunica intima,
respectively (Supplementary Figure S2). Thus, Drebrin deficiency in SMCs augments arterial
inflammation in the earliest stages of atherogenesis.
To determine whether the increased inflammatory signaling in SMC-Dbn-/-/Ldlr-/- aortas
augmented atherosclerosis, we fed our mice a Western diet for 14 wk prior to examining
brachiocephalic arteries and aortas. Control “Dbn+/+/Ldlr-/-” mice for these experiments
comprised Dbnflox/flox/Ldlr-/-, SM22-Cre+/Ldlr-/-, and Ldlr-/- mice. Each of these 3 groups yielded
equivalent results; consequently, we pooled results from all of these groups (Supplementary
Figures S3 and S4). In brachiocephalic arteries, SMC-Dbn-/-/Ldlr-/- mice showed ~1.5-fold
greater lesion cross-sectional area than control mice, in both males (Supplementary Figure S3)
and females (Supplementary Figure S4). By contrast, en face analyses of Sudan IV-stained
aortas showed that SMC-Dbn-/-/Ldlr-/- and control mice had equivalent surface areas of
cholesteryl ester-rich lesions after 14 wk on a Western diet (Supplementary Figures S3 and S4).
These data thus presented an apparent paradox between cross-sectional analyses showing
anti-atherogenic effects of Drebrin, on the one hand, and en face analyses showing no effect of
Drebrin, on the other. To resolve this apparent paradox, we tested whether, in the setting of
more advanced atherosclerosis, SMC-Dbn-/-/Ldlr-/- mouse atherosclerotic lesions would be larger
not only in cross sectional area but also in surface area, assessed en face.
Atherosclerotic lesion size in brachiocephalic arteries was greater in male mice fed a
Western diet for 20 wk, as compared with 14 wk: by 1.4±0.3-fold in Dbn+/+/Ldlr-/- mice and by
1.6±0.5-fold in SMC-Dbn-/-/Ldlr-/- mice (p<0.05; Figure 1 and Supplementary Figure S3).
Congruently, aortic lesion surface area was also greater after 20 wk than after 14 wk on Western
diet: 1.7±0.4-fold greater in Dbn+/+/Ldlr-/- mice, and 2.0±0.5-fold greater in SMC-Dbn-/-/Ldlr-/- mice
(p<0.001; Figure 1 and Supplementary Figure S3). At this 20-wk time point, furthermore, SMCDbn-/-/Ldlr-/- mice demonstrated larger atherosclerotic lesions than Dbn+/+/Ldlr-/- mice in both
cross-sectional and surface area analyses: 1.8±0.6-fold greater in brachiocephalic cross
sections and 1.2±0.1-fold greater in aortas analyzed en face (Figure 1). Thus, as it did in mice
fed a Western diet for 14 weeks, SMC Drebrin activity attenuated atherosclerosis in mice fed a
Western diet for 20 wk. However, even after 20 wk on a Western diet, SMC Drebrin deficiency
augmented atherosclerotic lesion cross-sectional area more extensively than lesion surface
area. To gain insight into this difference, we examined lesion composition.
The larger atherosclerotic lesions of SMC-Dbn-/-/Ldlr-/- brachiocephalic arteries were similar
to those of Dbn+/+/Ldlr-/- brachiocephalic lesions in terms of (a) percent cross sectional area
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3.2 Drebrin constrains SMC-to-foam-cell transdifferentiation
To begin to understand how SMC Drebrin deficiency could engender greater atherosclerotic
lesion necrotic core size, we considered the possibility that in SMC-Dbn-/-/Ldlr-/- mice a greater
proportion of atherosclerotic lesion macrophages derive from SMCs than in Dbn+/+/Ldlr-/- mice.
Approximately 40-50% of foam cells in advanced human atherosclerotic lesions derive from
SMCs,5,8 and up to 75% of aortic arch foam cells in advanced mouse atherosclerotic lesions
derive from SMCs.9 SMC-derived foam cells down-regulate ABCA1,9 lack expression of certain
macrophage-specific genes, and exhibit poor phagocytic/efferocytic function; consequently,
SMC-derived foam cells appear to augment atherosclerosis5,7 and atherosclerotic lesion necrotic
core size.5
In brachiocephalic arteries from mice fed a Western diet for 20 wk, we identified foam cells
with the fluorescent dye BODIPY 493/503, which stains cholesteryl ester. Foam cells were
designated as cholesteryl ester fluorescence that with confocal microscopy co-localized with
DNA fluorescence, to ensure that we focused upon intracellular lipid, as opposed to extracellular
lipid9 (Figure 2D, E). We quantitated SMC-derived foam cells by co-localizing smooth muscle αactin with BODIPY20 (Figure 2D, E). The prevalence of foam cells among all neointimal cells
was 1.6-fold greater in SMC-Dbn-/-/Ldlr-/- than in Dbn+/+/Ldlr-/- brachiocephalic arteries (Figure 2D,
E). Furthermore, the prevalence of cells staining for both smooth muscle α-actin and BODIPY
was 1.5-fold greater in SMC-Dbn-/-/Ldlr-/- than in Dbn+/+/Ldlr-/- brachiocephalic arteries (Figure 2D,
E). By these measures, SMC Drebrin deficiency appears to engender a higher prevalence of
SMC-derived foam cells.
To determine whether Drebrin affects SMC-to-foam-cell transdifferentiation in an
independent model of atherosclerosis, we employed a surgically chimeric Apoe-/- mouse model:
common carotid arteries from Dbnflox/flox or SMC-Dbn-/- mice were orthotopically transplanted (as
interposition grafts) into the right common carotid of Apoe-/- mice.17 The foam cell-rich
atherosclerosis that develops in these carotid grafts over 4-8 wk mirrors aortic atherosclerosis
with regard to the effects of various gene deletions on atherosclerosis severity.16,17,21,22
However, because these congenic carotid grafts are Apoe+/+, the apoE protein expressed by
carotid graft-derived cells can be used as a sort of lineage marker in the Apoe-/- carotid graft
recipients—for example, to show that fibrous cap SMCs derive from tunica media SMCs in these
carotid grafts,21 as they do in brachiocephalic arteries of Apoe-/- mice.23
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comprising macrophages and SMCs, as judged by CD68 and smooth muscle (SM) α-actin
immunostaining, and (b) fibrous cap thickness (Figure 2A, B; Supplementary Figure S5). In
accord with their larger size, SMC-Dbn-/-/Ldlr-/- brachiocephalic lesions contained ~50% more SM
α-actin-positive cells (SMCs, Figure 2C). However, when we identified monocyte/macrophages
and SMCs by immunostaining for CD11b and smooth muscle myosin heavy chain (SMMHC),
respectively, SMC-Dbn-/-/Ldlr-/- brachiocephalic atheromata comprised ~10% more
monocyte/macrophage area and ~50% less SMC area than Dbn+/+/Ldlr-/- brachiocephalic lesions
(Supplementary Figure S6). Nonetheless, proliferation of SM α-actin-positive cells was 1.7±0.2fold greater in SMC-Dbn-/-/Ldlr-/- than in Dbn+/+/Ldlr-/- brachiocephalic lesions after 14 wk on
Western diet (Supplementary Figure S5)—a finding consistent with data obtained with Dbn-/+ and
WT SMCs in vitro and in injured arteries.13 The prevalence of apoptotic cells in brachiocephalic
atheromata was 30±3% greater in SMC-Dbn-/-/Ldlr-/- than in Dbn+/+/Ldlr-/- mice after 14 wk of
Western diet (Supplementary Figure S5); furthermore, the necrotic core cross-sectional areas
were 2.0±0.1- to 2.4±0.4-fold larger in SMC-Dbn-/-/Ldlr-/- than in Dbn+/+/Ldlr-/- mice after 20 wk of
Western diet (Supplementary Figure S6 and Figure 2, respectively). Thus, aside from promoting
larger atherosclerotic lesion size, the most notable effect of SMC Drebrin deficiency was
promoting atherosclerotic lesion cell apoptosis and enlarging the necrotic core area of
atherosclerotic lesions.
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3.3 Drebrin inhibits SMC-to-foam-cell transdifferentiation by reducing Nox1 expression
To discern mechanisms by which Drebrin attenuates SMC-to-foam-cell transdifferentiation, we
loaded Dbnflox/flox and Dbn-/- SMCs with soluble cholesterol in vitro.4 Although Dbnflox/flox and Dbn7
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SMC-Dbn-/- carotid grafts demonstrated 1.7±0.3-fold greater neointimal atheroma crosssectional area than Dbnflox/flox carotid grafts (Figure 3A, B)—thereby recapitulating results
obtained with brachiocephalic atherosclerotic lesions in Dbn+/+/Ldlr-/- and SMC-Dbn-/-/Ldlr-/- mice
(Figure 1). Furthermore, as a percentage of neointimal lesion area, the CD68+ (macrophage)
cross-sectional area was 2±0.4-fold greater in SMC-Dbn-/- than in Dbnflox/flox carotid grafts (Figure
3C, D); the prevalence of macrophages among all neointimal cells was 1.7±0.3-fold greater in
SMC-Dbn-/- than in Dbnflox/flox carotid grafts (32±9% versus 19±1%). Consistent with the greater
mass and prevalence of macrophages (and consequently greater outward arterial remodeling 14),
SMC-Dbn-/- carotid grafts also demonstrated 1.5±0.4-fold greater cross-sectional area than
Dbnflox/flox carotid grafts (Figure 3B). We identified foam cells in the carotid grafts as we did for
Figure 2, and found that the prevalence of foam cells was greater in SMC-Dbn-/- than in Dbnflox/flox
carotid grafts: by 1.4±0.2-fold and 1.3±0.2-fold in the neointima and media, respectively (Figure
3E, F).
In order to use apoE expression as a marker for foam cells that derive from carotid graft
medial SMCs, we first tested whether apoE was expressed at equivalent levels in Dbnflox/flox and
SMC-Dbn-/- carotid arteries. Immunofluorescence of carotid arteries demonstrated equivalent
apoE expression in Dbnflox/flox and SMC-Dbn-/- arteries, predominantly (if not exclusively) in SMCs
(Supplementary Figure S7). To identify foam cells derived from the carotid artery graft, we colocalized these foam cells (as defined above) with apoE immunofluorescence (Figure 3E, G).
Using this approach, we found that the prevalence of apoE+/BODIPY+, carotid graft-derived foam
cells in the atherosclerotic neointima was 1.8±0.2-fold greater in SMC-Dbn-/- than in Dbnflox/flox
carotid grafts (Figure 3G). Carotid graft-derived foam cells constituted 33±4% and 59±9% of all
foam cells in the neointima of Dbnflox/flox and SMC-Dbn-/- carotid grafts, respectively. In the tunica
media, however, carotid graft-derived foam cells constituted 100% of all foam cells in both
Dbnflox/flox and SMC-Dbn-/- carotid grafts (Figure 3G). Thus, SMC Drebrin deficiency increased
not only the size of atherosclerotic lesions but also the proportion of foam cells derived from the
carotid graft.
To verify these findings, we took a parallel approach that identified carotid graft-derived
intimal macrophages by co-localizing apoE and CD68 immunofluorescence (Supplementary
Figure S8). With this approach, the prevalence of carotid graft-derived macrophage-like cells in
the atherosclerotic neointima was 2.5±0.6-fold greater in SMC-Dbn-/- than in Dbnflox/flox carotid
grafts (Supplementary Figure S8B). Thus, our CD68 analysis comported with our BODIPY
analysis regarding Drebrin-mediated reduction in carotid graft-derived foam cells. Furthermore,
as judged by CD68 expression in vitro (Figures 4A-B, 5A-B) or in vivo (Supplementary Figure
S8), SMC transdifferentiation to macrophage-like cells is constrained substantially by Drebrin
activity.
Did SMC-Dbn-/- carotid grafts demonstrate more carotid graft-derived foam cells than
Dbnflox/flox carotid grafts because of greater SMC-to-foam cell transdifferentiation? To address
this question, we replicated our brachiocephalic artery strategy from Figure 2, and identified
SMC-derived foam cells by co-localizing smooth muscle α-actin (instead of apoE) with BODIPY.
This approach yielded data congruent with those obtained using apoE as a marker of carotid
graft-derived cells: the prevalence of SMC-derived foam cells in the atherosclerotic neointima
was 1.5±0.1-fold greater in SMC-Dbn-/- than in Dbnflox/flox carotid grafts (Supplementary Figure
S9). SMC-derived foam cells constituted 19±3% and 28±4% of all foam cells in the neointima of
Dbnflox/flox and SMC-Dbn-/- carotid grafts, respectively, and SMC-derived foam cells constituted
100% of all foam cells in the tunica media of both Dbnflox/flox and SMC-Dbn-/- carotid grafts
(Supplementary Figure S9).

