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DAN (NBL1) promotes collective neural crest
migration by restraining uncontrolled invasion
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Neural crest cells are both highly migratory and significant to vertebrate organogenesis. However, the signals that reg-
ulate neural crest cell migration remain unclear. In this study, we test the function of differential screening-selected gene
aberrant in neuroblastoma (DAN), a bone morphogenetic protein (BMP) antagonist we detected by analysis of the chick
cranial mesoderm. Our analysis shows that, before neural crest cell exit from the hindbrain, DAN is expressed in the
mesoderm, and then it becomes absent along cell migratory pathways. Cranial neural crest and metastatic melanoma
cells avoid DAN protein stripes in vitro. Addition of DAN reduces the speed of migrating cells in vivo and in vitro, re-
spectively. In vivo loss of function of DAN results in enhanced neural crest cell migration by increasing speed and direc-
tionality. Computer model simulations support the hypothesis that DAN restrains cell migration by regulating cell speed.
Collectively, our results identify DAN as a novel factor that inhibits uncontrolled neural crest and metastatic melanoma

invasion and promotes collective migration in a manner consistent with the inhibition of BMP signaling.

Introduction

Neural crest cells are multipotent and highly invasive, yet they
follow stereotypical migratory pathways. In the vertebrate head,
neural crest cells move collectively in discrete streams to reach
precise targets. In the hindbrain region, neural crest cells exit
the neural tube and are sculpted into three distinct streams adja-
cent to rhombomeres 2 (r2), r4, and r6 (Trainor and Krumlauf,
2000) such that neural crest cell exclusion zones form adjacent
to r3 and r5 (Farlie et al., 1999). Aberrant cranial neural crest
cell migration may result from respecification of rhombomere
segment identity (Trainor and Krumlauf, 2000) or disruption
of signals within the hindbrain (Kulesa and Gammill, 2010).
Thus, the proper anterior-to-posterior formation of neural crest—
derived tissues of the face and neck (e Douarin and Kalcheim,
1999) crucially relies on neural crest cell migration.

A small number of signaling molecules have been identi-
fied as expressed in the hindbrain region and shown to control
initial neural crest cell trajectories into the paraxial mesoderm.
These include members of the Eph/ephrin family (Smith et al.,
1997; Mellott and Burke, 2008), ErbB4/neuregulin (Dixon and
Lumsden, 1999; Golding et al., 2000, 2002, 2004), versican
(Landolt et al., 1995; Perris et al., 1996; Kerr and Newgreen,
1997, Perissinotto et al., 2000; Dutt et al., 2006a,b; Szabd et
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al.,, 2016), and neuropilin2/semaphorin3F (Eickholt et al.,
1999; Osborne et al., 2005; Yu and Moens, 2005; Gammill et
al., 2007). Several of these members are secreted factors that
are thought to diffuse from the dorsal hindbrain into the local
paraxial mesoderm (for example, ErbB4/neuregulin and neu-
ropilin2/semaphorin3F); however, it is largely unknown what
signals exist within the paraxial mesoderm that inhibit uncon-
trolled neural crest cell invasion. Although some neural crest
cell inhibitory signals have been identified in several different
model organisms, there has not been a systematic approach to
isolate tissue and compare gene expression within cranial neu-
ral crest cell-free zones that would identify and test the function
of novel inhibitory factors and unify existing hypotheses.
Paralleling the invasive ability of the embryonic neu-
ral crest, and ancestrally related to this process, melanoma is
among the most aggressive human metastatic cancers (Kulesa
et al., 2013). However, efforts to constrain melanoma cell in-
vasion have yielded minimal results, making this disease often
fatal (Flaherty et al., 2012; Holderfield et al., 2014; Millet et al.,
2017). Interestingly, human metastatic melanoma cells trans-
planted into the chick embryonic neural crest microenvironment
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have been shown to replicate aspects of the neural crest mi-
gration program to promote invasion and plasticity (Kulesa et
al., 2006; Bailey et al., 2012; Bailey and Kulesa, 2014). Trans-
planted human metastatic melanoma cells have been observed
to avoid chick embryonic neural crest cell-free zones (Kulesa et
al., 2006; Bailey and Kulesa, 2014), suggesting that inhibitory
signals that sculpt and maintain discrete embryonic neural crest
cell migratory streams may constrain aggressive melanoma cell
invasion (Kulesa et al., 2013; Bailey and Kulesa, 2014). Thus,
inhibitory molecules within the embryonic neural crest micro-
environment should be functionally tested for their potential to
inhibit melanoma cell invasion.

We identified differential screening-selected gene aber-
rant in neuroblastoma (DAN) in a microarray screen that com-
pared gene expression within the chick paraxial mesoderm
isolated from adjacent to r3 to migrating r4 neural crest cells.
DAN is a secreted factor that was originally identified in a
screen examining genes down-regulated upon cell viral trans-
formations (Ozaki and Sakiyama, 1993). DAN acts as a bone
morphogenetic protein (BMP) antagonist by binding to BMPs,
thereby preventing interaction with BMP receptors (Hsu et
al., 1998; Stanley et al., 1998; Pearce et al., 1999). Studies in
chick have revealed that DAN signaling is involved in left—
right axis formation and inner ear development (Ogita et al.,
2001; Gerlach-Bank et al., 2002, 2004; Yamanishi et al., 2007;
Katsu et al., 2012). However, no other roles in early develop-
ment have been investigated, nor has DAN mRNA expression
been reported during neural crest migration. In addition, DAN
has been identified as a potential marker of malignancy in pan-
creatic cancer (Olakowski et al., 2009). Thus, the involvement
of DAN signaling in embryonic development and pancreatic
cancer and our identification of mRNA expression in the neu-
ral crest microenvironment make DAN an excellent candidate
to further examine as a potential inhibitor of neural crest and
metastatic melanoma cell invasion.

In this study, we combined modeling and experimentation
to test the function of DAN signaling. We characterized the 3D
spatial pattern of DAN expression with respect to the dynamics
of the cranial neural crest cell migratory pattern and tested the
in vitro function of DAN to inhibit neural crest and metastatic
melanoma cell invasion. To determine the in vivo function of
DAN, we used gain or loss of function of DAN in the paraxial
mesoderm before cranial neural crest migration and measured
changes in the resulting migratory pattern and cell behaviors.
Simulations that integrated the experimental data into our previ-
ous agent-based cell-induced gradient model (McLennan et al.,
2015a) were run on an expanded 2D domain to include neural
crest cell-free zones and test a mechanistic hypothesis of DAN
function. Collectively, our data demonstrate that DAN plays a
critical role in cranial neural crest migration and is a potential
inhibitor of human metastatic melanoma invasion.

Results

DAN expression correlates with the neural
crest cell migratory pattern

To determine the mRNA expression pattern of DAN during cra-
nial neural crest cell migration, we performed a detailed expres-
sion analysis across developmental stages (HH Stage [St] 5-16;
Hamburger and Hamilton, 1951). Using multiplexed FISH,
we discovered that the pattern of DAN expression in the early
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embryo is more elaborate and dynamic than had previously been
characterized with traditional in situ methods (Gerlach-Bank et
al., 2002). By combining optical sectioning of fixed, whole-
mounted, and cleared chick embryos over a series of develop-
mental stages, we were able to more fully examine and measure
fluorescence levels of DAN and FoxD3 (a marker of migratory
neural crest cells) expression, which we describe below.

