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ABSTRACT Caldesmon (CaD) is an important actin modulator that associates with actin fila-
ments to regulate cell morphology and motility. Although extensively studied in cultured
cells, there is little functional information regarding the role of CaD in migrating cells in vivo.
Here we show that nonmuscle CaD is highly expressed in both premigratory and migrating
cranial neural crest cells of Xenopus embryos. Depletion of CaD with antisense morpholino
oligonucleotides causes cranial neural crest cells to migrate a significantly shorter distance,
prevents their segregation into distinct migratory streams, and later results in severe defects
in cartilage formation. Demonstrating specificity, these effects are rescued by adding back
exogenous CaD. Interestingly, CaD proteins with mutations in the Ca?"-calmodulin-binding
sites or ErK/Cdk1 phosphorylation sites fail to rescue the knockdown phenotypes, whereas
mutation of the PAK phosphorylation site is able to rescue them. Analysis of neural crest ex-
plants reveals that CaD is required for the dynamic arrangements of actin and, thus, for cell
shape changes and process formation. Taken together, these results suggest that the actin-
modulating activity of CaD may underlie its critical function and is regulated by distinct signal-
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ing pathways during normal neural crest migration.

INTRODUCTION

Caldesmon (CaD) is a multimodular protein that regulates contractil-
ity and actin cytoskeleton dynamics in smooth muscle and nonmus-
cle cells. In vertebrate, a single CaD gene is alternatively spliced to
generate a high-molecular mass isoform in smooth muscle cells and
a low—molecular mass nonmuscle isoform (Paul et al., 1995). In non-
muscle cells, CaD is associated with actin in a variety of structures,
including stress fibers, membrane ruffles, the actin core of podo-
somes, division furrows, and the leading edge of migrating cells
(Tanaka et al., 1993; Yamashiro et al., 2001; Eves et al., 2006). Gen-
erally, CaD binds to actin in a staple-like manner with its two actin-
binding domains to stabilize the actin cytoskeleton and facilitate
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actin assembly (Sobue and Sellers, 1991; Yamashiro et al., 1994,
Foster et al., 2004). CaD can also compete with other actin-binding
proteins, such as gelsolin, fascin, and filamin, thus modulating actin
severing, reannealing, bundling, and cross-linking (Nomura et al.,
1987; Ishikawa et al., 1989a, 1989b, 1998; Dabrowska et al., 1996).
In addition to actin, CaD binds to myosin, tropomyosin, and Ca?-
calmodulin (CaM; Sobue and Sellers, 1991; Lin et al., 2009). CaD
enhances the binding of myosin to actin and, by recruiting tropo-
myosin, increases its own affinity to actin filaments (Hemric et al.,
1994; Chalovich et al., 1995; Goncharova et al., 2001). On the other
hand, binding to CaM, as well as phosphorylation by several kinases,
partially dissociates CaD from actin cytoskeleton, which leads to loss
of stress fibers and cell motility (Yamashiro et al., 1990; Huang et al.,
2003; Foster et al., 2004). Such a myriad of binding -partners makes
CaD a potent and versatile regulator of cell morphology and motil-
ity. Indeed, interfering with CaD levels in cultured cells results in
diverse effects, ranging from stabilization or inhibition of focal adhe-
sion to shortening of actin bundles, thickening or decreasing of
stress fibers, disruption of adherens junctions, promotion or sup-
pression of podosome formation, inhibition of cell cycle progres-
sion, and enhancement or reduction in cell motility (Novy et al.,
1991; Helfman et al., 1999; Numaguchi et al., 2003; Grosheva et al.,
2006; Gu et al., 2007; Yoshio et al., 2007).
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Xenopus CaD
Chick CaD
Mouse CaD
Human CaD

MEDFDRRRELRRQKREEMRQETERLTYQRNDDDDEEAARERRRRARQERQRLQKDD----- VGDGTEINA 65
MDDFERRRELRRQKREEMRLEAERLSYQRNDDDEEEAARERRRRARQERLRQKEEEGDVSGEVTEKSEVNA 70
----- MLSGSGSQGRR-CLATLSQIAYQRNDDDEEEAARERRRRARQERLRQKQEEESLGQVTDQVEAHV 64
MDDFERRRELRRQKREEMRLEAERIAYQRNDDDEEEAARERRRRARQERLRQKQEEESLGQVTDQVEVNA 70

Xenopus CaD
Chick CaD
Mouse CaD
Human CaD

QNSATTETTRSSSNTNTDFSVDDEATLLDRLAKREERRQKRQKEAMERQKEFDPTITVETSPLSKDNRNG 135
QNSVAEEETKRST-------- DDEAALLERLARREERRQKRLQEALERQKEFDPTITDGS--LSVPSRRE 130
QNSVPDEESKPASSN-TQVEGDEEAALLERLARREERRQKRLQEALERQKEFDPTITDGS--LSGPSRRM 131
QNSVPDEEAKTTTTN-TQVEGDDEAAFLERLARREERRQKRLQEALERQKEFDPTITDAS--LSLPSRRM 137

Xenopus CaD QNEVEQNNTSPKEDDSVTHRSRYEVEGTEILTMSYQKNDSREEVQEEVQEEVQEEVQTDKAEEKEEVQVE 205

Chick CaD VNNVEENEITGKEEKVETRQGRCEIEETETVTKSYQRNNWRQDGEEEGKK--EEK----- DSEEEKPKEV 193
Mouse CaD QNDSAENETAEGEEKRESRSGRYEVEETEVVIKSYQKNSYQ-DAEDKKKE--EKE----- EEEQEKLKGG 193
Human CaD QNDTAENETTEKEEKSESRQERYEIEETETVTKSYQKNDWR-DAEENKKEDKEKE----- EEEEEKPKRG 201

