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Abstract

Objective—\Vascular smooth muscle cell (SMC) migration is regulated by cytoskeletal
remodeling as well as by certain transient receptor potential (TRP) channels, nonselective cation
channels that modulate calcium influx. Proper function of multiple TRPC channels requires the
scaffolding protein Homer 1, which associates with the actin-binding protein Drebrin. We found
that SMC Drebrin expression is upregulated in atherosclerosis and in response to injury and
investigated whether Drebrin inhibits SMC activation, either through regulation of TRP channel
function via Homer or through a direct effect on the actin cytoskeleton.

Approach and Results—WT and congenic Db+ mice were subjected to wire-mediated
carotid endothelial denudation. Subsequent neointimal hyperplasia was 2.4 + 0.3-fold greater in
Dbr!* than in WT mice. Levels of G-actin were equivalent in Db+ and WT SMCs, but there
was a 2.4 + 0.5-fold decrease in F-actin in Dbr™/* SMCs compared with WT. F-actin was restored
to WT levels in Db’ SMCs by adenoviral-mediated rescue expression of Drebrin. Compared
with WT SMCs, Dbr™/* SMCs exhibited increased TRP channel activity in response to platelet-
derived growth factor, increased migration assessed in Boyden chambers, and increased
proliferation. Enhanced TRP channel activity and migration in Db+ SMCs were normalized to
WT levels by rescue expression of not only WT Drebrin but also a mutant Drebrin isoform that
binds actin but fails to bind Homer.

Conclusions—Drebrin reduces SMC activation though its interaction with the actin

cytoskeleton but independently of its interaction with Homer scaffolds.
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Introduction

Drebrin, developmentally regulated brain protein, was first identified by proteomic
techniques from the brain of the developing chick.! Drebrin has been shown to stabilize
actin filaments through direct binding and to link the actin cytoskeleton to the microtubular
network.2:3 The N-terminal half of Drebrin contains two domains that bind filamentous actin
(F-actin): a helical domain, which binds F-actin tonically, and a coiled-coil domain, which
binds actin only when it is phosphorylated by Cdk5 (on Ser142); cooperative binding of F-
actin by these 2 domains enables Drebrin to bundle actin.3# In mammals a single Drebrin
gene (DbnI) transcript undergoes alternative splicing to produce two isoforms: adult
(Drebrin A) and embryonic (Drebrin E).% Drebrin A in neurons mediates reorganization of
actin filaments and thereby contributes to memory.57 Drebrin knockout mice were recently
reported to exhibit decreased dendritic spine density, neurotransmitter receptor levels, and
memory-related synaptic plasticity in hippocampal neurons when compared to WT mice.®
Outside of the nervous system, Drebrin E expression has been reported in a variety of cell
types.9-11

Drebrin has also been identified by proteomic analysis as part of a protein complex
associated with transient receptor potential (TRP) channels,2 a family of nonselective cation
channels that mediate calcium influx in SMCs and have been implicated in the regulation of
vascular remodeling.13-15 Multiple members of the TRPC subfamily of TRP channels have
been shown to require the scaffolding protein Homer 1 for proper function16:17 and several
groups have shown that Homer scaffolds associate with Drebrin through an interaction
mediated by two Homer-binding sites within the Drebrin C-terminal domain.8-20 We made
the unexpected observation that Drebrin is abundantly expressed in SMCs and is upregulated
in response to arterial injury. Because neointimal hyperplasia, a process which involves both
SMC migration and proliferation, may involve SMC TRP channels!® and because TRPC
channel function is regulated by the Drebrin-binding protein Homer,16 we tested whether
Drebrin affects SMC proliferation and migration through its interaction with Homer and/or
F-actin.

Materials and Methods

Materials and Methods are available in the online-only Data Supplement.

Results

Drebrin is Expressed Abundantly in SMCs

Because we sought to determine the function of Drebrin outside the CNS, in vascular tissue,
we created a Drebrin knockout mouse model on a pure C57BL/6 background that prevented
expression of both the A and the E isoforms of Drebrin. The Dbnknockout strategy
employed by the NIH Knockout Mouse Project tagged the Drebrin gene with a LacZ
reporter that created a constitutive null mutation in Dbn—because efficient splicing to the
lacZ reporter results in truncation of the endogenous transcript (Figure 1A). Db+ mice
were phenotypically indistinguishable from WT mice, and their Db/~ progeny lacked any
Drebrin protein as demonstrated by immunoblotting (Figure 1B). Although Db~ mice
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generated on a mixed genetic background were not reported to exhibit neonatal lethality,®
our Db~ mice on a C57BL/6 genetic background exhibited neonatal lethality for unclear
reasons (Table 1). No gross anatomic defects were noted on necropsy. Histologic sections of
WT and Db~ aortas showed equivalent lumen areas and wall areas (Figure | A-B in the
online-only Data Supplement). No heart defects were noted in Db/~ neonates (Figure | C
in the online-only Data Supplement).

