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Abstract

The vertebrate neural crest is a population of migratory cells that originates in the dorsal aspect of the embryonic neural
tube. These cells undergo an epithelial-to-mesencyhmal transition (EMT), delaminate from the neural tube and migrate
extensively to generate an array of differentiated cell types. Elucidating the gene regulatory networks involved in neural
crest cell induction, migration and differentiation are thus crucial to understanding vertebrate development. To this end, we
have identified Annexin A6 as an important regulator of chick midbrain neural crest cell emigration. Annexin proteins
comprise a family of calcium-dependent, membrane-binding molecules that mediate a variety of cellular and physiological
processes including cell adhesion, migration and invasion. Our data indicate that Annexin A6 is expressed in the proper
spatio-temporal pattern in the chick midbrain to play a potential role in neural crest cell ontogeny. To investigate Annexin
A6 function, we have depleted or overexpressed Annexin A6 in the developing midbrain neural crest cell population. Our
results show that knock-down or overexpression of Annexin A6 reduces or expands the migratory neural crest cell domain,
respectively. Importantly, this phenotype is not due to any change in cell proliferation or cell death but can be correlated
with changes in the size of the premigratory neural crest cell population and with markers associated with EMT. Taken
together, our data indicate that Annexin A6 plays a pivotal role in modulating the formation of cranial migratory neural crest
cells during vertebrate development.
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Introduction

Neural crest cells are a population of migratory cells in the

developing vertebrate embryo. In the chick embryo, these cells

initially reside in the most dorsal region of the neural tube as

premigratory neural crest cells that subsequently undergo an

epithelial-to-mesencyhmal transition (EMT) to become motile.

These migratory cells then traverse stereotypical pathways in both

the head and trunk and later differentiate to form a wide variety of

structures in the embryo, including the craniofacial skeleton,

components of the peripheral nervous system and heart, and skin

pigment cells [1]. Because of the contributions of neural crest cells

to multiple derivatives, it is critical to study how these cells arise in

the developing embryo, including the role of various genes in

controlling the induction, migration, and differentiation of the

neural crest.

To this end, we explored a potential role for Annexin A6 in

neural crest cell development and find that Annexin A6 functions

in controlling neural crest cell emigration in the developing chick

midbrain. Annexins are a large multi-gene family (more than 160

family members) whose protein products bind to calcium and

phospholipids in a reversible manner in order to mediate diverse

cellular processes, including vesicle trafficking, calcium signaling,

cell migration, and cell proliferation [2,3]. Each annexin contains

an N-terminal interaction domain for association with other

proteins that is subject to post-translational modifications [4]. The

membrane binding domain of annexins is referred to as the

annexin core, which contains four repeats of a conserved 70 amino

acid sequence and in turn associates peripherally with the plasma

membrane through the recruitment of calcium ions [4]. Annexin

A6 possesses two of these cores, allowing the protein to bind to one

or two membranes [5,6]. Annexin A6 was first identified in the

matrix vesicles of chicken growth plate cartilage [7], and recent

research has documented Annexin A6 expression in a wide range

of mammalian tissues, including skeletal muscle, heart, and spleen

(for review, see [3]) and in some cancer cell lines [8,9]. As such,

Annexin A6 has diverse functions depending upon the tissue

context, including endosomal transport [10], caveolae formation

[11,12], reorganization of the actin cytoskeleton [13,14], down-

regulation of the EGFR/MAPK pathway [9,15,16], and regula-

tion of cell adhesion, migration and invasiveness [17].

Here we report the first characterization of Annexin A6 in the

chick embryo with respect to its expression profile and function

during neural crest ontogeny in the midbrain. Through whole-

mount in situ hybridization, we find that Annexin A6 transcripts are

localized to the chick neural tube, ectoderm, and in migratory

neural crest cells. Importantly, knock-down or overexpression of

Annexin A6 attenuates or enhances neural crest cell emigration,

respectively. Importantly, this effect on the migratory neural crest

cell domain can be correlated with concomitant changes in the size

of the premigratory neural crest cell population and with

molecular markers associated with EMT. Collectively, our studies

reveal a novel function for an annexin family member in
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controlling midbrain neural crest cell emigration in the developing

chick embryo.

Results

Annexin A6 Transcripts are Present in Premigratory and
Migratory Neural Crest Cells

In order to ascertain a potential role for Annexin A6 in chick

midbrain neural crest cell development, we performed whole-

mount in situ hybridization, in conjunction with transverse

sectioning, to document the expression profile of Annexin A6 in

the developing embryo. Annexin A6 was observed as early as the 4

somite stage (ss), with transcripts localized to the dorsal neural

folds/premigratory neural crest (Fig. 1) and trunk (data not

shown), with lower levels seen in the head ectoderm. In transverse

sections through the midbrain region of embryos, we noted Annexin

A6 expression throughout the neural tube (Fig. 1B,D,F,H,J,K) and

in newly migratory neural crest cells (Fig. 1F,H,J,K; arrowheads), a

finding corroborated by immunostaining with the migratory

neural crest cell marker HNK-1 at the 8 ss (Fig. 1K; arrowhead).

