Shroom2 regulates contractility to control
endothelial morphogenesis
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ABSTRACT The intrinsic contractile, migratory, and adhesive properties of endothelial cells
are central determinants in the formation of vascular networks seen in vertebrate organisms.
Because Shroom2 (Shrm2) is expressed within the endothelium, is localized to cortical actin
and cell-cell adhesions, and contains a conserved Rho kinase (Rock) binding domain, we hy-
pothesized that Shrm2 may participate in the regulation of endothelial cell behavior during
vascular morphogenesis. Consistent with this hypothesis, depletion of Shrm2 results in ele-
vated branching and sprouting angiogenic behavior of endothelial cells. This is recapitulated
in human umbilical vein endothelial cells and in a vasculogenesis assay in which differentiated
embryonic stem cells depleted for Shrm2 form a more highly branched endothelial network.
Further analyses indicate that the altered behavior observed following Shrm2 depletion is
due to aberrant cell contractility, as evidenced by decreased stress fiber organization and
collagen contraction with an increase in cellular migration. Because Shrm2 directly interacts
with Rock, and Shrm2 knockdown results in the loss of Rock and activated myosin Il from sites
of cell-cell adhesion, we conclude that Shrm2 facilitates the formation of a contractile net-
work within endothelial cells, the loss of which leads to an increase in endothelial sprouting,
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migration, and angiogenesis.

INTRODUCTION

Shroom3 (Shrm3) has been shown to be a critical regulator of cell
morphology in several cellular contexts and animal model systems
(Hildebrand and Soriano, 1999; Hildebrand, 2005; Haigo et al.,
2003; Lee et al., 2007; Nishimura and Takeichi, 2008; Taylor et al.,
2008; Chung et al., 2010). Shrm3-mediated morphogenesis is de-
pendent on its ability to bind both F-actin and Rho kinase (Rock)
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(Hildebrand, 2005; Nishimura and Takeichi, 2008). It is predicted
that actin binding targets Shrm3 to the tight junction in polarized
epithelia. Shrm3 can then recruit Rock to the tight junction, resulting
in the localized activation of nonmuscle myosin Il (myosin Il) and
subsequent apical constriction (Hildebrand, 2005; Nishimura and
Takeichi, 2008). In addition to the ability to regulate actomyosin net-
works, Shrm3 has been implicated in regulating the apical position-
ing of y-tubulin and subsequent microtubule organization in Xeno-
pus epithelial cells (Lee et al., 2007). It is unclear whether these two
activities of Shrm3 are directly related or occur independently. In
vertebrates, the Shroom proteins contain another family member,
Shrm2, which shares several structural and functional characteristics
with Shrm3. Like Shrm3, Shrm2 contains an N-terminal postsynaptic
density 95/disc-large/zona occludens (PDZ) domain of unknown
function; a centrally located, conserved actin binding module cen-
tered on the Shroom domain 1 (SD1); and a C-terminally located
SD2, which, in the case of Shrm3, directly binds to Rock (Nishimura
and Takeichi, 2008). Unlike Shrm3, Shrm2 does not induce apical
constriction in either Xenopus ectodermal epithelium (Fairbank
et al., 2006) or cultured Madin-Darby canine kidney (MDCK) epithe-
lial cells (Dietz et al., 2006). However, Shrm2 has been shown to
control other aspects of morphogenesis in Xenopus embryos, such
as epithelial thickening and pigment accumulation (Fairbank et al.,
2006; Lee et al., 2009).
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In mice, Shrm2 is highly expressed in various populations of po-
larized epithelial cells, including the neural epithelium, gut, eye,
lung, and kidney. Additionally, Shrm2 is highly expressed in the en-
dothelium of the developing vasculature (Dietz et al., 2006). This is
consistent with the other cell types that express Shrm2, as the en-
dothelium itself is a polarized population of epithelia. Endothelial
cells exhibit the remarkable capacity to undergo dramatic changes
in morphology and migration in order to form the network of tubes
that are seen in the embryo during and after vasculogenesis. Initial
formation and subsequent remodeling of the vascular network are
dependant on both the ability of endothelial cells to sprout new
branches via the formation of filopodia and migration to new posi-
tions in the network (De Smet et al., 2009). One of the critical deter-
minants of the migratory behavior of endothelial cells is myosin Il
contractility downstream of Rock. It has been demonstrated that in-
hibition of myosin Il or Rock results in increased endothelial sprout-
ing, suggesting that this pathway is a critical regulator of vascular
architecture (Mavria et al., 2006; Abraham et al., 2009; Fischer et al.,
2009; Kroll et al., 2009). In this context the function of Rock seems
to negatively regulate membrane protrusion and cell migration at
the level of cortical contractility. Specifically, a Rock-myosin Il net-
work induces cortical tension that is proposed to inhibit the ability of
cells to form membrane protrusions and migrate. This is supported
by the observation that localized addition of pharmacological in-
hibitors of this pathway results in the rapid formation of endothelial
filopodial outgrowth followed by cell migration (Fischer et al.,
2009).

In this study we have investigated the function of Shrm2 as a
potential regulator of the cellular and angiogenic behavior of en-
dothelial cells. On the basis of previous work, we hypothesized that
Shrm2 might regulate these biological processes via Rock localiza-
tion, impacting subsequent contractility. Using small interfering RNA
(siRNA) and short-hairpin RNA (shRNA) approaches in both estab-
lished endothelial cells and in primary endothelia derived from
mouse embryonic stem (ES) cells, we show that depletion of Shrm2
results in increased angiogenesis due to decreased cellular contrac-
tility. This decrease in contractility appears to result from diminished
Rock and myosin Il activity at the cell cortex and the disorganization
of the actin cytoskeleton. These alterations in cellular architecture
cause increases in cell protrusions and alter cellular migration. To-
gether, these data indicate that Shrm2 is a vital regulator of en-
dothelial cell behavior during vascular morphogenesis. Additionally,
our findings expand the inclusion of the Shroom-Rock complex in
multiple cellular processes and suggest that this conserved signal-
ing complex may be utilized in a variety of biological events that
require Rock activity.