In Dbr'* mice, the Dbn trapping cassette enabled the endogenous Drebrin promoter to drive
expression of p-galactosidase independently of the N-terminal domain of Drebrin (because
of the IRES segment, Figure 1A). Thus, p-galactosidase activity in Db+ mice served as a
read-out for relative Drebrin expression in various tissues. As expected based on previous
work,2! Dbr!* mice showed the highest f-galactosidase activity levels in the brain.
However, Drebrin gene expression—and thus p-galactosidase activity—was also very high
in vascular tissue (Figure 1C-D). With one or two copies of the f-galactosidase reporter
gene, respectively, Dbr'* and Db~ aortas demonstrated high levels of f-galactosidase
activity in medial smooth muscle cells (SMCs) (Figure 1D). Immunoblotting also
demonstrated that whereas Drebrin expression is abundant in mouse primary SMCs, it is not
detectable in mouse primary endothelial cells or macrophages, or in mouse T cell lymphoma
(RMA) cells (Figure 1E). Dbr'* SMCs expressed ~50% the amount of Drebrin protein as
WT SMCs (Figure 1F).

Drebrin Upregulates with Atherosclerosis and Endothelial Injury

The abundant expression of Drebrin in vascular SMCs raised the possibility that Drebrin
may be involved in arterial pathologies, just like the TRPC1 channel® which, like Drebrin,
also binds Homer.16 Accordingly, we examined whether Drebrin expression is upregulated
in atherosclerosis. Human peroneal arteries from surgically amputated legs were separated
into segments that demonstrated (a) various degrees of atherosclerosis (Figure 2A and
Figure Il of the online-only Data Supplement), or (b) minimal or no atherosclerosis (Figure
2A). Although medial SM a-actin immunofluorescence was equivalent in atherosclerotic
and non-atherosclerotic arterial segments, medial Drebrin immunofluorescence was 3.0

+ 0.5-fold greater in atherosclerotic, as compared with non-atherosclerotic segments (Figure
2A-B). Similar findings were obtained in Apoe™'~ mice: medial Drebrin
immunofluorescence was 4 + 1-fold greater in atherosclerotic, as compared with non-
atherosclerotic brachiocephalic arteries (Figure 111 of the online-only Data Supplement).
Thus, SMC Drebrin appeared to be upregulated in atherosclerotic arteries of humans and
mice.

To determine whether arterial injury also upregulates SMC Drebrin in the mouse, we
denuded the endothelium of common carotid arteries in WT mice.22:23 This procedure
produces neointimal hyperplasia that comprises SMCs from only the artery itself (and not
from bone marrow progenitor cells), as we have shown with GFP-transgenic bone marrow
transplantation.23 Drebrin upregulated 3.8 + 0.6-fold in medial and neointimal SMCs of
injured arteries, as compared with uninjured arteries, even though SM a-actin levels
remained equivalent (on a per-cell basis) in both injured and uninjured arteries (Figure 2C-
D). To corroborate this finding, we assayed in injured Db+ mouse carotids the extent of f-
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galactosidase expression—which is proportional to Drebrin expression because it is driven
by the Drebrin promoter upstream of the Drebrin trapping cassette (Figure 1). In
endothelium-denuded Db+ carotids, p-galactosidase upregulated 1.5 + 0.1-fold (Figure IV
A-B of the online-only Data Supplement). Thus, assayed as the expression of either Drebrin
protein or as Drebrin promoter-driven -galactosidase protein, mouse SMC Drebrin
upregulated with arterial injury.

Drebrin Haploinsufficiency Augments Neointimal Hyperplasia and Vascular Remodeling

Because SMC Drebrin was upregulated in response to arterial injury, it seemed plausible that
SMC Drebrin affects vascular remodeling. To test this possibility, we compared the
responses of WT and congenic Db+ mice to carotid endothelial denudation.22:23 Prior to
endothelial denudation, Db+ and WT carotids were indistinguishable with regard to
luminal and medial areas. However, 4 weeks after endothelial denudation, Dbr~/* carotids
exhibited 2.4 + 0.3-fold more neointimal area, 1.6 + 0.3-fold greater medial area, and 2.0