Xenopus CaD
Chick CaD
Mouse CaD
Human CaD

TPQENITENNQVKEEKAKGQKEDLKSTWERKKDIPETKAQNGH-ERAPQKLKQLEKFGG-SKSHPTAD-- 272
PTEENQVKDNKDK-EKA--PKEEMKSVWDRKRGVPEQKAQNGERELTTPKLKSTENAFG--RS------- 252
SLGENQIKDEKIKKDKE--PKEEVKSFLDRKKGFTEVKAQNGE--FMTHKLKQTENAFSPSRSGGRASGD 259
SIGENQIKDEKIKKDKE--PKEEVKSFMDRKKGFTEVKSQNGE--FMTHKLKHTENTFS--RPGGRASVD 265

Xenopus CaD
Chick CaD
Mouse CaD
Human CaD

--ETDAVSKIEADKRLDELRRRRGETESGEFDKLKQKQQEAAVELEELKKKREERRKIQEEEEQKKKQEE 339
--NLKGAANAEAGS----------------~ EKLKEKQQEAAVELDELKKRREERRKILEEEEQKKKQEE 302
-KEAEGAPQVEAGKRLEELRRRRGETENEEFEKLKQKQQEAALELEELKKKREERRKVLEEEEQRRKQEE 328
TKEAEGAPQVEAGKRLEELRRRRGETESEEFEKLKQKQQEAALELEELKKKREERRKVLEEEEQRRKQEE 335

Xenopus CaD
Chick CaD
Mouse CaD
Human CaD

AERKTKEEEEKKRLKEETIEKRRAEAAEKRQKMPEDGLTEEKKPFKCFTPKGSSLKIEERAEFLNKSAQKS 409
AERKIREEEEKKRMKEEIERRRAEAAEKRQKVPEDGVSEEKKPFKCFSPKGSSLKIEERAEFLNKSAQKS 372
ADRKAREEEEKRRLKEEIERRRAEAAEKRQKMPEDGLSEDKKPFKCFTPKGSSLKIEERAEFLNKSVQKS 398
ADRKLREEEEKRRLKEEIERRRAEAAEKRQKMPEDGL SDDKKPFKCFTPKGSSLKIEERAEFLNKSVQKS 405

Xenopus CaD -STKSAQPAAAVSKIDSRLEQYTSAIGSNKGAKPAKAAPTDLPLPADGVRNIKSMWEKGNVFSEPSGALS 478
Chick CaD -GMKPAHTTAVVSKIDSRLEQYTSAVVGNKAAKPAKPAASDLPVPAEGVRNIKSMWEKGNVFSBEPGGTGT 441
Mouse CaD -GVRSTHQAAVVSKIDSRLEQYTNAIEGTKASKPMKPAASDLPVPAEGVRNIKSMWEKGSVFSRAPSASGT 467
Human CaD SGVKSTHQAAIVSKIDSRLEQYTSAIEGTKSAKPTKPAASDLPVPAEGVRNIKSMWEKGNVFSEPTAAGT 475

Xenopus CaD PNKETANIKVGVSSRI] KATASKPSDLKPGDVSGKRNIWEKQQVEK-PGSPTKMTAGGKK 547

Chick CaD PNKETAGLKVGVSSRI JTPEGNKSPAPKPSDLRPGDVSGKRNLWEKQSVEKPAASSSKVTATGKK 511
Mouse CaD PNKETAGLKVGVSSRI] SPDGNKSPAPKPSDLRPGDVSGKRNLWEKQSVDK-VTSPTKV 530
Human CaD PNKETAGLKVGVSSRI PDGNKSPAPKPSDLRPGDVSSKRNLWEKQSVDK-VTSPTKV 538
Xenopus CaD SDRNGLRSEKEP. 560
Chick CaD SETNGLRQFEKEP 524
Mouse CaD 530
Human CaD 538

FIGURE 1: Sequence alignment of the Xenopus CaD and other CaD isoforms. Amino acid sequences of CaD isoforms
from Xenopus CaD, chicken nonmuscle CaD (M59762), mouse CaD 1 (NM_145575), and human CaD (M83216) were
aligned using the Clustal W program in DNAstar. Major binding domains for myosin, tropomyosin, actin, and Ca?*-
calmodulin are highlighted in the green, yellow, red, and blue boxes, respectively. Xenopus CaD is highly conserved relative
to those from other species in the binding domains, with 82, 91, 93, and 100% identity at the amino acid level, respectively.

In contrast to the wealth of information regarding CaD's activity
in cultured cells, relatively little is known about its in vivo role during
embryonic development. In zebrafish, CaD knockdown has been
shown to cause defective cardiovascular development, with abnor-
mal heart looping, disrupted proliferation and migration of smooth
muscle, and partial loss of axial and trunk vessels (Zheng et al.,
2009a, 2009b). In rat brain, both induction of CaD by glucocorti-
coids and inhibition of CaD by microRNA impair the radial migration
of neural progenitor cells (Fukumoto et al., 2009).

In this study, we explore the role of nonmuscle CaD in migrating
neural crest cells. An excellent system for the study of cell motility,
neural crest cells migrate extensively in vivo along defined routes
throughout the vertebrate embryo to populate a wide variety of tis-
sues. In the cranial region, they contribute to cartilage, bone, and
connective tissue, as well as to the peripheral nervous system of the
head. We report that a nonmuscle CaD is highly expressed in premi-
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gratory and migrating Xenopus cranial neural crest cells and dem-
onstrate that it is critical for neural crest migration in vivo and in
vitro. Moreover, combined use of loss-of-function and rescue with
wild-type and mutant forms of CaD suggests that CaD plays an im-
portant role in regulating cell morphology and motility by modulat-
ing actin organization in neural crest cells.