Collectively, our results indicate that Annexin A6 is expressed in the

proper spatio-temporal pattern to play a role in neural crest cell

development.

Knock-down of Annexin A6 reduces the size of the
premigratory neural crest cell domain and abrogates neural
crest cell EMT, thereby negatively impacting neural crest
cell migration in vivo

To elucidate a functional role for Annexin A6 in the cranial

neural crest, we depleted Annexin A6 from the developing neural

crest cell population of the chick midbrain using a morpholino

antisense oligonucleotide (MO) designed to target the sequence

surrounding the Annexin A6 translational start site. Using the

method of in ovo electroporation [18,19,20] we electroporated

chick midbrain neural tube cells with a 5 base pair (bp) mismatch

Annexin A6 control MO (hereafter referred to as control MO). The

control MO had no effect on Annexin A6 protein levels in the

neural tube (Fig. 2A). Electroporation of Annexin A6 MO, however,

depleted Annexin A6 protein in the neural tube by approximately

2-fold (Fig. 2A), a result in good agreement with what we have

observed previously [21].

To examine any potential differences in the migratory neural

crest cell population, embryos were electroporated with either

Annexin A6 or control MO, re-incubated for 8 hours, and then

processed for whole-mount in situ hybridization for Sox10 and

Snail2, or immunostained using an antibody to HNK-1. Treatment

with control MO has no effect on Sox10 (Fig. 2B,C; 12/12

embryos), Snail2 (Fig. 2D,E; 6/6 embryos) and HNK-1 immuno-

staining (Fig. 2F; 9/9 embryos). Depletion of Annexin A6 from the

premigratory neural crest, however, negatively affected neural

crest cell migration, as determined by a reduction in the Sox10-

positive migratory neural crest domain on the electroporated side

(right) of the embryo, compared to the contralateral control side

(and to control embryos) (Fig. 3A,B, arrows; 8/11 embryos). We

also assessed the expression of Snail2, a molecular marker of

premigratory and migratory cranial neural crest cells, and we

observed a decrease in the Snail2-positive migratory neural crest

cell domain on the electroporated side (Fig. 3C,D, arrows; 8/12

embryos) compared to the contralateral control side (and to

control embryos). This same observation is made for the migratory

neural crest cell marker HNK-1 (Fig. 3E, arrow; 10/13 embryos).

Short-term (3 hours; Fig. 3F,G, arrow, 8/8 embryos) and long-

term (20 hours; Fig. 3H,I, arrow, 6/6 embryos) depletion of

Annexin A6 also reduced the Sox10-positive migratory neural crest

cell domain. No differences were apparent at either of these time

points upon treatment with the control MO (7/7 and 6/6

embryos, respectively, data not shown). Taken together, these data

suggest that reduced Annexin A6 levels diminish neural crest cell

migration in the chick midbrain.

To determine the mechanism by which Annexin A6 knock-

down was affecting neural crest cell emigration and migration, we

examined treated embryos for changes in the premigratory neural

crest cell population, cell proliferation and cell death. We noted a

reduction in the premigratory neural crest cell population in

embryos treated with Annexin A6 MO upon examination of Snail2

expression in the dorsal neural tube prior to neural tube closure

(and thus before neural crest cell emigration/migration) (Fig. 3J,

arrow; 8/10 embryos) compared to those treated with the control

MO (13/13 embryos, data not shown). To quantify our

observations, we calculated the number of Snail2- or Sox10-

positive cells in the premigratory or migratory neural crest

domain, respectively, on both the electroporated and contralateral

control sides in at least 7 serial sections obtained from a minimum

of 3 embryos treated with Annexin A6 or control MO, as carried out

previously in [19,20,22]. Our data indicated that depletion of

Annexin A6 results in a statistically significant 2.2- and 1.7-fold

decrease, respectively, in the Snail2- and Sox10-positive premi-

gratory and migratory neural crest cell domains compared to the

contralateral control side (Fig. 3K; Snail2-positive cells: control

side = 11+/21, Annexin A6 MO side = 5+/21; Sox10-positive

cells: control side = 187+/214, Annexin A6 MO side = 111+/28),

with a Student’s t test of p,0.000001 for Snail2 and p,0.0001 for

Sox10. No statistically significant difference was observed in the

presence of control MO compared to the contralateral control side

(Snail2-positive cells: control side = 30+/24, control MO side

= 29+/24, fold difference of 0.98; Sox10-positive cells: control

side = 114+/28; control MO side = 115+/27, fold difference of

1.0). We next performed phospho-histone H3 (PH3) immuno-

staining on transverse sections taken from embryos treated with

Annexin A6 or control MO for 8 hours. No difference in cell

proliferation was observed in the presence of either MO,

compared to each other and the contralateral control side of the

embryo (Fig. 4A,B, arrowheads; 6/6 embryos for each treatment).