In the hindbrain and before cranial neural crest cell exit
from mid-r3 through mid-r5 (HH St 10, 10 somite stage), DAN
expression was high in the paraxial mesoderm adjacent to r3—
r5 (Fig. 1 A and Video 1). DAN expression extended ventrally
in the mesoderm adjacent to the neural tube and lateral along
the presumptive dorsal-to-lateral neural crest cell migratory
pathway (Fig. 1, A-C; Fig. S1 B; and Video 1). DAN expres-
sion was also high in the notochord throughout early develop-
ment (Fig. 1, D and E; and Videos 1, 2, 3, and 4). As neural
crest cells began to exit the dorsal neural tube adjacent to r4
(HH St 11, 13 somite stage), DAN expression remained high
in the paraxial mesoderm adjacent to r3 and r5 and directly un-
derneath the dorso-to-lateral neural crest cell migratory path-
way (Fig. 1, A-C and E; Fig. S1 B; and Video 2). However,
DAN expression was absent in tissue through which neural
crest cells have traveled, and FoxD3-positive neural crest cells
directly abutted DAN-positive paraxial mesenchymal cells
(Fig. 1, B-F; and Video 2). This could be seen clearly through
high-resolution consecutive z planes (Video 3). At HH St 12
(16 somite stage), DAN expression remained high in the tissue
that surrounds the neural crest cell migratory stream adjacent
to r4 (Fig. 1, A-C; and Video 4). DAN was also expressed in
the dorsal ectoderm directly overlaying the neural crest cell
migratory stream adjacent to r4 but was absent in the ecto-
derm overlying the paraxial mesoderm adjacent to r3 (Fig. 1,
D and E; Fig. S1 B; and Video 4). DAN expression was low in
the lateral plate mesoderm (~200 pum) from the dorsal midline
and absent from the forming second branchial arch (Fig. 1 G
and Video 4). In summary, neural crest cells initially migrate
through a DAN-rich paraxial mesoderm, forming a corridor
that is surrounded by DAN-positive regions adjacent to r3, r5,
and the ventral mesoderm.

DAN expression in the midbrain is dynamic. We ob-
served low DAN expression in the paraxial mesoderm all along
the neural tube from the midbrain to the hindbrain at HH St
8 (4-somite stage; Fig. S1 A). By HH St 9 (7-somite stage),
DAN expression was stronger in the ventral paraxial mesoderm,
and it persisted during neural crest migration through HH St
15 (24-27-somite stage; Fig. S1 A and Video 5). DAN also ap-
peared highly expressed in the ectoderm overlaying the mesen-
cephalic neural crest cell migratory pathway at HH St 12 and
persisted to HH St 15 (Fig. S1 A).

In the trunk, we observed DAN expression restricted to
the newly formed caudal somite halves, and this expression pat-
tern expanded to the rostral somite in the anterior presomitic
mesoderm (Fig. 1 A; Fig. S1 C; and Videos 1, 2, 3, and 4).
As trunk neural crest cells emerged from the dorsal neural tube
and moved ventrally in between the neural tube and somite, the
expression of DAN was in both rostral and caudal somite halves
but was restricted to the medioventral portion of the sclerotome
(Fig. S1 C). At these later stages, DAN expression was ventral
to the migrating neural crest in the sclerotome (Fig. S1 C). In
a similar manner to the head, DAN expression remained within
tissue that surrounded the trunk neural crest cell streams as the
lead cells reached ventral target sites.
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Figure 1. DAN is expressed by the paraxial
mesoderm adjacent to the cranial neural tube.
(A) Maximum projections of DAN (red) and
FoxD3 (green, neural crest marker) expression
in whole embryos at HH St 10, 11, and 12
(n =10, 12, and 4 embryos, respectively).
DAN is expressed in the paraxial mesoderm
in the cranial region and segmented in the so-
mites in the trunk regions. (B) Single z planes
of DAN and FoxD3 expression in the parax-
ial mesoderm and the developing ofic vesicle
(OV) at the axial level of the r4 neural crest cell
stream. DAN in expressed by the mesodermal
cells immediately bordering the neural crest
cell stream. (C) Same images as shown in B,
except with DAN expression only. (D) Trans-
verse section of DAN and FoxD3 expression at
r3 axial level at HH St 12. DAN is expressed
by the paraxial mesoderm. (E) Transverse sec-
tion of DAN and FoxD3 expression at r4 axial
level at HH St 12. DAN is expressed by the
paraxial mesoderm and may limit the migrat-
ing neural crest cells (asterisks) to the dorso-
lateral pathway. DAN is also expressed in the
thickening ectoderm associated with ofic ves-
icle development. (F) Mean intensity of DAN
(red) and FoxD3 (green) expression at HH St
10, 11, and 12 measured adjacent to the neu-
ral tube (NT) from mid-r3 to mid-r5 as shown
in images on the right (white lines). (G) Width
of FoxD3 and DAN expression measured as
the distance from the edge of the neural tube
to the end of expression over time (hours and
HH stages shown). Neural crest cells initially
migrate info but eventually migrate past the
DAN-rich region (Stage 11-12). The dashed
FoxD3 line is predicted neural crest migration
at later stages. Bars: (A) 200 pm; (B-E) 50 pm.
N, notochord; L, length.
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Cranial neural crest and metastatic
melanoma cells avoid DAN protein in vitro
To determine whether DAN affects the invasive ability of cra-
nial neural crest cells in vitro, we explanted cranial neural tubes
onto alternating stripes of DAN protein and fibronectin as well
as onto fibronectin only (Fig. 2). Measurements showed that
significantly more neural crest cells were found on fibronec-
tin-only stripes rather than on DAN protein and fibronectin
stripes (Fig. 2, A—C). Time-lapse imaging revealed that neural
crest cells migrated out from neural tube explants, encoun-
tered the DAN protein stripes, and either rapidly moved across
a DAN stripe or retracted protrusions and moved within a fi-
bronectin-only stripe (Fig. 2 A and Video 6). Measurements
of cells closer to the neural tube (within 50 um of the neural
tube explant) showed an equal distribution of neural crest cells
on/off a DAN stripe (Fig. S4, A and B). This phenomenon ap-
peared to be cell density related; cells that exited the neural

tube explanted adjacent to a DAN stripe, requiring space to be
made available by other neighboring exiting cells moving off
the DAN stripe (Fig. 2 B). When we increased the concentration
of DAN protein in the stripes (8—20 pg/ml), we continued to ob-
serve cells moving off the DAN stripes wherever space allowed
(Fig. 2 B). These data suggest that DAN is inhibitory rather than
repulsive to migrating neural crest cells.

To assess whether DAN can inhibit human neural crest—
derived cancer cell types, we introduced C8161 metastatic
melanoma cells to DAN protein stripes in vitro (Fig. 2, D-F).
Measurements showed that the majority of C8161 melanoma
cells were found between DAN stripes (Fig. 2 F). When C8161
melanoma cells were observed by time-lapse confocal micros-
copy, cells actively avoided DAN stripes (Video 7). In a typi-
cal time-lapse imaging session, a C8161 melanoma cell moved
and extended protrusions within the width of a fibronectin-only
stripe (Fig. 2 D). Because DAN is a known BMP antagonist
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Figure 2. Neural crest and melanoma cells

707 p=0.0015 avoid DAN in vitro. (A) Images of a time lapse

60 I I showing how a single cranial neural crest (NC)

n i cell contacts DAN (red) and then changes the

A .09)_ 50 = direction of migration. Bar, 15 pm. (B) Image
- = T from a time lapse of migrating cranial neural
= - 40 crest cells grown on alternating stripes con-
o ° : taining DAN after 12 h of imaging. Bar, 50
o 2 304 pm. (C) Box plot of the percentage of neural
P 8 J_ crest cells on stripes either containing no fac-
S 20 tor (red, n = 10 cultures), DAN (black, n =

10 9 cultures), or DAN and BMP4 (blue, n = 3

| cultures). (D) Images of a time lapse of a sin-

0 : : . gle melanoma cell (green) contacting and then

CTRL DAN DAN+BMP  Migrating along the edge of the DAN (red).

Bar, 30 pm. (E) Image from a time lapse of mi-

F grating melanoma cells grown on alternating

stripes containing DAN after 12 h of imaging.

801 p=0.0002 Bar, 50 pm. (F) Box plot of the percentage of

N
2

% cells on stripes
N
2

2

OJ

factor (red, n = 12 cultures), DAN (black, n =
18 cultures), or DAN and BMP4 (blue, n = 20
cultures). Two-sided Student's # test.