CVR-2020-1336R3
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SMCs accumulated equivalent levels of cholesteryl ester (Supplementary Figure S10), Dbn-/SMCs up-regulated the macrophage marker CD68 1.7±0.2-fold more than Dbnflox/flox SMCs did
(Figure 4A-B). Congruently, with cholesterol loading Dbn-/- SMCs up-regulated the macrophage
marker galectin-3 protein ~10-fold, while Dbnflox/flox SMCs did not up-regulate galectin-3 at all
(Figure 4C-D). In contrast, cholesterol loading down-regulated the SMC contractile phenotype
marker SMMHC (Myh11) more in Dbn-/- than in Dbnflox/flox SMCs (by 1.9±0.2-fold, Figure 4E).
Thus, cholesterol loading up-regulated macrophage markers more in Dbn-/- than in Dbnflox/flox
SMCs, and down-regulated SMMHC more in Dbn-/- than in Dbnflox/flox SMCs.
The transcription factor KLF4 appears to be required for SMC-to-foam-cell
transdifferentiation.7 Accordingly, we asked whether Dbn-/- SMCs express more KLF4 than
Dbnflox/flox SMCs. Consistent with their greater SMC-to-foam-cell transdifferentiation, Dbn-/SMCs demonstrated 1.7±0.2-fold greater KLF4 protein expression than Dbnflox/flox SMCs (Figure
4F-G). To determine if up-regulation of KLF4 in Dbn-/- SMCs is responsible for greater SMC-tofoam-cell transdifferentiation in Dbn-/- SMCs, we used an RNAi approach. Dbn-/- SMCs
transfected with KLF4-targeted siRNA demonstrated ~50-60% less KLF4 than controltransfected Dbn-/- SMCs (approximately the same level of KLF4 seen in Dbnflox/flox SMCs). This
degree of KLF4 silencing abrogated galectin-3 up-regulation induced by cholesterol loading in
Dbn-/- SMCs (Figure 4H, I), and thus restored the Dbnflox/flox (“WT”) SMC phenotype. Thus,
Drebrin activity in SMCs appears to inhibit SMC-to-foam-cell transdifferentiation triggered by
cholesterol loading in a KLF4-dependent manner. Consistent with KLF4’s ability to bind to the
Drebrin promoter and act as a transcriptional repressor,7 cholesterol loading also reduced the
expression of Drebrin in WT SMCs, by >10-fold (Supplementary Figure S11A, B).
Loss of Drebrin results in actin depolymerization, which in turn promotes SMCs to
transdifferentiate from a contractile to a proliferative phenotype.13 For this reason, we asked
whether the enhanced SMC-to-foam-cell transdifferentiation observed in Dbn-/- SMCs could be
restored to WT SMC levels by stabilizing filamentous actin. To address this question, we
cholesterol-loaded Dbn-/- SMCs and simultaneously treated them with the F-actin stabilizer
jasplakinolide.24 As judged by up-regulation of the macrophage marker galectin-3, SMC-tofoam-cell transdifferentiation in Dbn-/- SMCs was virtually abolished by jasplakinolide
(Supplementary Figure S11C, D). Thus, in Dbn-/- SMCs, the F-actin destabilization engendered
by the absence of Drebrin may, by itself, substantially augment cholesterol-induced SMC-tofoam-cell transdifferentiation.
To confirm the role of Drebrin in constraining SMC-to-foam-cell transdifferentiation, we
restored physiological levels of Drebrin in Dbn-/- SMCs and then tested whether doing so would
engender a WT phenotype with regard to SMC-to-foam-cell transdifferentiation. In response to
cholesterol loading, the prevalence of CD68-positive cells doubled in both WT and Dbn-/- SMCs
(Figure 5A, B). However, with control adenovirus transduction, the prevalence of CD68-positive
cells was 1.6- to 1.9-fold higher in Dbn-/- than in WT SMCs (Figure 5A, B). This difference
diminished significantly with Drebrin-encoding adenovirus transduction: indeed, Dbn-/- SMCs
transduced with Drebrin-encoding adenovirus were indistinguishable from WT SMCs transduced
with control adenovirus (Figure 5A, B). Concordant data obtained when we examined the
macrophage marker galectin-3 instead of CD68 (Figure 5C, D): cholesterol up-regulated
galectin-3 levels by ~2.5-fold in Dbn-/- SMCs, and galectin-3 levels were significantly higher in
Dbn-/- than in WT SMCs when both SMC types were infected with control adenovirus. However,
when SMCs were transduced with the Drebrin-encoding adenovirus, galectin-3 levels in Dbn-/SMCs no longer differed significantly from those in WT SMCs. Thus, rescuing physiological
levels of Drebrin expression in Dbn-/- SMCs does engender WT levels of SMC-to-foam-cell
transdifferentiation as assessed by macrophage markers in vitro.
To elucidate molecular mechanisms promoting greater SMC-to-foam-cell transdifferentiation
in Dbn-/- SMCs, we began by examining SMC redox reactions—because in the context of
angiotensin II-induced hypertension, Dbn-/- aortic SMCs express higher levels of the NADPH
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4. Discussion
This study demonstrates that SMC Drebrin attenuates atherosclerosis, assessed in the
aorta, brachiocephalic artery, and in either Ldlr-/- or Apoe-/- mouse models. Mechanistically,
Drebrin substantially reduces SMC-to-foam-cell transdifferentiation both in vitro and in vivo, and
does so by down-regulating KLF4, Nox1 and SMC ROS levels. SMC-derived macrophage-like
cells are deficient in efferocytosis,5 and impairment of macrophage efferocytosis aggravates
atherosclerosis.26 Consequently, SMC Drebrin could reduce atherosclerosis both by reducing
SMC ROS levels27 and by reducing the prevalence of SMC-derived macrophage-like cells in
atherosclerotic lesions.20,26
4.1 Drebrin effects on ROS and SMC phenotype
Previously, Drebrin was shown to reduce SMC phenotypic plasticity: in response to plateletderived growth factor BB, Dbn-/+ and Dbn-/- SMCs convert from the contractile to the synthetic
9
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oxidase subunit Nox1 than Dbnflox/flox SMCs,14 and produce higher levels of reactive oxygen
species (ROS) than Dbnflox/flox aortic SMCs.14 We first asked whether Dbn-/- arteries have higher
levels of ROS in the context of atherogenesis. To address this question, we again examined
ascending aortas from SMC-Dbn-/-/Ldlr-/- and Dbnflox/flox/Ldlr-/- mice fed a Western diet for just one
week; as described for Supplementary Figure S2, these aortas lacked intimal
monocyte/macrophages,16 and allowed us to focus on the ROS signal from SMCs of the tunica
media. CellROX® Orange staining demonstrated 1.6±0.3-fold greater ROS levels in SMC-Dbn-//Ldlr-/- than in Dbnflox/flox/Ldlr-/- aortas (Figure 6A). Concordantly, tunica media ROS levels were
1.4±0.2-fold greater in SMC-Dbn-/- than in Dbnflox/flox carotid grafts (Figure 6B). We ascertained
that all tunica media cells originated from the carotid graft (and were thus either Dbnflox/flox or
Dbn-/- SMCs) by immunostaining with apoE (Figure 6B). Consistent with these ex vivo ROS data
from arteries’ tunica media, Dbn-/- SMCs in vitro demonstrated 1.8±0.5-fold higher levels of Nox1
than Dbnflox/flox SMCs (Figure 6C).
Because Dbn-/- SMCs express higher levels of KLF4 than Dbnflox/flox SMCs (Figure 4), and
because the expression of KLF4 and cellular ROS levels promote SMC-to-foam cell
transdifferentiation,20 we asked whether KLF4 regulates Nox1 expression in Dbn-/- SMCs. For
this purpose we used Dbn-/- SMCs subjected to KLF4 silencing, from Figure 4. When KLF4
protein levels in Dbn-/- SMCs were reduced to WT levels by siRNA transfection, Nox1 protein
levels were reduced by 55±6%--to levels prevailing in WT SMCs (Supplementary Figure 12A-B;
Figure 6C). Thus, Drebrin deficiency appears to up-regulate Nox1 in a manner that depends
substantially upon KLF4.
To determine whether higher Nox1-dependent ROS levels engendered greater SMC-tofoam-cell transdifferentiation in Dbn-/- SMCs, we examined the effects of Nox1 inhibition on
cholesterol-induced up-regulation of the macrophage marker galectin-3.25 Cholesterol loading
induced ~9-fold more galectin-3 expression in Dbn-/- than in Dbnflox/flox SMCs (Figure 6D).
However, the Nox1-selective inhibitor ML17114 abrogated galectin-3 up-regulation by
cholesterol loading, and rendered equivalent galectin-3 expression in Dbn-/- and Dbnflox/flox SMCs
(Figure 6D). In parallel experiments, we used siRNA transfection to reduce Nox1 levels by
~60% in Dbn-/- SMCs. Whereas cholesterol loading up-regulated galectin-3 by 4±1-fold in
control-transfected Dbn-/- SMCs, cholesterol loading failed to up-regulate galectin-3 in Nox1silenced Dbn-/- SMCs (Supplementary Figure S12C-E). Taken together, these data demonstrate
that Drebrin limits SMC-to-foam-cell transdifferentiation at least in part by constraining the
expression of Nox1 and steady-state ROS levels in SMCs.