In addition, cell death was not altered upon treatment with either

MO based upon TUNEL assay and analysis (Fig. 4C,D,

arrowheads; 7/7 and 6/6 embryos, respectively, for Annexin A6

and control MO treatments). Furthermore, examination of the

Sox10 and Snail2 in situ hybridization brightfield images and

immunohistochemical images for HNK-1 at a higher magnifica-

tion revealed no changes in neural crest cell size and/or

architecture (data not shown).

In order to investigate whether Annexin A6 knock-down

reduced neural crest cell emigration by altering the process of

EMT, we examined the distribution of several adherens and tight

junction proteins whose down-regulation has been previously

correlated with neural crest cell EMT/migration [19,20,21,22, our

unpublished data] (Fig. 5). We find that depletion of Annexin A6

does not affect the distribution of the tight junction proteins

Claudin-1 or Cingulin (Fig. 5A,B; 4/4 embryos for each), but

instead results in the retention of the adherens junction proteins

Cadherin6B and N-cadherin (Fig. 5C,D, arrows; Cadherin6B, 5/6

embryos; N-cadherin, 8/10 embryos), with no differences

observed in control MO-treated embryos (data not shown). These

results indicate that Annexin A6 knock-down, directly or

indirectly, disrupts the EMT program at the level of the adherens

junctions and point to a potential role for Annexin A6 in

controlling neural crest cell EMT and emigration. Collectively,

Annexin A6 Controls Head Neural Crest Emigration
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our results suggest that Annexin A6 modulates neural crest cell

emigration, and subsequent migration, and that this function may

be related to a reduction in the size of the premigratory neural

crest cell domain as well as direct or indirect effects on the

molecular program associated with neural crest cell EMT.

Overexpression of Annexin A6 increases the size of the
premigratory neural crest cell domain and enhances
neural crest cell EMT, leading to an expansion of neural
crest cell migration in vivo

We cloned the full-length chick Annexin A6 cDNA into a chick

expression construct (pCIG) and introduced the construct into the

premigratory neural crest cell population of the chick midbrain by

electroporation. Overexpression of AnnexinA6 in the neural tube

leads to an approximate 2-fold increase in the amount of Annexin

A6 protein (Fig. 6A), as observed previously [21], with no change

observed upon treatment with the pCIG construct.

To assess whether neural crest cell migration was affected upon

overexpressing Annexin A6, we electroporated embryos with

either the control pCIG or pCIG-Annexin A6 construct, re-

incubated them for 8 hours, and then processed embryos as

described previously for the MO electroporations. Treatment with

the pCIG control construct had no effect on Sox10 (Fig. 6B,C; 13/

13 embryos), Snail2 (Fig. 6D,E; 7/7 embryos), and HNK-1 staining

(Fig. 6F; 8/8 embryos). Overexpression of Annexin A6, however,

enhanced neural crest cell migration, as evidenced by the increase

in the Sox10- (13/14 embryos) and Snail2-positive (15/17 embryos)

migratory neural crest cell domains on the electroporated side

(right), compared to the contralateral control side (and to control

embryos) (Fig. 7A,B for Sox10, Fig. 7C,D for Snail2; arrows). This

phenotype is also evident upon immunostaining Annexin A6-

overexpressing embryos with HNK-1 (Fig. 7E, arrow; 10/13

embryos). In addition, we often observed cells within the neural

tube lumen that were either positive (Sox10, Fig. 7B,E,I, arrow-

heads) or negative (Snail2, Fig. 7D) for neural crest molecular

markers. Finally, at earlier (4 hours; Fig. 7F,G; 7/9 embryos) and

Figure 1. Annexin A6 transcript distribution in the developing chick embryo. (A,C,E,G,I) Whole-mount in situ hybridization for Annexin A6
followed by indicated transverse sections (B,D,F,H,J) shown for specific developmental stages (A,B: 4 ss; C,D: 5 ss; E,F: 6 ss; G,H: 7 ss; I–J: 8 ss). (K)
Representative midbrain transverse section taken from an 8 ss embryo that has undergone whole-mount in situ hybridization for Annexin A6 followed
by sectioning and immunohistochemistry for the migratory neural crest cell marker HNK-1 (red). Arrowheads in (F,H,J,K) indicate Annexin A6 mRNA in
migratory neural crest cells. Scale bars in (A) and (B) are 200 and 50 mm, respectively, and are applicable to respective image types.
doi:10.1371/journal.pone.0044903.g001
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later (20 hours; Fig. 7H,I; 9/9 embryos) time points post-

electroporation, we noted precocious emigration of neural crest

cells (Fig. 7G, arrow) and an increase in the Sox10-positive

migratory neural crest cell domain (Fig. 7G,I, arrows), respectively,

which are phenotypes not observed with the pCIG controls (4

hours, 7/8 embryos; 20 hours, 8/8 embryos, data not shown). All

together, these data indicate a role for Annexin A6 in augmenting

neural crest cell emigration and migration.