'|' melanoma cells on stripes either containing no

: l

1

CTRL

Melanoma

(Hung et al., 2012; Katsu et al., 2012; Nolan et al., 2015), we
asked whether the inhibitory response of neural crest and/or
C8161 melanoma cells to DAN could be abrogated by the addi-
tion of an exogenous BMP source. When we added BMP4 to the
DAN stripe assay, both the neural crest and C8161 melanoma
cells did not show a preference to avoiding DAN stripes (Fig. 2,
C and F). Thus, based on the DAN mRNA expression data and
time-lapse analysis of cell behaviors on DAN/fibronectin stripe
assays, we decided to examine the in vivo function of DAN.

Addition of exogenous DAN in the in vivo
microenvironment reduced neural crest

cell migration

To test the function of DAN in cranial neural crest cell migra-
tion, we microinjected soluble human DAN protein into one
side of the paraxial mesoderm adjacent to the hindbrain before
neural crest cell emigration (Fig. 3 A). After reincubation, we
observed a substantial decrease in the number of migrating neu-
ral crest cells on the injected versus noninjected control side in
the same embryo (Fig. 3 B). Specifically, when we measured
the fluorescence intensity of HNK-1-labeled neural crest cells
within a subregion of the second branchial arch, the percentage
of area covered by HNK-1—positive cells showed a significant
decrease after addition of exogenous DAN when compared
with control sides in the same embryo (Fig. 3, A’ and C). A
similar significant decrease in the percentage of area covered
was seen 12 h after addition of exogenous DAN but not 24 h
after, suggesting degradation of the exogenous DAN protein
(Fig. S2, A—C). Examination of transverse sections showed that
migrating neural crest cells formed thinner streams and avoided
regions containing exogenous DAN protein (Fig. 3 D; compare
with Fig. 3 E). We observed significantly fewer neural crest
cells that were able to escape through or around the DAN injec-
tion site to reach the distal portion of the second branchial arch
(Fig. S2 D), but the total distance migrated was not significantly
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different from controls (Fig. 3, C’ and D). Furthermore, we
observed a reduction in the numbers of migrating neural crest
cells when we injected human DAN full-length (FL) lentiviral
particles into one side of the paraxial mesoderm adjacent to the
hindbrain compared with the control side in the same embryo,
consistent with addition of exogenous DAN protein (Fig. S2
E). Collectively, this suggests that enhanced DAN inhibition in
vivo reduces the number of invading neural crest cells, but those
cells that escape may reach branchial arch targets.

Knockdown of DAN function in vivo
enhanced neural crest cell migration

To determine whether knockdown of DAN signaling has an in
vivo effect on the cranial neural crest cell migratory pattern,
we injected DAN shRNA lentiviral particles into one side of
the paraxial mesoderm adjacent to the hindbrain before neural
crest cell emigration (HH St 9; at the r4 axial level; Figs. 4 A
and S5). After 24 h of egg reincubation, the resulting neural
crest migration pattern was compared with the control side in
the same embryo (Fig. 4, A and B) as well as those from ex-
periments repeated using scrambled shRNA and empty control
lentiviral particles (Fig. S3, A and B; and Fig. S5). Knockdown
of DAN expression in the paraxial mesoderm after injection of
DAN shRNA lentiviral particles was confirmed by FISH com-
pared in embryos injected with the scrambled shRNA (control)
or DAN shRNA lentiviral particles (Fig. S3, E-G).

We found significantly more migrating neural crest cells
on the DAN shRNA-injected side compared with the control
side in the same embryo as measured by the percentage of area
covered (Fig. 4, A—C). We also found a significant increase in
the percent distance migrated of neural crest cells in the DAN
shRNA-injected embryos, suggesting that cells traveled faster
to reach the second branchial arch (Fig. 4 D). Control empty
or scrambled shRNA lentiviral particles injected into the me-
soderm did not alter the neural crest cell area covered or total
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distance migrated (Fig. S3, C and D). We did not observe aber-
rant neural crest cell invasion into typical neural crest cell-free
zones adjacent to 13 and r5 (Fig. 4 A), suggesting that endoge-
nous inhibitory cues in those regions were unaffected. A simi-
lar phenotype was observed when DAN was knocked down in
the paraxial mesoderm via morpholino (MO) transfection (Fig.
S3, H-K). In summary, loss of DAN signaling in the paraxial
mesoderm led to increased cell invasion along the neural crest
migratory pathway but not uncontrolled invasion into typical
neural crest cell-free zones.

DAN is known to be a moderate BMP antagonist (Nolan et
al., 2015). To investigate whether the influence of DAN on

p=0.034
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p=0.022 Figure 3. Neural crest cell migration is de-

creased when DAN is overexpressed in the
paraxial mesoderm. (A) Schematic represen-
tation of DAN protein/Dil injections in to the
paraxial mesoderm. (A’) Schematic represen-
J tation of the measurements made for analysis
of DAN-related phenotypes. (B) HH St 15

embryo after injection of DAN protein into
the paraxial mesoderm showing the injected
side (top) and uninjected control side (bottom).
Less neural crest (NC) cells migrate toward the
branchial arch when DAN is overexpressed
(asterisks). (C) Area of the branchial arch re-
gion containing neural crest cells 16 h after
injection. n = 22 embryos. (C’) Distance of the
branchial arch that neural crest cells reached

rs

O

16 h after injection. n = 22 embryos. Two-
sided Student’s t test. (D) Transverse section
through an embryo in which DAN and Dil
(magenta) have been injected into the paraxial
mesoderm. (D’) Same section as in D, neural
crest cells only. (E) Transverse section through
an embryo in which Ringers and Dil (magenta)
have been injected into the paraxial meso-
derm. (E') Same section as in E, neural crest
cells only. Bars: (B) 100 pm; (D and E) 50 pm.
NT, neural tube; OV, ofic vesicle.

Control

Ringers

neural crest cell migration was consistent with BMP modu-
lation, we performed two BMP-specific experiments. First,
because DAN is a known antagonist of BMP2 and BMP4
(Hung et al., 2012; Katsu et al., 2012), we knocked down
the production of BMP2 in premigratory cranial neural crest
cells via MO transfection (Fig. 5 A). BMP4 has been shown
to be a key regulator of neural crest delamination in con-
junction with noggin (Sela-Donenfeld and Kalcheim, 1999,
2000), so we did not perturb BMP4. Recently, we have dis-
covered that BMP2 is expressed by lead neural crest cells
at significantly higher levels than trailing cells during mi-
gration (unpublished data). BMP2 has also been implicated
in mouse neural crest cell migration (Zhang and Bradley,
1996; Kanzler et al., 2000; Tribulo et al., 2003; Anderson
et al., 2006; Correia et al., 2007). Thus, we postulated that
knockdown of BMP2 signaling in migrating cranial neural

Figure 4. Neural crest migration is increased

p=0.0001 when DAN is knocked down in the paraxial
100{ I l mesoderm. (A) HH St 15 embryo after injec-
3 tion of shRNA DAN lentiviral particles into the
e paraxial mesoderm. (B) Control side of em-
S anl Y bryo shown in A. Bar, 50 pm. (C) Area of the
€ o /% branchial arch region containing neural crest
o A // cells. (D) Distance of the branchial arch that
2 -~ neural crest cells reached. n = 20 embryos
© 80+ injected with shRNA DAN lentiviral particles.
% Two-sided Student's t test. OV, ofic vesicle.
X
70-—V—|—
shRNA Control
DAN side
virus
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Figure 5. DAN perturbations are consistent
with BMP signaling. (A) HH St 15 embryo in
which neural crest cells are transfected with
BMP2 MO. (B) HH St 15 embryo in which
neural crest cells are transfected with control
MOs. (C) Area of the branchial arch region
containing neural crest cells. n = 21 BMP2
MO embryos; n = 8 control MO embryos.
(D) Distance migrated by neural crest into ba2.
n =21 BMP2 MO embryos; n = 8 control MO
embryos. (E) HH St 15 embryo labeled with
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HNK-1 (green) and pSMAD (red). (F) Same
embryo as in E but with pSMAD only. Dotted
lines represent neural crest cells within (as-
terisks) and through (o) the DAN-rich region.
Bars, 50 pm. (G) Intensity of pSMAD antibody
stain within and through DAN. n = 8 embryos.
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crest cells would result in a phenotype similar to the addition
of exogenous DAN. That is, we anticipated fewer migrating
neural crest cells in BMP2 MO embryos.

