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Abstract

Background: The evolutionarily conserved Sonic Hedgehog (Shh) signaling pathway is essential for embryogenesis
and orofacial development. SHH ligand secreted from the surface ectoderm activates pathway activity in the
underlying cranial neural crest cell (cNCC)-derived mesenchyme of the developing upper lip and palate. Disruption of
Shh signaling causes orofacial clefts, but the biological action of Shh signaling and the full set of Shh target genes that
mediate normal and abnormal orofacial morphogenesis have not been described.

Results: Using comparative transcriptional profiling, we have defined the Shh-regulated genes of the cNCC-derived
mesenchyme. Enrichment analysis demonstrated that in cultured cNCCs, Shh-regulated genes are involved in smooth
muscle and chondrocyte differentiation, as well as regulation of the Forkhead family of transcription factors, G1/S cell
cycle transition, and angiogenesis. Next, this gene set from Shh-activated cNCCs in vitro was compared to the set of
genes dysregulated in the facial primordia in vivo during the initial pathogenesis of Shh pathway inhibitor-induced
orofacial clefting. Functional gene annotation enrichment analysis of the 112 Shh-regulated genes with concordant
expression changes linked Shh signaling to interdependent and unique biological processes including mesenchyme
development, cell adhesion, cell proliferation, cell migration, angiogenesis, perivascular cell markers, and orofacial clefting.

Conclusions: We defined the Shh-regulated transcriptome of the cNCC-derived mesenchyme by comparing the
expression signatures of Shh-activated cNCCs in vitro to primordial midfacial tissues exposed to the Shh pathway inhibitor
in vivo. In addition to improving our understanding of cNCC biology by determining the identity and possible roles of
cNCC-specific Shh target genes, this study presents novel candidate genes whose examination in the context of human
orofacial clefting etiology is warranted.
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Background

Orofacial clefts (OFCs) are the most common human
craniofacial birth defects, occurring in 1-2 per 1000 live
births [1]. Although the causes of OFCs are unknown
for most cases and likely involve multifactorial gene-envir-
onment interactions [2—6], evidence from humans indi-
cates a strong genetic component. For example, the
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prevalence of OFCs differs between races and ethnicities
[1]. In addition, while the overall frequency of the
most prevalent form of OFCs in humans, cleft lip
with or without cleft palate, is approximately 0.1% in
the general population, concurrence rates in monozy-
gotic twins, dizygotic twins, and siblings are 35-50,
5%, and 3-5%, respectively [4, 7].

Orofacial development is highly conserved in mam-
mals, requiring the coordinated growth and fusion of the
embryonic facial primordia [8]. At gestational day
(GD)9.25 in the mouse, the frontonasal prominence
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(ENP) is evident at the anterior of the embryo and will
give rise to the paired medial nasal processes (MNPs)
and lateral nasal processes by GD10.25 (Fig. 1a). The
MNPs continue to grow distolaterally until apposition
and fusion with the maxillary processes at GD11.25, clos-
ing the upper lip, as visible at GD14 (Fig. 1a). Failure of
these growth and fusion processes results in OFCs [8].

The embryonic facial primordia that will form the
upper lip and midface, the FNP and MNPs, are com-
prised of densely packed, multipotent cranial neural
crest cell ((NCC)-derived mesenchyme overlaid by sur-
face ectoderm. During orofacial development, the sur-
face ectoderm provides important morphogenic stimuli
to the underlying cNCC-derived mesenchyme of the
ENP and MNPs, including Sonic hedgehog ligand (SHH)
[9]. Previous work by our group has shown that perturb-
ation of Shh signaling during early craniofacial develop-
ment disrupts proliferation of the c¢NCC-derived
mesenchyme of the MNPs, resulting in OFC phenotypes
that recapitulate outcomes commonly observed in children
with OFCs [10].

The Shh pathway is a conserved morphogenic signal
transduction cascade that is critical for the epithelial-
mesenchymal interactions that drive orofacial develop-
ment. SHH is secreted from the surface ectoderm and
binds cell surface receptors on the underlying cNCC-de-
rived mesenchymal cells, resulting in the de-repression of
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the transmembrane protein Smoothened and modulation
of Shh target gene expression via the three conserved Gli
transcription factors (Fig. 1b, c¢) [11]. The Shh/Smooth-
ened signaling pathway is necessary for orofacial develop-
ment, but the complete complement of pathway target
genes and their biological functions are not known.