To determine how Annexin A6 overexpression modulates

neural crest cell emigration and migration, we examined embryos

for changes in the premigratory neural crest cell domain, cell

proliferation and cell death. Overexpression of Annexin A6 caused

an expansion of the premigratory neural crest cell population, as

assessed by Snail2 expression in young embryos prior to neural fold

fusion (Fig. 7J, arrow; 11/12 embryos), compared to those treated

with the control pCIG construct (7/8 embryos, data not shown).

In order to quantify effects on neural crest cell emigration and

migration, we calculated the number of Snail2- or Sox10-positive

cells in the premigratory or migratory neural crest cell domains,

respectively, on both the electroporated and contralateral control

sides in at least 7 serial sections obtained from a minimum of 3

embryos treated with pCIG or pCIG-Annexin A6 (Fig. 7K). Our

data revealed that overexpression of Annexin A6 results in a

statistically significant 2.1- and 1.8-fold increase in the Snail2- and

Sox10-positive premigratory and migratory neural crest cell

domains, respectively, compared to the contralateral control side

(Snail2-positive cells: control side = 14+/22, pCIG-Annexin A6

side = 28+/23; Sox10-positive cells: control side = 100+/29,

pCIG-Annexin A6 = 182+/215), with a Student’s t test of

p,0.0001 for both Snail2 and Sox10. No statistically significant

difference was observed in the presence of pCIG compared to the

contralateral control side (Snail2-positive cells: control side = 65+/

24, pCIG control side = 65+/25, fold difference of 1.0; Sox10-

positive cells: control side = 209+/216; pCIG control side

Figure 2. A 5 base pair mismatch Annexin A6 control MO does not affect chick midbrain neural crest cell emigration in vivo. (A)
Immunoblots for Annexin A6 and b-actin showing reduced levels of Annexin A6 protein upon Annexin A6 MO treatment, with no change observed
upon control MO treatment. (B,D) Whole-mount in situ hybridization followed by indicated transverse sections for Sox10 (C) and Snail2 (E),
respectively, after 8 hour incubation following treatment with control MO. (F) Representative transverse section taken from an embryo treated with
control MO for 8 hours followed by immunohistochemistry for HNK-1 (green). No change is noted in whole-mount images or sections with respect to
neural crest cell emigration or migration. In all experiments, the right side of the embryo is electroporated, as indicated by the lissamine (red)
fluorescence of the MO in the transverse sections (C,E) and/or in the inset images of each whole-mount (B,D). Scale bar in (B) is 50 mm and applicable
to all whole-mount and section images. MO, red; DAPI, blue.
doi:10.1371/journal.pone.0044903.g002
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= 211+/217, fold difference of 1.0). These data are in good

agreement with those obtained in our MO knock-down experi-

ments. We then performed PH3 immunostaining and a TUNEL

assay and noted no change in cell proliferation (Fig. 8A,B,

arrowheads; 10/11 embryos) or cell death (Fig. 8C,D, arrowheads;

4/5 embryos). Finally, there were no apparent alterations in the

size and/or architecture of migratory neural crest cells (data not

shown).

Figure 3. MO-mediated depletion of Annexin A6 from the developing neural crest cell population of the chick midbrain diminishes
the size of the premigratory and migratory neural crest cell domains. (A,C) Whole-mount in situ hybridization followed by indicated
transverse sections for Sox10 (B) and Snail2 (D), respectively, after 8 hour incubation following treatment with Annexin A6 MO. (E) Representative
transverse section taken from an embryo treated with Annexin A6 MO for 8 hours followed by immunohistochemistry for HNK-1 (green). (F,H) Whole-
mount in situ hybridization followed by indicated transverse section (G,I) for Sox10 after 3 and 20 hour incubation following treatment with Annexin
A6 MO, respectively. (J) Representative transverse section taken from an embryo treated with Annexin A6 MO for 3.5 hours followed by Snail2 whole-
mount in situ hybridization. Arrows in (B–J) indicate the migratory or premigratory neural crest cell domain. In all experiments, the right side of the
embryo is electroporated, as indicated by the lissamine (red) fluorescence of the MO in the transverse sections (B,D,E,G,I,J) and/or in the inset images
of each whole-mount (A,C,F,H). (K) Graphical representation of changes in the premigratory (Snail2) and migratory (Sox10) neural crest cell
populations upon depletion of Annexin A6. Scale bar in (A) is 50 mm and applicable to all whole-mount and section images except for that shown in
(I) where the scale bar is also 50 mm. MO, red; DAPI, blue.
doi:10.1371/journal.pone.0044903.g003