We found that BMP2 MO transfection resulted in re-
duced neural crest migration when compared with control
MO transfection (Fig. 5, A and B). Measurements showed
that BMP2 MO-transfected neural crest cells did not mi-
grate as far as in control embryos and that there were fewer
migrating neural crest cells as measured by the percent-
age of the area covered by a typical neural crest migratory
stream (Fig. 5, C and D).

Because BMPs bind to BMP receptors that consequently
lead to downstream activation of SMADs (Reddi, 2001), we
next investigated the activation of BMPs by visualizing phos-
phorylated SMAD signaling. We anticipated that migrating
cranial neural crest cells that have passed through the DAN-
rich paraxial mesoderm show increased BMP signaling as
indicated by an increase in phosphorylated SMAD activity.
We found that analysis of the intensity of phosphorylated
SMAD:s is significantly increased in migrating neural crest
cells after cells exit the DAN expression region at distances
>200 pm from the neural tube when compared with neural
crest cells within the DAN expression region (<75 um from
the dorsal neural tube exit; Fig. 5, E-G). Collectively, these
data suggest that our manipulations of DAN signaling and
the resulting effects on the neural crest cell migratory pattern
are consistent with DAN acting as a BMP antagonist to retard
neural crest cell migration.
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DAN reduced neural crest cell speed and
proliferation in vitro
To test the direct effects of DAN on neural crest cell speed
without the influence of the embryonic microenvironment, we
isolated cranial neural crest cells in vitro and exposed them to
0, 1, and 10 pg/ml of DAN protein (Fig. 6 A). This experimental
design was used as opposed to the stripe assays because in the
stripe assays, a cell can be outside a DAN-containing stripe and
yet still touch and respond to DAN. Therefore, analyzing speed
on and off DAN-containing stripes was not informative (Fig. S4
C). Cell trajectories were tracked from time-lapse confocal im-
aging sessions, and cell proliferation was examined using BrdU
(Fig. 6, A-D). We found that the speed of neural crest cells upon
exposure to DAN, at all concentrations tested, was significantly
reduced (Fig. 6 B). Neural crest cell directionality was slightly
increased upon exposure to DAN (Fig. 6 C), and cell prolifer-
ation was significantly reduced upon exposure to high concen-
trations of DAN (Fig. 6 D). DAN protein bound to the culture
dish, as opposed to soluble DAN, showed no significant effects
upon neural crest cell speed and direction (Fig. S4, D and E).
Collectively, these results support our in vivo results that soluble
DAN protein reduces neural crest cell speed and proliferation.
When C8161 melanoma cells were exposed to soluble
DAN protein, cell trajectories showed an increase in cell speed
and a decrease in directionality (Fig. S4, F and G). C8161
melanoma cell proliferation was increased in the presence
of DAN in culture as assessed by BrdU labeling (Fig. S4 H).
These results suggest that even though both melanoma and
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Figure 6. In vitro and in silico experimental data reveal that DAN reduces neural crest cell speed. (A) Schematic representation of experiment. (B) Speed
of neural crest cells grown in vitro, exposed to O (n = 46 cells), T pg/ml (n = 30 cells), and 10 pg/ml (n = 70 cells) of DAN protein. *, P < 0.013;
** P < 0.043. (C) Directionality of the same cells tracked in B. *, P < 0.0079; **, P < 0.0012. (D) BrdU incorporation as an indicator of cell proliferation
when exposed to O (n = 7 neural tube cultures, 961 cells), 1 pg/ml (n = 8 neural tube cultures, 847 cells), and 10 pg/ml (n = 9 neural tube cultures, 980
cells). *, P =0.016. Two-sided Student's ttest. (E) No reduction in speed: the model simulated is as in Mclennan et al. (2015b) on a widened domain with
cell speed 40 pm/h. Neural crest cells are shown in green, cells in a leader state are in yellow, detached trailing cells in green, and the background blue
color shows VEGF chemoattractant concentration. (F) Moderate reduction in speed: inside the area representing DAN expression (red dashed rectangle),
cell speed is reduced in proportion to DAN concentration (see the Computer modeling supports the hypothesis... section of Results). The minimum cell speed
is 30 pm/h. (G) Modeling increased DAN: the simulation is set up as in B, but the cell speed is now reduced down to 10 pm/h (at peak concentration of
DAN). (H) Migration profiles: mean cell number versus distance migrated for 10 repeated simulations as in E-G. Error bars show SEM.

neural crest cells avoid DAN in vitro, they respond to DAN
by different mechanisms.

(McLennan et al., 2015a) to explore two novel hypotheses. In
vivo, there is no physical boundary between the neural crest
migratory pathway and neural crest cell-free zones that arise
adjacent to r3 and r5. We previously confined neural crest cells
to enter a 2D growing migratory domain corresponding with
the width of a single rhombomere segment, r4, and respond

To test the mechanistic features of our hypothesis difficult to
probe in vivo, we extended the computational modeling frame-
work of our cell-induced (or self-generated) gradient model

to a dynamic VEGF chemoattractant on this growing domain
(McLennan et al., 2012, 2015a). We included no flux bound-
ary conditions along the anterior and posterior sides of the
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2D migratory domain in order to restrict cell movements to a
self-imposed corridor. In a typical simulation, parameters were
set so that cells responded to the VEGF chemoattractant with a
constant sensing accuracy and had constant speed.

In this study, when we performed simulations on an ex-
tended 2D migratory domain that expanded the no-flux bound-
aries beyond the neighboring neural crest cell-free zones, we
found that the model reproduced typical neural crest cell stream
formation and migration patterns (Fig. 6 E). However, we noted
two differences. First, cells within the stream in silico reached a
total distance migrated that was significantly increased relative
to the typical in vivo stream (Fig. 6 E and Video 8). In addition,
the in silico migratory stream often separated, with the major-
ity of the trailing cells remaining near the neural tube because
of their loss of direction information from leaders (Fig. 6 E).
These simulation results show that our model remains robust
both without (McLennan et al., 2015a) and with (Fig. 6 E) an
extended neural crest entry domain. Furthermore, it revealed
that if small numbers of lead cells escape from the migratory
front, collective cell migration is interrupted.

Given our simulation results and our in vitro DAN data,
we hypothesized that DAN functions to slow lead neural crest
cells to enhance the overall collective migration of the stream.
To test this hypothesis, we included the presence of DAN into
the model 2D microenvironment by modeling DAN production
within a rectangle adjacent to the entry location of the cells.
The size and changes in production rate of DAN over time were
based on measurements of DAN expression from the embryo
(Fig. S1 D). Importantly, we integrated DAN inhibition into the
model by decreasing cell speed according to the level of DAN
expression. If we assumed that the cell speed dropped to 30
um/h in the DAN domain (Fig. 6 B), cells were more evenly dis-
tributed in the stream, and leaders were increasingly restricted
to the migratory front (Fig. 6, F and H; and Video 8). Cells that
did migrate completely through the DAN region were able to
travel further distally within the migratory domain compared
with normal embryos (Fig. 6, E and F). When we overexpressed
DAN in silico by reducing the cell speed to 10 um/h, simula-
tions predicted that very few cells migrated through and out of
the DAN region (Fig. 6, G and H; and Video 8). Thus, model
simulations that tested the function of DAN to modulate cell
speed through a domain near the entrance to the migratory route
predicted that collective neural crest cell migration can be facil-
itated by a spatial pattern of DAN expression through regulation
of cell speed within range of the dorsal neural tube.