+ 0.4-fold greater total arterial cross-sectional area (reflecting greater outward arterial
remodeling) than WT carotids (Figure 3 A-B). That the neointimal hyperplasia comprised
only SMCs, and not macrophages, was demonstrated by staining for (a) SM a-actin (Figure
2C) and SM-MHC and (b) CD11b, respectively (Figure VV A-C of the online-only Data
Supplement). Furthermore, augmentation of neointimal hyperplasia by Drebrin deficiency
appeared to involve SMC hyperplasia, as demonstrated by medial SMC nuclear density—
which was greater in Db+ than in WT mice (Figure V F of the online-only Data
Supplement). Injured Dbr!* carotids demonstrated only ~60% of the Drebrin protein levels
observed in injured WT carotids (Figure VI A-B in the online-only Data Supplement). Thus,
Drebrin activity appeared to reduce neointimal hyperplasia.

Drebrin Stabilizes Actin Filaments in SMCs

Because neointimal hyperplasia fundamentally involves SMC proliferation and
migration,22:23 and because cytoskeletal rearrangement is fundamental to cell migration, we
tested the role of Drebrin in SMC actin dynamics. By confocal microscopy, endogenous
Drebrin immunofluorescence co-localized with phalloidin-stained actin filaments (Figure
4A) and with SM a-actin filaments (Figure VII A in the online-only Data Supplement).
Thus, Drebrin appeared to interact with F-actin in intact SMCs. To determine whether
Drebrin affects actin stability in SMCs, we quantitated F-actin in proliferating Db ’* and
WT SMC:s after separating F-actin from globular actin (G-actin) by ultracentrifugation.
Dbr* SMCs contained ~2-fold less F-actin than WT SMCs—assessed by immunoblotting
either for B-actin (Figure 4B-C) or SM a-actin (Figure VII B, C in the online-only Data
Supplement). Despite observing decreased F-actin levels in Db+ SMCs, we detected no
increase in G-actin levels in Dbr’* (as compared with WT) SMCs (Figures 4 and VII). This
apparent paradox may be explained by considering that, in our disrupted SMC assays, F-
actin represented only ~10% of total actin. Consequently, the ~2-fold decrease in F-actin
seen in Db+ SMC lysates would correspond to only a ~5% increase in the G-actin fraction
—an increment that was below the limit of our assay sensitivity. Thus, Drebrin appeared to
stabilize F-actin in SMCs as it does in neurons.*
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To confirm that reduced actin stabilization in Dbr~* SMCs could be attributed to Drebrin
deficiency itself, we assessed F-actin levels in Db+ SMCs after rescuing Drebrin
expression by adenoviral transduction. WT and Dbr'* SMCs were infected with
recombinant adenoviruses encoding either 3-galactosidase or Drebrin, and then were
subjected to actin fractionation by ultracentrifugation. p-galactosidase-transduced Db+
SMCs still demonstrated 2.2 + 0.3-fold less F-actin than p-galactosidase-transduced WT
SMCs. However, re-expression of Drebrin in Db+ SMCs restored F-actin levels to those
seen in WT SMCs. (Figure 4D-E).

Loss of Drebrin Results in Increased TRP Channel Activity

Could augmentation of neointimal hyperplasia in Db+ mice involve the interaction
between Drebrin and Homer, perhaps because of effects on TRP channel activity? TRP
channel activity has been shown to promote SMC migration,1524 and Homer scaffolds
regulate TRP channel activity.16 Accordingly, we compared Dbr* and WT SMCs for TRP
channel current density using the whole-cell patch clamp approaches we previously
described.}” Dbt SMCs demonstrated 1.8 + 0.4-fold greater inward current density than
WT SMCs under basal conditions and 1.7 + 0.3-fold greater inward current density after
stimulation with 1 nmol/L PDGF (Figure 5A-C). Currents were blocked by 10 umol/L
GdCls, as would be expected for a TRP channel current.2® Thus, Drebrin appears to
constrain TRP channel activity in SMCs as Homer1 does in skeletal muscle myocytes.1’ In
contrast, we found equivalent store-operated currents in WT and Db+ SMCs (Figure VI
in the online-only Data Supplement)-even though SMC migration and proliferation can be
regulated by store-operated calcium influx, 2627 which is mediated by Orai channels that are
activated by STIM1 in response to internal calcium store depletion.26:27 Thus, the effect of
Drebrin on PDGF-stimulated calcium influx appeared to be TRP channel-specific.