RESULTS

Knockdown of Shroom2 increases sprouting in angiogenesis
and vasculogenesis assays

Previous studies from our lab have described the expression and
localization of Shrm2 in the developing vasculature of mouse em-
bryos and the C166 endothelial cell line (Dietz et al., 2006). Be-
cause C166 cells are derived from the murine yolk sac (Wang et al.,
1996), we sought to confirm endogenous expression and localiza-
tion of Shrm2 in the yolk sac in vivo. Staining of yolk sacs of embry-
onic day (E) 9.5 embryos to detect both Shrm2 and platelet en-
dothelial celladhesionmolecule 1 (PECAM-1), an endothelial-specific
adhesion protein, shows that Shrm2 is expressed throughout the
yolk sac vasculature in both large vessels (Figure 1A) and the capil-
lary plexus (Figure 1B). In addition, the Shrm2 protein is enriched at
sites of cell-cell adhesion, similar to what is seen in the embryo
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proper and in C166 cells. On the basis of these data and those from
other published works (Wang et al., 1996; Zhou et al., 2004), we
conclude that C166 cells are a viable cell type to explore the func-
tion of Shrm2 in endothelial cell behavior. Therefore we utilized
siRNA to knock down the expression of Shrm2 in these cells. C166
cells treated with a control nontargeting siRNA (siControl) form a
confluent monolayer and exhibit Shrm2 and ZO1 distribution at
cell—cell junctions (Figure 1C). Cells treated with Shrm2-specific
siRNA (siShrm2) also form confluent monolayers with no apprecia-
ble change in adherens junctions or tight junctions, but Shrm2
staining is virtually eliminated from the majority of these cells (Fig-
ure 1D and Supplemental Figure S1). Consistent with the immunos-
taining results, Western blotting shows that Shrm2 protein is re-
duced by ~70% using two different siRNAs, one targeting the 3’
untranslated region (siShrm2-7) and the other targeting the coding
sequence (siShrm2-8) of the Shrm2 mRNA (Figure 1E). Treatment
of cells with siRNA did not alter the rates of proliferation (unpub-
lished data), and all results have been verified using both Shrm2
siRNAs, but data are typically shown from experiments using
siShrm2-8. Because we obtain similar results using two different
siRNAs that target unique regions of the Shrm2 transcript, we are
confident that the observed phenotypes result from specific deple-
tion of Shrm2 protein.

One hallmark of endothelial cells is their ability to form a capillary
network when cultured on matrigel. Control C166 cells form a mul-
ticellular vascular network when grown under these conditions
(Figure 1F). This multicellular network is most morphologically simi-
lar to the large vessels of the yolk sac and the early vessels formed
by embryoid bodies (Figure 1A and Supplemental Figure S2). To
test the role of Shrm2 in this endothelial behavior, siShrm2 C166
cells were plated on matrigel and allowed to undergo angiogenesis.
Under these conditions we observe that siShrm2 C166 cells have
elevated branching capacity (Figure 1, G and H). While treatment
with both siShrm2-7 and siShrm2-8 yields a more highly branched
network, C166 cells with the greatest degree of knockdown
(siShrm2-8) show areas that have failed to undergo tubulogenesis
(Figure 1H, arrow). Similar outcomes have been seen with a broad
Rock inhibitor, Y27632, such that angiogenesis is inhibited in both
C166 cells (unpublished data) and bovine retinal endothelial cells
(Bryan et al., 2010). Because Shrm2-deficient endothelial cells form
a more branched network on matrigel, we wanted to further investi-
gate and validate the effect of Shrm2 loss using an in-gel sprouting
angiogenesis assay. Control siRNA and siShrm2 spheroids of equal
cell number were embedded in collagen gels, cultured for 48 h, and
then analyzed for the extent of sprouting. Consistent with the matri-
gel angiogenesis assay, siShrm2 cells demonstrated significantly el-
evated sprouting compared with control cells (Figure 1, I-K). To
verify these results in a primary cell line, we confirmed expression of
hShrm2 in primary human umbilical vein endothelial cells (HUVECs)
(Figure 1L). After transfection with hShrm2 siRNA, Shrm2 protein is
reduced by ~75% (Figure 1L). Similar to C166 cells, Shrm2 knock-
down in HUVECs increases branching during matrigel angiogenesis
(Figure 1, M and N).

While Shrm2 knockdown in both C166 cells and HUVECs leads
to an increase in branching, these cell types form morphologically
distinct networks on matrigel. C166 cells form large multicellular
cords, while HUVECs form a single cellular capillary-like network
(Supplemental Figure S2, A-C). Thus we sought to determine the
effect of Shrm2 knockdown in a model more similar to C166 cells
and the vascular network observed in the yolk sac and embryo dur-
ing development. Because C166 cells are derived from the yolk sac
where initial vasculogenesis occurs, we used a vasculogenesis assay
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Shrm2 knockdown stimulates endothelial angiogenesis. (A and B) Murine yolk sacs
at E9.5 stained with PECAM and Shrm2 antibodies show Shrm2 localization at cellular junctions
in both large vessels (A) and the capillary plexus (B). (C and D) C166 endothelial cells were
treated with a nontargeting siRNA (siControl) (C) or a Shrm2-specific siRNA (siShrm2) (D) and
were stained with Shrm2 (inset) and ZO1. (E) Shrm2 knockdown from two different siRNAs was
confirmed via Western blot. o-Tubulin was used as a loading control. (F-H) siControl (F),
siShrm2-7 (G), or siShrm2-8 (H)-treated C166 cells were plated on matrigel to examine
angiogenic potential. Arrow indicates an area that has failed to undergo angiogenesis.