Here, comparative transcriptomics was used to identify
Shh target genes in the cNCC-derived orofacial mesen-
chyme. The transcriptional response of immortalized
c¢NCCs stimulated with SHH ligand was compared to
the response of GD9.25 FNP tissue acutely exposed to
the Shh pathway inhibitor cyclopamine in vivo. Integra-
tion of these complementary systems allowed for the
identification of ¢cNCC-specific Shh target genes, which
are also dysregulated during the initial pathogenesis of
orofacial clefting.

Results

Definition of the Shh-regulated ¢cNCC transcriptome

To define the Shh-regulated transcriptome of the
c¢NCC-derived mesenchyme, we utilized an immortalized
c¢NCC line (09-1) that maintains the transcriptional
profile and multipotency of the post-migrational
c¢NCC-derived mesenchyme [12]. Shh ligand (SHH) or
vehicle-only was added to ¢cNCCs in vitro, and 48 h later
gene expression was assessed by microarray (Fig. 1d).
SHH stimulation of ¢cNCCs resulted in the differential
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Fig. 1 Schematic of Shh pathway activation in cNCCs in vivo and in vitro. a Pseudo-colored scanning electron micrographs of GD9.25, 10.25,
11.25, and 14.0 mouse embryos show the dynamic morphological changes of orofacial development. Embryos not in exact scale. b Schematic
of GD9.25 embryo being cut mid-sagittally to reveal the cross-section in (c). ¢ Schematic showing normal Shh pathway activity in vivo in GD9.25 FNP
tissue. SHH ligand secreted from the surface and neural ectoderm activates post-migratory cNCC-derived mesenchymal cells in facial primordia (green
shading), leading to regulation of Shh target genes, like GliT (positively regulated by Shh signaling) and GasT (negatively regulated by Shh
signaling). d Schematic of in vitro ctNCC Shh pathway activation by addition of SHH ligand, which alters expression of Shh-regulated genes in
the SHH-responding cNCCs
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expression of 2749 genes, with 1305 genes upregu-
lated and 1444 genes downregulated (Fig. 2a and
Additional file 1). The differential expression of the
bona fide Shh-target genes Glil (positively regulated)
and Gasl (negatively regulated) was verified by
RT-PCR (Fig. 2b). Hierarchical clustering analysis dem-
onstrated up- and downregulation of 2749 significant dif-
ferentially expressed genes (Fig. 2c). To better understand
the biological roles of the Shh-regulated genes of the
c¢NCC transcriptome, functional annotation enrichment
analysis was conducted on the 2749 significant differen-
tially expressed gene set (Fig. 3a and Additional file 2). As
expected, Shh pathway genes (Smoothened signaling path-
way) were significantly enriched within the differentially
expressed gene set (fold enrichment=2.029, p-value =
5.61 x 1073) (Fig. 3b). Significant enrichment was also ob-
served for several biological processes with known or pro-
posed roles in ¢ctNCC biology and orofacial development,
including smooth muscle differentiation (fold enrich-
ment: 3.113, p-value = 1.84 x 10~ ), chondrocyte differ-
entiation (fold enrichment = 3.828, p-value = 2.95 x 10™ %),
G1/S cell cycle transition (fold enrichment=2.949,
p-value = 2.42 x 10~ ), Forkhead domain (fold enrichment
=2.602, p-value=1.75x10"?), and angiogenesis (fold
enrichment = 2.24, p-value = 2.11 x 10™ *°) (Fig. 3c-g).