RESULTS

Isolation of Xenopus caldesmon

The partial sequence of Xenopus CaD was isolated from a cDNA
microarray screen for genes up-regulated in naive animal caps
treated with both Wnt and BMP antagonists, which mimics neural
crest induction and induces neural crest markers, as previously de-
scribed (Nie et al., 2009). To obtain the full-length cDNA of Xenopus
laevis CaD (GenBank Accession No. HQ880575), we performed
5’ rapid amplification of cDNA ends (RACE). Figure 1 shows the
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FIGURE 2: CaD is expressed in neural crest tissue during early
Xenopus development. Expression of CaD begins at late gastrula
stage (stage 13) at the borders of the forming neural plate, the site of
initial neural crest induction. Its expression increases in the CNC
region by neurula stages (stage 15) and continues in the migrating
neural crest cells as they populate the branchial arches (stage 20
onward). By tailbud stages, the expression decreases and only is
present in part of the ganglia and somite at low levels (stage 26). All
embryos are oriented with anterior to the left.

full-length amino acid sequences of Xenopus CaD compared with
chick, mouse, and human nonmuscle CaD homologues. This analy-
sis reveals highly conserved domains common to nonmuscle CaD
proteins across species: myosin-binding domain, tropomyosin-bind-
ing domain, actin-binding domain, and CaM-binding domain with
amino acid identity of 82, 91, 93, and 100%, respectively.

CaD is expressed in cranial neural crest cells during
Xenopus embryogenesis

Because CaD was identified in an in vitro screen for genes up-
regulated by neural crest inducing signals, it was important to
confirm that CaD is present at the right time and place to be func-
tionally important for neural crest development. To this end, in situ
hybridization analysis was performed to examine the expression
pattern of CaD in Xenopus embryos from gastrula to tailbud stages
(Figure 2). The results show that CaD expression was first detected
at late gastrula stages (stages 12.5-13) at the lateral margin of the
neural plate where prospective neural crest cells arise. At neurula
stages when the neural plate folds to form the neural tube (stage
15), the expression level of CaD increased in the cranial neural
crest (CNC) territory. CaD transcripts continued to mark CNC cells
as they initiated migration into the future branchial arches (from
stage 20 onward). By tailbud stages when these CNC cells differ-
entiate, CaD expression decreased and was observed in portions
of cranial ganglia and somites at low levels.

CaD is not required for neural crest induction

The expression of CaD in premigratory and migrating CNC cells is
consistent with a possible role in neural crest development. To ex-
amine its loss-of-function effects, antisense morpholino oligonucle-

Volume 22 September 15, 2011

otides (MOs) against 5" upstream sequences of the translation start
site of Xenopus laevis CaD gene were generated to inhibit the trans-
lation of CaD. The efficiency of CaD-MO in inhibiting CaD protein
translation was confirmed by Western blot (Supplemental Figure
S1). CaD-MO (10 ng) together with a lineage tracer, nuclear
B-galactosidase (nBGal) RNA, was injected into one cell of two-cell-
stage embryos, and the morphants were compared with similar em-
bryos injected with control-MO plus lineage tracer. To test whether
CaD gene knockdown influenced early events in neural crest forma-
tion, embryos injected with MOs were collected at neurula stages,
and in situ hybridization was performed against different neural
crest marker genes. Gene expression was compared between the
injected side and uninjected side, which served as an internal con-
trol, in the same embryo. The expressions of neural crest genes twist
and sox10 were not affected during formation of the premigratory
neural crest in control-MO- or CaD-MO-injected embryos (Figure
3). These results suggest that CaD is not essential for neural crest
induction.

CaD is required for CNC migration

We next examined whether CaD is required at subsequent stages
for the process of neural crest migration. The embryos were injected
with control-MO or CaD-MO into one cell at the two-cell stage and
collected at tailbud stages. The morphants were subjected to in situ
hybridization with markers of migrating cranial neural crest cells—
twist, sox10, and EphA4, which marks the third branchial arch
(Figure 4). Whereas twist, sox10, and EphA4 were expressed in dis-
tally migrating neural crest cells on the control side, these markers
were confined to much more dorsal regions of the embryo in the
CaD-MO—injected half (77% of 70 embryos examined). This likely
reflects a general decrease in the distance that neural crest cells
have migrated. In addition, the different migratory streams, particu-
larly the third and fourth streams, marked by twist and sox10, were
not well separated on the injected half. The third and fourth bran-
chial arches separate relatively late, starting at stage 23 and becom-
ing evident by stage 26, whereas the other arches are separate from
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FIGURE 3: CaD is not required for neural crest induction. Embryos
were injected with control-MO or CaD-MO (10 ng) in one cell at the
two-cell stage, together with a lineage tracer (nBGal, stained with
Red-Gal, bottom). No change in expression of neural crest genes twist
and sox10 was observed by in situ hybridization at neurula stages,
suggesting that they were not affected by CaD-MO. All embryos
were in dorsal view, with anterior to the left.

CaD controls CNC migration by modulating actin | 3357



EphA4

Control-MO

CaD-MO

CaD-MO+CaD

FIGURE 4: CaD-MO disrupted the expression of neural crest genes
at tailbud stages. Embryos receiving control-MO or CaD-MO (10 ng)
in one cell at the two-cell stage were collected at tailbud stages and
analyzed for neural crest gene expression by in situ hybridization. The
injected side for each embryo is marked by an asterisk and the
control side of the same embryo is placed below serving as internal
control. Whereas control-MO did not affect the expression of general
neural crest markers twist and sox10 or the third branchial arch
marker EphA4, the expression of all three genes was disrupted by
CaD-MO (arrows). Marker analysis suggests that neural crest cells
failed to extend into the lateral portion of the branchial arches and to
separate into clear streams in the cases of twist and sox10.
Simultaneous injection of CaD (100-200 pg) rescued the expression
of neural crest genes. All embryos were oriented with anterior to the
left and dorsal up.

the onset of CNC migration (Sadaghiani and Thiebaud, 1987). Thus
it may not be surprising that the former exhibits the most dramatic
effects after CaD knockdown. It is significant that this migration de-
fect was rescued (in 74% of 46 embryos) by adding back CaD RNA,
demonstrating that the effect is specific to knockdown of CaD.