CVR-2020-1336R3

4.2 Drebrin in human atherosclerosis
The GWAS Catalog39 demonstrates no genetic association between atherosclerosis and SNPs
in the human Drebrin gene (DBN1) proper. However, there is an association between
atherosclerosis and a SNP within a ~200-kb window around DBN1: rs337366. This SNP is
located in DOK3,40 a gene that resides close to DBN1 on chromosome 5. The atherosclerosis
risk allele of this DOK3 SNP is associated with the expression of DBN1 in the aorta (p < 9×10-8)
and posterior tibial artery (p = 2×10-13), such that DBN1 expression increases by 0.20 SD units
with each copy of the risk allele (the GTEX Portal).41 Thus, publicly available human databases
suggest that Drebrin expression increases with atherosclerosis—just as we found in our
immunofluorescence microscopic examination of human arteries.13
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phenotype more readily than WT SMCs, and this plasticity is restored to WT levels with the
rescue of physiologic levels of Drebrin expression.13,14 Our current work demonstrates that this
Drebrin-mediated constraint of SMC plasticity also obtains in the presence of atherogenic
stimuli, which provoke SMC-to-foam-cell transdifferentiation as an extreme on the continuum of
inflammatory SMC phenotypes.4,5,7-9 Control of SMC-to-foam-cell transdifferentiation
fundamentally involves the transcriptional regulator KLF4,5,7,28 which we found up-regulates in
Dbn-/- SMCs (Figure 4). However, as our work with Nox1 inhibition and silencing demonstrates,
KLF4-dependent SMC transdifferentiation is itself dependent upon SMC ROS levels. In this
way, our findings accord with previous work demonstrating that SMC ROS levels determine
KLF4 expression levels.20,29 KLF4 may down-regulate Drebrin7 and, in so doing, augment levels
of KLF4. In turn, elevated levels of KLF4 apparently up-regulate Nox1 (Supplementary Figure
S12)—a mechanism revealed for the first time, to our knowledge, in this work. Nox1 expression
has been shown to be transcriptionally regulated by alternative promoters. When SMCs
transition away from the contractile phenotype, Nox1 expression transitions from a “type a”
transcript to a “type c” transcript, which possesses a 5’ untranslated region distinct from that of
the type a transcript.30 PROMO in silico analysis of the type c promoter reveals a putative KLF4
binding motif absent from the type a promoter.31 By up-regulating Nox1 and thereby augmenting
SMC ROS levels, KLF4 activity may be facilitating its own expression in a positive-feedback
manner (Supplementary Figure S13).
In the setting of SMC Drebrin deficiency, increased Nox1 expression and SMC ROS levels
engender increased arterial inflammation not only in the context of atherosclerosis
(Supplementary Figure S2) but also in the context of angiotensin II-induced hypertension.14
Increased SMC ROS levels exert pro-atherogenic effects by oxidizing LDL in the subendothelial
space,32 increasing NFκB-dependent inflammatory gene expression in SMCs,14,20 and
augmenting SMC-to-foam-cell transdifferentiation,20 among other mechanisms. In addition to
entailing KLF4, the mechanism of Nox1 up-regulation in Dbn-/- SMCs may involve a positivefeedback loop that is constrained not only by Drebrin but also by other actin-stabilizing
proteins.33 Excess NADPH oxidase activity augments pro-inflammatory signaling pathways,
such as NFκB,33 which, in a positive-feedback manner, further enhance expression of NADPH
oxidases.34 In Dbn-/- SMCs, for example, TNF evokes more NFκB p65 activation than in WT
SMCs; this excess NFκB activation is ROS-dependent.14
Drebrin may reduce ROS-dependent inflammatory signaling not only by reducing Nox1
expression but also by reducing Nox1 endocytosis.35 Nox1 endocytosis is required for ROS
generation in response to TNF,36 and endosomal ROS is required for activation of NFκB.37
Drebrin inhibits dynamin-mediated endocytosis via its interaction with cortactin, which links
dynamin 2-tethered vesicles with actin-related protein 3 (ARP3).35 Furthermore, by associating
with cortactin, Drebrin may also inhibit NADPH oxidase activity by inhibiting the assembly of the
NADPH oxidase complex—because cortactin mediates the interaction of the p47phox subunit of
the NADPH oxidase complex with the actin cytoskeleton.38
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4.3 Study limitations
Identifying SMC-derived foam cells ex vivo by using smooth muscle α-actin expression surely
underestimates the prevalence of SMC-derived foam cells: smooth muscle α-actin expression is
downregulated in activated SMCs,4 and the prevalence of SMC-derived foam cells is
substantially higher when quantitated with genetic lineage-tracing methods than with smooth
muscle α-actin.7 The same problem of underestimating SMC-derived foam cells likely prevails
when using apoE expression to identify foam cells originating from the carotid grafts in our
studies, in part because SMC apoE expression declines with SMC proliferation.42 Nonetheless,
to determine relative differences between Dbnflox/flox and SMC-Dbn-/- with regard to SMC-derived
foam cells, both smooth muscle α-actin and apoE provided comparable data in our analyses of
two independent models. Indeed, when SMC lineage for foam cells was inferred from smooth
muscle α-actin expression, SMC-derived foam cells were 1.5-fold more prevalent in SMC-Dbn-//Ldlr-/- brachiocephalic arteries and in SMC-Dbn-/- carotid grafts than in cognate control arteries.
Furthermore, carotid graft-derived foam cells were 1.8-fold more prevalent in SMC-Dbn-/carotids when we used apoE to distinguish carotid graft-derived cells. Because Drebrin
deficiency promotes SMC de-differentiation,13 and because SMC de-differentiation
downregulates the expression of smooth muscle α-actin4 and apoE,42 using these markers to
identify SMC-derived foam cells may underestimate the actual differences between Dbnflox/flox
and SMC-Dbn-/- atherosclerotic lesions. In addition, because apoE+ foam cells in our Apoe+/+
carotid grafts may derive from carotid resident macrophages in addition to SMCs, counting
apoE+ macrophage-derived foam cells would diminish the apparent effect of SMC Drebrin on the
prevalence of graft-derived foam cells: SMC-Dbn-/- carotid grafts lack Drebrin predominantly, if
not exclusively, in SMCs.
The increase in plaque necrotic core size observed in SMC-Dbn-/-/Ldlr-/- mice (Figure 2 and
Supplementary Figure 6) may be due to 1) an increase in SMC transdifferentiation to
macrophage-like cells, which are relatively poor at efferocytosis,5 or 2) an increase in the
prevalence of apoptotic plaque cells (Supplementary Figure 5). Indeed, these mechanisms are
likely to be interdependent. The diminished phagocytosis/efferocytosis associated with
increased SMC transdifferentiation5 may increase the prevalence of apoptotic plaque cells
because these cells are cleared more slowly (or not at all, with subsequent necrosis).43,44
Conversely, decreased SMC transdifferentiation engendered by KLF4 deletion diminishes the
prevalence of apoptotic plaque cells, at least in part by reducing the prevalence of defective
efferocytes.7 Thus, increased necrotic core size is likely attributable to a combination of reduced
efferocytosis and increased apoptosis. Although Drebrin inhibits endocytosis,35 it is unlikely that
Drebrin would exert any direct effect on phagocytic or efferocytic function of SMC-derived foam
cells–because macrophages express very little or no Drebrin,14 and Drebrin down-regulates in
cholesterol-loaded SMCs (Supplementary Figure S11). Therefore, the effect of Drebrin on
phagocytosis/efferocytosis in SMC-derived macrophages would be expected to be small, if not
negligible.
SM22-Cre expression is not entirely specific to SMCs.45 However, of the cells in which
SM22-Cre has been shown to be expressed, Drebrin protein is undetectable in myocardium,14
skeletal muscle,14 macrophages,13 and whole bone marrow (Supplementary Figure S1).
Therefore, possible SM22-Cre activity in these cells or tissues would seem physiologically
insignificant in our studies of Drebrin. SM22-Cre has some activity in platelets,45 and Drebrin
protein is expressed in human platelets.46 Furthermore, adventitial fibroblast Drebrin protein
expression is ablated by SM22-Cre in our Dbnflox/flox mice.14 SM22-Cre shows activity in
perivascular adipocytes and their precursors,45 but to our knowledge Drebrin is not known to be
expressed in these cells. Therefore, it is conceivable that anti-atherogenic effects observed in
SM22-Cre+/Dbnflox/flox mice may be mediated, in part, through effects on several cells other than
SMCs.
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4.4 Conclusions
Drebrin is expressed in SMCs at levels far higher than in other cells of the atherosclerotic
plaque.13 Although Drebrin expression up-regulates in SMCs of injured or atherosclerotic
arteries,13 Drebrin down-regulates profoundly in SMCs with the cholesterol loading that
engenders SMC-to-foam-cell transdifferentiation (Supplementary Figure S11). For this reason,
strategies aimed at augmenting SMC Drebrin expression in atherosclerotic plaques may limit
atherosclerosis progression and enhance plaque stability by bridling SMC-to-foam-cell
transdifferentiation.
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Figure legends