Comparative analysis of Shh-regulated genes in vitro and
in vivo

To complement the set of Shh-targets identified in cul-
tured cNCCs (Fig. 4a), we integrated a separate set of
1039 (599 upregulated and 440 downregulated) genes
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dysregulated in midfacial primordia following Shh path-
way inhibition (Fig. 4b and Additional file 3). In this
model, transient exposure to the Shh pathway inhibitor
cyclopamine from gestational day (GD)8.25-9.25 re-
sults in orofacial clefts that mimic human phenotypes
[10, 13, 14]. ENP tissue was microdissected at GD9.25,
and gene expression changes were determined by compar-
ing to vehicle-exposed control samples [13]. While transi-
ent pathway inhibition in this tissue comprised of multiple
cell types elicited less robust transcriptional differences,
this model captured gene expression changes during the
pathogenesis of clinically-relevant OFC outcomes. Com-
parison of these two data sets allowed for the identifica-
tion of Shh-regulated genes expressed in the c¢NCC
mesenchyme that are also dysregulated during the initial
pathogenesis of orofacial clefting. One hundred seventy-
eight common genes were significantly differentially
expressed in both arrays (Fig. 4c). These overlapping genes
were filtered based on direction of change, with the as-
sumption that a true Shh-regulated gene that is upregu-
lated with the addition of SHH ligand in vitro will be
downregulated in vivo with exposure to the Shh pathway
inhibitor cyclopamine (or vice versa). Concordant expres-
sion changes were observed for 112 genes of the 178 over-
lapping genes (Fig. 4d and Additional file 4). These
positively (n =43) and negatively (n =69) Shh-regulated
genes include 14 genes associated with OFCs in humans
[15]. The top 30 concordant up- or downregulated genes
are listed in Fig. 4e, Tables 1 and 2, and all genes with ei-
ther concordant or non-concordant expression changes
are listed in Additional file 4. Gene ranking is shown in
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Fig. 2 Identification of Shh-regulated genes in ¢cNCCs in vitro. a Volcano plot showing the linear fold change (SHH/Veh) (x-coordinate) and —logig
FDR p-value (y-coordinate) of each differentially expressed gene. Black dots represent significant differentially expressed genes (FDR p-value < 0.01),
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labeled and marked with X's. b RT-PCR validated the downregulation of Gasl and upregulation of Glil in SHH-activated cNCCs (t-test,
** p-value <0.015, ***** p-value <0.00001). ¢ Hierarchical clustering heat map of 2749 significant differentially expressed genes (FDR
p-value <0.01) between vehicle- and SHH-treated cNCCs shows the robust differential expression and high level of consistency within
treatments for the in vitro model. Heat map represents log; signal intensity for each gene in each condition, which are then clustered by biological
response. Yellow represents genes with higher expression while blue represents genes with lower expression. N =4 biological replicates (1-4)
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Fig. 3 Enrichment analysis of Shh-regulated genes in ctNCCs in vitro. a Functional enrichment analysis of 2749 genes that are significantly dysregulated in
cNCGs stimulated by SHH in vitro. Each selected functional category is significantly enriched within the differentially expressed gene set. b-g Hierarchically
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clustered by biological response. Yellow represents genes with higher expression while blue represents genes with lower expression. N = 4 biological
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Additional file 5 for positively-regulated genes and
Additional file 6 for negatively-regulated genes.

We next sought to validate the differential expression
of the top 10 genes positively and negatively regulated
by Shh signaling. RT-PCR confirmed significant differen-
tial expression and direction of change for each of these
genes in response to SHH ligand stimulation in vitro
(Fig. 5a, b). Similarly, each of the top 10 positively regu-
lated genes was significantly reduced by pathway inhib-
ition in vivo (Additional file 7). Next, to determine the
tissue localization for each of the top Shh-regulated
genes during normal orofacial development, mesen-
chyme and surface ectoderm of the tissues that form the
median upper lip, the paired medial nasal processes
(MNPs), of GD10 or GD11 embryos were enzymatically
separated and isolated [16] (Fig. 5c). Gene expression
was then analyzed for each tissue compartment by
RT-PCR and reported as the percent of total expression
in the mesenchyme and ectoderm (see methods).
Expression for the majority of the top 20 Shh-regulated
genes was enriched in the mesenchyme of the MNPs at
GD10 (12/20) and GD11 (15/20) (Fig. 5d, e).