In addition to the neural crest migration defect, CaD-MO also
affected otic placode formation, as shown by sox10 expression. By
in situ hybridization, expression of marker genes for other placodes
was also examined, and development of both trigeminal placode
and epibranchial placode was impaired to some extent, whereas
lens formation was not affected (unpublished data). Because CaD is
expressed in the preplacodal domain at early-neurula stages (Sup-
plemental Figure S2), it could play either a direct role in placode
specification or patterning or an indirect role in regulating the move-
ment of surrounding neural crest cells. As shown in Figure 3, the
premigratory crest cells starts to segregate according to their future
migratory paths in control conditions, but such segregation was not
apparent on the CaD-MO-injected side (arrows). As the otic pla-
code forms at the dorsal junction of the second and the third arches,
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FIGURE 5: CaD-MO inhibited the formation of cranial cartilage.
Ventral view of cartilage from stage 45+ tadpoles stained with Alcian
blue. Embryo halves received 10 ng of control-MO or CaD-MO on the
left (marked by an asterisk). Cartilage on the CaD-MO-injected side
was often reduced in size, distorted, or missing completely, whereas
coexpression of CaD rescued the cartilage formation effectively. CB,
ceratobranchial cartilage (from third and fourth branchial arch
streams); CH, ceratohyal cartilage (from hyoid stream); M, Meckel's
cartilage (from mandibular stream).

failure to separate the migration routes of cells could secondarily
interrupt the organization of otic placode.

CaD is required for cartilage formation

Because CNC cells give rise to cartilage and bone in the head, we
asked whether the migration defects caused by CaD-MO had later
consequences on cartilage formation. To this end, embryos were
collected at stage 45+, by which time craniofacial skeletal structures
had formed, and Alcian blue staining was performed to look at car-
tilage elements. The results show that neural crest—derived cartilage
was often malformed, smaller, or even missing on the CaD-MO-in-
jected side (Figure 5). Coexpression of CaD RNA efficiently rescued
the cartilage formation. This is consistent with the aforementioned
finding that CNC cells fail to migrate to their proper destination and
therefore do not properly differentiate into cartilage.

CaD controls CNC cell spreading and segregation

on fibronectin

To examine the effect of CaD knockdown on cranial neural crest
cells directly in the absence of neighboring tissues, CNC explants
were dissected from early neurula stage embryos (stages 13-14)
and cultured on fibronectin (FN)-coated dishes. After a few hours,
control explants spread on FN, and by 10 h, cells migrated exten-
sively and segregated into distinct lobes (Figure 6A), resembling the
migratory streams into different branchial arches in vivo. In contrast,
CaD-MO-expressing explants spread less efficiently and failed to

Molecular Biology of the Cell
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segregate. We measured the areas covered by the explants at the
start and end time points of the experiment and calculated the rela-
tive changes in the area as a measure of the degree of spreading.
Whereas control-MO-expressing explants spread 3.6-fold on aver-
age (n = 33), CaD-MO-expressing explants spread only ~2.2-fold
(n = 28). The number of distinct cell streams was also counted for
each explant, and CaD-MO decreased the average number of
streams from 2.3 to 1.5. Adding back CaD successfully rescued both
the spreading and segregation phenotypes (3.4-fold spreading and
2.0 streams; statistically comparable to control and significantly dif-
ferent from CaD-MO alone; n = 29).

Higher-resolution images revealed that CNC cells often adhered
well to FN and formed multiple filopodia and lamellipodia types of
protrusions (Figure 6, B and C; n = 24). When CaD was knocked
down, however, neural crest cells failed to adhere tightly to FN and
tended to round up (n = 19). They formed few membrane protru-
sions and displayed little interaction with each other. In time-lapse
movies that visualized cell behavior in the explants, control-MO-
expressing cells formed protrusions dynamically and migrated very
actively. In contrast, CaD-MO-expressing cells tended to remain
round and appeared disoriented (Supplemental Movies S1 and S2).
These observations suggest that CaD is important for cell-cell and
cell-matrix adhesion and also for cell process formation, thus facili-
tating spread, migration, and segregation of CNC cells.

To test the adhesive properties of these cells directly, two experi-
ments were performed. To examine cell-cell adhesion, CNC cells
were briefly dissociated for 20 min in calcium magnesium-free buffer
and then allowed to reaggregate in high-salt buffer (high-salt modi-
fied Barth’s saline [MBSH]) on an agarose bed. In 6 h, control cells
formed a single large clump, reflecting high adherence. In contrast,
CaD-MO-expressing cells only formed medium-sized clusters (Sup-
plemental Figure S3), indicating reduced adhesiveness compared
with controls. To examine adhesion between cells and the FN matrix,
neural crest cells were dissociated in the same manner and plated on
FN-coated dishes in high-salt buffer (0.5x Marc's modified Ringer's
[MMR]). After 1 h, the plate was flipped to remove loosely bound
cells. The cells were counted before and after the wash, and the
percentage of tightly attached cells was determined. The result
showed that 47% of control-MO-expressing cells remained at-
tached, whereas only 15% of CaD-MO-expressing cells adhered to
FN. Coinjection of CaD RNA increased the percentage of adhesion
between cells and FN to 32%. This result shows that CaD plays a role
in controlling cell-matrix adhesion.

CaD is required for CNC explants to spread and
segregate on FN matrix. (A) CNC explants were dissected from early
neurula embryos injected with control-MO or CaD-MO (10 ng) and
plated on FN. By 10 h, control-MO-expressing cells spread and
migrated extensively and segregated into three streams. However,
cells from CaD-MO-expressing explants failed to spread efficiently or
separate into streams. Coinjection of 100-200 pg of CaD largely
rescued the spread and segregation of the explants. Arrows with
numbers marked the segregated lobes. High-magnification
differential interference contrast imaging of the explants (B, 40x) and
fluorescence imaging of cells with membrane labeling (C, 20x) show
that whereas control-MO-expressing cells extended multiple
membrane protrusions, CaD-MO-expressing cells remained
unpolarized and were often rounded. (D) The cells were tracked for
2 h and trajectories plotted. Although the speed of migration was
largely unaffected, the directionality of migration was significantly
impaired by CaD-MO. Black traces indicate that the ratio of the final
distance to the entire route covered is >0.3, and red indicates that it
was <0.3.
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7A). High-resolution images revealed that
cells migrated as individuals in CaD-MO-
expressing grafts rather than together as a