Figure 4. Depletion of Annexin A6 does not alter cell proliferation or cell death in the chick embryonic neural tube or migratory
neural crest cell population. (A–D) Electroporation of control (A,C) or Annexin A6 (B,D) MO, followed by 8 hour incubation, transverse sectioning,
and processing for phospho-histone H3 immunohistochemistry (A,B, PH3, green) or TUNEL (C,D, green) (representative sections are shown).
Arrowheads indicate PH3-positive (A,B) or TUNEL-positive (C,D) nuclei, with a similar distribution observed in the neural tube and in migratory neural
crest cells in the presence of either MO and with that found on the contralateral control side of the embryo. In all experiments, the right side of the
embryo is electroporated with the MO, as indicated by the lissamine (red) fluorescence of the MO in the sections. Scale bar in (A) is 50 mm and
applicable to all images. MO, red; DAPI, blue.
doi:10.1371/journal.pone.0044903.g004
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To ascertain whether Annexin A6 overexpression increased

neural crest cell emigration by impacting EMT, we again

examined molecular markers of adherens and tight junctions

(Fig. 9). Although we observe no alterations in Claudin-1 and

Cingulin localization (Fig. 9A,B; 4/4 embryos for each), we detect

the premature downregulation of both Cadherin6B and N-

cadherin (Fig. 9C,D, arrows; 5/5 and 6/6 embryos for Cadher-

in6B and N-cadherin, respectively) on the sides of embryos

electroporated with pCIG-Annexin A6, with no change noted in

the pCIG controls (data not shown). These results lend further

credence to the hypothesis that Annexin A6, directly or indirectly,

regulates neural crest cell EMT and emigration. Taken together,

these overexpression data point to a phenotype of enhanced neural

crest cell emigration and migration upon overexpression of

Annexin A6 that can be associated with an expansion of the

premigratory neural crest cell domain and alterations in the

molecular changes underlying EMT. Importantly, our collective

Figure 5. MO-mediated depletion of Annexin A6 leads to retention of molecular markers of adherens junctions. (A–D) Representative
transverse section taken through the midbrain of an embryo electroporated with Annexin A6 MO (red) after 6 (A–C) and 5 (D) hours of incubation and
processing by immunohistochemistry for Claudin-1 (A), Cingulin (B), Cadherin6B (C), and N-cadherin (D) (all green), respectively. Arrows denote the
maintenance of proteins on the electroporated side (right) of the neural tube. Scale bar in (A) is 50 mm and applicable to all images. MO, red; DAPI,
blue.
doi:10.1371/journal.pone.0044903.g005
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results have uncovered a role for Annexin A6 in controlling cranial

neural crest cell emigration and migration.

Discussion

Annexins constitute a large family of proteins that can reversibly

associate with the plasma membrane. Originally discovered in the

chicken growth plate cartilage [7], Annexin A6 has now been

found to mediate a variety of functions due to its cytosolic and

membrane localization, including the regulation of cell adhesion

and motility through an interaction with the actin cytoskeleton [3].

Given these functions for Annexin A6, we reasoned it would be a

good candidate to regulate neural crest cell ontogeny and thus we

sought to define its role in the developing embryo.

Annexin A6 transcripts are observed as early as the 4 ss in the

neural tube at both cranial and trunk axial levels, and migratory

cranial neural crest cells also express Annexin A6. Although we have

not yet delineated the role of Annexin A6 in trunk neural crest cell

emigration, it will be intriguing to see if Annexin A6 function in

the head is also conserved at this axial level. Due to the lack of an

effective commercially available antibody, we were unable to

document Annexin A6 protein distribution in the developing

embryo by immunohistochemistry; however, we can detect

Annexin A6 protein in the neural tube by immunoblotting. Our

results reveal the presence of Annexin A6 in the developing

midbrain neural crest cell population and indicate that Annexin

A6 could play a potential role in neural crest cell development.