To ascertain whether the enhanced TRP channel activity in Db+ SMCs could be attributed
to Drebrin deficiency, we transduced Dbt SMCs with our adenoviruses encoding p-
galactosidase or Drebrin. Adenoviral transduction itself did not alter the increased TRP
channel activity observed in Dbr/* SMCs compared with WT SMCs: f-galactosidase-
transduced Db+ SMCs showed 2.8 + 0.5-fold greater TRP channel activity than f-
galactosidase-transduced WT SMCs in the basal state, and 1.8 + 0.2-fold greater TRP
channel activity in the PDGF-stimulated state (Figure 5D). However, rescue expression of
WT Drebrin levels in Db+ SMCs reduced PDGF-activated TRP activity to levels observed
in WT SMCs (Figure 5D). Thus, Drebrin deficiency in Db/ SMCs was responsible for
increased TRP channel activity. To determine whether Drebrin reduces TRP channel activity
by binding to Homer or by binding to F-actin, we performed our Drebrin rescue in Db+
SMCs with a Drebrin mutant that cannot bind Homer but nonetheless does bind F-actin:
Drebrin(F543A, F621A).18 Just like WT Drebrin, Drebrin(F543A/F621A) restored TRP
channel activity in Dbt SMCs to WT levels (Figure 5D). Thus, Drebrin inhibits TRP
channel activity independently of its interaction with Homer, likely through its effect on
cytoskeletal organization.
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Drebrin Deficiency Increases SMC Migration and Proliferation

Because Drebrin regulated TRP channel activity independently of its association with
Homer, we reasoned that Drebrin could also regulate SMC migration independently of a
Drebrin/Homer interaction. To test this possibility, we first examined the migration of SMCs
from Dbr'* and WT littermate mice.22 Migration of Db and WT SMCs were equivalent
in the absence of agonist (Figure 6A). However, in response to PDGF, Dbr/* SMCs
migrated 56 + 2% faster than WT SMCs (p < 0.05, Figure 6A). Importantly, WT and Db+
SMCs demonstrated equivalent levels of PDGF receptor-f3 expression, equivalent extents of
PDGF-promoted PDGF receptor- activation (assessed by autophosphorylation), and
equivalent extents of PDGF-induced signaling through the phosphoinositide 3-kinase
pathway, as exemplified by phosphorylation of Akt (Figure 6B-C). Thus, although Drebrin
did not affect SMC signaling in response to PDGF, it suppressed SMC migration in response
to PDGF—a finding consistent with the ability of Drebrin to reduce neointimal hyperplasia
(Figure 3).

In Figure 5, we found that PDGF evoked greater TRP channel current density in Db+ than
in WT SMCs, and that these PDGF-induced currents were blocked by 10 M Gd3* in our
external solution for patch clamp studies. Could Drebrin-mediated inhibition of SMC TRP
channel currents underlie Drebrin’s inhibition of SMC migration? To address this question,
we first used fluorescent Ca*2 imaging to confirm that 10 umol/L Gd3* inhibited PDGF-
evoked CaZ* influx in migration medium just as it inhibited TRP channel currents in external
buffer solution used for patch clamp studies (Figure IX in the online-only Data Supplement).
We then assessed the effect of Gd3* on SMC migration. However, we found no effect of 10
pmol/L Gd3* on basal or PDGF-evoked migration, in either WT or Dbt SMCs (Figure
6C). Indeed, either in the absence or presence of Gd3*, Dbr™* SMCs migrated ~60% faster
than WT SMCs. Thus, Drebrin appears to regulate SMC migration independently of its
effects on TRP channel activity.

Because Drebrin regulated SMC migration independently of its ability to regulate TRP
channels, we asked whether Drebrin regulates SMC migration independently of its
interaction with the TRP channel-binding protein Homer. To address this question, we
rescued Drebrin expression in Db/ SMCs with either (a) WT Drebrin or (b) the F543A/
F621A mutant Drebrin that cannot bind Homer but that can bind F-actin normally, just as we
did in Figure 5. When SMCs were transduced with control (3-galactosidase-encoding)
adenovirus, PDGF evoked more migration from Db~/ than from WT SMCs (Figure 6D);
thus, adenoviral transduction itself did not alter the Drebrin-mediated suppression of SMC
migration observed in Figure 6A. However, when SMCs were transduced with adenovirus
encoding either WT Drebrin or Drebrin(F543A/F621A), PDGF evoked equivalent migration
in Db+ and WT SMCs (Figure 6D). Thus, we can infer that the hypermigratory phenotype
of Dbn™* SMCs results just from deficiency of Drebrin—not only because Dbn”* SMC
migration is normalized by rescue expression of Drebrin, but also because the
hypermigratory phenotype of Dbn”* SMCs manifested in comparisons of > 5 independently
isolated Dbn™* and WT SMC lines (Figure 6). Furthermore, because the WT migratory
phenotype was rescued in Dbn™* SMCs by re-expression of Drebrin that either lacks or
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retains Homer-binding ability, it appears that Drebrin regulates SMC migration through
mechanisms independent of Homer.