Eno segregation
Onormal

group as in control grafts. The behavior of
different grafts was categorized into four
classes (Figure 7B). Seventy-nine percent of

control-MO-expressing  grafts migrated
normally (n = 61). In contrast, 18% of CaD-
MO-expressing grafts failed to migrate, and
67% migrated either very short distances or
without forming distinct streams (n = 45).
Adding back CaD mRNA resulted in partial
rescue, with more extensive migration and
better separation of the migratory streams,
such that 83% of the explants were able to
segregate normally, of which 44% migrated
indistinguishably from controls (n = 18).
Time-lapse sequences were generated
to further characterize the loss-of-function
phenotype. In contrast to control grafts,
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Control-MO CaD-MO CaD-MO+CaD

FIGURE 7: CaD-MO disrupted CNC migration in vivo. (A) GFP-labeled CNC grafts receiving
control-MO or CaD-MO (10 ng) were transplanted into unlabeled host embryos at neurula
stages and imaged at tailbud stages. Fluorescent and merged images are shown side by side
with anterior to the left. Whereas control-MO-receiving grafts migrated laterally into separate
branchial arches, CaD-MO-expressing grafts migrated less far and failed to segregate into
streams. Coexpression of a low-dose CaD restored the migration of CNC transplants. (B) The
embryos were binned into four categories on the basis of the migratory behaviors. Whereas

cells in CaD-MO grafts lost their directional-
ity and cohesiveness and moved in a rather
random manner, failing to form distinct
streams in the branchial arches (Supplemen-
tal Movies S3-S5). Taken together, these re-
sults indicate that CaD is required by CNC
cells for proper migration into branchial
arches.

79% of control grafts migrated and segregated normally (n = 61), 18% of CaD-MO-expressing

grafts failed to migrate at all. Another 67% of the grafts migrated shorter distances, over half of
which did not segregate (n = 45). Coexpression of CaD (100-200 pg) rescued the segregation

(83%) and migration (44%, n = 18) remarkably.

The results from both the spreading assay and time-lapse mov-
ies indicate that CaD-MO-expressing cells migrate a shorter dis-
tance on FN. This could result from reduced migratory speed or
diminished persistence during migration. To distinguish between
these possibilities, we tracked H2B-enhanced green fluorescent
protein (EGFP)-labeled cells of CNC explants for 2 h and calculated
their velocity and directionality (Figure 6D). Because a large number
of CaD-MO-injected cells failed to migrate, only those having a
speed greater than 4 um/min were considered. Directionality was
calculated by dividing the final distance of translocation by the total
length of the route covered. Whereas the control-MO and CaD-MO
cells traveled at very similar speeds (20 and 19 pm/min, respec-
tively, on average), their abilities to maintain direction were quite
different. Control-MO-treated cells had a directionality of 0.45,
whereas the directionality of CaD-MO-expressing cells was signifi-
cantly lower at 0.20.

CabD regulates cranial crest cell migration in vivo
The in vitro explant assay indicated that CaD is important for spread-
ing and segregation of CNC cells. To test whether this effect was cell
autonomous, we performed in vivo grafting experiments. Cranial
neural crest was dissected from donor embryos expressing mem-
brane-tethered EGFP with control-MO or CaD-MO, grafted isotopi-
cally and homotopically into uninjected host embryo, from which
CNC cells has been removed and raised to tailbud stages.
Whereas control-MO-expressing cells migrated nicely into all
four branchial arches, CaD-MO-expressing cells migrated in a disor-
ganized manner and traversed a much shorter distance, such that
no clear boundary was formed between different streams (Figure

3360 | S.Nieetal

CabD regulates actin organization

in CNC cells

Because CaD is an actin-binding protein
believed to control actin assembly and sta-
bilization (Sobue and Sellers, 1991; Yamashiro et al., 1994; Kor-
dowska et al., 2006), we tested whether inhibiting CaD function in
CNC cells affects actin organization. GFP was injected at 16- to 32-
cell stages together with a low dose (2-3 ng per embryo) of control-
MO or CaD-MO to avoid strong effects on cell attachment and
spreading. Because injections at this stage result in mosaic expres-
sion, cells receiving both GFP and MO can be compared with
neighboring cells lacking GFP expression. Rhodamine-conjugated
phalloidin was applied to fixed CNC explants (Figure 8A). In con-
trol-MO-expressing cells, actin filaments associated with lamellipo-
dia, filopodia, and stress fibers (arrows) were similar to those in un-
injected cells (arrowheads). Cells located at the periphery of the
explant extended more membrane processes than internal cells,
and the cell processes tended to orient toward the outside. Dissoci-
ated cells appeared to lose their orientation and instead spread
extensively and formed multiple cell processes in every direction
(Figure 8A, right). In contrast, actin was distributed relatively evenly
throughout the cells receiving CaD-MO (arrows) compared with
neighboring uninjected cells (arrowheads). Many cells located at
the border rounded up, whereas dissociated cells spread moder-
ately and formed membrane blebs, suggesting a failure to stabilize
the actin cortex. Quantification of membrane protrusions from
these cells confirmed that CaD-MO significantly decreased the for-
mation of protrusions to 31% of control (n = 54/95).

To visualize how CaD might interact with actin filament to modu-
late its organization, a low dose of EGFP-CaD fusion protein (0.1 ng
of RNA) was introduced into CNC explants prior to phalloidin stain-
ing. As shown in Figure 8B, CaD colocalized with actin filaments
on membrane ruffles, at stress fibers, and in protrusions (arrows),
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CaD-MO Control-MO

EGFP-CaD

CaD-MO disrupts the organization of actin filament. (A) CNC explants receiving
membrane-tethered EGFP together with control-MO or CaD-MO at 16- to 32-cell stages were
fixed on FN and stained with rhodamine-conjugated phalloidin. Whereas actin associated with
protrusions and stress fibers in control-MO-expressing cells, actin distributed in a relatively
ubiquitous manner in CaD-MO-expressing cells. Arrows indicate injected cells, and arrowheads
mark uninjected cells in the same explant. Right, actin staining alone in dissociated cells.