Knockdown of DAN increased neural

crest cell speed, directionality, and
proliferation in vivo

Based on the results of our in vitro analysis and computer sim-
ulations, we next wanted to determine whether DAN influences
migratory and proliferative properties in vivo. Therefore, we
reduced endogenous DAN in the cranial mesoderm via DAN
MO transfection and performed time-lapse confocal imaging
(Fig. 7). When endogenous DAN was knocked down in vivo,
neural crest cells invaded more efficiently than unperturbed neu-
ral crest cells (Fig. 7, A and B; and Video 9). Specifically, after
DAN knockdown, neural crest cells migrated with a speed of
35.4 um/h, which was significantly faster than the neural crest
cell speed of 22.3 um/h after electroporation of control MOs
into the same area (Fig. 7 C). The control MO neural crest speed
determined in this study is consistent with previous cranial

JCB » VOLUME 216 « NUMBER 10 « 2017

neural crest cell tracking experiments (Ridenour et al., 2014).
Knockdown of endogenous DAN expression also significantly
increased the directionality of neural crest cells (Fig. 7 D). Fi-
nally, after DAN knockdown, there was significantly higher
proliferation in the cranial neural crest cell stream when com-
pared with the control sides of the same embryos (Fig. S3 L).
These in vivo data are consistent with our in vitro data as well as
our static observations and further support our hypothesis that
DAN influences cell invasion and proliferation.

Exposure to exogenous DAN protein alters
the molecular profile of in vitro migrating
neural crest cells

To test the direct effects of DAN on gene expression of migrat-
ing neural crest cells, isolated cranial neural crest cells were
again exposed to 0, 1, and 10 pg/ml of DAN in vitro, collected,
and profiled by RNAseq (Fig. 8 A). Results upon exposure to the
two different concentrations of DAN were very similar to each
other (Fig. 8 A), with an overlap of 592 up-regulated (80 are
receptors and kinases) and 886 down-regulated genes (Fig. 8,
B and C; and Table S1). Pathway analysis showed that DAN
exposure decreased the expression of many guidance receptors
in signaling pathways such as VEGF, Eph/ephrins, PDGF, and
EGF (Fig. 8 D). Furthermore, upon exposure to DAN, there was
increased expression of actin cytoskeleton and GTPase signal-
ing (Fig. 8 D). Specific examples of receptors, guidance fac-
tors, and transcription factors whose expression changed after
the addition of DAN included Eph, FGFs, BMP, and VEGF re-
ceptors as well as SOX and TFAP transcription factors that are
involved in neural crest migration and specification (Table S1).
These results are consistent with DAN influencing a cell’s abil-
ity to respond to chemotaxis and neighboring cells.

Discussion

Our discovery of high DAN expression in the paraxial meso-
derm adjacent to r3 (neural crest cell-free zone) by differen-
tial screening suggested its potential as an inhibitor of neural
crest cell migration. By optimizing a novel multiplexed FISH
method in chicks (Choi et al., 2014; McLennan et al., 2015a),
we overcame previous hurdles to accurately detect and resolve
mRNA expression borders with respect to neural crest mi-
gratory streams in whole embryos. This resulted in the char-
acterization of a richer pattern of DAN expression in both the
head and trunk. By blending modeling and experiments with
in vitro stripe assays and in vivo gain and loss of function, we
learned that the role of DAN is more complex and includes four
aspects of DAN function.

First, we discovered the DAN expression pattern is dy-
namic in space and time, initially detected within the paraxial
mesoderm adjacent to the hindbrain at a stage before neural
crest cell emigration, and expanded laterally commensurate
with tissue growth (Figs. 1 and 9). As neural crest cells mi-
grate through the DAN-rich region, a DAN-negative corridor
forms (Fig. 1). Whether migrating neural crest cells displace
the loosely connected DAN-positive paraxial mesodermal
cells or alter DAN expression within these cells is unclear.
Although we do not show DAN protein expression, BMP
antagonists are thought to rapidly associate with the extra-
cellular matrix and therefore only influence nearby cells (Mi-
yazaki et al., 2008). At the neural crest cell invasive front, it
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Figure 7. In vivo neural crest cell speed, di-
rectionality, and proliferation are increased
when DAN is knocked down in the paraxial
mesoderm. (A) Selected images from a time
lapse showing neural crest cells (red) migrat-
ing into the paraxial mesoderm transfected
with DAN MOs (green). (B) Selected images
from a time lapse showing neural crest cells
migrating info paraxial mesoderm transfected
with control MOs (green). Asterisks indicate the
front of the neural crest migratory stream. Bars,
50 pm. (C) Speed of neural crest cells migrat-
ing into paraxial mesoderm transfected with
DAN MOs (n = 13) and control MOs (n = 9).
(D) Directionality of the same cells tracked in
C. Two-sided Student’s t test. OV, ofic vesicle.
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is possible to detect small fingers of DAN-negative subregions
that correlate with neural crest cells moving into those sub-
regions (Figs. 1 and S1 B). Further analysis with time-lapse
imaging of embryos in which the neural crest and paraxial
mesoderm are fluorescently labeled or static imaging of a flu-
orescently marked paraxial mesoderm could reveal whether
there is a physical displacement of mesodermal cells by the
invasive neural crest.

In the trunk, DAN is expressed throughout the presomitic
mesoderm (Fig. S1 C). DAN becomes restricted to the dorso-
medial sclerotome within the rostral and caudal somite halves
(Fig. S1 C). Thus, by the time trunk neural crest cells emigrate
through the rostral somite half, DAN is expressed in a region
adjacent to the neural tube in a pattern similar to that reported in

the head (Fig. 1). Further studies may elucidate whether DAN
plays a similar function in the trunk, because neural crest cells
migrate in loosely connected streams (Kasemeier-Kulesa et al.,
2005). Expression of other BMP antagonists (e.g., Noggin),
including DAN family members (e.g., Gremlin and Cerberus),
has not been observed in the cranial paraxial mesoderm. Rather,
Noggin and Gremlin are expressed in migrating cranial neural
crest cells and have been implicated in the neural crest cell dif-
ferentiation program to form vertebrate head muscle (Tzahor
et al., 2003; Bothe et al., 2011). Chordin is expressed in the
notochord (Streit et al., 1998), whereas Cerebus is unilaterally
expressed on the left side of the early chick embryo (Zhu et
al., 1999) and is suggested to play a role in laterality decisions.
Thus, the DAN expression pattern in the trunk mimics that in the
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Figure 8. DAN influences gene expression of neural crest cells. (A) Correlation matrix of the biological replicates exposed to different concentrations of
DAN. (B) Venn diagram of genes up-regulated upon exposure to DAN. (C) Venn diagram of genes down-regulated upon exposure to DAN. (D) Integrated
pathway analysis displaying up- and down-regulation of genes associated with developmentally relevant pathways. (E) Graph of representative guidance
cues and franscription factors that are up- or down-regulated upon exposure to DAN.

head, and future studies of DAN and other DAN family mem-
bers may provide insights into their potential interaction.

In the mouse, DAN is expressed by the branchial arches,
as opposed to adjacent to the neural tube; however, the trunk
expression pattern is similar between the two species (Stanley
et al., 1998; Pearce et al., 1999; Kim and Pleasure, 2003). DAN
knockout mice are viable and have no obvious defects, but any
possible defects specific to neural crest migration are yet to be
investigated (Dionne et al., 2001). In mice, BMP2 is required
for cranial neural crest cell migration, not their delamination
(Correia et al., 2007), and therefore it may be that a different
combination of BMP antagonists work with BMP2 to control
collective neural crest cell migration in mice than in chicks.

Second, we observed a reduction in neural crest cell dis-
tance migrated in vivo in DAN gain-of-function embryos and
reduced individual cell speed in vitro in the presence of DAN
protein (Figs. 3, 6, and 9). We also observed enhanced and
faster neural crest cell migration in DAN loss-of-function em-
bryos by both MO and shRNA knockdown in the paraxial me-
soderm and static and time-lapse imaging (Figs. 4 and 7). Our
computer model simulations that interpreted DAN-rich regions
to reduce individual cell speeds supported this proposed func-
tional role for DAN (Fig. 6). Interestingly, knockdown of DAN
in vivo not only increased cell speed but also directionality.
After taking into account the molecular profiles of neural crest
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cells grown in vitro in the presence of DAN, we speculate that
after knockdown of DAN in vivo, neural crest cells up-regulate
important guidance receptors while reducing tight junctions,
which would result in cells that are faster and able to migrate in
a more directed manner.