(I-K) siControl (I) and siShrm2 (J) C166 cells were grown as spheroids for use in a collagen
sprouting angiogenesis assay. Quantification of collagen sprouting angiogenesis is shown in (K).
The numbers of branch tips are represented as the mean + SD (n =7 spheroids). (L) Western blot
of Shrm2 knockdown in HUVECs. (M and N) Matrigel angiogenesis assay for siControl (M) and
siShrm2 (N)-treated HUVECs. Scale bars =25 pm in A-D; 1 mm in F-H; 125 pmin |, J, M, and N.

of Shrm2 in endothelial cells derived from
ES cells, we generated cell lines that stably
express Shrm2-specific shRNAs. Shrm2
knockdown was confirmed via both immun-
ofluorescence staining (Figure 2, Ai and Bi)
and Western blot (Figure 2C). Stable ES cells
were then grown in suspension to form em-
bryoid bodies, allowed to reattach to tissue
culture dishes, and grown for 9-11 d in dif-
ferentiation media. Differentiated cultures
were fixed and immunostained to visualize
the vasculature. Consistent with the results
obtained using C166 cells and HUVECs,
shShrm2 ES cells generate hyperbranched
endothelial networks when compared with
vector control ES cells (Figure 2, D and E).
When observed at higher magnification, the
control vasculature exhibits uniform cell bor-
ders and few filopodial extensions (Fig-
ure 2Di). In stark contrast, the Shrm2-defi-
cient vasculature exhibits a plethora of
filopodia-like extensions (Figure 2Ei). Shrm2
remains efficiently knocked down after dif-
ferentiation (Supplemental Figure S1, F and
G). Together these experiments suggest
that, within the endothelium, Shrm2 is in-
volved in negatively regulating vessel
branching and that this may be controlled at
the level of the cytoskeleton.

Shroom2 regulates endothelial
contractility through interaction

with Rock

Several studies have previously shown that
reduced Rock activity and myosin contractil-
ity correlates with both increased angiogen-
esis and increased filopodia formation in
endothelial cells (Mavria et al., 2006; Fischer
et al., 2009; Kroll et al., 2009). Along these
lines, Shrm2 contains the conserved SD2
motif that has been shown to mediate a di-
rect interaction between Shrm3 and Rock
and between Drosophila Shroom and Droso-
phila Rho-associated kinase to facilitate api-
cal constriction (Dietz et al., 2006; Nishimura
and Takeichi, 2008; Bolinger et al., 2010). On
the basis of these observations, we hypoth-
esized that the increase in sprouting ob-
served from Shrm2 knockdown is due to loss
of Rock-mediated contractility. To test this
hypothesis, we first verified an interaction
between Rock and Shrm2. In glutathione S-
transferase (GST) pull-down experiments,
the Shroom binding domain (SBD) of hRock1
interacts with Shrm2, and the Shrm2 SD2 do-
main interacts with endogenous Rock1 and
Rock2 (Figure 3A and Supplemental
Figure S3A). In addition, the Shrm2 SD2 do-
main and the hRock1 SBD domain can be
copurified when expressed together in bac-

in which ES cells can be differentiated into a multicellular branching  teria (Supplemental Figure S3B). This is a specific interaction, as the
endothelium (Kappas and Bautch, 2007). It should be noted that ES actin binding domain (SD1) of Shrm2 does not pull down the Rock
cells express Shrm2 endogenously (Figure 2Ai). To address the role SBD (unpublished data). In C166 cells grown on coverslips, we can
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Stable knockdown of Shrm2 in murine ES cells enhances vasculogenesis. (A-C) ES cells stably transfected
with the parental vector pSuper-GFPneo’ (pSuper) (A) or pSuper-shShrm2 (shShrm2) (B) were stained to detect GFP and
Shrm2. Stable knockdown was confirmed by Western blotting (C). E-cadherin was used as a loading control. (D and E)
After differentiation, pSuper (D) and shShrm2 (E) cells were stained with PECAM to visualize the resulting endothelial
network. Boxed regions in D and E are enlarged in Di and Ei. While distinct boundaries exist between control
endothelial and surrounding cells (Di), numerous filopodia-like extensions are found throughout the Shrm2-deficient
endothelium (Ei) (compare arrows). Scale bars = 25 pm in A and B; 100 pm in D and E.

visualize sparse Rock1 at cell-cell junctions as indicated by colocal-
ization with ZO1 (Figure 3B). Importantly, this localization appears to
be dependent on Shrm2, as this population of Rock is lost in siShrm2
C166 cells (Figure 3C). Knockdown of Shrm2 has no effect on Rock
expression as indicated by Western blot (Supplemental Figure S3C).
Shrm2 recruitment of Rock is also observed in MDCK cells engi-
neered to express Shrm2 following withdrawal of doxycycline. In the
presence of doxycycline, no Shrm2 is detected and no Rock is ob-
served at tight junctions (Supplemental Figure S3D). After Shrm2 in-
duction, both Shrm2 and Rock colocalize at tight junctions (Supple-
mental Figure S3E). These data indicate that Shrm2 can directly bind
Rock in vitro and regulate its subcellular distribution in vivo.

It has been speculated that Shrm proteins can regulate cell and
tissue morphology by controlling myosin ll-dependent contraction.
On the basis of this notion and the above results, we hypothesized
that if Shrm2 is involved in localizing Rock to cell-cell junctions, then
it may play a role in establishing endothelial contractility. To test this,
we analyzed the ability of Shrm2-deficient cells to contract collagen
gels. Control and siShrm2 C166 cells were plated on a bed of col-
lagen attached to the well and allowed to form a confluent mono-
layer. Following monolayer formation, the mechanically loaded gels
were detached from the gel and allowed to contract for 6 h. Quan-
tification shows that Shrm2-deficient cells are not able to contract
the collagen gel to the same extent as control cells (Figure 3D).
Collagen gel contraction is also dependent upon Rock, as treatment
of control cells with Rock inhibitor contracted gels to a lesser extent.
Interestingly, Shrm2-deficient endothelial cells are more sensitive to

798 | M. J. Farber etal.