Next, to describe the possible roles of Shh-regulated
genes in cNCCs, functional gene annotation enrich-
ment analysis was conducted on the 112 genes that
were Shh-regulated in vivo and in vitro (Fig. 6a and

Additional file 8). Serving as a proof of concept,
Smoothened signaling pathway (fold enrichment = 12.19,
p-value = 7.32 x 10~ *) and mesenchyme development (fold
enrichment = 5.709, p-value = 4.88 x 10™*) were each sig-
nificantly enriched in the Shh-regulated gene set. More
interestingly, significant enrichment of biological pro-
cesses critical for cNCC biology and orofacial develop-
ment was also observed, including cell adhesion (fold
enrichment = 2.329, p-value = 4.79 x 10™%), cell prolifera-
tion (fold enrichment =2.061, p-value = 1.60 x 10™3), cell
migration (fold enrichment = 2.489, p-value = 1.07 x 10~ 3,
angiogenesis (fold enrichment=3.163, p-value=1.28 x
10™?), and perivascular cell markers (fold enrichment =
3.355, p-value =7.65x 107 7) (genes in perivascular cell
category are listed in Additional file 8). Based on previous
findings that Shh-regulated genes in the cNCC-derived
mesenchyme promote the tissue outgrowth required for
proper upper lip morphogenesis [13], we predicted a sig-
nificant proportion of human OFC-associated genes
would be regulated by Shh signaling in the mesen-
chyme of the FNP and/or MNPs. Therefore, a cat-
egory was constructed based on a recently published
compilation of human OFC-associate genes [15], and
the overrepresentation of those genes was assessed in
the Shh-regulated gene set (genes in OFC category
are listed in Additional file 8 and [15]). Interestingly,
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Fig. 4 Comparative analysis reveals 112 concordant Shh-regulated genes. a Schematic of in vitro Shh pathway activation of cNCCs. b Schematic
of in vivo Shh pathway inhibition by cyclopamine. Red shading marks cNCCs that would normally respond to SHH ligand stimulation but are
blocked by cyclopamine. ¢ Comparison of the significant differentially expressed genes between the in vitro model of Shh pathway activation (2749
genes) and the in vivo model of Shh-pathway inhibition (1039 genes). 178 differentially expressed genes are common and overlap between the two
microarrays. d Scatter plot of 178 common genes. Y-axis shows fold change (SHH/Veh) for the in vitro model of Shh pathway activation, while the
X-axis shows fold change (Veh/Cyc) for the in vivo model of Shh pathway inhibition. For clarity of results, in vivo fold change is plotted as Veh/Cyc,
such that positively regulated Shh targets appear upregulated in the array and negatively regulated Shh targets appear downregulated. 43 genes
show concordant upregulation (positive regulation by Shh signaling, yellow), and 69 genes show concordant downregulation (negatively regulated by
Shh signaling, blue). The bona fide Shh targets Gli7 and Gas! are highlighted. Known orofacial cleft (OFCQ)-associated genes, including GasT, are marked
by magenta X's [15]. @ The top 30 concordant up- and downregulated genes are listed by rank sum, with OFC-associated genes in magenta. See
Table 1 and Table 2 for specific fold changes and FDR p-values and Additional files 5 and 6 for gene ranking. A full list of the 112 concordant
Shh-regulated genes and the 67 genes with non-concordant changes with their respective linear fold changes can be found in Additional file 4. In
vivo array utilized stage-matched FNP tissue from n =6 vehicle and n =6 cyclopamine-exposed pooled litters

OFC-associated genes were significantly enriched among
Shh-regulated genes, suggesting that many known OFC
genes are Shh-regulated in the ¢cNCC-derived mesen-
chyme (fold enrichment=2.077; p-value=2.82x 10~ 7
(Additional file 8). Lastly, a protein interaction network
was produced showing known and proposed interac-
tions between the 112 concordant genes and highlighting

the large number of Shh-regulated genes that are
already-described human OFC genes (Fig. 6b).