Our results are consistent with the function of DAN as a
BMP inhibitor during neural crest migration. It is tempting to
speculate that DAN is involved in the BMP-regulated delami-
nation of the neural crest, and it indeed may play a minor role
in delamination. However, upon addition of exogenous DAN,
we did not see larger dorsal neural tubes, indicative of a delam-
ination defect. With other stronger BMP antagonists expressed
by delaminating neural crest (Sela-Donenfeld and Kalcheim,
1999, 2000; Tzahor et al., 2003; Bothe et al., 2011) and our
data demonstrating that DAN influences speed, directionality,
and proliferation, it is clear that the major role of DAN is during
the collective migration of the neural crest. We showed that
BMP2-MO-transfected neural crest cells do not migrate as far
as WT cells (Fig. 5), a phenotype similarly observed when we
overexpressed DAN in vivo in the paraxial mesoderm (Fig. 3).
Exogenous DAN protein or DAN FL lentiviral particles micro-
injected into the paraxial mesoderm resulted in fewer migrat-
ing neural crest cells and a significant reduction in the number
of cells reaching branchial arch 2 (ba2; Fig. 4). A similar re-
duction was observed when Noggin was added to mouse gut
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cultures and blocked BMP2/4-expressing enteric neural crest
cells (Goldstein et al., 2005). Goldstein et al. (2005) speculated
that GDNF-stimulated enteric neural crest cell chemoattraction
was reduced in Noggin-treated gut cultures. Interestingly, we
found a significant reduction in the expression of VEGF and
axonal guidance signaling after in vitro exposure of neural crest
cells to DAN protein (Fig. 8). Because we also observed a sig-
nificant increase in neural crest cell directionality in vivo after
the knockdown of DAN, it is attractive to suggest that DAN
functions to reduce VEGF- or other guidance factor—stimulated
chemotaxis. Future studies that coculture neural tube explants
with VEGF-soaked beads or isolated ba2 tissue in the presence
and absence of DAN protein should address this hypothesis.
Third, exogenous DAN protein in culture reduced neu-
ral crest cell proliferation, whereas endogenous knockdown of
DAN in vivo increased neural crest cell proliferation, suggest-
ing an in vivo role to maintain mitotic quiescence in migrating
neural crest cells until cells reached peripheral targets. The com-
puter modeling was done independently of the wet laboratory
experiments, with only the DAN expression pattern and initial
static data from the addition of exogenous DAN experiments to
work from. Therefore, proliferation was not a component to the
resulting simulations. To further support our wet laboratory ob-
servations of DAN’s role in proliferation, we previously showed
that migrating chick cranial neural crest cells are mitotically
quiescent until reaching the branchial arches (Ridenour et al.,
2014). Additionally, DAN has previously been shown to repress
cell growth (Ozaki and Sakiyama, 1994; Ozaki et al., 1995;
Hanaoka et al., 2000). Thus, DAN inhibition of BMP signaling

Figure 9. Schematic representations of expression and
perturbations of DAN. (A) Expression of DAN in the me-
soderm and migrating neural crest cells at HH St 11, 13,
and 15. Neural crest cells initially are migrating within the
DANErich corridor (HH St 11), but then lead neural crest
cells migrate through the DAN-rich corridor (HH St 13)
and go on to invade the branchial arch target tissue (HH
St 15). The width of the DAN-rich corridor increases over
time, which is consistent with domain growth. (B) When
DAN expression is knocked down, more neural crest
cells are present in the stream. (C) When DAN is overex-
pressed, less neural crest cells are present in the stream.

was in concert with neural crest cell speed, directionality, and
proliferation activity.

Fourth, we found that DAN is a candidate inhibitor of
human metastatic melanoma, suggesting that the establishment
of nonpermissive tissue boundaries that are critical for main-
taining discrete embryonic neural crest cell migratory streams
may be mined for factors such as DAN to control cancer cell
invasion. Our data revealed that aggressive human C8161 mel-
anoma cells avoid DAN protein stripes in stripe assays (Fig. 2),
and we have previously shown that these cells follow host em-
bryonic neural crest cell migratory pathways when introduced
into the chick dorsal neural tube (Kulesa et al., 2006; Bailey et
al., 2012; Bailey and Kulesa, 2014). Other known neural crest
cell inhibitors expressed in the hindbrain region and shown
to sculpt neural crest cells onto stereotypical migratory path-
ways, such as semaphorin3F, restrict the growth and metastasis
of colorectal cancer (Wu et al., 2011; Gao et al., 2015). Thus,
further mechanistic studies of DAN and the identification of
other factors expressed within embryonic neural crest cell-free
zones may represent a fertile area of research for targets to in-
hibit cancer cell invasion.

In conclusion, our results demonstrate that collective mi-
gration of cranial neural crest cells is driven by a combination
of factors that include inhibitory signals within the paraxial
mesoderm. Rather than uniquely defining nonpermissive tissue
boundaries to establish neural crest cell-free zones, our data
support a model wherein the BMP antagonist DAN has a dual
role to restrain lead neural crest cell invasion and proliferation
that, in turn, promote collective cell migration. That is, by slow-
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ing down neural crest cells at the start of migration, the popula-
tion is able to maintain better cohesion because the dispersal is
restrained. The influence of DAN on neural crest cell migration
was consistent with BMP signaling. Whether DAN restricts
trunk neural crest cells to a dorsolateral migratory pathway and
reduces trunk neural crest cell speed and proliferation remain
to be explored in silico in an extended 3D model and in ex-
periment. Furthermore, we are now poised to examine up- and
downstream signals that regulate DAN expression to help us
better understand craniofacial birth defects related to mistakes
in neural crest cell migration. Lastly, our discovery of DAN as a
candidate inhibitor of metastatic melanoma reveals a molecular
inroad to test in a broader range of human metastatic melanoma
cell lines/patient tissue samples and in more sophisticated mod-
els that are clinically relevant.

Materials and methods

Embryos and in ovo cell perturbations

Fertilized leghorn chickens (Centurion Poultry) were incubated at
38°C in a humidified incubator until the desired stages of development
(Hamburger and Hamilton, 1951). Plasmid DNA (H2B mCherry; 2.5
ug/ul) and fluorescein-tagged MOs (0.5 mM; standard control MO,
5’-CCTCTTACCTCAGTT-3'; gallus BMP2 MO, 5'-CGGGTGGCG
GCAACCATGATCAACC-3"; Gene Tools) were injected into the neu-
ral tube and electroporated at HH St 9 as previously described (Mc-
Lennan and Kulesa, 2007). In brief, plasmid DNA and/or MOs were
mixed with Fast Green FCF (F-7258; Sigma-Aldrich) for visualiza-
tion and then injected into the lumen of the neural tube at the axial
level of the rostral hindbrain using a pulled borosilicate glass needle
(BF100-50-10; Suter). Platinum electrodes were then placed 3—-5 mm
apart parallel to the embryo hindbrain, and five pulses of 20-25 V at
50-ms duration were applied through the electrodes using an Electro
Square ECM 830 (BTX). After the addition of sterile Ringer’s solution
to the embryo, the egg was resealed with adhesive tape and reincubated
until the desired stage.

For DAN protein injections into the paraxial mesoderm, em-
bryos at HH St 10 were injected with human recombinant DAN protein
(100-250 pg/ml; 955-DA-050; R&D Systems) only or DAN protein
mixed with CellTracker CM-Dil (C-7001; Thermo Fisher Scientific)
and Fast Green FCF (for visualization of injected protein) at multi-
ple sites adjacent to the cranial neural tube. For lentiviral injections,
live lentiviral particles (human FL DAN, LPP-G0810-LV214-200,
DAN shRNA-A, TL316630VA, DAN shRNA-B, TL316630VB, DAN
shRNA-C, TL316630VC, DAN shRNA-D, TL316630VD, scrambled,
TR30021V, mCherry, LPP-MCHR-LV105-100-C, eYFP, and LPP-
EYFP-LV105-100-C; Genecopoeia) at 1.8-2.1 x 107 U/ml were in-
jected into HH St 9 embryos at multiple sites adjacent to the cranial
neural tube. For MO electroporations into the paraxial mesoderm, em-
bryos at HH St 9 were injected with fluorescein-labeled MOs (gallus
DAN MO, 5'-AGACGGCGGGCACATCCCAT-3"; Gene Tools) mixed
with H2B mCherry (1:1) at multiple sites. The positive electrode was
then placed above the paraxial mesoderm and the negative electrode
below. Although some ectoderm was transfected by this approach, the
majority of cells transfected were mesoderm.