Figure 2 SMC Drebrin deficiency augments atherosclerotic lesion necrotic core size and the
prevalence of SMC-derived foam cells. (A) Brachiocephalic arteries from Dbnflox/ flox/Ldlr-/(control) and SMC-Dbn-/-/Ldlr-/- mice used in Figure 1 were immunostained with IgG specific for
macrophages (CD68, green) and smooth muscle (SM) -actin (red); all specimens were
counterstained for DNA (blue). Serial sections stained with isotype control IgG yielded no green
or red color (not shown). Scale bars = 200 m. (B) The percentages of atheroma area
comprising macrophages, SMCs, and necrotic core were measured with ImageJ for 5 discrete
mice of each group. The thickness of the atheroma SM α-actin+ fibrous cap was measured at 6
locations, which were averaged and plotted for each artery (n=8-9), along with means ±SE for
each genotype. Compared with control: *, p < 0.01 (multiple t tests, Holm-Sidak correction for
multiple comparisons). (C) SM α-actin-positive cells in each brachiocephalic atheroma were
counted manually, and plotted with mean±SE of 6-7 mice/genotype. Compared with control: *,
p < 0.03 (t test). (D, E) Serial sections of brachiocephalic arteries from A and B were
incubated simultaneously with BODIPY® 493/503 (for cholesteryl ester), Hoechst 33342 (DNA),
and either Cy3-conjugated IgG specific for SM -actin or for no known protein. Confocal
microscopy used an optical slice thickness of 1 m. Serial sections stained with Cy3-control IgG
yielded no red color (not shown). The dotted white lines indicate the internal elastic lamina
(IEL). The dashed boxes indicate areas enlarged further in the adjacent panels. L, lumen.
Scale bars = 50 m. Co-localization of green (BODIPY) with either blue (Hoechst) or red (SM actin) was performed using Imaris 9.2 software, to yield white or yellow, respectively. BODIPYstained material in the neointima or media was judged to be cellular (as opposed to
extracellular), and therefore foam cells, if there was co-localization of green BODIPY with blue
DNA fluorescence (designated white). (D) Within several neointimal microscopic fields, the
number of BODIPY+ (foam) cells (≥100 per artery) was divided by the total number of cells to
obtain neointimal foam cell prevalence; the number of foam cells showing yellow SM -actin colocalization was divided by the total number of neointimal foam cells to obtain “% of total foam
cells”. Data were plotted for distinct brachiocephalic arteries from control (n=8) and SMC-Dbn-//Ldlr-/- mice (n=9), along with means±SE. Compared with control: *, p < 0.02 (t test).
Figure 3 SMC Drebrin inhibits atherosclerosis and SMC-to-foam cell transdifferentiation.
Common carotid arteries from Dbnflox/flox and SMC-Dbn-/- mice were transplanted into the right
common carotid of congenic Apoe-/- mice as interposition grafts, and harvested 4 wk later. (A)
Sections were stained with a modified connective tissue stain to facilitate planimetry of neointima
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Figure 1 SMC Drebrin attenuates atherosclerosis. The indicated male mice were fed a
Western diet for 20 wk, from age 8 wk: SMC-Dbn-/-/Ldlr-/- mice, and “control” mice (SM22Cre+/Ldlr-/- (green), Dbnflox/ flox/Ldlr-/- (blue), and Dbn+/+/Ldlr-/- (black)). All control groups yielded
congruent data; therefore, data from these groups were pooled. (A) Brachiocephalic artery
sections from the indicated mice were stained with H&E; one specimen of each group is shown,
representing 9-15 examined per group. Scale bars = 200 μm. (B) Brachiocephalic cross
sectional neointimal and medial areas were measured by planimetry for control (n=15) and
SMC-Dbn-/-/Ldlr-/- mice (n=9). For each artery, neointimal area was divided by medial area;
these ratios for each mouse were plotted along with group means ± S.E. Compared with control
mice: *, p < 0.001 by t test. (C) Aortas from these mice were excised from the root to the iliac
bifurcation, stained with Sudan IV, pinned and photographed en face. Scale bars = 2 mm. (D)
The percentage of aortic surface area comprising Sudanophilic lesions was quantitated and
plotted for each mouse (control (n=33) and SMC-Dbn-/-/Ldlr-/- (n=20)), along with group means
±SE. Compared with control: *, p < 0.001 (t test).

CVR-2020-1336R3

Figure 4 Drebrin inhibits SMC-to-foam cell transdifferentiation in a KLF4-dependent manner.
(A) WT SMCs were treated with vehicle (control) or cholesterol-methyl--cyclodextrin (10 µg/ml)
for 72 h and stained with anti-CD68 IgG. (Isotype control IgG yielded no color.) Scale bar = 10
m. Results represent 3 independent experiments with >100 SMCs evaluated per experiment.
(B) Dbnflox/flox and SMC-Dbn-/- SMCs were treated ±cholesterol (as in A) for 24 h before mRNA
isolation and qRT-PCR for CD68 and GAPDH. Threshold CD68 counts were normalized to
cognate GAPDH values and plotted from 4 experiments (means±SE) using 3 sets of
independently isolated Dbnflox/flox and SMC-Dbn-/- SMC lines. Compared with cognate Dbnflox/flox:
*, p <0.05 (2-way ANOVA with Sidak post hoc test). (C) SMCs from panel B were treated (Tx)
as above with vehicle or cholesterol (“Chol”) for 48 h; soluble SMC extracts were immunoblotted
sequentially for Galectin-3 (Gal-3) and -actin. (D) Band densities for Gal-3 were normalized to
cognate -actin band densities; ratios were plotted from 3 independent experiments (means±SE)
with distinct pairs of Dbnflox/flox and SMC-Dbn-/- SMC lines. Compared with vehicle control: *, p <
0.01 (2-way ANOVA with Sidak post hoc test). (E) The mRNA of SMCs from panel B was
subjected to qRT-PCR for SMMHC and GAPDH; data were obtained and processed as in panel
B. Compared with vehicle-treated SMCs: *, p < 0.001; compared with Dbnflox/flox: #, p < 0.05 (2way ANOVA with Sidak post hoc test, n=4/group). (F) Dbnflox/flox and SMC-Dbn-/- SMCs were
grown to confluence, serum starved for 24 hours, and then solubilized. SMC lysates were
immunoblotted sequentially for KLF4 and -actin. KLF migrates as a doublet due to its known
post-translational modifications.47 (G) Band densities for KLF4 were normalized to cognate actin band densities; the ratios were plotted as arbitrary units (a. u.) from 3 independent
experiments with 3 sets of independently isolated Dbnflox/flox and SMC-Dbn-/- SMC lines.
Compared with Dbnflox/flox: *, p < 0.05 (t test). (H) SMC-Dbn-/- SMCs were transfected with
siRNAs targeting KLF4 or no known mRNA (“control”). Forty-eight h later, SMCs were treated
for a further 48 h with cholesterol-methyl--cyclodextrin (10 µg/ml, “cholesterol”) or vehicle, and
then solubilized. SMC lysates were immunoblotted sequentially for Galectin-3, KLF4 and actin. (I) Band densities for Gal-3 or KLF4 were normalized to cognate -actin band densities;
the ratios were plotted as means±SE from 3 independent experiments with 2 independently
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and media. Scale bars = 100 μm. (B) Neointimal, medial, and total arterial cross-sectional
areas were measured by planimetry (ImageJ), and plotted for 9 distinct carotid grafts/genotype
along with means±SE. Compared with Dbnflox/flox: *, p < 0.01 (Mann-Whitney). (C) Serial
sections of carotid grafts from panel A were incubated with anti-CD68 or isotype control IgG,
along with Hoechst 33342 (DNA). Negative control IgG yielded no color (not shown). Scale
bars = 50 μm. L, lumen; IEL, internal elastic lamina. (D) In cross sections from panel C, the
CD68-positive neointimal area was divided by the cognate total neointimal area, and plotted for
9 distinct carotid grafts/genotype, along with means±SE. Compared with Dbnflox/flox: *, p < 10-3 (t
test). (E) Serial sections of carotid grafts were incubated simultaneously with BODIPY® 493/503
and goat anti-apoE, followed by Hoechst 33342 (DNA) and anti-goat/Alexa 546 IgG. Confocal
microscopy used an optical slice thickness of 1 μm. Serial sections stained with non-immune
primary IgG yielded no color (not shown). The dotted white lines indicate the internal elastic
lamina (IEL). The dashed boxes indicate areas enlarged further in the adjacent panels. L,
lumen. Scale bars = 20 μm. Co-localization of red (apoE) with either blue (Hoechst) or green
(BODIPY) was performed was performed as in Figure 2. (F) BODIPY-stained material was
judged to be cellular as in Figure 2. Foam cell prevalence was determined as in Figure 2 and
plotted for 9 distinct carotids/genotype, along with means±SE. Compared with Dbnflox/flox: *, p <
10-3 (Mann-Whitney). (G) BODIPY+ neointimal or medial cells (≥100 per layer per carotid graft)
were scored as containing yellow (apoE+/BODIPY+) or not; the percentage of apoE+/BODIPY+ in
each layer was plotted for 9 distinct carotids per genotype, along with means±SE. Compared
with Dbnflox/flox: *, p < 10-3 (t test).