Rock inhibition and contract the gel less than the inhibitor or siShrm2
alone. We predict that this sensitivity is due to an interaction be-
tween Shrm2 and Rock, which helps establish endothelial contractil-
ity. These results document for the first time that Shrm proteins can
indeed control the contractile properties of a population of polarized
cells.

Activated Rock is thought to cause myosin Il contraction by di-
rectly phosphorylating the regulatory myosin light chain 2 (MLC2)
(Amano et al., 1996) and inhibiting the targeting subunit of myosin
phosphatase 1 (MYPT) (Kimura et al., 1996). Rock may also influence
contractility by regulating actin dynamics through activation of LIM
kinase and subsequent cofilin phosphorylation (Maekawa et al.,
1999). To determine whether Shrm2 knockdown affects Rock activ-
ity, we examined the phosphorylation state of several downstream
Rock effectors. Interestingly, while monophosphorylated MLC2
(pMLC) is unaffected, diphosphorylated MLC2 (ppMLC) levels are
reduced 50% in siShrm2 C166 cells (Figure 3E). These results sug-
gest that loss of Shrm2 leads to a loss of Rock activity. A similar role
for Rock in the regulation of ppMLC2 but not pMLC2 has been ob-
served in MDCK cells (Watanabe et al., 2007). Additional Rock effec-
tors, MYPT and FAK (Le Boeuf et al., 2006), show reduced phospho-
rylation by ~25% while p-cofilin levels remain unchanged (Figure 3E).
These observations suggest that the Shrm2-Rock complex could be
working at the level of myosin Il activity to control actin organization.
To address this issue, control and siShrm2 cells were stained to de-
tect ppMLC2 at cell-cell junctions (apical) and stress fibers
(Figure 3, F-I). In control cells ppMLC can be detected at both of
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Shrm2 interacts with Rock and promotes endothelial contractility. (A) A GST-tagged mShrm2 SD2 or a
GST-tagged Shroom binding domain (SBD) of hRock1 were incubated with total cell lysate from T23 cells engineered to
express myc-Shrm2 under the tetracycline response element promoter. Following GST pull down, the Shrm2 SD2
interacts with endogenous Rock1, and the Rock1 SBD interacts with full-length myc-Shrm2. (B and C) siControl
(B) or siShrm2 (C) C166 cells were stained with Rock1 (Bi and Ci) and ZO1 (Bii and Cii) antibodies. Arrows indicate loss of
Rock localization to tight junctions after Shrm2 knockdown. (D) Contractility of siControl or siShrm2 cells with or without
the Rock inhibitor Y27632 was assessed through the ability of a monolayer to contract a collagen gel. Quantification is
graphed as the percentage of area of the original after 4 h, represented by the mean * SD (n = 3). (E) Phosphorylation of
Rock effectors was visualized by Western blotting. o-Tubulin was used as a loading control. Representative blots from
three independent experiments are shown. p-MLC2, phospho-myosin light chain 2 (Ser-19); pp-MLC2, diphospho-
myosin light chain 2 (Thr-18/Ser-19); p-MYPT, phospho-myosin phosphatase binding subunit 1 (Thr-696); pFAK, phospho-
focal adhesion kinase (Tyr-397). (F-I) Control (F and G) and Shrm2 knockdown (H and 1) C166 cells were stained for
pPMLC (Fi-li) and either ZO1 (F and H) or actin (G and ). Loss of Shrm2 leads to loss of pp-MLC2 at both stress fibers
and cell-cell junctions (compare arrowheads). (J-M) Stress fiber organization was examined by immunostaining for actin
in C166 cells treated with siControl (J), siShrm2 (K), siControl and Y27632 (L), and siShrm2 and Y27632 (M). Inset is a
merge for apical Shrm2 (green) and basal stress fibers (red). Scale bars = 25 pm.
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these subcellular locations (Figure 3, Fi and Gi). In contrast, the
staining in cell-cell junctions is largely lost and the stress fiber stain-
ing is both reduced and disorganized in the siShrm2 cells (Figure 3,
Hi and li). On the basis of these results, we suggest Shrm2 works to
control endothelial contractility via the localized activation of
actomyosin.

Because Rock activity and myosin Il contractility have been
shown to play a significant role in the formation and organization of
actin stress fibers (Ishizaki et al., 1997; Uehata et al., 1997), we exam-
ined stress fibers in siShrm2 C166 cells. In control cells, stress fibers
are typically arranged in thick bundles that are aligned parallel to
each other within the cell and appear to be contiguous with bundles
in adjacent cells (Figure 3J, inset); a similar organization has been
observed in HUVEC endothelial cells (Millan et al., 2010). This orga-
nization is lost in siShrm2 cells, as stress fibers appear randomly ori-
ented (Figure 3K). A similar change in stress fiber organization can
be found in control C166 cells treated with a low concentration of
Rock inhibitor (1 uM) (Figure 3L). Consistent with the idea that Shrm2
and Rock work together to control cell morphology, stress fibers are
greatly diminished and further disorganized in siShrm2 cells that are
treated with 1 pM Rock inhibitor (Figure 3M). Because Shrm2 is not
detected at focal adhesions (FAs), a major regulator of stress fibers,
yet we see changes in stress fiber organization and reduced pFAK
levels after Shrm2 knockdown, we deduce that these changes occur
indirectly through the reduction of cortical contractility.