Discussion

The cranial neural crest is a multipotent cell population
that migrates from the dorsal margins of the neural folds
to populate the facial primordia and pharyngeal arches
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Table 1 Top positively Shh-regulated concordant genes
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Table 2 Top negatively Shh-regulated concordant genes

Rank Gene Symbol In vitro FC In vitro FDR In vivo FC Invivo FDR  Rank Gene Invitro FC In vitro FDR In vivo FC  In vivo FDR
(SHH/Veh)  p-value (Veh/Cyc) p-value Symbol (SHH/Veh)  p-value (Veh/Cyc) p-value

1 Glit 2562 0.000009 161 0.104969 1 Edn1 0262467192  0.000042 0.680272109 0.195648
2 Hhip 11491 0.000001 1.56 0.119514 2 Gprcsa 0408163265 0.000156 081300813  0.730671
3 Ptch2 8.68 0.000009 1.55 0.006306 3 Aoc3 0.259067358 0.00002 0847457627 0.725263
4 Ptchi 21 8.20E-07 147 0.007005 4 Stambpll 0409836066 0.000181 0.833333333 0.654448
5 Gm5127 749 0.000117 148 0.538991 5 Slc38a4 0408163265 0.004794 0833333333 0.737329
6 Foxd1 6.37 0.000056 144 0.380027 6 Stégalnac2 0.487804878 0.00094 081300813  0.714645
7 Foxf2 243 0.000041 1.83 0.175736 7 Gasl 0.261096606 0.000085 0.854700855 0.749637
8 Id4 213 0.000259 1.55 0.723333 8 Grem] 0423728814 0.000056 0.833333333 0.641684
9 Epha3 3.7 0.00002 1.31 0668124 9 Bncl 0502512563 0.000752 0.833333333 0.226873
10 Freml 418 0.000039 1.21 0442643 10 Adamts9 0462962963 0.000004 0.854700855 0.44879%
1 1700018A04Rik  5.58 0.000086 1.19 0698151 11 Lhip 0558659218 0.000247 0.840336134 0.723333
12 Adamtsi5 6.61 0.000038 117 0.704734 12 Mylk 0529100529 0.000042 0847457627 032826
13 Lama2 3.76 0.00002 1.19 0.571271 13 Cacnb?2 0414937759 0.000106 0.869565217 0618111
14 Lypd6 114 0.000125 1.12 0.737329 14 H2-Q9 0.564971751 0.00101 0.847457627 0.170192
15 Trp53il1 2.57 0.000119 122 0.516635 15 Prkg1 0595238095 0.00159 0.840336134 0.488058
16 St8sia2 6.19 0.000014 115 0488058 16 Cadm1 0411522634 0.000029 0.877192982 0.749129
17 Arhgap20 2 0.004416 1.24 0529114 17 Nmp2 0.666666667 0.000395 0.769230769 0685182
18 Gm13476 32 0.000017 118 0.641684 18 B4galnt1 0.694444444 0.000643 0.763358779 0.560523
19 Ninl 3.23 0.000133 1.11 0618111 19 Pamrl 0.531914894 0.004349 0.862068966 0.723333
20 Ckb 1.19 0.000728 15 0447282 20 Npnt 0344827586 0.000037 0.909090909 0448794
21 Fezl 1.66 0.00097 1.19 0.704734 21 Ak4 041322314 0.000639 0.909090909 0.158579
22 Gpr30 1.76 0.000049 1.15 0.704734 22 Pardé6b 0406504065 0.000074 0917431193 0.707119
23 Foxc2 128 0.004471 1.34 0442166 23 Aldoc 0751879699 0.001536 0819672131 0618111
24 H2-Ke6 1.69 0.001836 112 0.516635 24 Slcla4 0.584795322 0.002363 0892857143 0.730671
25 Ephb2 2.79 0.000911 1.08 0.73884 25 Nfkbiz 0636942675 0.000028 0.884955752 0.661155
26 Adam5 153 0.009818 113 0.704734 26 Mast4 0.558659218 0.000588 0.900900901 0618111
27 Efnbl 167 0.000085 1.11 0618111 27 Maml2 0454545455 0.000009 0917431193 0618111
28 Rfc3 1.51 0.000725 1.14 041917 28 Syde2 0.78125 0.007317 0.826446281 0.704734
29 Fgfr2 167 0.000309 1.1 0689333 29 Lpard 0689655172  0.000181 0.877192982 0317827
30 Nek7 1.17 0.003294 1.18 0618111 30 Lambi 0694444444  0.000362 0.877192982 0.155497

FC fold change

by GD9.0 in the mouse [17]. Following migration, these
cells receive developmental cues from the surrounding
neuroectoderm and surface ectoderm that guide their
proliferation and differentiation into the facial bones,
cartilage, and the neurons and glia of the peripheral ner-
vous system [18, 19]. While SHH is considered a major
regulator of epithelial-mesenchymal interactions in cra-
niofacial morphogenesis, the specific biological processes
and intermediary target genes that regulate these pro-
cesses are not fully understood.