Depletion of Annexin A6 Reduces the Size of the
Premigratory and Migratory Neural Crest Cell Domains
and Disrupts Neural Crest Cell EMT

To better delineate a functional role for Annexin A6 during

neural crest cell ontogeny, we depleted Annexin A6 from the

developing midbrain neural crest cell population using an Annexin

A6 MO. Knock-down of Annexin A6 reduces the size of the

premigratory neural crest cell population, as noted by diminished

Snail2 expression in premigratory neural crest cells within the

embryonic dorsal neural tube. This decrease is associated with a

subsequent reduction in the migratory neural crest cell domain at

various times post-MO electroporation. This effect on migration is

apparent upon examination of a wide variety of neural crest cell

molecular markers, including Snail2, Sox10 and HNK-1. Further-

more, the change in the size of the migratory neural crest cell

domain is not due to any alterations in cell size/shape or to

changes in cell proliferation or cell death within the neuroepithe-

lium or migratory neural crest cell population. In addition,

adherens junction proteins are maintained upon depletion of

Annexin A6, thereby ascribing a direct or indirect role for Annexin

A6 in modulating the EMT process itself. Therefore, Annexin A6

regulates neural crest cell emigration and migration by impacting

the premigratory neural crest cell population and their subsequent

EMT and exit from the dorsal neural tube.

Figure 6. The pCIG control expression construct does not affect chick midbrain neural crest cell emigration in vivo. (A) Immunoblots
for Annexin A6 and b-actin showing increased levels of Annexin A6 protein upon pCIG-Annexin A6 treatment, with no change observed upon pCIG
treatment. (B,D) Whole-mount in situ hybridization followed by indicated transverse sections (C,E) for Sox10 and Snail2, respectively, after 8 hour
treatment with pCIG. (F) Representative transverse section taken from an embryo treated with pCIG for 8 hours followed by whole-mount
immunohistochemistry for HNK-1 (red). No change is noted in whole-mount images or sections with respect to neural crest cell emigration or
migration. In all experiments, the right side of the embryo is electroporated with pCIG, as indicated by the GFP (green) fluorescence in the transverse
section (F) and/or in inset images of each whole-mount (B,D). Scale bar in (B) is 50 mm and applicable to all images. GFP, green; DAPI, blue.
doi:10.1371/journal.pone.0044903.g006

Annexin A6 Controls Head Neural Crest Emigration
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Figure 7. Overexpression of Annexin A6 in the developing neural crest cell population of the chick midbrain increases the size of
the premigratory and migratory neural crest cell domains. (A,C) Whole-mount in situ hybridization followed by indicated transverse sections
for Sox10 (B) and Snail2 (D), respectively, after 8 hour incubation following treatment with pCIG-Annexin A6. (E) Representative transverse section
taken from an embryo treated with pCIG-Annexin A6 for 8 hours followed by immunohistochemistry for HNK-1 (red). (F,H) Whole-mount in situ

Annexin A6 Controls Head Neural Crest Emigration
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hybridization followed by indicated transverse section (G,I) for Sox10 after 4 and 20 hour incubation following treatment with pCIG-Annexin A6,
respectively. (J) Representative transverse section taken from an embryo treated with pCIG-Annexin A6 for 6 hours followed by Snail2 whole-mount
in situ hybridization. Arrows in (B–J) indicate the migratory or premigratory neural crest cell domain. In all experiments, the right side of the embryo is
electroporated, as indicated by the GFP (green) fluorescence of the expression construct in (E) and/or in the inset images of each whole-mount
(A,C,F,H). (K) Graphical representation of changes in the premigratory (Snail2) and migratory (Sox10) neural crest cell populations upon Annexin A6
overexpression. Scale bar in (A) is 50 mm and applicable to all whole-mount and section images except for that shown in (I) where the scale bar is also
50 mm. GFP, green; DAPI, blue.
doi:10.1371/journal.pone.0044903.g007

Figure 8. Annexin A6 overexpression does not alter cell death nor cell proliferation in the chick embryonic neural tube or
migratory neural crest cell population. (A–D) Electroporation of the pCIG control (A,C) or pCIG-Annexin A6 (B,D) constructs, followed by 8 hour
incubation, transverse sectioning, and processing for phospho-histone H3 immunohistochemistry (A,B, PH3, red) or TUNEL (C,D, red) (representative
sections are shown). Arrowheads indicate PH3-positive (A,B) or TUNEL-positive (C,D) nuclei, with a similar distribution in the neural tube and in
migratory neural crest cells observed in the presence of either construct and with that found on the contralateral control side of the embryo. In all
experiments, the right side of the embryo is electroporated with the construct, as indicated by the GFP (green) fluorescence in the sections. Scale bar
in (A) is 50 mm and applicable to all images. GFP, green; DAPI, blue.
doi:10.1371/journal.pone.0044903.g008
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Annexin A6 Overexpression Augments the Size of the
Premigratory and Migratory Neural Crest Cell Domains
and Enhances Neural Crest Cell EMT

To corroborate our MO knock-down data, we performed

Annexin A6 overexpression experiments in the chick midbrain.