The loss of Shroom2 influences endothelial migration
Rock activity can enhance or inhibit cellular migration depending
on the particular cell type (reviewed in Riento and Ridley, 2003). To
observe the effect of Shrm2 knockdown and concomitant loss of
endothelial contractility on C166 migration, we subjected siShrm2
C166 cells to a scratch wound assay. Loss of Shrm2 significantly in-
creases migration of C166 cells into the wound relative to control
cells (Figure 4A). siShrm2 cells completely closed the wounds by
24 h while control wounds were ~90% closed at this time (Figure 4B).
To confirm these results, migration was also assessed using a Boy-
den chamber. Consistent with the above wound-closing assay,
siShrm2 cells demonstrate a significant increase in migration in
comparison to control cells (Figure 4C). We next examined the ef-
fects of Rock inhibition on C166 migration. Rock inhibition enhances
migration in both a scratch wound (Figure 4A) and Boyden chamber
assay (Figure 4C). In the presence of mild Rock inhibition, Shrm2-
deficient cells migrate more quickly than with Rock inhibition or
siShrm2 alone. The opposite has been observed in HUVEC cells,
where Rock inhibition attenuates vascular endothelial growth factor
(VEGF)-stimulated migration (van Nieuw Amerongen et al., 2003).
Similarly, Shrm2 knockdown in HUVEC cells results in significant re-
duction of migration as assayed in a Boyden chamber (Figure 4D).
To better understand how Shrm2 may regulate migration, we
evaluated the localization of Shrm2 during wounding. Wounded
monolayers of C166 cells were fixed and stained to detect Shrm2
and actin (Figure 4E). At 2 h after wounding, Shrm2 can be found on
thick F-actin cables at the leading edge. This structure is hypothe-
sized to resemble a purse string, drawing cells into the wound
(Tamada et al., 2007). At this time, Rock is also found at the leading
edge. Again, this localization is dependent upon Shrm2, as Shrm2
knockdown abolishes Rock localization at the leading edge (Fig-
ure 4, F and G). At 12 h after wounding, Shrm2 is diffusely localized
at the leading edge and by 24 h is ultimately lost from the leading
edge as cells completely detach from the monolayer. Because these
detached cells have little Shrm2 protein, it seems logical that reduc-
tion of Shrm2 promotes migration into the wound.
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To better understand the consequence of long-term loss of
Shrm2 function in endothelial cells, we generated a stable C166 cell
line expressing a Shrm2-specific shRNA from the pSuper-GFPneo’
vector. Stable expression of the shRNA leads to apparent 100%
knockdown as Shrm2 protein is undetectable via Western blot
(Figure 5A). Analysis of the effect of stable Shrm2 knockdown indi-
cates a change in morphogenesis: a loss of dense peripheral actin
bundles observed in control cells and an increase in filopodial ex-
tensions (Figure 5, C and D). Control cells are often found clustered
and adherent to one another, while shShrm2 cells fail to cluster or
form stable cell-cell contacts. shShrm2 C166 cells contain fewer
central FAs but larger peripheral FAs (Figure 5, E-H). The loss of
central FAs has also been observed in mouse embryonic fibroblasts
treated with Y27632, highlighting the importance of Rock-mediated
contractility in FA regulation (Pasapera et al., 2010). As expected,
expression of shShrm2 further enhances migration in a Boyden
chamber compared with control or transient siRNA knockdown
(Figure 5B). Because shShrm2 cells fail to adhere to one another and
form a monolayer, wound healing was assessed by mixing vector
control (pSuper) or stable shShrm2 cells—both green fluorescent
protein (GFP) positive—with wild-type C166 cells. Monolayers were
then wounded, and the migration of control or shShrm2 cells into
the wound was assayed 30 min later. In controls, the GFP-positive
cells are still integrated into the monolayer (arrow) and possess ro-
bust actin belts at the leading edge (arrowhead) (Figure 5I). In con-
trast shShrm2 cells fail to adhere to the monolayer and after only
30 min have started to migrate into the wound, past the actin belt
(Figure 5J). Presumably due to the increase in migration and loss of
cellular adhesion, these cells fail to undergo angiogenesis on matri-
gel (unpublished data). On the basis of these results and those pre-
sented above, we predict that loss of signaling via the Shrm2-Rock
complex reduces the degree of cortical actomyosin contractility,
which in turn promotes the migration of the C166 cells.

DISCUSSION

The actin and Rock binding protein Shrm2 is expressed within the
mouse vasculature during development. Here we demonstrate a
role for Shrm2 in the regulation of endothelial morphology, as
knockdown of Shrm2 in C166 endothelial cells, HUVECs, and dif-
ferentiated mES cells results in increased endothelial branching. We
propose the following role for Shrm2 in the regulation of angiogen-
esis during embryonic development (Figure 6). Through the actin
binding SD1, and perhaps through the serine/proline-rich region
(SPR) responsible for interaction with ZO1, Shrm2 localizes to corti-
cal actin (Dietz et al., 2006; Etournay et al., 2007). Through the SD2
domain, Shrm2 recruits Rock, which is predicted to phosphorylate
the myosin regulatory light chain and activate myosin I, thereby
establishing a cortical, contractile network. As indicated by changes
in stress fiber organization, pFAK levels, and FA architecture in
Shrm2 knockdown cells, Shrm2-dependent contractility can influ-
ence additional cellular processes including actin organization, cel-
lular migration, and endothelial branching, ultimately affecting the
morphology of the vascular network.

It is currently unknown how the Shrm2-Rock complex might be
regulated. While many processes that require Rock also require the
activity of Rho, previous studies suggest that the ability of Shrm
proteins to control contraction is independent of RhoA (Haigo et al.,
2003; Hildebrand, 2005). Therefore it is possible that Shrm2 binding
to Rock serves to both localize and activate the kinase. We suggest
that one critical step in regulation is correct subcellular distribution.
This is evidenced by previous observations that Shrm2, Shrm3, and
Shrm4 have different subcellular localization and cause different
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or untreated cells with Y27632 were subjected to a scratch wound assay and were stained with
phalloidin at 1, 12, and 24 h postscratch. (B) Quantification of a scratch wound assay from live
C166 cells treated with siControl or siShrm2, represented by the mean percentage of wound
closure £ SD (n = 5). (C) Migration of siControl and siShrm2 C166 cells in the presence or absence
of Y27632 was assessed with a Boyden chamber. (D) Migration of siControl and siShrm2-treated
HUVEC cells in a Boyden chamber. The number of migrated nuclei is represented by the mean +
SEM (n = 6) in C and D. (E) Untreated C166 cells were scratch wounded and stained for Shrm2
and actin at 2, 12, and 24 h postscratch. Asterisks indicate cells that have detached from the
epithelial sheet and have lost Shrm2 expression. (F and G) At 2 h after scratch wounding C166
cells, Rock1 localizes to the leading edge of siControl (F) but not siShrm2 (G) C166 cells.
Immunostaining for -catenin (Ei and Fi). Scale bars =100 pm in A; 25 pm in B, E, and F.