We compared the transcriptional response of isolated
c¢NCCs exposed to SHH ligand to that of primordial
midfacial tissue exposed to a specific Shh pathway
inhibitor to reveal new insight into the role of Shh

FC fold change

signaling in ¢ctNCC biology and OFC pathogenesis. While
ensuring that the observed expression changes were spe-
cific to the cNCC-derived mesenchyme, the in vitro sys-
tem yielded robust expression changes, maximizing our
ability to identify Shh-regulated genes. The in vivo
model of transient pathway inhibition in FNP tissue
comprised of multiple cell types elicited more modest
transcriptional changes but provided a filter to enrich
for genes relevant to cleft pathogenesis [10]. Leveraging
and integrating the unique advantages of these
models enabled the identification of Shh-regulated
genes specifically in the ¢cNCC-derived mesenchyme
that are also dysregulated during the initial pathogen-
esis of clinically relevant OFC outcomes.
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Our findings suggest Shh signaling has pleiotropic ef-
fects on ¢ctNCC biology. Several biological processes that
¢NCCs normally undergo during embryogenesis, which
are required for proper orofacial development, appeared
to be regulated by Shh signaling in c¢cNCCs, including
cell migration, cell proliferation, and cell adhesion
[20, 21]. A surprising finding from this study was the
identification of angiogenesis as a Shh-regulated process
in ¢NCCs during OFC pathogenesis. While Shh signaling
has been linked to angiogenesis by several lines of investi-
gation, the underlying mechanism is controversial
[22-24]. For example, some reports argue that SHH
acts directly on endothelial cells, while others suggest
that endothelial cells are not capable of a canonical
response to SHH ligand [22, 25]. Importantly, lineage
tracing experiments have demonstrated that multipo-
tent cNCCs give rise to the perivascular cells/peri-
cytes of the head and face [26], but the molecular

drivers of their differentiation have not been identified.
We show that Shh regulates key angiogenic and perivas-
cular genes in isolated ctNCCs, and that Shh regulation of
angiogenic and perivascular genes is disrupted during the
initial pathogenesis of cleft lip. These results suggest that
Shh signaling may promote the differentiation of mul-
tipotent cNCCs to endothelium-supporting perivascu-
lar cells/pericytes during craniofacial morphogenesis,
and disruption of this molecular-cellular program may
contribute to OFC pathogenesis. Despite the require-
ment for new vasculature formation during tissue out-
growth, disruption of angiogenesis is a relatively
understudied mechanism in orofacial clefting. The
demonstration that Shh signaling regulates angiogenic
and perivascular genes in the ¢NCC-mesenchyme of
the developing upper lip provides new opportunities
to investigate the complex mechanisms underlying
orofacial clefting.
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Morphogenesis of the upper lip and secondary palate
share molecular drivers and cellular components, includ-
ing a densely packed cNCC-derived mesenchyme [8, 27].
However, the etiology and pathogenesis of cleft lip is
often considered distinct from that of cleft palate
[28-32]. While cleft lip is one of the most common
structural malformations in humans and the most
common OFC subtype [33], our understanding of its
pathogenesis has been limited by the relative resist-
ance of mice to this malformation. Here, we leveraged
one of the few mouse models of non-syndromic cleft
lip to identify cNCC targets of Shh signaling during
initial cleft lip pathogenesis. In addition to many
genes already linked to OFCs in humans, this study
highlights new candidates to examine in OFC etiology. In
fact, several of the Shh target genes identified here in the
c¢NCC, including Adamts9, Ednl, Dlgl, and Efubl, are
already implicated in cleft palate pathogenesis by existing
mouse models. Our findings argue that these genes should
be specifically examined as candidate human OFC genes
in patient populations with either cleft palate or cleft lip.