(B) Phalloidin staining in cells expressing 0.1 ng of EGFP-CaD revealed colocalization of CaD
with actin filaments in membrane protrusions and stress fibers (arrows). Images were taken at

40x. Scale bars, 20 pm.

confirming that CaD associates with actin during multiple events of
actin arrangements. When a higher dose of the fusion construct
(0.2 ng of RNA) was expressed, a dramatic enrichment of short actin
bundles was observed (Figure 9). These were in the form of either
thick membrane ruffles or fragmented stress fibers. This may indi-
cate that excessive CaD disrupts actin polymerization but stabilizes
actin filaments at ectopic locations.

CaD activity is regulated by different signaling pathways

CaD’s actin-binding activity can be modulated by CaM binding or
by phosphorylation via multiple kinases, such as Cdc2 kinase
(Cdk1), extracellular signal-regulated kinase (Erk), and/or p21 acti-
vated kinase (PAK; Mak et al., 1991; Yamashiro et al., 1991; Childs
et al., 1992; Van Eyk et al., 1998; Foster et al., 2000). To gain a
better understanding of how CaD might regulate actin dynamics,
mutant versions of a truncated human CaD with substitutions
in the CaM-binding sites (CaD39-AB; with two W-to-A substitu-
tions at amino acids 461 and 494), ErK/Cdk1 phosphorylation sites
(CaD39-6F; with T383A, S469A, T475A, T498A, S504A, and
S534A), or PAK phosphorylation sites (CaD39-PAKA; with two S-to-
A substitutions at amino acids 459 and 489) were used to rescue
neural crest migration defects by CaD knockdown. The level of
rescue was measured by the expression of neural crest markers
Twist and Sox10. Injections of 0.1 ng of wild-type truncated CaD
(CaD39; C-terminal fragment of CaD consists of amino acids 244—
538, which contain the entire binding domains for tropomyosin,
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actin, and CaM) RNA with CaD-MO res-
cued the migration defect such that 74% of
embryos were normal, compared with 37%
with morpholino alone (n = 86). Coinjection
of CaD39-PAKA mutant form with CaD-MO
also successfully rescued up to 63% of em-
bryos (n = 62). In contrast, the same con-
centration of CaD39-AB or of CaD39-6F
failed to bring significant improvement,
with only 44 and 33% of embryos remain-
ing normal (n = 48 and 42), respectively.
These results suggest that Ca?*-calmodulin
and Erk/Cdk1 phosphorylation may modu-
late CaD function during neural crest cell
migration, whereas PAK phosphorylation is
not critical for this function.

Because we found that increased CaD
activity leads to massive actin accumulation,
we next overexpressed CaD mutants and
visualized phalloidin staining to examine
how they affected actin structure (Figure 9).
H2B-EGFP was coinjected to trace cells re-
ceiving the CaD variants. When 0.2 ng of
CaD39-AB was expressed in CNC explants,
formation of actin bundles in protrusions
and at cell-cell boundaries was largely unaf-
fected, but the number and thickness of
stress fibers increased significantly (arrows).
In contrast, overexpression of CaD39-6F led
to increased membrane ruffles and clusters
of short actin bundles (arrows), resulting
from recruitment of actin subunits to ectopic
positions. Similar but more severe pheno-
types were observed after overexpression of
CaD39-PAKA, suggesting a partially redun-
dant activity for Cdk1/Erk and PAK phos-
phorylation. These results support a critical role of Ca2+-calmodulin
in regulating CaD activity in neural crest development. Because the
CaM binding would be expected to partially dissociate CaD from
actin and allow actin reorganization and cell shape changes during
migration, mutations in CaD39-AB appear to prevent such dynamic
regulation, thus suppressing cell motility due to the formation of
extra stress fibers.

DISCUSSION

Nonmuscle CaD is present in all cell types except skeletal muscle
and plays a role in controlling actin dynamics. Here we examined
whether CaD plays a role in regulating cell morphology and motility
during neural crest development. We showed that CaD is selectively
expressed in premigratory and migrating neural crest cells in Xeno-
pus embryos. We further provided the first evidence that CaD is
essential for CNC migration. After CaD knockdown, CNC cells not
only migrate a shorter distance, but they also fail to migrate in orga-
nized streams. The results suggest that CaD modulates neural crest
cell adhesion, spread, and motility by regulating actin dynamics. In
addition, rescue experiments with various mutated forms of CaD
suggest that calmodulin is the major regulator of CaD activity during
neural crest migration.

CabD in neural crest migration
Loss of CaD leads to fusion of third and fourth arch streams of
migrating neural crest cells. One possible explanation is that cell
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Overexpression of various CaD constructs affects
actin-associated structures. Phalloidin staining was performed on
CNC explants receiving 0.2 ng of EGFP-CaD, CaD39-AB, CaD39-6F,
and CaD39-PAKA. To distinguish cells receiving the RNA, H2B-EGFP
was coinjected with the mutant constructs. Whereas overexpression
of EGFP-CaD produced abundant ectopic actin-rich protrusions,
CaD39-AB increased stress fiber formation. CaD39-6F and CaD39-
PAKA caused enrichment of short actin bundles around the cell
periphery to different extents. Arrows indicate actin-rich structures.
Images were taken using 40x objectives. Scale bars, 20 pm.