Neointimal hyperplasia involves not only SMC migration but also SMC proliferation.22
Accordingly, because Drebrin reduced neointimal hyperplasia (Figure 3), we asked whether
Drebrin reduces SMC proliferation as it reduced SMC migration. To address this question,
we compared the proliferative responses of Dbn™* and WT SMCs to 10% fetal bovine
serum (Figure 6E). The growth curves diverged after only 2 days; after 9 days, Dbr™*
SMCs proliferated 41 + 5% more than WT SMCs. Congruently, PDGF induced ~40% more
thymidine incorporation in Dbr'* than in WT SMCs, and this difference was eliminated by
rescue of Drebrin expression in Dbt SMCs (Figure X of the online-only Data
Supplement). Data in mice also supported the inference that Drebrin deficiency promotes
SMC proliferation: proliferating cell nuclear antigen (PCNA) —positive SMCs were more
prevalent in injured carotids from Db+ than from WT mice, and the SMC nuclear density
of the carotid media was greater in Db+ than in WT mice (Figure V of the online-only
Data Supplement).

Discussion

This work provides the first evidence that Drebrin is abundantly expressed in vascular SMCs
and that Drebrin plays a critical function in SMC migration and proliferation, both /n vitro
and /n vivo. We further found that Drebrin regulates SMC migration through its actin-
stabilizing, rather than its Homer-binding activity. Although other studies have also
demonstrated Drebrin-mediated actin stabilization using electron and atomic force
microscopy*28:29 as well as intact-cell assays,*3931 our data provide the first evidence that
Drebrin stabilization of actin filaments plays a regulatory role in vascular remodeling in
response to injury.

That Drebrin may inhibit SMC migration through its effect on cytoskeletal organization is
consistent with the effects on cell migration of other actin-binding proteins. For example,
loss of the F-actin-stabilizing protein Abpl increases the invasive migration of transformed
fibroblasts.32 Even though Drebrin-mediated stabilization of F-actin may, by itself, explain
Drebrin-mediated inhibition of SMC migration,%2? it is also possible that Drebrin regulates
migration indirectly, by effects of Drebrin on other actin-binding proteins (Figure XI of the
online-only Data Supplement). For example, increased activity of the F-actin-severing
protein cofilin promotes migration of prostate cancer cells.33 Because Drebrin competes
with cofilin for binding to F-actin,3* Drebrin activity may decrease cofilin-mediated actin
depolymerization and thus decrease SMC migration. Drebrin’s effects on actin organization
may also affect SMC migration and proliferation indirectly through changes in gene
expression regulated by myocardin and myocardin-related transcription factors (MRTFs),
which are regulated by actin dynamics.3> Enhanced actin polymerization drives nuclear
translocation of MRTFs and promotes serum response factor-mediated gene expression,
which promotes the SMC “contractile” phenotype and inhibits conversion to the “migratory/
proliferative” phenotype.3°36

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stiber et al.

Page 8

Using rescue expression of Drebrin in SMCs in vitro, we showed directly that Drebrin
suppresses the migratory/proliferative SMC phenotype. From our vascular remodeling
experiments /in vivo, we can also infer that the migratory/proliferative SMC phenotype is
promoted by Drebrin deficiency. carotid de-endothelialization produced not only greater
neointimal hyperplasia but also greater arterial expansion in Db’ mice. This arterial
expansion, or “outward remodeling”, fundamentally involves the activity of matrix
metalloproteinases secreted by activated SMCs.3” Matrix metalloproteinase expression, in
turn, upregulates when MRTF nuclear activity is reduced,38 as would be expected in
Drebrin-deficient SMCs, which have less F-actin, as we have shown.