The majority of OFC cases in humans are of unknown
etiology, suggesting additional genes remain to be identi-
fied. Using our in vivo system, we previously found the
Forkhead box transcription factor Foxf2 to be a canon-
ical Shh target gene that promotes proliferation of the
c¢NCC-derived mesenchyme and is downregulated in the
c¢NCC-derived ENP and MNP mesenchyme during OFC
pathogenesis [13]. Human relevance of this model was
reinforced with the identification of FOXF2 SNPs associ-
ated with OFCs in a large, multi-ethnic patient popula-
tion [13]. Building upon this foundation, the current
study demonstrated that 14 genes previously linked to
human OFCs are Shh-regulated in cNCCs. This finding
bolsters the possibility that several of the novel
Shh-regulated genes identified here may contribute to
OFC etiology, warranting their examination in human
patient populations.

Conclusions
Orofacial clefts are common congenital malformations
that cause significant morbidity in affected children.
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While we have made great advances in understanding
the etiology of these complex human birth defects, the
causes of the malformations remain unexplained for the
majority of patients. Here, we utilized a novel approach
to Shh target gene identification to discover genes in the
c¢NCC-derived mesenchyme that are Shh-regulated and
whose expression is altered during the initial pathogen-
esis of OFCs. We identified several known and novel
biological processes that appear Shh-regulated in ¢cNCCs
and dysregulated during OFC pathogenesis. Together,
this work improves our understanding of the roles of
Shh signaling in ¢NCC biology and identifies several
novel Shh-regulated genes as candidate OFC genes, pro-
viding new avenues to elucidate the basis of these com-
mon human birth defects.

Methods

In vitro cell culture

Immortalized O9-1 cranial neural crest cells were pro-
vided by Dr. Robert Maxson, Keck School of Medicine
at the University of Southern California and cultured as
described by Ishii and colleagues [12] with the following
modifications: 0.25% trypsin in 0.5 mM EDTA was used
for passaging at a subculture ratio of 1:3 to 1:10. Cells
were allowed to attach for 24 h and media were replaced
with DMEM containing 1% FBS + SHH-N peptide (R&D
Systems, Minneapolis, MN) at 0.4 pg/mL. 48 h after
SHH treatment, cells were lysed for RNA collection.
N =4 biological replicates were examined in each treat-
ment group for microarray and RT-PCR analyses.

RNA extraction and purification

RNA was isolated using GE Illustra RNAspin kits (GE
Healthcare). RNA quality was determined by analysis
with an Agilent Bioanalyzer 2100 (Additional file 9).
This RNA starting material was used for both micro-
array analysis and RT-PCR validation assays. cDNA was
synthesized from 250 pg of total RNA using Promega
GoScript (Promega Corporation) reverse transcription
reaction Kkits.

Microarray sample preparation, hybridization, and scanning

Affymetrix Mouse Gene 2.0 ST GeneChip® arrays were
used for microarray analysis. Ambion Whole-Transcript
Expression and the Affymetrix GeneChip Whole Tran-
script Terminal Labeling Reagent kits were employed to
generate sense strand end-terminus biotin-labeled
single-stranded cDNA. 100-500 ng of total RNA was
used for input in a first strand cDNA synthesis reaction
to specifically prime non-ribosomal RNA, including both
poly(A) and non-poly(A) mRNA, followed immediately
by second strand ¢cDNA synthesis. The 2nd ¢cDNA was
purified with paramagnetic beads and input into an 8 h
IVT reaction to generate amplified RNA. This amplified
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RNA was then input into the 2nd cycle cDNA synthesis
to generate double-stranded cDNA, which was purified
by paramagnetic beads, fragmented, and end-terminus
labeled with biotin. The end-terminus, biotin-labeled
¢DNA was hybridized to an AFX Mouse Gene 2.0 ST
GeneChip for 16 h at 45 °C (one sample per chip for a
total of 8 chips). Following hybridization, the GeneChip
was washed and stained with Streptavidin-Phycoerythrin
(SAPE) on the AFX Fluidics450 Station. To quantify the
fluorescent signal from each feature on the GeneChip,
all GeneChips were scanned at a wavelength of 570 nm
on the GC3000 G7 scanner. Fluorescent signals corre-
sponding to hybridization intensities were determined
using the Affymetrix GCOS software. Intensity files were
then converted to signal files using Affymetrix Expression
Console for subsequent analysis.