adhesion, in which Eph/ephrin signaling may play a role, was dis-
rupted. In the chick, adhesion of early migratory cells to an ephrinB
substratum results in cell rounding and disruption of the actin cy-
toskeleton, whereas plating of melanoblasts on an ephrinB substra-
tum induces the formation of microspikes (Santiago and Erickson,
2002). In mice, formation of gap junctions is inhibited at ectopic
ephrin boundaries, and ephrinB1 regulates the distribution of con-
nexin-43 (Mellitzer et al., 1999). In Xenopus, repulsive signals by the
Eph/ephrin family are important for confining neural crest cells to
appropriate paths (Robinson et al., 1997; Smith et al., 1997; Helbling
et al., 1998). The EphA4 and EphB1 receptors are expressed in
migrating crest cells and mesoderm of the third arch and the third
plus fourth arches respectively, whereas the ligand ephrinB2 is ex-
pressed in the adjacent second arch neural crest and mesoderm.
Such complementary arrangement inhibits the intermingling of sec-
ond and third arch neural crest cells and targets third arch neural
crest cells to their correct destination. However, it is unclear what
restricts the mixing of third and fourth arch crest. In our study, CaD
knockdown affects the posterior arches more severely than the an-
terior arches. The third arch gene EphA4 was expressed in a trun-
cated pattern, whereas the expression of second arch genes EphA2
and ephrinB2 was not significantly altered (unpublished data). This
may due to the larger population of cells contained in the more
anterior arches. Thus CaD may not regulate Eph signaling itself, but
instead may converge with Eph to control cell adhesion.
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Another intriguing possibility is that CaD may interact with the
Wnt pathway to influence the distribution of actin cytoskeleton and
thus control the migration of neural crest cells. The directionality of
Xenopus neural crest migration is primarily guided by noncanonical
Wnt signaling (De Calisto et al., 2005; Carmona-Fontaine et al.,
2008; Matthews et al., 2008a). Inhibition of Wnt11, Wnt11r, Friz-
zled-7, or Dishevelled completely abolishes neural crest migration.
Furthermore, contact inhibition of locomotion plays a major role in
controlling CNC migration by defining the leading edge and trailing
edge of the cells. During CNC migration, Frizzled-7 and Dishevelled
accumulate at cell—cell contacts and mediate the localized activa-
tion of RhoA, which antagonizes Rac and decreases protrusive activ-
ity between cells (Carmona-Fontaine et al., 2008). In contrast, Rac at
the ventral free edge of CNC promotes actin polymerization and
lamellipodia extension and thus drives directional migration.

CaD and cell adhesion

Our in vitro study and adhesion assay show that CaD-MO affected
both cell-cell and cell-matrix adhesion. Consistent with our cell
tracking results, coherent groups of cells migrate faster, maintain
directionality better, and are more sensitive to chemoattractant than
individual cells (Theveneau et al., 2010; Winklbauer et al., 1992).
Cell—cell adhesion is important for cell migration. In Xenopus, cad-
herin-11 is expressed in premigratory and migrating CNC cells, and
a precise level of cadherin-11 is required for normal CNC migration
(Vallin et al., 1998; Borchers et al., 2001). In addition, cadherin-11
localizes to the filopodia of CNC cells cultured on FN and is critical
for the activation of Rho GTPases in those cells (Kashef et al., 2009).
Other adhesion proteins, such as the protocadherin PCNS, also
have been implicated in regulating CNC spread and migration (Ran-
garajan et al., 2006). Failure to sort into distinguishable migrating
streams, as observed in our experiment, is likely due to altered ex-
pression of different cadherins. In kidney epithelial cells, CaD is in-
volved in the formation of adherens junctions (Grosheva et al.,
2006). Thus it is possible that CaD associates in a similar manner
with cell-cell adhesion complex in neural crest cells.

Cell-matrix adhesion is also essential for neural crest migration.
Fibronectin is a major extracellular matrix component along the
paths of neural crest migration. Interaction between integrin o531
and FN is required for CNC cell migration and segmentation (Alfan-
dari et al., 2003). A coreceptor for Wnt signaling, syndecan-4, can
also interact with FN and mediates contact inhibition of locomotion
(Matthews et al., 2008b). Consistent with the findings that disrupt-
ing CaD activity leads to dysregulated focal adhesion formation
(Warren et al., 1996; Helfman et al., 1999, Numaguchi et al., 2003;
Mayanagi et al., 2008), our experiment shows that CaD-MO disturbs
CNC cell adhesion on FN matrix.

CabD in cell morphology and dynamics

Our in vitro study reveals for the first time that CaD is important
in neural crest cells for dynamic actin organization, cell shape
changes, and protrusion formation. In CNC cells, CaD is highly
associated with actin at protrusions, membrane ruffles, and stress
fibers. When CaD was depleted by CaD-MO, the formation of
protrusions and stress fibers was disrupted. In contrast, when
CaD was overexpressed, large quantities of thick membrane
ruffles and short stress fibers were produced, suggesting en-
hanced stabilization of actin filaments. However, the orientation
of these cells was lost due to the random distribution of actin
structures. Consistent with this possibility, lamellipodia protru-
sions were reduced in cells expressing a low level of EGFP-CaD,
probably due to the inhibition of Arp2/3 complex-mediated
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actin polymerization and branching processes by actin-bound
CaD (Yamakita et al., 2003).

When associated with Ca?*-calmodulin or phosphorylated by ki-
nases, CaD partially dissociates from actin filament and leads to dis-
assembly of stress fibers, formation of focal adhesions, extension of
lamellipodia, and persistence of cell movement (McFawn et al.,
2003; Li et al., 2004; Eppinga et al., 2006; Kordowska et al., 2006).
In this study, we found that overexpression of different CaD mutants
led to differential effects on actin organization. Overexpression of
CaD mutant in Ca%*-calmodulin binding enhanced the formation of
stress fibers, which is different from its reported disruption of stress
fibers in CHO cells (Li et al., 2004). This may be due to the different
cell types examined and/or the different levels of overexpression,
since exogenous CaD was introduced at more than 80-fold that of
the endogenous levels in the previous study. This excess CaD would
compete with endogenous CaD and lock the actin filament in an
inhibitory conformation for actin bundling and thus disintegrate
stress fibers. In our case, the moderate increase of CaD (0.2 ng of
RNA injected) may serve to stabilize actin stress fibers. However,
similar levels of CaD39-6F and CaD39-PAKA disrupted stress fiber
formation. It was reported that phosphorylated, not unphosphory-
lated, CaD colocalizes with vinculin at focal adhesions (Kordowska
et al., 2006). In our experiments, one intriguing possibility is that
CaD39-AB, not CaD39-6F or CaD39-PAKA, may recruit essential
partners to form focal adhesions required for the contraction and
extension of stress fibers.

In summary, our results suggest that CaD is critical for cranial
neural crest migration and appears to play an important role in dy-
namic rearrangement of the actin cytoskeleton during their motility.
This in turn is critical for the proper cell-cell and cell-substrate adhe-
sion that allows neural crest cells to properly navigate and interact
during their migration.