CVR-2020-1336R3
isolated primary SMC-Dbn-/- SMC lines. Compared with cognate control siRNA-transfected
SMCs: *, p < 0.01 (Gal-3) or p < 0.05 (KLF4), 2-way ANOVA with Sidak post hoc test.

Figure 6 Drebrin regulates SMC ROS levels and foam cell transdifferentiation via Nox1. (A)
Serial frozen sections of Dbnflox/flox/Ldlr-/- and SMC-Dbn-/-/Ldlr-/- pre-atherosclerotic aortas used in
Supplementary Figure S2 were incubated without (negative control) or with CellROX® Orange in
the absence (total signal) or presence (nonspecific, Nox1-independent signal) of the Nox1
inhibitor ML171 (see Methods). Fluorescence photomicrographs from single aortas of each
genotype are shown; negative control samples yielded no red fluorescence (not shown). Scale
bars = 50 μm. (Right), Specific CellROX® fluorescence was calculated as the fluorescence (red
pixels/mm2) in aortic slices incubated with CellROX® minus that obtained from slices incubated
with CellROX® plus ML171; values from 5 distinct aortas of each genotype were plotted, along
with means±SE. Compared with Dbnflox/flox/Ldlr-/-: *, p<0.01 (t test). (B) Frozen sections from
atherosclerotic carotid interposition grafts used in Figure 3 were processed like the aortas of
panel A; serial sections were immunostained with goat IgG specific for apoE or for no known
protein (control). “L”, lumen. Arrows indicate the internal and external elastic laminae (and thus
the tunica media). Scale bars = 50 μm. (Right), Specific CellROX® fluorescence in the tunica
media was quantitated as in panel B. Values for 4 discrete carotid grafts per genotype are
plotted, with means±SE. Compared with Dbnflox/flox carotid grafts: *, p < 0.03 (Mann-Whitney
test). (C) SMCs from age- and sex-matched Dbn-/- and Dbnflox/flox (fl/fl) mice were solubilized and
immunoblotted serially for Nox1 and β-actin. Nox1 band densities were normalized to cognate
β-actin band densities; ratios were plotted as arbitrary units for 4 independent pairs of Dbnflox/flox
and Dbn-/- SMC lines, with means±SE. Compared with Dbnflox/flox: *, p < 0.03 (Mann Whitney
test). (D) Dbn-/- and Dbnflox/flox (“f/f”) SMCs were treated without or with the Nox1-selective
inhibitor ML171 (1 μmol/L) in the presence or absence of cholesterol-methyl-β-cyclodextrin (10
µg/ml) or vehicle for 24 h and then solubilized. SMC lysates were immunoblotted sequentially
for Galectin-3 and β-actin. Band densities for galectin-3 were normalized to cognate β-actin
band densities; the ratios were plotted as means±SE from 3 independent experiments with 2
independently isolated SMC lines of each genotype. Compared with cognate Dbnflox/flox SMCs: *,
p < 0.05 (2-way ANOVA with Sidak post hoc test).
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Figure 5 Drebrin inhibits SMC up-regulation of CD68 and Galectin-3. (A) Aortic SMCs from
Dbnflox/flox and SMC-Dbn-/- mice were transduced with empty vector or Drebrin-encoding
adenoviruses and then exposed to medium containing vehicle or solubilized cholesterol for 48 h
(37 °C). SMCs were then immunostained with IgG specific for CD68 or Drebrin (or isotype
control IgG), as indicated, counter-stained for DNA, and imaged at 200× (original magnification).
Scale bars = 50 μm. (B) For each SMC group, the number of CD68+ SMCs was divided by the
total number of SMCs and multiplied by 100; the resulting percentages are plotted (along with
means ± SE) for 4 experiments with 4 distinct pairs of Dbnflox/flox and Dbn-/- SMCs. p < 0.05 for
comparisons of (a) Dbn-/- versus cognate Dbnflox/flox SMCs (*); (b) Drebrin adenovirus-transduced
versus cognate control adenovirus-transduced SMCs (§); (c) cholesterol-treated versus vehicletreated SMCs (#) (2-way ANOVA with Sidak post hoc test). (C) Dbnflox/flox (f/f) and Dbn-/- SMCs
were transduced and treated ±cholesterol just as in panel A. After the 48-hr incubation
±cholesterol, however, SMCs were solubilized; protein extracts were immunoblotted serially for
the indicated proteins. (D) The band intensities for Galectin-3 were normalized to cognate βactin band densities, and these ratios were plotted (along with means ± SE) for 3 experiments
with 3 distinct pairs of Dbnflox/flox and Dbn-/- SMCs. p < 0.05 for comparisons of (a) Dbn-/- versus
cognate Dbnflox/flox SMCs (*); (b) cholesterol-treated versus vehicle-treated SMCs (#); (c) Drebrin
adenovirus-transduced versus cognate control adenovirus-transduced SMCs (§) (2-way ANOVA
with Sidak post hoc test).
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Weight (gm)

Serum [Cholesterol], mmol/L (mg/dl)

Dbnflox/flox/Ldlr-/-

SMC-Dbn-/-/Ldlr-/-

Dbnflox/flox/Ldlr-/-

SMC-Dbn-/-/Ldlr-/-

(n = 20)

(n = 19)

(n = 14)

(n = 14)

14

37 ± 1

37 ± 1

22 ± 1 (830 ± 50)

21.1± 1 (820 ± 60)

20

40 ± 2

40 ± 1

28 ± 1 (1,090 ± 40)

29 ± 1 (1,130 ± 40)

14

25 ± 1

26 ± 1

31 ± 1 (1,190 ± 60)

31 ± 1 (1,200 ± 100)

Male

Female

Table 1 Mouse weights and serum cholesterol levels. Mice of the indicated genotype and sex
were fed a Western diet for the indicated number of weeks, euthanized, and then subjected to
the indicated measurements.
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Drebrin Attenuates Atherosclerosis by Limiting
Smooth Muscle Cell Transdifferentiation