We find that elevated levels of Annexin A6 expand the migratory

neural crest cell domain, as assessed by whole-mount in situ

hybridization for Snail2 and Sox10 and as well as immunohisto-

chemistry for HNK-1. We often times observe cells in the neural

tube lumen that are positive or negative for neural crest cell

molecular markers. These results suggest that delaminated neural

Figure 9. Annexin A6 overexpression leads to precocious loss of molecular markers of adherens junctions. (A–D) Representative
transverse section taken through the midbrain of an embryo electroporated with pCIG-Annexin A6 (green) after 6 (A), 5 (B,C), and 4 (D) hours of
incubation and processing by immunohistochemistry for Claudin-1 (A), Cingulin (B), Cadherin6B (C), and N-cadherin (D) (all red), respectively. Arrows
denote the loss of proteins on the electroporated side (right) of the neural tube. Scale bar in (A) is 50 mm and applicable to all images. GFP, green;
DAPI, blue.
doi:10.1371/journal.pone.0044903.g009
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crest cells move in an inappropriate direction into the neural tube

lumen. Alternatively, those cells negative for neural crest markers

may in fact be more ventrolateral neuroepithelial cells that have

been forced out of the neural tube upon Annexin A6 overexpres-

sion. We see this enhanced emigration phenotype at several time

points post-electroporation, lending further credence to our

results. In addition, we do not observe any appreciable differences

in cell proliferation or cell death upon Annexin A6 overexpression.

An expansion in the premigratory neural crest cell domain

provides a correlative molecular explanation for this increased

migratory neural crest cell population, evaluated by performing

whole-mount in situ hybridization in young embryos prior to

neural fold fusion for the premigratory neural crest cell marker

Snail2. Finally, Annexin A6 directly or indirectly regulates the

neural crest cell EMT program as noted by precocious loss of

adherens junction proteins upon Annexin A6 overexpression.

These data corroborate our knock-down data and further

implicate Annexin A6 in the modulation of neural crest cell

emigration.

Our results establish a novel and important role for an annexin

family member in the formation of cranial neural crest cells during

vertebrate development. Importantly, our data reveal correlations

between changes in the size of the cranial premigratory and

migratory neural crest cell populations upon perturbation of

Annexin A6 and highlight a direct or indirect role for Annexin A6

in regulating neural crest cell EMT at the level of adherens

junction disassembly. As such, Annexin A6 levels must be tightly

controlled during embryogenesis in order to permit the appropri-

ate development of premigratory neural crest cells and their

subsequent EMT and emigration from the dorsal neural tube.

Taken together, our work will provide the foundation for future

studies aimed at elucidating the importance of Annexin A6

localization in neural crest cell differentiation and delineating the

potential role of other annexin family members in the neural crest.

Materials and Methods

Chicken Embryo Culture
Fertilized chicken eggs were obtained from Hy-Line North

America, L.L.C. (Elizabethtown, PA) or B & E Farms (York, PA)

and incubated at 38uC in humidified incubators (EggCartons.com,

Manchaug, MA). Embryos were staged according to the number

of pairs of somites.

Design and Electroporation of Annexin A6 Antisense
Morpholino

A 39 lissamine-labeled antisense Annexin A6 morpholino (MO),

59-TCCTTTGGGTGCCATGGGAATCGC-39, was designed

to target the Annexin A6 mRNA according to the manufacturer’s

criteria (GeneTools, L.L.C.). A 5 bp mismatch lissamine-labeled

antisense Annexin A6 control MO.

59-TCgTTTcGGTcCCATGcGAATCcC-39 (mutated bases

are in lower case; GeneTools, L.L.C.) was used that does not

target Annexin A6 mRNA. MOs were introduced into the

developing chick embryo using a modified version of the

electroporation technique [18]. Briefly, MOs were injected at a

final concentration of 500 mM [19,20] into the neural tube lumen

at the desired axial level and 2, 25 volt, 30 mSec pulses were

applied across the embryo.

Overexpression of Annexin A6 in vivo
The full-length Annexin A6 cDNA was directionally cloned into

the pCIG chick expression construct by PCR using a chick cDNA

library (7–12 ss) as the template in order to produce pCIG-

Annexin A6 and sequenced to confirm accuracy. The control

(pCIG) or pCIG-Annexin A6 expression construct was introduced

into the embryo at a concentration of 3 mg/ml, as described above

for the MO electroporations.

Whole-mount in situ Hybridization
Whole-mount in situ hybridization was performed as described

previously in [19,20,23]. Stained embryos were viewed in whole-

mount at room temperature in 70% glycerol using a Zeiss SteREO

Discovery.V8 compound fluorescent microscope. Images were

captured using the Zeiss Axiovision Rel 4.6 software with the Zeiss

Axiocam MRc5 camera. Transverse sections were obtained by

cryostat-sectioning gelatin-embedded embryos at 14 mm in a Leica

Frigocut or Fisher Microm cryostat, and coverslips were mounted

on processed sections using Fluoromount G (Fisher). Sections were

viewed at room temperature using a Zeiss AxioObserver.Z1

inverted microscope, and images were acquired using the Zeiss

Axiovision Rel 4.6 software with the Zeiss Axiocam HRC camera.