Microarray computational analysis

Significant differential gene expression was determined
using Affymetrix Transcriptome Analysis Console (TAC,
v.2.0.0.9). Gene annotation enrichment analysis for path-
ways and biological processes was conducted using the
Database for Annotation, Visualization and Integrated
Discovery (DAVID) [34, 35]. The orofacial cleft gene set
was compiled based on Funoto et al. [15], and the peri-
vascular cell gene set was compiled based on He et al.
[36]. Gene lists for both categories are presented in
Additional file 8. Identification of top differentially
expressed genes in the comparative analysis was accom-
plished by ranking each concordant gene by fold change
in both the in vivo and in vitro arrays and calculating the
rank sum for each gene. The top 10 positively and nega-
tively regulated genes were selected for additional analysis.

Mesenchyme-ectoderm separation

Separation of mesenchyme and surface ectoderm of
GD10 and GD11 medial nasal processes was accom-
plished as previously described [13, 16]. Expression per
Gapdh was calculated for each gene in each tissue, and
the percent expression in the epithelial and mesenchy-
mal compartment vs total expression (sum expression in
both compartments) is reported.

Quantitative real-time RT-PCR

Singleplex RT-PCR was conducted as previously de-
scribed [37] using SSoFast EvaGreen Supermix (BioRad
Laboratories) and a BioRad CFX96 Touch thermocycler.
Gene-specific RT-PCR primers were designed using IDT
PrimerQuest (http://www.idtdna.com/primerquest). Primers
were resuspended as stock solutions of 100 pM in TE buffer
at pH = 7.0 (Ambion). Working stocks were made as 10 uM
solutions containing both forward and reverse primers.
Primer sequences are listed in Additional file 10. Gapdh was
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used as the housekeeping gene and analyses were
conducted with the 27-ddCt method.

Statistics

Affymetrix Transcriptome Analysis Console (TAC) v.
2.0.0.9 was used for determination of significant differ-
ential expression in microarray experiments. Due to in-
herent differences between the samples used for each
analysis (i.e. a uniform cell population with Shh pathway
activation vs complex in vivo tissue with transient Shh
pathway perturbation), an FDR p-value (Benjamini-
Hochberg p-value) less than 0.01 was utilized for the in
vitro microarray and an FDR p-value less than 0.75 was
used for the in vivo microarray for determination of sig-
nificance. This strategy was chosen to minimize false
negatives for the less robust in vivo array, while false
positives are reduced by comparing to the more strin-
gently gated in vitro data set. The Database for Annota-
tion, Visualization and Integrated Discovery (DAVID)
was used for GO and INTERPRO enrichment analyses
of differentially expressed genes [34, 35]. Enrichment for
orofacial cleft and perivascular cell markers were
assessed by a hypergeometric distribution test using cat-
egories built from published gene sets [15, 36] (genes for
each category are listed in Additional file 8), with an
alpha value <0.05 considered significant. Two-tailed
t-tests with Holm-Sidak correction were used for
RT-PCR experiments using Graphpad Prism 6, with an
alpha value < 0.05 considered significant.

Additional files

Additional file 1: Table of all genes with respective expression data for
in vitro microarray analysis. (XLS 36513 kb)

Additional file 2: Table of enriched biological categories for in vitro
analysis. (XLS 36 kb)

Additional file 3: Table of all genes with respective expression data for
in vivo microarray analysis. (XLS 6587 kb)

Additional file 4: Table of common genes dysregulated in both in vivo
and in vitro microarrays with respective expression data. Concordant
genes are marked in the last column. (XLS 93 kb)

Additional file 5: Ranking of positively regulated concordant genes for
Fig. 4e. (XLS 44 kb)

Additional file 6: Ranking of negatively regulated concordant genes for
Fig. 4e. (XLS 46 kb)

Additional file 7: RT-PCR validation of positively Shh-regulated genes in
vivo. (PDF 113 kb)

Additional file 8: Table of enriched biological categories for concordant
genes. (XLS 80 kb)

Additional file 9: Agilent Bioanalyzer 2100 RNA quality results for in vitro
and in vivo samples. (PDF 215 kb)

Additional file 10: Table of RT-PCR primer sequences. (XLS 37 kb)
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