Jiao-Hui Wu, Lisheng Zhang, Igor Nepliouev, Leigh Brian,
Taiqin Huang, Kamie P. Snow, Brandon M. Schickling, Elizabeth R. Hauser, Francis J. Miller, Jr.,
Neil J. Freedman, Jonathan A. Stiber
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Supplementary Figure S1 Ldlr-/- mouse bone marrow cells lack physiologically significant Drebrin expression. Male Ldlr-/- mice
were fed chow or a Western diet for 2 wk from the age of 8 wk, and then euthanized. Bone marrow cells harvested from the long
bones of 2 mice per dietary condition and primary mouse aortic SMCs were solubilized, and the indicated protein mass from the
indicated source was loaded onto SDS-polyacrylamide gels, electrophoresed, and then transferred to nitrocellulose. Nitrocellulose
blots were stained with Ponceau S to detect protein loading, and then immunoblotted for Drebrin. Results shown are representative
of 3 independent experiments, each with 4 mice (2 fed chow and 2 fed Western diet) and each with an independently isolated line of
primary aortic SMCs.
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Figure S2 Drebrin activity in SMCs reduces NFkB activation in the aorta. (A), Dbnflox/flox/Ldlr-/- and SMC-Dbn-/-/Ldlr-/- male mice were
fed a Western diet for 1 wk from the age of 8 wk, and then euthanized. Ascending aorta frozen sections were immunostained with
isotype control (Ctl) IgG or IgG specific for VCAM-1, the NFkB p65 subunit phosphorylated on Ser536 (phos-p65), or total p65; all
specimens were counterstained with Hoechst 33342 (DNA). Fluorescence microscopy was performed with either a confocal
(VCAM-1) or an epifluorescence microscope. Green autofluorescence of elastic laminae is shown only for VCAM-1
photomicrographs. Fluorescence photomicrographs are shown (original magnification ×400 [VCAM-1] or ×200); scale bars = 25
mm. (B), For each aortic section throughout ≥6 clock hours (see Methods), the indicated protein immunofluorescence in the tunica
media was normalized to DNA fluorescence within the cognate microscopic field; VCAM-1 immunofluorescence in the tunica intima
was normalized to the area of the entire intima, to obtain red pixels per mm2. Within each staining cohort, values for protein/DNA or
protein/mm2 were normalized to those obtained for Dbnflox/flox/Ldlr-/- aortas and plotted as means ± SE of 5 specimens per group.
Compared with Dbnflox/flox/Ldlr-/-: *, p < 0.05 (left panel, 2-way ANOVA with Sidak post-hoc test; right panel, t test).
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Figure S3 SMC Drebrin attenuates atherosclerosis in male mice. The indicated male mice were fed a Western diet for 14 wk, from
age 8 wk: SMC-Dbn-/-/Ldlr-/- mice, and “control” mice (SM22-Cre+/Ldlr-/- (green), Dbnflox/ flox/Ldlr-/- (black), and Dbn+/+/Ldlr-/- (blue)). All
control groups yielded congruent data; therefore, data from these groups were pooled. (A) Brachiocephalic artery sections from the
indicated mice were stained with H&E; one specimen of each group is shown, representing 9-12 examined per group. Scale bars =
200 μm. (B) Brachiocephalic cross sectional neointimal and medial areas were measured by planimetry. For each artery,
neointimal area was divided by medial area; these ratios for each mouse were plotted along with group means ± S.E. (n = 12 for
control, n = 9 for SMC-Dbn-/-/Ldlr-/- mice) Compared with control mice: *, p < 0.01 (Mann-Whitney test). (C) Aortas from these mice
were excised from the root to the iliac bifurcation, stained with Sudan IV, pinned and photographed en face. Scale bars = 2 mm.
(D) The percentage of aortic surface area comprising Sudanophilic lesions was quantitated and plotted for each mouse (20 control
mice, 16 SMC-Dbn-/-/Ldlr-/- mice), along with group means ± SE.
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Figure S4 SMC Drebrin attenuates atherosclerosis in female mice. The indicated female mice were fed a Western diet for 14 wk,
from age 8 wk: SMC-Dbn-/-/Ldlr-/- mice, and “control” mice (SM22-Cre+/Ldlr-/- (green), Dbnflox/ flox/Ldlr-/- (black), and Dbn+/+/Ldlr-/(blue)). All control groups yielded congruent data; therefore, data from these groups were pooled. (A) Brachiocephalic artery
sections from the indicated mice were stained with H&E; one specimen of each group is shown, representing 9-11 examined per
group. Scale bars = 200 μm. (B) Brachiocephalic cross sectional neointimal and medial areas were measured by planimetry. For
each artery, neointimal area was divided by medial area; these ratios for each mouse were plotted along with group means ±S.E. (n
= 9 for control and n = 11 for SMC-Dbn-/-/Ldlr-/- mice). Compared with control mice: *, p < 0.01 (Mann-Whitney test). (C) Aortas from
these mice were excised from the root to the iliac bifurcation, stained with Sudan IV, pinned and photographed en face. Scale bars
= 2 mm. (D) The percentage of aortic surface area comprising Sudanophilic lesions was quantitated and plotted for each mouse (18
control mice, 12 SMC-Dbn-/-/Ldlr-/- mice), along with group means ± S.E.
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Figure S5 Drebrin activity reduces SMC proliferation in
atherosclerosis. (A) Brachiocephalic arteries from male
Dbn+/+/Ldlr-/- and SMC-Dbn-/-/Ldlr-/- mice used in
Supplemental Figure II were immunostained (as serial
sections) with isotype control IgG (“IgG”, “nonspecific”)
or IgG specific for macrophages (CD68), smooth muscle
(SM) α-actin, proliferating cell nuclear antigen (PCNA),
or cleaved (activated) caspase-3 (as a marker of apoptosis); the fluorophore color associated with each IgG
is indicated. All specimens were counterstained for DNA
with Hoechst 33342. Green, PCNA-positive nuclei demonstrated by confocal microscopy are highlighted by
arrows. Elastic lamina autofluorescence (green) is
shown for CD68- and cleaved caspase-3-stained sections (and their corresponding control sections). “L”
designates lumen. Scale bars = 50 μm. (B) The percentages of atheroma area comprising macrophages, SMCs,
and necrotic core were determined with ImageJ;
individual values and the means ± SE are plotted for 5-6
mice of each genotype, as indicated. (C) Within the
atheromata, PCNA-positive SMC nuclei were counted
manually and then divided by the total number of SMC
nuclei (by an observer unaware of specimen identity), to
obtain “% of atheroma SMCs”, plotted for 4 mice of each
genotype (with means±SE). Specific (total - nonspecific) immunofluorescence for cleaved caspase-3
was normalized to DNA fluorescence within each
atheroma; these ratios were normalized to that obtained
from a single control mouse brachiocephalic section
within each staining cohort, to obtain “% of control”.
Plotted are individual values as well as means ± SE for
7-10 mice of each genotype. Compared with control: *,
p < 0.01 (t tests with Holm-Sidak correction for multiple
comparisons).
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Figure S6 SMC Drebrin deficiency affects atherosclerotic lesion composition. (A) Brachiocephalic arteries from male Dbnflox/ flox/Ldlr-/- and
SMC-Dbn-/-/Ldlr-/- mice used in Figure 2 were immunostained with IgG specific for monocyte/macrophages (CD11b, green) and SMCs (smooth
muscle myosin heavy chain, “SMMHC”, red); serial sections were immunostained with isotype control (“Ctrl”) IgG. All specimens were
counterstained for DNA with Hoechst 33342. The lumen (“L”) is oriented upward. Scale bars = 100 mm. (B) The percentages of atheroma
area comprising macrophages, SMCs, and necrotic core were determined with ImageJ; individual values and means ±SE are plotted for 7
mice of each genotype. Compared with Dbnflox/ flox/Ldlr-/-: *, p < 0.01 (multiple t tests with Holm-Sidak correction for multiple comparisons).
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Figure S7 Dbnflox/flox and SMC-Dbn-/- carotid arteries express equivalent levels of apolipoprotein E. Native common carotid arteries
from mice of the indicated genotype were immunostained for apolipoprotein E (apoE, red) and counterstained for DNA (blue);
specimens stained with isotype control IgG gave no immunofluorescence (not shown). (A) Scale bars = 50 mm. (B) Nonspecific
immunofluorescence obtained from Apoe-/- carotids was subtracted from total apoE immunofluorescence obtained in Dbnflox/flox and
SMC-Dbn-/- carotid arteries; the resultant difference was designated “apoE-specific immunofluorescence”. ApoE-specific
immunofluorescence was divided by DNA fluorescence within the same microscopic field for the entire carotid circumference.
These ratios were normalized to those obtained for Dbnflox/flox specimens, to obtain “% of Dbnflox/flox”, and plotted for 4 carotid arteries
from 4 distinct mice (along with means ± S.E.).
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Figure S8 Drebrin inhibits SMC-to-foam-cell transdifferentiation in vivo. (A) Serial sections of carotid grafts were incubated with goat anti-apoE followed by Hoechst 33342 (DNA), antigoat/Alexa 546 IgG and Alexa 488-conjugated anti-CD68. Confocal microscopy used an optical slice thickness of 1 μm (63× objective). Serial sections stained with non-immune primary IgG
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Figure S13 Drebrin limits atherogenesis by constraining SMC transdifferentiation. SMC Drebrin activity suppresses the expression of
KLF4, and thereby suppresses the expression of Nox1, the catalytic subunit of the NADPH oxidasecomplex. Superoxide generated by
Nox1 promotes pro-inflammatory signaling,14 KLF4 expression,15 and up-regulation of macrophage markers during SMC
transdifferentiation. KLF4 can act as both a transcriptional activator and repressor;16 by limiting expression of Drebrin, KLF4 further
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Supplementary methods
Generation of SMC-Dbn-/-/Ldlr-/- mice
All animal studies were approved by the Duke Institutional Animal Care and Use Committee. All mice
used in this study were congenic to C57BL/6J. Mice heterozygous for the presence of a trapping
cassette upstream of Drebrin exons 3-8, flanked by Cre-recombinase (loxP) sites, were generated as
previously described.1 To achieve germline removal of the trapping cassette, we mated Dbn-/+ mice
(heterozygous for the trapping cassette) to mice expressing Flp recombinase (FLP deleter, strain
#005703, The Jackson Laboratory); the resulting progeny were Dbnflox/+ mice. To generate mice with
SMC-specific deletion of Dbn, we mated Dbnflox/+ mice to mice that harbored the Cre recombinase
knocked into the SM22 gene (SMC-Cre, strain #006878, The Jackson Laboratory). The resulting
SM22-Cre+/Dbnflox/+ progeny were then crossed to Dbnflox/flox mice to generate SM22-Cre+/Dbnflox/flox
(SMC-Dbn-/-) mice, which have SMC-specific loss of Drebrin.2 These mice then underwent successive
crosses to Ldlr-/- mice (The Jackson Laboratory ) to generate SMC-Dbn-/-/Ldlr-/- mice used in
atherosclerosis studies. Control “Dbn+/+/Ldlr-/-” mice comprised Dbnflox/ flox/Ldlr-/-, SM22-Cre+/Ldlr-/-, and
Ldlr-/- mice. Both male and female mice were used in atherosclerosis studies; they were analyzed in a
sex-stratified manner, as indicated in the text and figure legends.
SM22 is expressed predominantly in SMCs in the adult mouse.3 However, during embryogenesis
SM22 is expressed, transiently, in just cardiac muscle and early myotomal muscles, as judged by in situ
hybridization.3 For this reason it is important to note that cardiac and skeletal muscle do not express
detectable levels of Drebrin protein.2 Because SM22-Cre may have some activity in myeloid cells,4 we
quantitated Drebrin protein levels in bone marrow cells from adult Ldlr-/- mice (see below). These bone
marrow cells express undetectable levels of Drebrin (<2.5% of SMC Drebrin levels), whether mice are
fed chow or a Western diet (Supplementary Figure S1); consequently, potential activity of SM22-Cre in
myeloid cells appears inconsequential in terms of Drebrin activity. We previously showed that Drebrin
protein expression is undetectable in mouse endothelial cells1 and bone marrow-derived
macrophages.1 For this reason, SM22-Cre expression in these cells would most likely be
physiologically insignificant in our Drebrin studies.
Mouse serum cholesterol levels
After anesthesia with pentobarbital (50 mg/kg, i.p.), Dbnflox/flox/Ldlr-/- and SMC-Dbn-/-/Ldlr-/- mice were
subjected to right ventricular puncture for the purpose of obtaining blood after 14 or 20 wk on a Western
diet. Blood was incubated for 40 min (25 °C) and then spun at 1500 ×g for 10 min (4 °C); the
supernatant serum was spun again to pellet residual cells, and then stored at -80 ºC until assayed.
Total cholesterol was measured with the Cholesterol E kit from Wako Diagnostics.
Atherosclerosis studies
These experiments adhered to the guidelines for experimental atherosclerosis studies described in the
American Heart Association Statement.5 To generate “pre-atherosclerotic” aortas, 8-wk-old male
Dbnflox/ flox/Ldlr-/- and SMC-Dbn-/-/Ldlr-/- mice were fed a Western diet for just one week, and then
euthanized. After perfusion with PBS, pre-atherosclerotic ascending aortas were excised from just
distal to the sinuses of Valsalva to the brachiocephalic origin. These ascending aortas were stripped of
adventitia and then incubated in 30% (w/v) sucrose (4 °C) overnight and then in Neg-50™ frozen
section medium (Thermo Fisher) for 6 hr before freezing at -80 °C until sectioning for immunostaining
and CellROX® Orange staining. Sections compared across all mouse genotypes were obtained at
equivalent distances from the sinuses of Valsalva.6
Male and female mice from the age of 8 wk were fed a Western diet for 14-20 weeks as indicated,
and then euthanized. Atherosclerotic aortas were cut transversely at the aortic root, and branch
vessels were cut at their take-offs from the aorta. Adventitial adipose tissue was removed. From the
root to the iliac bifurcation, the aorta was incised longitudinally along the ventral surface; the arch was
incised along both the lesser and greater curvatures and stained with Sudan IV.6 The aortas were then
pinned flat onto paraffin and photographed at 20× magnification with a Nikon SMZ 800
stereomicroscope, a DS- Fi1 camera, and Nikon image-concentrating software (NIS Elements™).