the correct localization of Shrm proteins,
other sequences in the N-terminal region,
including the PDZ and SPR domains, likely
contribute to their functions. The SPR do-
mains of Shrm2 and Shrm3 appear to par-
ticipate in direct interactions with ZO1 and
POSH, respectively, and their SH3 domains
are required for these interactions (Etournay
et al., 2007; Taylor et al., 2008). Through an
interaction with POSH, Shrm3 negatively
regulates neurite outgrowth in a Rock-de-
pendent manner (Taylor et al., 2008). It is
intriguing that both Shrm2 and Shrm3 can
negatively regulate two physiologically dif-
ferent branching processes. While the
Shroom family of proteins has the capacity
to alter morphology through an interaction
with Rock, Shrm2 is not able to reproduce
the apical constriction of MDCK cells caused
by Shrm3 expression (Dietz et al., 2006). It is
therefore apparent that through tissue-spe-
cific expression and unique localization
mechanisms, the Shroom family can alter
morphology in similar yet unique ways. It
has been proposed that the ZO1/Shrm2 in-
teraction helps facilitate tight junction stabil-
ity (Etournay et al., 2007). However, we see
no changes in ZO1 localization following
Shrm2  knockdown, and siShrm2-treated
cells can readily form tight junctions after
passage to a new plate (unpublished data).
Reciprocally, ZO1 knockdown has no af-
fect on Shrm2 localization (Supplemental
Figure S4), suggesting that Shrm2 does not
localize via ZO1 alone. Additional experi-
ments will be necessary to elucidate the re-
lationship between ZO1, Shrm2, and the
establishment of cortical contractility.

The Shrm family of proteins is character-
ized by its evolutionarily conserved Rock
binding domain, SD2 (Dietz et al., 2006;
Nishimura and Takeichi, 2008). In this study
we demonstrate an interaction between the
SD2 domain of Shrm2 and Rock. We also
show that Shrm2 is required for localization
of Rock at endothelial tight junctions and
that Shrm2-deficient C166 cells are more
sensitive to Rock inhibition, decreasing con-
tractility and increasing migration. These
data support a role for Shrm2 in the local-
ization of Rock and establishment of en-
dothelial contractility, the loss of which re-
sultsinincreasedangiogenesis. Interestingly,
near complete reduction of Shrm2 through
stable expression of shRNA or incubation
with a Rock inhibitor completely abolishes
matrigel angiogenesis of C166 cells (unpub-
lished data). Because transient knockdown
with Shrm2 siRNA leads to an increase in
branching, we propose that a Shrm2/Rock-

phenotypes when expressed in cells despite the fact that they all  dependent contractility threshold exists such that slight reductions
have the capacity to trigger myosin ll-dependent changes in cell  in contractility increase branching, whereas significant reduction
shape (Dietz et al., 2006). While actin binding is a critical aspect of  abolishes angiogenesis. It is also likely that Shrm2 mediates only a
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were allowed to spread on fibronectin-coated coverslips for 4 h and were immunostained for actin. Arrowheads indicate
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(E and F) or phospho-tyrosine (G and H) to visualize focal adhesions. (I and J) pSuper (I) or shShrm2 (J) C166 cells
(indicated by GFP) were mixed with parent C166 cells and wounded. Cells were allowed to migrate for 30 min and were
then stained for GFP and actin. Arrows indicate stable junctions formed between pSuper and parent C166 cells.
Arrowheads indicate pSuper cells that contribute to the actin belt or shShrm2 cells that migrate quickly into the wound

past the actin belt. Scale bars = 25 pm.

subset of Rock activity essential for angiogenesis, as Rock activation
and localization can be regulated by other factors such as RhoA,
lipids, and dynamin | (Tumusiime et al., 2009). And while Shrm2 can
interact with both Rock1 and Rock?2, it remains to be determined
how the different Rock isoforms impact angiogenesis.
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Conflicting reports for the role of Rock in angiogenesis have
been well documented (reviewed in van Nieuw Amerongen and van
Hinsbergh, 2009). Many of these studies utilize general Rock
inhibitors that present the possibility of off-target effects. Here we
suggest that Shrm2 is involved in a specific aspect of Rock activity
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FIGURE 6: Model of Shrm2 function in endothelial cells. Shrm2
localization to cortical actin is mediated, in part, by the actin binding
domain SD1. The Shrm2 SD2 domain recruits Rock to cortical actin,
where it activates the myosin regulatory light chain of myosin Il
establishing cellular contractility. Changes in contractility are thought
to influence cellular migration and branching through changes in actin
organization, which ultimately impacts vascular morphology.