MATERIAL AND METHODS

Embryo manipulations, morpholino oligonucleotides,

and RNA preparation

Xenopus laevis embryos, both pigmented and albino, were microin-
jected with capped RNAs or MOs as described (Chang et al., 1997),
using a standard control MO (Gene Tools, Philomath, OR) and CaD-
MO (5-AATGAAAGGGTGTTTCAACAACTG-3') that hybridizes to
-28 to =5 position relative to the translational start site of Xenopus
CaD (GenBank Accession No. HQ880575). Capped RNAs of nfGal,
nuclear EGFP (H2B-EGFP), membrane-tethered EGFP (kindly pro-
vided by Chenbei Chang), CaD without the 5" untranslated region,
and EGFP-CaD were synthesized with an Ambion (Austin, TX)
mMessage mMachine Kit. Mutant constructs of CaD were kindly
provided by Jim J. Lin and subcloned into pCS2+ vector. To selec-
tively target the neural crest, MOs and mRNAs were injected into
dorsal animal region of 2- to 32-cell-stage embryos. Five nanoliters
of MO at 2 pg/pl was injected into one blastomere of 2- to 8-cell-
stage embryos (10 ng per embryo) in most experiments, and 100
200 pg of CaD RNA was coinjected in rescue experiment. For mo-
saic labeling and a milder effect on cell adhesion, 2-3 nl of CaD-MO
at 1 pg/pl (2-3 ng of MO per injection) was injected into one blasto-
mere of 16- to 32-cell-stage embryos. For tracing purposes, nfGal
or EGFP was injected at 0.1 ng per embryo.

Red-Gal staining, in situ hybridization, and cartilage staining
For lineage tracing, embryos coinjected with nGal were fixed for
1/2 h in the fixative MOPS-EGTA-MgSO,-formaldehyde (MEMFA),
rinsed twice with phosphate-buffered saline (PBS), and stained with
the Red-Gal substrate (Research Organics, Cleveland, OH) until they
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turned red. The embryos were refixed for 2 h in MEMFA, and in
situ hybridization was performed as previously described (Chang
etal., 1997). Cartilage staining was performed according to Richard
Harland's lab protocol (http://tropicalis.berkeley.edu/home/gene
_expression/cartilage-stain/alcian.html).

Reverse transcription and rapid amplification of cDNA ends
Total RNA was extracted from CNC explants using an RNAqueous-
Micro Kit (Ambion), and RACE was performed to generate the full-
length sequence of CaD using a GeneRacer Kit (Invitrogen, Carlsbad,
CA). The following primers were used: 5" RACE, 5- CATTTCCTC-
CCGCTTCTGTCTCCTG-3"; 3' RACE, 5-TGAAGCCACTCTCTTGGA-
TAGACT-3".

Western blot analysis

Protein from control and CaD-MO-expressing embryos were ex-
tracted at stage 16 and resolved on SDS-PAGE gel, transferred to
nitrocellulose (Pierce, Thermo Fisher Scientific, Rockford, IL), and
detected in Western blots with CaD antibody (sc-15374; Santa
Cruz Biotechnology, Santa Cruz, CA), coupled with horseradish
peroxidase—conjugated secondary antibody by chemilumines-
cence. a-Tubulin antibody was used for loading control.

CNC explant cultures, grafting, and microscopy

CNC explants were dissected from stage 13-15 embryos as
previously described (Borchers et al., 2000; Alfandari et al., 2003;
DeSimone et al., 2005). Explants were plated onto FN (20 pg/ml in
PBS)-coated dishes in MBSH media, and their behavior was photo-
graphically documented every 2-3 h for up to 10 h. The relative
surface area and number of segments in explants were counted to
provide a measure of their spread and segregation. For observation
of cell migration and membrane protrusions, CNC explants labeled
with membrane-EGFP were plated on FN-coated coverslips, and
cell behaviors were recorded for 5 h with 3-min frame intervals with
a 20x objective lens by time-lapse cinematography using a Zeiss
(Jena, Germany) LSM5 PASCAL confocal microscope. To examine
the translocation of cells, CNC explant labeled with nuclear EGFP
(H2b-EGFP) was recorded for 2 h by time-lapse cinematography.
Cells were traced by the ImageJ (National Institutes of Health,
Bethesda, MD) Manual Tracking plug-in, and their migration speed
or directionality was measured by the ImageJ Chemotaxis Tool plug-
in. For grafting experiments, CNC explants were dissected similarly
from EGFP-labeled donor embryos and inserted isotopically and
isochronically into unlabeled host embryos from which CNC tissue
was removed. The grafted embryos were allowed to heal in MBSH
media for 3 h and then transferred to 0.1x MMR before imaging at
late tailbud stages. In addition, embryos were immobilized by em-
bedding in 3% methylcellulose with 0.1% tricaine, and time-lapse
movies were recorded for 610 h using a 5x objective lens to follow
the migratory behavior of CNC cells in vivo. To directly visualize
actin filament, CNC explants were fixed in formaldehyde after plat-
ing on FN for 2-3 h. They were then rinsed in PBS and PBS with
Tween-20 (PBT) and stained with rhodamine phalloidin (Invitrogen)
at 1:40 dilution in PBT for 20 min. Cells were rinsed again and
mounted in Fluoromount-G (SouthernBiotech, Birmingham, AL) be-
fore being imaged using a 40x objective lens.

Cell-cell and cell-matrix adhesion assay

To analyze cell-cell adhesion, CNC explants were dissected from
stage 13-15 embryos and dissociated for 20 min in calcium- and
magnesium-free buffer. Loose cells were transferred to 0.5x MMR
in agarose-coated dishes and allowed to aggregate by orbital
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horizontal shaking for 6 h. Pictures were taken before and after
aggregation. To examine cell-FN matrix adhesion, CNC cells were
dissociated as described earlier and plated onto FN-coated dishes
in high-salt buffer MBSH. Cells were settled on FN for 1 h before
the dish was flipped over in MBSH buffer to wash off unattached
cells. The cells on FN were imaged before and after the wash.
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