Atherosclerotic lesion (red) area and total aortic area were measured by planimetry with ImageJ, by
observers blinded to specimen identity.6
To facilitate comparing brachiocephalic artery cross sections that were anatomically analogous, we
embedded the brachiocephalic specimens in Neg-50™ frozen section medium (as above) along with
the right common carotid and subclavian arteries; we sliced these specimens from distal to proximal.
Brachiocephalic arteries were sliced at 5 μm, beginning just proximal to the point of bifurcation into the
common carotid and subclavian arteries.6 These brachiocephalic cross sections were stained with
H&E. Subsequently, brachiocephalic cross sections were analyzed by planimetry with ImageJ, by
observers blinded to specimen identity. For each specimen, the perimeter of the lumen, the internal
elastic lamina, and the external elastic lamina were traced. These perimeters were multiplied by [radius
÷ 2], and thereby converted into areas. Neointimal area was calculated by subtracting the luminal area
from the area circumscribed by the internal elastic lamina. Medial area was calculated by subtracting
the area enclosed by the internal elastic lamina from the area enclosed by the external elastic lamina.
All measurements were made by observers blinded to specimen identity.6
Carotid artery interposition grafting
This procedure was performed as we described.7 An 8-mm length of right common carotid artery was
excised from male Dbnflox/flox and SMC-Dbn-/- donor mice aged 8 wks. These carotid arteries were
orthotopically transplanted into the right common carotid artery of congenic male Apoe-/- recipient mice
that were matched for age. The transplanted carotid was anastomosed end-to-side to the recipient
mouse right carotid. Subsequently, between the proximal and distal anastomoses of the carotid graft,
the recipient mouse carotid was ligated and cut; consequently, all carotid blood flowed through the
transplanted artery. The Apoe-/- recipient mice were fed normal Purina Rodent Chow 5058, and then
euthanized 4 wk post-operatively. The carotid artery transplants were harvested after perfusion with
phosphate-buffered saline via a catheter placed in the mouse’s right ventricle. Subsequently, the
carotids were incubated overnight in 30% (w/v) sucrose, transferred to Neg-50™ frozen section
medium (Thermo Fisher) for 6 hr, and then frozen at -80 °C until they were sliced on the cryotome.
Histology
Histochemical and immunofluorescence staining of tissue sections were performed on 5-μm sections
and analyzed as we described.1,2,6 For immunofluorescence, we probed cross sections of aortas,
carotid arteries and brachiocephalic arteries with the indicated protein-specific or non-immune rabbit
IgGs (Supplementary Table 1), followed by anti-rabbit IgG conjugated to Alexa Fluor® 488 or 546.
Direct immunofluorescence was also performed, with Alexa Fluor® 488-conjugated anti-CD68 (for
macrophages) and Cy3-conjugated anti-smooth muscle α-actin (for SMCs). Hoechst 33342 (10 μg/ml)
was used for nuclear staining. The absence of nuclear staining was used to identify necrotic core
regions of atherosclerotic lesions. Carotid arteries were also stained with a modified Masson’s
trichrome and Verhoeff’s elastic tissue stain.1 Analyses of the tunica media were restricted to the area
bounded by the internal and external elastic laminae. Analyses of the tunica intima were restricted to
the area bounded by the internal elastic lamina and the luminal border. Imaging and analyses were
performed by observers blinded to specimen identity.
To quantitate immunofluorescence, 2 approaches with ImageJ were used: (1) After subtracting
nonspecific immunofluorescence signal (determined on sections stained with isotype control primary
IgG), we normalized immunofluorescence pixels within an area of interest to the DNA (Hoechst 33342)
fluorescence (as a read-out for cellularity) within that same area of interest.7,8 (2) The area occupied
by the fluorophore of interest was divided by the total area of the atherosclerotic lesion, or aorta tunica
media (for CellROX® Orange studies of ROS). Imaging and analyses were performed by observers
blinded to specimen identity.
To quantitate the number of SMCs in brachiocephalic artery atheromata, smooth muscle α-actinpositive cells were counted manually with a hemocytometer throughout the entirety of each neointimal
lesion (bounded by the internal elastic lamina and the lumen). To quantitate fibrous cap thickness,
Image J was used to measure the thickness of the smooth muscle α-actin-positive fibrous cap at 6
discrete positions along the luminal border. These 6 measurements for each brachiocephalic artery

cross section were averaged, to yield the fibrous cap thickness for that specimen. All counting and
measurements were made by observers blinded to specimen identity.
Confocal microscopy to quantitate SMC-derived foam cells
To quantitate foam cells derived from SMCs, brachiocephalic arteries and carotid grafts were stained
simultaneously for (a) cholesteryl ester (with BODIPY® 493/503 (Invitrogen), at 10 μg/ml),9 (b) smooth
muscle α-actin (with Cy3-conjugated 1A4 at 1 μg/ml, Millipore Sigma) or SMMHC (MYH11, rabbit
monoclonal SP314, Abcam), and (c) DNA (with Hoechst 33342 at 10 μg/ml). Negative control serial
sections were stained with BODIPY® 493/503 and Hoechst 33342 (as above), with Cy3-conjugated IgG
specific for the V5 (clone V5-10 at 1 μg/ml, Millipore Sigma) instead of Cy3-conjugated 1A4. To
quantitate (Apoe+/+) carotid graft-derived cells in the atheromata, carotid grafts were stained with goat
polyclonal IgG specific for apoE (Santa Cruz Biotech) or non-immune goat IgG (4 ug/ml), followed by
Hoechst 33342 (DNA) and anti-goat/Alexa 546 IgG. The solution containing the secondary IgG also
contained BODIPY® 493/503, as above.9 Images were obtained with a Leica TCS SP8 confocal
microscope adjusted to an optical slice thickness of 1 μm (63× objective); identical camera settings
were used for all samples within each staining cohort (including negative controls). Co-localization of
green (cholesteryl ester) with blue (DNA) was performed using Imaris 9.2 software (Bitplane), and
pseudocolored white. Only BODIPY-positive areas that co-localized with DNA were considered to be
foam cells; BODIPY-positive areas that did not co-localize with DNA were designated as extracellular
depots of cholesteryl ester, and were not counted as foam cells.9 Co-localization of red (smooth
muscle α-actin, SMMHC, or apoE) with green (foam cells) was performed using Imaris 9.2 software
(Bitplane), and pseudocolored yellow. BODIPY-positive foam cells (≥100 per carotid graft) were scored
as containing yellow or not by an observer blinded to specimen identity. Yellow-containing foam cells
were inferred to be “SMC-derived” if they were smooth muscle α-actin-positive or SMMHC-positive;
these foam cells were inferred to be “carotid graft-derived” if they were apoE-positive.
To quantitate carotid graft-derived macrophage-like cells, carotid grafts were immunostained for
apoE as above, except that during the secondary IgG incubation we did not add BODIPY® 493/503;
instead, we added Alexa 488-conjugated rat IgG2a specific for either for CD68 or for no known protein
(BioLegend, Inc.). Confocal microscopy was performed as above. Co-localization of red (apoE) with
green (CD68) was performed using Imaris 9.2 software (Bitplane), and pseudocolored yellow. CD68positive neointimal cells (≥100 per carotid graft) were scored as containing yellow (“carotid graftderived”) or not by an observer blinded to specimen identity.
Mouse bone marrow cell Drebrin
To determine whether hypercholesterolemia affected the expression of Drebrin in bone marrow cells,
we fed 8-wk-old male Ldlr-/- with regular chow or Western diet for 2 wk and then euthanized them. We
harvested bone marrow cells from long bones and lysed erythrocytes with NH4Cl (Red Blood Cell
Lysing Buffer, Sigma).10 Pelleted bone marrow cells were solubilized (1 h, 4 °C) in 1% (w/v) Triton X100™, 0.05% (w/v) SDS, 5 mmol/L EDTA, 50 mmol/L Tris-Cl, pH 8.0 (25 °C), 200 mmol/L NaCl,
supplemented just before use with the following protease inhibitors (Sigma): 0.1 mmol/L PMSF, 10
μg/ml benzamidine, 10 μg/ml leupeptin, 10 μg/ml soybean trypsin inhibitor, 5 μg/ml aprotinin, 1 ug/ml
pepstatin A).10 After pelleting insoluble debris (10,000 ×g, 10 min, 4 °C), we transferred the
supernatant to new tubes and quantitated protein with a modified Lowry assay. For SDS-PAGE each
gel lane was loaded with 60 μg of bone marrow cell protein (and the indicated amount of SMC protein).
Immunoblotting was performed as described below.
SMC studies
Aortic SMCs were isolated by enzymatic digestion of aortas of Dbnflox/flox and SMC-Dbn-/- mice.6 Mouse
aortas were stripped of adventitia and endothelial cells, and then digested at 37 ºC for 1.5 h in PBS
containing the following reagents: collagenase II (1 mg/ml, Worthington), elastase type III (0.125 mg/ml,
Worthington), soybean trypsin inhibitor (0.375 mg/ml, Sigma), and bovine serum albumin (fraction V, 2
mg/ml, Sigma) in DMEM. Released SMCs were cultured in DMEM with 20% FBS, 1% antimycotic/antibiotic (Invitrogen) and 5 μg/ml mycoplasma removal agent (MP Biomedical) for 7 days, and
thereafter in “SMC growth medium”: DMEM with 10% FBS, 1% penicillin/streptomycin (Gibco). SMCs