Because Drebrin binds to Homer, which regulates TRP channels,16 it may seem surprising
that Drebrin-dependent SMC TRP channel regulation does not involve Homer. However,
TRP channel activity has been shown in other cells to be regulated by cytoskeletal
reorganization.3%40 For example, the cell surface density of TRP channels in neutrophils is
reduced by calyculin A, a phosphatase inhibitor which induces condensation of actin
filaments at the plasma membrane; moreover, this effect is blocked by cytochalasin D, which
inhibits actin polymerization.3° In addition, Drebrin could reduce TRP channel activity by
inhibiting the activity of a-actinin,30 an actin-binding protein that can enhance TRP channel
activity.#! Although Drebrin reduces SMC TRP channel activity, the molecular identity of
the Drebrin-regulated SMC TRP channel(s) remains obscure, because SMCs express
multiple TRP channels.2442 We did not explore this issue, because disruption of a Homer-
Drebrin interaction and pharmacologic inhibition of TRP channel activity had no effect on
SMC migration in our assays. That pharmacologic inhibition of TRP channel activity had no
effect on SMC migration in our assays may seem surprising in light of data implicating TRP
channels in the regulation of vascular remodeling.13-1° The difference between our findings
and previous studies'3-15 may be due to differences in cell type or the fact the
pharmacologic inhibition was used in the present work and gene silencing was used in
previous studies. TRP channel knockdown would be expected to result in changes of
expression of certain calcium-dependent signaling proteins or TRP channel interacting
partners,*344 whereas acute pharmacologic TRP channel inhibition over a shorter time
period would not. In our studies, neither pharmacologic TRP channel inhibition nor
disruption of the Homer-Drebrin interaction influenced the effects of Drebrin on SMC
migration, indicating that Drebrin regulates SMC migration through its direct effect on actin
filaments. While gadolinium is a non-selective channel blocker that also inhibits store-
operated channels,*> we observed no difference in store-operated currents in WT and Db /*
SMCs to suggest a role for dysregulation of store-operated calcium influx in the phenotype
of Dbr™™* SMCs.

Because medial SMC Drebrin was upregulated in atherosclerotic lesions of mice and
humans, it is conceivable that Drebrin activity reduces not only neointimal hyperplasia
evoked by endothelial denudation but also atherogenesis. Arterial neointimal hyperplasia
results from acute and chronic inflammatory signaling processes.23 Consequently, gene
products that affect neointimal hyperplasia in the absence of hyperlipidemia most often
affect atherosclerosis in a concordant manner.22:23:46.47 Fyrthermore, gene products
expressed solely in SMCs have been shown to affect atherosclerosis.*647 Thus, although it is
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expressed in SMCs but not in other cells involved in atherogenesis, Drebrin may prove to
exert anti-atherogenic activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

Akt protein kinase B

F-actin filamentous actin

G-actin globular actin

PDGF platelet-derived growth factor

SM a-actin smooth muscle a-actin

SMC vascular smooth muscle cell

SM-MHC smooth muscle myosin heavy chain

TRP transient receptor potential
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Significance

We found that expression of the actin-binding protein Drebrin is upregulated in
atherosclerosis and in response to endothelial injury. Using a Drebrin loss of function
model, we show that Drebrin is abundantly expressed in vascular smooth muscle cells
and that Drebrin plays a critical function in smooth muscle cell migration and
proliferation /n vitroand /n vivo. Furthermore, Drebrin regulates smooth muscle cell
migration through its actin-stabilizing, rather than its Homer-binding activity. These data
provide the first evidence that Drebrin stabilization of actin filaments plays a regulatory
role in vascular remodeling.
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Figure 1. Drebrin genetrap reveals Drebrin expression in SMCs
A, Design of the Dbn targeting construct used to generate Drebrin KO mice. SA, splice

acceptor; IRES, internal ribosome entry site; pgal, p-galactosidase gene; polyA,
polyadenylation sequence; FRT, Flp recombinase target. B, Brain lysates from WT and
Db~ neonatal mice were subjected to sequential immunoblotting for Drebrin and then
tubulin, as indicated. C-D, Aortas from 8-wk-old mice of the indicated genotype were
subjected to X-gal staining and (C) photographed at 5x magnification or (D) paraffin-
embedded, sectioned, and counterstained with eosin. E, The following mouse cells were
solubilized, and 30 pg of cell protein was subjected to serial immunoblotting for Drebrin and
tubulin: primary SMCs, primary endothelial cells (EC), RMA lymphoma cells (RMA), and
primary macrophages (MP). F, Thirty pg of protein from WT or Db+ SMCs were
immunoblotted sequentially for Drebrin and then tubulin.
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Figure 2. Debrin upregulates with atherosclerosis and arterial injury
A, Human peroneal arteries from surgically amputated legs were separated into segments