Identification of DAN

We performed a microarray screen to identify genes highly enriched in
the neural crest cell-free zone adjacent to r3. Tissue was isolated from
an area adjacent tor3 at HH St 11, 13, and 15 (in triplicate) for microar-
ray analysis. Microarray analysis was also performed on lead r4 neural
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crest cells at the same stages. The neural crest microarray analysis was
then subtracted from the area adjacent to the r3 microarray analysis,
yielding a list of genes highly enriched in the area adjacent to r3. One
of the candidate genes from this screen was identified as DAN.

Fluorescence multiplex in situ hybridization (hybridization chain
reaction) and immunohistochemistry

Transcripts were visualized in whole embryos and tissue sections by
fluorescent multiplex in situ hybridization as previously described
(Choi et al., 2014). In brief, chicken embryos were incubated to specific
developmental stages, rapidly collected in 0.1% diethyl pyrocarbon-
ate PBS, and fixed in fresh 4% paraformaldehyde at room tempera-
ture for 2 h. Embryos were then dehydrated and rehydrated with
methanol-based gradients before the hybridization chain reaction was
performed according to the manufacturer’s instructions (Molecular In-
struments). Embryos were then cleared using FRUIT gradients (Hou et
al., 2015). Initially, embryos were placed in 35% fructose, 8 M urea,
and 0.5% o-thioglycerol and then gradually transferred up to 100%
fructose, 8 M urea, and 0.5% a-thioglycerol, at which stage they were
completely cleared (Hou et al., 2015).

Immunostaining with HNK-1 (neural crest marker; TIB-200;
ATCC) in whole heads was performed. HNK-1 (1:20) diluted in 10%
goat serum, 4% bovine serum albumen, and 0.1% Triton X-100 in PBS
were incubated with whole heads overnight at 4°C. After repeated
washes, secondary antibody was applied and incubated at 4°C over-
night. The secondary antibodies used for HNK-1 were Alexa Fluor goat
anti-mouse IgM 488 (A-21042), Alexa Fluor goat anti-mouse IgM
546 (A-21045), or Alexa Fluor goat anti-mouse IgM 647 (A-21238;
Thermo Fisher Scientific). Immunostaining with phospho-SMAD1/5/9
rabbit monoclonal antibody (13820S; Cell Signaling Technology) was
used at 1:500 following the HNK-1 protocol. Cell death and prolifer-
ation were investigated using a cleaved caspase-3 rabbit monoclonal
antibody at 1:25 (9579S; Cell Signaling Technology) and a histone H3
sheep polyclonal antibody at 1:100 (NB100-747; Novus Biologicals).
BrdU rabbit polyclonal antibody (PA5-32256; Thermo Fisher Scien-
tific) was performed using standard protocol.

In vitro neural crest assays
For neural tube cultures, cranial neural tubes (r3-r5) were isolated as
previously described (McLennan et al., 2010). In brief, embryos at HH
St 8 were removed from eggs and washed in Ringer’s solution. Then,
using a tungsten needle and forceps, transverse cuts were made at the
axial levels of the r2/r3 and r5/r6 boundaries. The cranial sections were
also cut down the midline before being placed in 1 mg/ml dispase for
7 min on ice. The sections were then manually moved to fresh Ham’s
F-12 nutrient mix (11765047; Thermo Fisher Scientific) and agitated
to separate neural tubes from ectoderm and other tissues. After a few
washes in Ham’s F-12 nutrient mix, the isolated neural tubes were
ready for plating onto glass-bottomed dishes (PO6G-1.5-20-F; Mat-
Tek Corporation) coated with fibronectin (F1141; Sigma-Aldrich) and
poly-D-lysine (P7886; Sigma-Aldrich) or stripe assays. To coat glass-
bottomed dishes, Ringer’s solution with 20 ug/ml of fibronectin and 20
ug/ml of poly-D-lysine was added to each dish and allowed to sit for
at least 30 min at room temperature. The liquid was then removed, and
dishes were allowed to air dry for 30 min before use. When the neural
tubes were ready for plating, coated dishes were rinsed with Ringer’s
solution, and neural tubes were immediately plated with as little liquid
as possible. Neural tubes were allowed to adhere for 5-10 min at 37°C
(depending on amount of liquid transferred with them) before being
covered with Ham’s F-12 nutrient mix.

Stripe assays using cranial neural tubes (r3-r5) were performed
as previously described (Krull et al., 1997). In brief, for neural crest
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stripe assays, 40-um parallel assay matrices were used (2C; Karlsruhe
Institute of Technology). Matrices were cleaned and sterilized before
being placed in the middle of a glass-bottomed dish. PE 10 tubing
(63018-623; VWR) from the matrices was attached to 30.5 gauge nee-
dle (BD305106; VWR) with a 1-ml syringe (53498-486; VWR) con-
taining fibronectin, poly-D-lysine, an Alexa Fluor secondary antibody
(1:500, Thermo Fisher Scientific), and a protein of interest. For the ex-
perimental stripes, human recombinant DAN protein was used at 8 pg/
ml with or without recombinant human BMP4. Recombinant human
BMP4 (314-BP-010/CF; R&D Systems) was used at 2:1 molar ratio
with DAN, which was 4.8 pg/ml. The Alexa Fluor secondary antibody
allowed visualization of the stripes. Using the plunger insert of the 1-ml
syringe, each matrix was filled with solution three times, once every 20
min. The matrices were then carefully peeled off of the glass-bottomed
dish, which was then rinsed with Ringer’s before fresh Ringer’s with 20
pg/ml of fibronectin and 20 pg/ml of poly-p-lysine was added to each
dish and allowed to sit for at least 30 min at room temperature. When
ready for use, the solution was removed from each dish and rinsed with
Ringer’s, and then neural tubes were plated perpendicular to the stripes.
After the neural tubes had adhered to the dish for 5-10 min at 37°C,
media containing 5 ug/ml Hoechst (B2261; Sigma-Aldrich) was added
for 10 min. This was then replaced with Ham’s F-12 nutrient mix.

For BrdU analysis, DAN protein was added at 0, 1, or 10 pg/ml
to the media, and the cultures were incubated for 6 h. BrdU labeling
reagent (000103; Thermo Fisher Scientific) was added (1:100), and
cultures were reincubated for 2 h. The cultures were then fixed with 4%
paraformaldehyde for 30 min at room temperature, and BrdU immuno-
histochemistry was performed.

For time lapses, the dishes were moved immediately after neu-
ral tube plating (and Hoechst staining) to an LSM 800 microscope
(ZEISS) with an attached incubator box, set to 37°C, and allowed to
equilibrate for 1-2 h. Human recombinant DAN protein, 1 pg/ml or
10 pg/ml, was added to the media overlaying the plated neural tubes
1 h before beginning time lapses or into the fibronectin solution used
to coat the plates at 10 ug/ml. Single z stack time lapses were then im-
aged overnight using a Plan Apochromat 10x 0.45 NA M27 objective
with 2.5-5-min intervals.

In vitro melanoma assays

C8161 human metastatic melanoma cells were used (provided by
M. Hendrix, Children’s Memorial Research Center, Chicago, IL).
C8161 cells were maintained in a culture medium consisting of RPMI
+ 10% serum. For the stripe assays, 25,000 cells were added to 3 ml
culture medium plus pen/strep antibiotic (1:1,000 volume/volume
ratio). Stripe assays were prepared as described in the previous sec-
tion. However, because melanoma cells are larger than the neural crest
cells, 90-um parallel assays were used (2A; Karlsruhe Institute of Tech-
nology). For exposure to DAN in the media, c8161-EGFP cells were
plated on fibronectin-coated (0.025 pg/ml) glass-bottomed cell culture
plates (CLS-1812-024; VWR) at a concentration of 4 x 10° cells/ml.
After overnight incubation, 10 ug/ml human recombinant DAN protein
was added to the media.