were split at 1:4, and used during passages 2-5. These primary SMCs demonstrated >95% prevalence
of SM α-actin expression by immunofluorescence (not shown).4 All SMC experiments were performed
with ≥3 independently isolated lines of Dbnflox/flox and SMC-Dbn-/- SMCs derived from age- and sexmatched mice.
To assess SMC-to-foam-cell transdifferentiation, Dbnflox/flox and Dbn-/- SMCs were incubated for 2472 hr (37 °C, 5% CO2), as indicated, without (control) or with cholesterol-methyl-β-cyclodextrin (10
µg/ml, Sigma-Aldrich),11 in “cholesterol-loading medium”: DMEM supplemented with 0.2% fatty-acidfree bovine serum albumin (Sigma-Aldrich).
To ascertain whether Dbnflox/flox and Dbn-/- SMCs took up equivalent levels of cholesterol from the
medium in cholesterol-loading experiments, we plated these SMCs at 5.9×104/cm2 on 4-well culture
slides (Nunc Lab-Tek® Chamber Slide™) in growth medium. Four hr later, SMCs were washed twice
with Dulbecco’s PBS (Invitrogen) and incubated (37 °C, 5% CO2) for 48 hr in cholesterol-loading
medium lacking (control) or containing cholesterol-methyl-β-cyclodextrin (10 µg/ml). SMCs were then
fixed (2 min, 20 °C) in 10% formaldehyde/PBS, washed twice with PBS, and then stained (20°C, 1 hr)
for cholesteryl ester with BODIPY® 493/503 (10 μg/ml) and for DNA with Hoechst 33342 (10 μg/ml).
After 2 washes with PBS, slides were coverslipped with Fluoromount-G solution (SouthernBiotech, Inc).
Fluorescence photomicrographs (20× objective) were obtained with identical camera settings for each
sample, and analyzed by an observer blinded to specimen identity. With ImageJ, green pixel intensities
were divided by cognate blue pixel intensities to obtain the average cholesteryl ester content per SMC.
Drebrin rescue by recombinant adenovirus transduction
To rescue physiologic levels of Drebrin expression in Dbn-/- SMCs, we used adenovirally mediated
transduction.1 Type 5 recombinant adenoviruses encoding either Drebrin or no protein (empty vector
control) were described previously.1 At confluent density in 100-mm dishes, SMCs from SMC-Dbn-/- or
Dbnflox/flox mice were infected at a multiplicity of infection of 100 with either empty vector or Drebrinencoding adenovirus for 2 h at 37 °C in a CO2 incubator in “infection medium”: 2% FBS, 1%
penicillin/streptomycin, 25 mM HEPES (pH 7.4). SMCs were subsequently washed twice with PBS,
trypsinized, and transferred at confluent density to 6-well dishes and 8-well chamber slides (Lab-Tek®,
Thermo Fisher Scientific) in SMC growth medium. After 4 hr in SMC growth medium (to allow SMC
adherence to the plastic substrate), SMCs were washed twice with Dulbecco’s PBS and incubated for
48 h (37 °C, CO2 incubator) in cholesterol-loading medium without (control) or with cholesterol-methylβ-cyclodextrin (10 µg cholesterol per ml, [final]) prior to assay. Immunofluorescence for CD68 or
Drebrin was performed as described above, under “histology.”
Quantitative RT-PCR
Total RNA was isolated from SMCs using TRIzol (Thermo Fisher) according to the manufacturer’s
protocol. Complementary DNA was prepared from the total RNA using the iScript cDNA synthesis kit
(Bio-Rad). Primers for determining RNA expression levels of Cd68, Myh11 and the housekeeping gene
Gapdh were as described.2,11,12 Real-time quantitative RT-PCR was performed using Power SYBR
Green PCR Master Mix (Thermo Fisher) and was carried out using the Applied Biosystems
StepOnePlus Real-Time PCR System.2 Threshold count values were normalized to GAPDH to
calculate fold changes in mRNA expression compared to mean control values by the ΔΔCt method.13
Samples were measured in quadruplicate within each assay.
NAPDH oxidase activity
Pre-atherosclerotic ascending aortas and transplanted carotid arteries were stained for NADPH oxidase
activity with CellROX® Orange (Thermo Fisher) as we described.2 Aortic frozen sections (cut at 10 μm)
and carotid graft frozen sections (cut at 5 μm) were incubated for 30 min at 37 °C in “reaction buffer”:
Hank’s buffered saline solution (Invitrogen) with 11 mmol/L D-glucose, supplemented with 5 mmol/L LNAME (L-NG-nitroarginine methyl ester, Cayman Chemical) to inhibit O2- production by nitric oxide
synthases. The reaction buffer contained either vehicle (negative control) or CellROX® Orange at 5
μmol/L. Nonspecific, or NADPH oxidase-independent fluorescence was determined in serial aortic or
carotid graft sections incubated with CellROX® Orange and the cell-permeant NOX1 inhibitor ML171
(EMD Millipore) at 1 μmol/L.2 After incubations were complete, slides were washed three times with

PBS and then coverslipped with Fluoromount-G solution (SouthernBiotech, Inc). Fluorescent images
produced with the TRITC filter cube were captured at identical microscope and CCD camera settings
for all samples. With ImageJ, orange fluorescence in the tunica media of each aorta or carotid graft
sample was normalized to the area of the media imaged. Sample processing, photography and
fluorescence quantitation were performed by investigators blinded to specimen identity. NADPH
oxidase-specific aortic or carotid graft fluorescence was calculated as the orange fluorescence (red
pixels/mm2) in slices incubated with CellROX® Orange minus that obtained from slices incubated with
CellROX® Orange plus ML171.2
Immunoblotting
Immunoblotting was performed as previously described.1 Cell lysates for SDS-polyacrylamide gel
electrophoresis (PAGE) and Western blotting were prepared using RIPA lysis buffer containing 25
mmol/L Tris-Cl, pH 7.6, 150 mmol/L NaCl, 0.1% (w/vol) SDS, 0.5% (w/vol) deoxycholate, 1% (w/vol)
NP-40, and protease inhibitors. Equal loading was confirmed by immunoblotting for β-actin with IgG
obtained from Sigma (clone AC-15, #A5441). Rabbit polyclonal IgGs targeting Galectin-3 (#12733),
Drebrin (#5052), and KLF4 (#4038) were obtained from Cell Signaling Technology. Immunoblotting for
Nox1 was performed using goat polyclonal IgG obtained from Sigma (#SAB2501686).2 Secondary
anti-species IgGs conjugated to horseradish peroxidase were obtained from Jackson
ImmunoResearch. Immunoblots were developed with SuperSignal® West Pico chemiluminescent
substrate (Thermo Fisher Scientific). Densitometry was performed using ImageJ™.
RNA interference
27mer duplex small interfering RNAs from Integrated DNA Technologies targeted the following mRNAs:
none (negative control DsiRNA #51-01-14-04); mouse Nox1 ([1] mm.Ri.Nox1.13.1; [2]
mm.Ri.Nox1.13.2; and [3] mm.Ri.Nox1.13.3); or mouse KLF4 (mm.Ri.KLF4.13.1). SMCs were
transfected as described6 with 10 nmol/L of siRNAs targeting (a) no known transcript (control); (b) Nox1
(with pairwise transfection of siRNAs 1+2, 1+3, or 2+3); or (c) KLF4. Transfection was performed in
serum-free medium using Lipofectamine RNAiMAX (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Knockdowns were confirmed by qRT-PCR (Nox1) or immunoblotting (KLF4).
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Supplementary Table 1: IgGs used for histology and immunoblotting
Target antigen (IgG)

Vendor

Catalog #

Working
concentration

Apolipoprotein E (goat polyclonal)

Santa Cruz Biotechnology

sc-6385

4 μg/ml

α-tubulin (rabbit polyclonal)

Cell Signaling Technology

2144

1:1,000

β-actin (mouse monoclonal AC-15)

Millipore-Sigma

A5441

1:5,000

CD11b, Alexa Fluor® 488-conjugated rat IgG2bκ

BioLegend

101207

4 μg/ml

CD68, Alexa 488-conjugated rat IgG2aκ

BioLegend

137012

4 μg/ml

Cleaved caspase-3 (rabbit monoclonal 5A1E)

Cell Signaling Technology

9664

4 μg/ml

Drebrin (rabbit polyclonal)

Cell Signaling Technology

5052

1:1,000 (IB); 1:50
(immunofluorescence)

Galectin-3 (rabbit polyclonal)

Cell Signaling Technology

12733

1:1,000

IgG, goat (Alexa 546-conjugate)

Invitrogen (Molecular Probes)

A11056

1:200

IgG, rabbit (Alexa 546-conjugate)

Invitrogen (Molecular Probes)

A10040

1:200

KLF4 (rabbit polyclonal)

Cell Signaling Technology

4038

1:1,000

NFκB p65 (rabbit polyclonal)
NFκB phospho-p65 (Ser536) (rabbit
monoclonal 93H1)

Santa Cruz Biotechnology

sc-372

4 μg/ml

Cell Signaling Technology

3033

4 μg/ml

None, Alexa Fluor® 488-conjugated rat IgG2aκ

BioLegend

400525

4 μg/ml

None, Alexa Fluor® 488-conjugated rat IgG2bκ

BioLegend

400625

4 μg/ml

None (goat polyclonal IgG)

Santa Cruz Biotechnology

sc-2028

4 μg/ml

None (rabbit polyclonal IgG)

Santa Cruz Biotechnology

Nox1 (goat polyclonal)

Millipore-Sigma

PCNA (rabbit polyclonal)

Santa Cruz Biotechnology

Smooth muscle α-actin, Cy3-conjugated IgG2a
Smooth muscle myosin heavy chain (MYH11),
rabbit monoclonal (clone SP314)

Millipore-Sigma
Abcam

V5 peptide (paramyxovirus SV5 peptide), Cy3conjugated IgG; negative control for
smooth muscle α-actin IgG/Cy3 conjugate

Millipore-Sigma

VCAM-1 (rabbit polyclonal)

Santa Cruz Biotechnology

sc-2027

4 μg/ml

SAB2501686

1:1,000

sc-7907

4 μg/ml

C6198

1 μg/ml

ab224804

3 μg/ml

V4014

1 μg/ml

sc-8304

4 μg/ml
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