All exported images were processed in Adobe Photoshop 9.0

(Adobe Systems).

Immunohistochemistry
Immunohistochemical detection of various proteins was per-

formed in whole-mount or on transverse sections following 4%

paraformaldehyde fixation of embryos and cryostat-sectioning, as

in [19,20]. The following primary antibodies and concentrations

were used in the experiments: phospho-histone H3 (Millipore

Ser10; 1:500); GFP (Invitrogen A11122 or A11121; 1:500); and

HNK-1 (1:100). Immunostaining for Cadherin6B, N-cadherin,

Cingulin, and Claudin-1 and TUNEL assays were performed as

described in [19,20]. Appropriate fluorescently-conjugated sec-

ondary antibodies (Alexa 488 or 594) from Invitrogen were used at

a concentration of 1:200 to 1:1000. Imaging of sections and data

processing were carried out as described above for in situ

hybridizations using the Zeiss AxioObserver.Z1 inverted micro-

scope and Adobe Photoshop 9.0 (Adobe Systems), respectively.

Sections were stained with DAPI to mark cell nuclei and mounted

using Fluoromount G (Fisher).

Immunoblotting
Midbrain neural tube halves electroporated with expression

constructs or MOs and re-incubated for 8 hours, along with the

contralateral control side halves, were dissected out of the embryo

using tungsten needles. Neural tube halves were pooled and flash-

frozen in liquid nitrogen. Tissue was then resuspended in Lysis

Buffer (50 mM Tris, pH8, 150 mM NaCl, 1% NP-40) supple-

mented with a protease inhibitor cocktail (Roche) and 0.1M

PMSF. Whole-cell lysates were prepared by incubating tissue with

Lysis Buffer on ice for 20 minutes as in [21]. The soluble fraction

was collected by centrifugation and protein concentration was

determined using a Bradford assay (Biorad). Equivalent amounts

of protein (50 mg) were boiled in 2X SDS sample buffer, loaded

and separated by SDS-PAGE (10% gel), and then transferred to

0.45 mm PVDF membrane (BioTrace). Membranes were incubat-

ed in 5% skim milk in PTW (16PBS +0.1% Tween-20; Blocking

solution) for 30 minutes at room temperature and then incubated

overnight at 4uC with the following primary antibodies at a 1:1000

dilution in the Blocking solution: Anti-Annexin VI (Abcam,

ab31026); b-actin (Santa Cruz, C4, sc-47778). Membranes were

washed in PTW and then incubated with secondary antibodies

conjugated to HRP (Annexin A6: Rockland, goat anti-rabbit IgG,

#611-1302, 1:30,000; b-actin: Jackson Immuno Research, goat

anti-mouse IgG1, #115-035-205, 1:10,000) in Blocking solution

for 1 hour at room temperature. Protein detection was performed
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using an equal volume (1:1) of ECL reagents (Super West Pico or

Femto substrates, ThermoScientific) for 5 minutes and visualized

and quantified using a ChemiDoc XRS system (Biorad). Fold

differences in Annexin A6 protein levels were calculated after

normalizing to the loading control (b-actin) and comparing to

Annexin A6 levels 1) on the contralateral control side of the

embryo and 2) neural tube halves electroporated with the control

MO or pCIG construct.

Cell Counts
Cell counts of Sox10- and Snail2-expressing cells in sections were

performed as described previously [19,20,23]. Briefly, embryos

electroporated with control MO, AnnexinA6 MO, pCIG or pCIG-

Annexin A6 and hybridized with a Sox10 or Snail2 antisense

riboprobe were imaged and subsequently cryostat-sectioned at

14 mm. Sections were stained with DAPI to enable the identifi-

cation of individual nuclei and mounted for imaging using

Fluoromount G (Fisher). 7–10 serial section images from the

midbrain were captured in a minimum of 3 embryos that had MO

or GFP localized to the dorsal neural tube (and thus successfully

electroporated). All DAPI-positive nuclei surrounded by cytoplas-

mic Sox10 in the migratory neural crest cell streams (or Snail2 in

premigratory neural crest cells in the dorsal neural tube) on both

the electroporated and contralateral control side were counted and

recorded. Fold differences were then averaged over the number of

sections in which cells were counted, and the standard error of the

mean was calculated and compared for embryos electroporated

with either control MO, AnnexinA6 MO, pCIG or pCIG-

AnnexinA6. Significance of results was established using the

unpaired Student’s t test.
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