that demonstrated atherosclerosis (“athero”) and segments with minimal or no
atherosclerosis. Serial sections of these segments were immunostained for the indicated
protein(s) (or with isotype control 1gG), and counterstained with Hoechst 33342 (blue,
DNA), or stained with hematoxylin and eosin (H&E). (Elastin autofluorescence is included
to facilitate identification of the medial/neointimal boundary.) Letters designate the lumen
(L), neointima (N), internal elastic lamina (IEL), and media (M); vWF = von Willebrand
factor (in endothelial cells). Samples from a single staining session are shown, and represent
9 independent samples with equivalent results. The athero specimen (right) has pathological
neointimal thickening (“subject 1,” Figure Il of the online-only Data Supplement). Scale bar
=50 um. B, Drebrin and SM a-actin immunofluorescence intensities in the arterial media
were normalized to corresponding DNA fluorescence intensities; the resulting ratios in each
group were divided by cognate ratios obtained for “non-athero” control specimens, to obtain
“% of control,” plotted as the means + SE from 9 specimens of each group. Compared with
control: *, p<0.05. C, Injured and contralateral uninjured (“control””) mouse carotid arteries
were sectioned serially and immunostained with anti-Drebrin IgG, isotype control 1gG, or
anti-SM a-actin 1gG, as indicated, and counterstained with Hoechst 33342 (blue, DNA).
Samples from a single staining session are shown, and represent 4 independent samples with
equivalent results. Scale bar = 100 um. D, Drebrin and SM «a -actin immunofluorescence in

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2017 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Stiber et al.

Page 16

the arterial media were normalized to DNA fluorescence; these ratios are plotted (“arbitrary
units”) as the means + SE from 4 independent carotid arteries. Compared with control: *, p
<0.01.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2017 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Stiber et al.

Page 17

A Wk after Carotid Endothelial Denudation
|._
g =
>
(o]
c
[
O
[0
2 ~
s 3
=¥
Q
Q
B g} Mouse Genotype e
= WT
__ 7 wm Dbn(-I+) 1
b 6 . o |
X
E .
=
®
o
<

Neointima Media Total Artery  Lumen

Carotid Artery Layer or Cross Section
(4 wk post-op)

Figure 3. Drebrin reduces neointimal hyperplasia
A, WT (n=8) and congenic Dbri’* mice (n=5) were subjected to wire-mediated carotid

endothelial denudation and sacrificed 4 wk later. Injured and contralateral control (“0” wk
post-injury) carotids were sectioned and stained with a modified connective tissue stain.
Scale bar = 100 um. B, The indicated cross-sectional areas were quantitated by
computerized planimetry (see Methods), and plotted as means = SE from =5 specimens of
each genotype. Compared with WT: *, p< 0.01.
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Figure 4. Drebrin stabilizes actin filamentsin SMCs
A, Primary mouse SMCs were fixed and stained with both rabbit anti-Drebrin 1gG (green)

and Alexa-555-phalloidin (red, for F-actin), and then imaged by confocal microscopy in the
identical z-plane with post-aquisition merging of red and green channels (right). Shown are
images from a single SMC, representative of hundreds of SMCs imaged in four independent
staining sessions. B, Lysates from SMCs of the indicated genotypes were subjected to actin
fractionation by ultracentrifugation, as in Methods. The supernatant (G-actin) and pellet (F-
actin) were immunoblotted serially for B-actin and then tubulin. Shown are results from a
single experiment, representative of 3 performed with independent WT and cognate Dbri '+
SMC lines. C, Band densities for G- and F-actin were normalized to cognate tubulin band
densities; within each experiment these quotients were divided by that obtained for WT
SMCs, to obtain “% of WT”, plotted as means + SE from 3 experiments. Compared with
WT: *, p < 0.05. D, WT and Dbrr™/* SMCs were transduced with either control (Bgal) or
Drebrin-encoding (Dbn) adenovirus: subsequently actin in SMC lysates was fractionated and
immunoblotted as in panel B. Shown are results from a single experiment, representative of
3 performed with independent WT and cognate Dbr~/* SMC lines. E, Band density data for
F-actin was processed as in panel C, and plotted as means + SE from 3 experiments.
Compared with WT: *, p < 0.05. Compared with cognate -gal transduced SMCs: #, p <
0.05.
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Figure5. Loss of Drebrin resultsin increased TRP channel activity
A, WT and cognate Db+ SMCs were subjected to whole-cell patch clamping as in