during angiogenesis, specifically the cortical recruitment of Rock
and activation of downstream myosin Il activity. The unique ability of
Shrm2 to recruit Rock to a specific subcellular location suggests that
Shrm2 may provide a novel way to target specific Rock-dependent
processes while leaving others unaffected. Several studies of the
role of Rock in the vasculature support our findings and predictions.
Rock RNA interference (RNAI) increases endothelial sprouting in
both HUVEC spheroid culture and murine retinas (Kroll et al., 2009).
It has also been demonstrated that local loss of myosin Il cortical
contractility results in filopodia-like extensions in endothelial cells
(Fischer et al., 2009). Additional studies suggest that Rock-depen-
dent actomyosin contractility can lead to VE-cadherin accumulation
at endothelial cell-cell junctions promoting cell adhesion, inhibition
of VEGFR2, and vessel quiescence. Perturbation of this system
through Rock inhibition or knockdown of VE-cadherin leads to an
increase in vessel sprouting (Abraham et al., 2009). The phenotypic
outcome of Shrm2 knockdown is reminiscent of that observed fol-
lowing VE-cadherin knockdown such that both lead to increased
cord formation and decreased MLC2 phosphorylation (Abraham
et al., 2009). Interestingly, following transient knockdown of Shrm2
in C166 cells, we do not see changes in cell-cell adhesion, as mea-
sured by B-catenin and ZO1 staining. Therefore it appears that the
ability of Shrm2 to control contractility and subsequent endothelial
morphogenesis may be independent of cadherin-mediated adhe-
sion. However, it should also be noted that C166 cells are devoid of
VE-cadherin and thus may use another cadherin for cell—cell interac-
tions that does not function in a manner analogous to that of
VE-cadherin (unpublished data). Another distinction between these
experimental systems is that C166 cells do not require the addition
of VEGF, suggesting that the relationship between VEGF, VE-cad-
herin, and morphogenesis has been uncoupled in these cells. This
suggests that there may be different, independent pathways work-
ing to promote the formation of peripheral actomyosin networks
that control the angiogenic behavior of endothelial cells. Alterna-
tively, we could predict that these two pathways may intersect at the
level of the cortical actin network in adherent cells in order to rein-
force one another and that both are required to maintain cortical
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contractility and restrict the migratory and branching potential of
endothelial cells. The link between cadherin signaling and Shrm2
will be an interesting and valuable avenue of investigation.

In conclusion, we show that Shrm2 is expressed in the develop-
ing vasculature and is required for proper angiogenesis. Reducing
Shrm2 levels with Shrm2 RNAI decreases endothelial contractility
and leads to increased endothelial sprouting. Because Shrm2 phys-
ically interacts with Rock and Shrm2-deficient cells are more sensi-
tive to Rock inhibition, we propose that Shrm2 and Rock interact to
regulate cellular contractility, which in turn controls cytoskeletal ar-
chitecture, motility, and, ultimately, endothelial angiogenesis.

MATERIALS AND METHODS

Cell culture and RNAi

C166 cells were maintained at 37°C, 5% CO, in DMEM supple-
mented with 10% fetal bovine serum (FBS), pen/strep, and L-
glutamine. Pooled HUVECs were purchased from ATCC (Manassas,
VA) and cultured in Vascular Cell Basal media (ATCC) supplemented
with Endothelial Cell Growth Kit (ATCC). ON-TARGETplus siRNAs
were ordered from Dharmacon (Lafayette, CO) and were tested for
knockdown efficiency by immunofluorescence analysis and Western
blotting. The following two siRNA duplexes were most efficient:
mShrm2-7 sense sequence: AGUCAAGAUUGGCGAGA; mShrm2-8
sense sequence: GGAUAAUGUUGAACCCAAA. The ON-TARGET-
plus SMARTpool for hShrm2 was used in HUVEC cells. ON-TAR-
GETplus nontargeting siRNA #1 was used as a control. C166 cells
were transfected in suspension with 100 nM siRNA using Lipo-
fectamine 2000. Adherent HUVEC cells were transfected with
100 nM siRNA using Dharmafect #1 (Dharmacon). Cells were al-
lowed to grow for 72 h before use. Inducible Shrm2-expressing cells
were made by transfecting T23 MDCK cells with pTRE2-hygro con-
taining a full-length Shrm2 cDNA. Cells were selected in Eagle’s
minimum essential medium/10% FBS containing 200 pg/ml hygro-
mycin and 40 ng/ml doxycycline for 10 d. Individual clones were
isolated, expanded, and tested by Western blotting for inducible
expression of Shrm2 protein.

Immunofluorescence

Cells were grown on fibronectin-coated coverslips, fixed in either
4% paraformaldehyde (PFA) or —20° MeOH, and stained as previ-
ously described (Hildebrand, 2005). Shrm2 antibodies were pre-
pared as previously described (Dietz et al., 2006). Additional anti-
bodies were as follows: PECAM, E-cadherin (BD Biosciences,
Franklin Lakes, NJ); ZO1 (Santa Cruz Biotechnology, Santa Cruz,
CA); o-tubulin (Sigma-Aldrich, St. Louis, MO); Rock1, pMLC2-
Ser-19, ppMLC2-Thr-18/Ser-19, p-cofilin, and pFAK-Tyr-397 (Cell
Signaling, Danvers, MA); Rock2 (Bethyl Labs, Montgomery, TX); p-
MYPT (Millipore, Temecula, CA); and GFP, TO-PRO-3, goat anti—
mouse, goat anti-rat, or goat anti-rabbit secondary antibodies con-
jugated to Alexa-488 or Alexa-568 (Invitrogen, Carlsbad, CA).

Matrigel angiogenesis assay

C166 or HUVEC cells were used 72 h after transfection with siRNA.
A thin layer of matrigel (BD Biosciences, Franklin Lakes, NJ) was
spread onto six-well plates and allowed to harden. Then 2 x 10°
C166 cells or 5 x 10° HUVECs were placed in each well with com-
plete media. For the C166 cells, multicellular chords form after 24 h
(Supplemental Figure S2, A and B) and after ~5 d resolve into a thin-
ner network with no change in the branching architecture (Figure 1,
F-H). When fewer C166 cells are plated (1.2 x 10%), short cords
emerge but fail to form an interconnected network (Supplemental
Figure S2A). Cells were photographed with an Olympus MVX10.
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Sprouting angiogenesis assay

C166 cells were used 48 h after transfection with siRNA. Spheroids
of a similar cell number were formed by resuspending 400 C166
cells/well in Methocel media (20% Methocel, 80% culture media) in
a nontissue culture—treated 96-well plate (Thermo Fisher Scientific,
Pittsburgh, PA), which was placed at 37° O/N. Spheroids were har-
vested and resuspended in DMEM with 20% FBS and 30 ng/ml rm-
VEGF (R&D Systems, Minneapolis, MN). Then 250 pl spheroids was
mixed with 250 pl collagen (Millipore, Temecula, CA), neutralized
with NaOH, and plated in a 24-well plate (BD Falcon, Franklin Lakes,
NJ). Collagen gels were given 30 min to polymerize at 37° and were
then overlaid with media + 300 ng/ml rmVEGF. Sprouts were photo-
graphed after 48 h.