For time lapses, plates containing melanoma cells with and
without DAN were immediately moved to the incubated microscope.
1-2 h later, single z stack time lapses were imaged overnight using a
Plan Apochromat 10x 0.45 NA M27 objective with 5-min intervals.
For BrdU analysis, cultures were exposed to DAN for 6 h, then BrdU
labeling reagent was added, and cultures were reincubated for 30 min.
Cultures were then fixed with 4% paraformaldehyde for 30 min, and
BrdU immunohistochemistry was performed. Initially, melanoma cells
were exposed to BrdU labeling reagent for 2 h (same amount of time

as the neural crest cells were exposed); however, this lead to BrdU la-
beling all melanoma cells. Therefore, the time was reduced to 30 min.

Imaging

All embryos were harvested at desired HH stages and fixed in 4% para-
formaldehyde for 2 h at room temperature or overnight at 4°C. After
three washes in PBS, excess membranes were removed. For any em-
bryos that were HH St 13 (19-somite stage) or older, the trunk por-
tion of the embryo was removed, and a sharpened tungsten needle
was used to cut the cranial embryo in half down the midline. By doing
this, control and experimental sides of the embryos could be imaged
easily. Embryos were then mounted onto glass slides as previously
described (Teddy and Kulesa, 2004) and imaged by confocal micros-
copy on an LSM 780 or 800 microscope using the provided software
(ZEISS). In brief, a ring of vacuum grease (05054-AB; SPI Supplies)
was placed on a clean glass slide. The embryo was then placed in the
ring with a small amount of PBS, and a coverslip was mounted onto
the grease, creating a sealed chamber. All images were taken using a
Plan Apochromat 10x 0.45 NA M27 or an LD C-Apochromat 40x 1.1
NA W Korr M27 objective.

For time-lapse confocal imaging of neural crest cells in vitro,
single z planes of each neural tube were taken every 2.5 or 5 min for
12—-18 h. Both control and experimental time lapses were imaged con-
currently. For in vivo time-lapse confocal imaging, embryos were trans-
fected with DAN or control MOs immediately followed by injections
of Dil in the lumen of the neural tube. 8 h later, embryos were removed
from the egg, mounted dorsal side down on Petri dishes containing a
mixture of agar and thin albumen (Chapman et al., 2001), and moved to
the microscope. After allowing the embryo to settle for 1-2 h, small z
stacks of the region of interest were taken using a Plan Apochromat 10x
0.45 NA M27 objective every 5 min (McKinney et al., 2013).

RNAseq

Neural tube cultures were prepared and plated as described in the In
vitro neural crest assays section. DAN was added to the media at 0, 1,
and 10 pg/ml. After overnight incubation, neural tubes and any ecto-
derm were removed from in vitro cultures using a tungsten needle and
pipette. Media was then removed from neural tube cultures, and the
adherent neural crest cells were gently rinsed once with 0.1% diethyl
pyrocarbonate PBS. Two or three biological replicates were harvested
for each of the three conditions (untreated, 1 pg/ml, and 10 pg/ml).
cDNA was synthesized using SMART-seq v4 Ultra Low Input RNA
kit (634888; Takara Bio Inc.) with subsequent library preparation by
Nextera XT DNA Sample Preparation kit (FC-131-1096; Illumina) and
Index kits (FC-131-1002; Illumina). cDNA samples and libraries were
both confirmed on a Bioanalyzer 2100 before RNAseq. Libraries were
sequenced as 75-bp high output paired reads on a NextSeq (Illumina).
Each sample generated in excess of 20 million fastq counts.

Bioinformatics

Fastq files were mapped to the chicken genome galGal4 from the Uni-
versity of California, Santa Cruz, using TopHat (2.0.13) with options
-x 1 -g 1. Ensembl 80 annotations were used to define gene coordi-
nates. Quality of the samples was assessed using FastQC (0.10.1). The
R (3.2.2) environment was used for the statistical analysis of the data.
RPKM values and differentially expressed genes were found using
edgeR (3.12.0). Correlations between samples were calculated using
Pearson correlations. Genes were considered differentially expressed
if they had a p-value <0.05 and a log, fold change >1 or <—1. Pathway
enrichment analysis was performed in the Ingenuity Pathway Analysis
software (version 33559992; QIAGEN) from the overlap of 1 ug/ml
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compared with untreated and 10 pg/ml compared with untreated differ-
ential expression gene lists.

Analysis

We calculated the percentage of area covered using the “Surfaces”
function of Imaris (Bitplane) to create a surface mask by manually
drawing the outline of the whole ba2. Next, we calculated the area of
the HNK-1 fluorescence signal using the masked ba2 surface. We set
a consistent intensity threshold to the same value for each dataset, a
surface grain size of 1 um was set, the diameter of the largest sphere
was set to 1 um, and then the automatic “Surfaces” function was ap-
plied. When the percentage of area was calculated using a signal other
than HNK-1, we manually measured the area of the ba2 and separately
manually measured the area surrounding the signal within the ba2, then
creating a “Surfaces.” We calculated the percentage of the total arch the
HNK-1 signal covered by comparing the two values. The percentage
of distance the cells migrated was calculated by measuring the total
distance of the ba2 and measuring what distance the cells actually mi-
grated. The intensity of pSMAD was calculated by generating a “Spot”
(>60 um in diameter) in Imaris, which was the same diameter as the
width of the r4 stream adjacent to the otic vesicle (50-75 um from the
neural tube). Another spot the same size was placed at least 200 pm
from the edge of the neural tube in the middle of the r4 stream. The
mean intensity of the channel with the pPSMAD signal was recorded
for each spot. For the neural tube cultures with different concentrations
of DAN protein, cells were manually tracked using “Spot” detection
in Imaris for >10 h. The spots were set to >9 um in size. The mean
speed and directionality of each track was calculated using Imaris. The
box plots in each figure were generated by using the values from each
dataset indicated. X indicates outliers, and the box plots and whiskers
indicate the quartiles and range, respectively, of each dataset. P-values
were calculated using a standard Student’s 7 test. Data distribution was
assumed to be normal, but this was not formally tested.

Computer model/simulations

Computational methods and model parameters were as previously de-
scribed (McLennan et al., 2015a,b). In brief, cell movement was im-
plemented as an off-lattice position-jump process, whereas the VEGF
concentration was described by a continuous variable in a reaction-dif-
fusion equation, and both of these are simulated on a growing rect-
angular domain. Compared with previously published versions of the
model, we made the following exceptions: the domain width was in-
creased to 360 um, and the width of the initial chemoattractant profile
and its background production was kept at 120 um. The DAN-zone
extends over the left third of the migratory domain and stretches as
the domain grows. Within the DAN-zone, cells move at reduced speed,
and the reduction in speed is proportional to the relative concentration
of DAN. To model the dynamic expression of DAN, its concentration
was modeled to linearly increase from O to 1 (relative units) in the first
12 h and then linearly decrease to half of the maximum concentration
over the next 6 h. Thus, if the speed in the DAN-zone at peak concen-
tration is 10 pm/h, it increases (as DAN concentration decreases) to
25 pm/h at ¢ = 18 h (half the reduction in speed). Further information
is provided in Text S1.

Accession numbers
RNAseq data is located in the NCBI Gene Expression Omnibus
under accession GSE101746.

Online supplemental material
Fig. S1 shows further analysis of DAN expression in the head and trunk.

Fig. S2 shows further functional testing of increasing DAN in vivo.
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Fig. S3 shows further functional testing of DAN knockdown in vivo.
Fig. S4 shows further neural crest and melanoma in vitro analysis.
Fig. S5 shows the phenotypes observed after DAN shRNA lentiviral
particle injections. Table S1 shows the RNAseq data of neural crest
cells exposed to DAN in vitro. Text S1 further describes the computa-
tional methods and model parameters used in the computer simulations.
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