Methods, and stimulated with 1 nmol/L PDGF-BB for the indicated time. Current induced as
in Methods was plotted vs time for the indicated SMCs under basal conditions (a), after
stimulation with 1 nmol/L PDGF (b), and after addition of 10 pmol/L Gd3* (c). Shown are
inward current tracings from a single experiment, representative of 18 WT and 14 Db+
SMCs respectively. B, Representative tracings showing current-voltage relationships for the
indicated SMCs under basal conditions (a), after stimulation with 1 nmol/L PDGF (b), and
after addition of 10 umol/L Gd3* (c). Shown are current-voltage relationships from a single
experiment, representative of the same numbers of SMCs of each genotype as in A. C, The
mean inward current density at a potential of =80 mV was measured before and after 1
nmol/L PDGF-BB for WT (n=18) and Dbr'* (n=14) SMCs, and plotted as means + SE.
Compared with WT unstimulated: *, p < 0.05. Compared with PDGF-stimulated WT: #, p <
0.05. SMCs used for measurements of TRP current density were obtained from four
independent WT and cognate Db+ SMC lines. D, WT and Dbt SMCs were transduced
with recombinant adenoviruses encoding f-galactosidase (fgal), Drebrin (Dbn), or a Drebrin
mutant (F543A/F621A, Dbn*) that cannot bind Homer. Inward current density was
measured as in panel C, for WT SMCs transduced with pgal (n=7) or Db+ SMCs
transduced with pgal (n=9), Dbn (n=8) or Dbn* (n=9). Results are plotted as means + SE.
Compared with WT unstimulated: *, p < 0.05. Compared with PDGF-stimulated WT: #,
p<0.05. E, WT and Dbr* SMCs from panel D were solubilized and subjected to SDS/
PAGE followed by serial immunoblotting (1B) for Drebrin and tubulin.
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Figure 6. Drebrin inhibits SMC migration and proliferation
A, Dbrr™"* and WT SMCs in a modified Boyden chamber were challenged +PDGF-BB (0.4

nmol/L) in serum-free medium, and migrated SMCs were quantitated as in Methods. The
number of migrated SMCs was normalized to that obtained for unstimulated WT SMCs, to
obtain “fold/basal,” plotted as means + SE of 3 experiments performed with independent
WT and Dbt SMCs. Compared with WT: *, p< 0.05. B, Quiescent WT and Dbr/*
SMCs were challenged +PDGF-BB (0.4 nmol/L) for 15 min (37 °C), and then solubilized:;
extracts were immunoblotted serially for phospho- (“p”) PDGFRp (Y857) (PDGFRf
autophosphorylated on its key activation loop Tyr857), total PDGFRp, p-Akt(Ser473), total
Akt, and tubulin. Results are from a single experiment, representative of 3 performed. C,
The band densities for the indicated phosphoprotein were normalized to the densities of
cognate “total” protein bands from panel B, and plotted as the means + SE of 3 independent
experiments performed with 3 independently isolated SMC lines of each genotype. D,
Dbr!* and WT SMCs were subjected to migration assays as in A, but in the absence or
presence of the TRP channel inhibitor gadolinium (10 umol/L GdCl3). The number of SMCs
migrated were normalized to the number obtained with WT SMCs in the absence of
stimulus or GdCls, to obtain “fold/control basal”, plotted as means + SE from 3 independent
experiments. Compared with WT: *, p< 0.05. E, Dbr™!* and WT SMCs were transduced
with recombinant adenoviruses encoding p-galactosidase (“Bgal”), WT Drebrin, or the
F543A/F621A mutant (“Mut”) Drebrin that cannot bind to Homer; these SMCs were then
subjected to migration assays as in Aand C. The number of SMCs migrated in response to
PDGF was normalized to that obtained with unstimulated SMCs to obtain “fold/basal”,
plotted as means + SE of 3 independent experiments performed with 3 independent lines of
Dbr™* and WT SMCs. Compared with WT: *, p< 0.05. Compared with cognate pgal-
transduced SMCs: #, p< 0.05. F, Dbri’* and WT SMCs were subjected to proliferation
assays in the presence of 10% FBS, as described in Methods. Plotted are the means + SE of
3 independent experiments performed with 3 independent lines of Db+ and WT SMCs.
Compared with the WT SMC growth curve: *, p< 0.05.
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Table 1

Dbr!* mice were mated to generate Db/~ mice, which were initially viable but died prior to weaning (P21)
(X2 = 16.7, 2 degrees of freedom, p = 0.001). The number of offspring for each genotype is indicated for
observed and expected numbers (parentheses) based on Mendelian ratios of 1:2:1 on embryonic day 14.5
(E14.5), the day of birth (P0O-1), and the day of weaning (P21). Subsequent genotyping analysis revealed
neonatal mortality within 48 hours of birth.

Analysis of Offspring of Intercrossed Heterozygotes

Age WT Het KO Total | X2 p

E145 | 5425 | 5085 | 7(425) | 17 | 1.64 | NS

Po-1 | 11(8.75) | 13(17.5) | 11(8.75) | 35 | 118 | Ns

P21 | 28(195) | 48(39) | 2195 | 78 | 167 | 0.001
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