Vasculogenesis assay

shRNA oligos corresponding to mShrm2-7 and mShrm2-8 siRNAs
(Oligoengine, Seattle, WA) were cloned into the pSuper-gfpneo”
vector (Oligoengine). The plasmid was linearized and electropo-
rated into mouse ES cells (cell line Ak7, a gift from Philippe Soriano).
For generation of stable C166 cells, uncut plasmid was transfected
and cells were selected for G418 resistance. Drug-resistant cells
were pooled and tested for GFP fluorescence and Shrm2 knock-
down. ES cells cultured in DMEM with L-glutamine, Pen/Strep, 20%
ES certified FBS (Thermo Scientific Hyclone, Logan, UT), 0.1 mM
NEAA (Life Technologies, Carlsbad, CA), and 0.1 mM BME were
grown on a layer of SNL fibroblasts (a gift from Philippe Soriano) that
had been mitotically inactivated with mitomycin C (Sigma-Aldrich,
St. Louis, MO). SNLs were grown on collagen-coated tissue culture
plates. After 24 h, positive transformants were selected in 300 pg/ml
G418 for 9-11 d, changing media every day. GFP-positive colonies
were selected for expansion and were verified for Shrm2 KD via im-
munostaining and Western blot. Differentiation of ES cells into en-
dothelial vessels was performed as described by Kappas and Bautch
(2007). Briefly, older, more flattened ES colonies were chosen for
differentiation. ES colonies were detached with Dispase and cul-
tured on bacteriological Petri dishes for 3 d. Resultant embryoid
bodies were allowed to reattach on fibronectin-coated coverslips
in differentiation media: DMEM + 20% ES certified FBS, Pen/
Strep, L-glutamine, 300 pg/ml G418, and 75 pm monothioglycerol.
After 8-10 d, endothelial vessels were examined by immunostaining
with a PECAM antibody.

Collagen gel contraction

The 1-mg/ml gels were prepared by diluting collagen with media,
neutralizing with NaOH, and plating 500 pl/well in a 24-well plate.
C166 cells were used 48 h after siRNA transfection, and 2.5 x 10°
cells/well in 500 pl media were placed in the well. After 24 h, the
collagen gel was detached with a yellow tip pipette and
photographed after 6 h.

Western blotting

For Western blots of Shrm2 and loading controls, cells were lysed in
radio immunoprecipitation assay buffer, separated on 10% poly-
acrylamide gels, transferred to nitrocellulose, and subjected to im-
munoblotting. For Western blots of phosphoproteins, cells were ly-
sed and resuspended in sample buffer (62.5 mM Tris-HCL, pH 6.8,
2% SDS, 10% glycerol, 50 mM dithiothreitol).

In vitro binding

mShrm2 cDNA corresponding to amino acids (aa) 1286-1479 (SD2
domain) was cloned into the pET151 vector, which contains a His
tag. hRock1 cDNA corresponding to amino acids 681-942 (SBD)
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was cloned into the pRSF vector. Both vectors were transformed
into BL21 cells. Expression was induced with 0.5 mM isopropy! -p-
1-thiogalactopyranoside (IPTG) for 1 h before lysing via sonication.
His-tagged SD2 was bound onto Ni-NTA resin, eluted with sample
buffer, separated on a polyacrylamide gel, and Coomassie stained.

GST pull down

mShrm2 cDNA corresponding to aa 1068-1480 was cloned into
PGEX-2T, and hRock1 cDNA corresponding to aa 593-1062 was
cloned into pGEX-3X and transformed individually into RIPL cells.
After IPTG induction and lysing, GST-mShrm2-SD2, GST-hRock1-
SBD, and GST alone were bound to glutathione Sepharose beads
(GE Healthcare, Piscataway, NJ) and then incubated with cell lysate
at 4°C for 2 h. C166 or T23:TRE Shrm2 cells were lysed via sonica-
tion in NETN buffer (20 mM Tris pH8.0, 100 mM NaCl, 1 mM EDTA,
0.5% NP-40, and 1:100 protease and phosphatase inhibitor cock-
tails). After incubation, glutathione Sepharose was washed four
times in NETN buffer, resuspended in SDS sample buffer, and ana-
lyzed via Western blot.

Scratch wound assay

For this assay, 6 x 10° C166 cells were transfected in suspension and
plated on fibronectin-coated coverslips in a six-well plate. After
72 h, cells were scratched with a yellow tip pipette to generate con-
sistently sized wounds. Representative wounds were fixed in PFA
and stained with phalloidin. To quantify migration, live cells at the
same wound site were photographed at 1, 12, and 24 h postscratch
and quantified.

Boyden chamber assay

At 72 h after transfection with siRNA, 1 x 10° C166 cells or 7.5 x 10*
HUVECs were plated in the upper chamber of a fibronectin-coated,
8.0 pm polycarbonate, 24-well transwell insert (Costar, Corning,
Lowell, MA). Cells were allowed to migrate for 4 h. The top chamber
was scraped with a Q-tip, and the bottom cells were fixed in PFA,
stained with phalloidin and TO-PRO, and photographed. Nuclei
were counted from three random fields of view of two independent
experiments.

Statistics
All measures of significance were determined by one-tailed,
unpaired t test.
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