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Cleft palate is one of the most common birth defects in humans, and palate
morphogenesis depends on epithelial-mesenchymal interaction. In this
study, we report that ablation of Is// in the epithelium leads to complete
cleft palate. A significant reduction in mesenchymal cell proliferation was
detected in the Is/17"*?€" mutant palates, but there was no significant dif-
ference in apoptosis between wild-type and mutant embryos. Fewer rugae
structures were observed in Is//7"?“" mutant embryos. Shh, Sox2, Foxel,
Foxd2, and MsxI expression was downregulated in the developing palate
in Is/] mutant embryos. We found that ISL1 can directly regulate Shh
expression in palatal epithelial cells, suggesting a critical role for ISLI in
epithelial-mesenchymal interactions during palate development. Remark-
ably, cleft palate defects due to Is// deletion were rescued by a conditional
transgenic allele (Tg-pmes-Ihh), confirming the genetic integration of
Hedgehog signaling. Our findings indicate that ISL1 controls palatal shelf
morphogenesis by modulating epithelial-mesenchymal communication via
SHH signaling.

Introduction

Cleft lip and/or cleft palate are common craniofacial
anomalies, occurring in approximately 1 in 700 new-
borns [1-4]. The palate forms through the fusion of
the primary and secondary palates. The primary pal-
ate, developed from the medial frontonasal processes,
forms the premaxillary region. The secondary palate,
which originates from the maxillary process, contrib-
utes to the development of the hard and soft parts of
the palate [5]. In mice, palatogenesis begins at embry-
onic day 11.5 (E11.5). The bilateral maxillary promi-
nences extend into the oral cavity to form a pair of
palatal shelves, which grow vertically downward from

Abbreviations

the lingual side during E12.5-E13.5. Around E14.0,
the palatal shelves elevate to a horizontal position
above the tongue and subsequently adhere and fuse
medially to form the secondary palate. The anterior
two-thirds of the palate ossify to form the hard palate,
while the posterior one-third forms the soft palate.
The palate consists mainly of oral epithelium and
neural crest cell-derived mesenchyme. Epithelial-
mesenchymal interactions play a pivotal role in devel-
oping the secondary palate [6-8]. Shh, expressed in epi-
thelial cells, is an early key signaling molecule in
palate development [9]. Its expression is highly
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Fig. 1. Epithelial specific inactivation of /s/7 leads to cleft palate. (A) X-Gal staining showing /s/7 expression in /s/7%°? knock-in mice at
E10.5, E11.5, and E13.5 (red arrowheads) (left panel) (n=4). X-Gal staining showing Pitx2-Cre activity in Pitx2°"®/R26R mice at E10.5, E11.5,
and E13.5 (right panel) (n=4). (B) Quantitative real-time PCR demonstrated transcription of /s/7 in the Pitx2°"® (Control) and /s/17®2Cre

palates at E12.5 (n=05). Student’s ttest was used to test differences between Control and /s/

77x2Cre (C) Oral view of the palate in control

(Pitx2°"®) and Is/17%2% mice at E17.5 (n=4). (D) Representative frontal sections from the anterior and posterior regions of the developing
palatal shelves in control (Pitx2°®) and Is/17%2C"® at E17.5 (n=4). Error bars represent standard deviations. ***P < 0.001. Scale bars,

200 pm (A); 500 um (C, D). P, palatal shelf; T, tongue.

restricted to the thickened palatal rugae epithelium
regions, which act as signaling centers that regulate
palatogenesis [10-13]. Epithelial-specific knockdown of
Shh gene or mesenchymal-specific inactivation of Swmio
gene leads to palate growth defects [14]. Additionally,
treatment with SE1, an anti-SHH antibody, delays
rugae placode formation and disrupts cell proliferation
[11]. Numerous transcription factors are involved in
palate development, including Sox2 and Foxel [15-17].
Sox2 is implicated in rugae formation and palate
development, while Foxel/ has been associated with
isolated cleft lip with or without cleft palate and iso-
lated cleft palate [15,16]. MSX1 is critical for anterior
palatal mesenchyme proliferation, and Msx/-deficient
mice exhibit complete cleft of the secondary palate
[17].

ISL1, a member of the LIM homeodomain tran-
scription factor family, plays key roles in various
organs during embryonic development, such as the
limb, tongue, and heart [18-21]. The enhancer HS586,
which regulates Isll expression, is linked to normal
facial morphology and craniofacial birth defects [22].
However, the exact role of Isll in rugae formation and
palate development remains unclear. Here, we found

that Isll ablation in the palate epithelium results in
defects in rugae formation and cleft palate. Our data
suggest that Isll regulates palate development through
SHH signaling.

Results

Isl1 mutant mice exhibit complete cleft of the
secondary palate

The expression of Is// in the palate was determined
using the Is/1%“““ knock-in allele, with Isll expression
detected in the maxillary process as early as E10.5
(Fig. 1A). Isll was expressed in the epithelium of pala-
tal tissue folds at El1.5, when palatogenesis begins,
and remained expression in the palate at EI13.5
(Fig. 1A). To investigate the potential function of Is//
in palate development, we generated mice with epithe-
lial cell-specific deletion of Is// by crossing Pirx2"™
with Is/F" mice (Isl17™2€"). Pitx2“" mice exhibited
Cre activities in the maxillary epithelium at E10.5 and
El1.5, and the palatal epithelium at E13.5 (Fig. 1A).
The real-time PCR results showed that Is// expression
was significantly decreased in the palatal shelves of
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Is/17"2" mutant mice at E12.5 (Fig. 1B). Mice het-
erozygous for the Is/] mutation appeared normal and
fertile, whereas Is//7"*?“" mutant alleles displayed a
complete cleft of the secondary palate with 100% pen-
etration (Fig. 1C,D). Detailed histological analysis
showed that the mutated palatal shelves had similar
vertical positions on both sides of the tongue at E13.5
(Fig. 2). At El14.5, the mutant embryos’ shelves ele-
vated normally to the horizontal position above the
tongue (Fig. 2). By E15.5, the mutant palatal shelves
remained separated from each other (Fig. 2). These
results suggest that Is// deficiency hindered the palatal
shelves outgrowth but not elevation.

Loss of Isl1 does not disrupt fusion of palatal
shelves

To assess whether the fusion competency of palatal
shelves was altered in the mutant, in vitro organ cul-
ture experiments were conducted. The bilateral palatal
shelves were cultured with the medial edge epithelium
(MEE) in contact. The in vitro data indicated that
Is[17"2C" palatal shelves retain their ability to fuse,
supporting the hypothesis that the cleft secondary pal-
ate in the mutant embryos results from a failure of
palatal shelf growth (Fig. 3A). This conclusion was
further supported by positive TUNEL staining in the
medial portion of the palatal shelf at E14.5 in
the mutant, coinciding with apoptosis in the midline
seam in wild-type controls (Fig. 3B). Additionally,
skeletal staining of Is// mutants revealed widely sepa-
rated palatal shelves (Fig. 3C). These data suggest that
Isl] deletion does not alter the fusion competency of
palatal shelves.

Isl1 deletion leads to defective palate shelf
growth

To understand the cellular mechanisms underlying
cleft palate in Is// mutants, we examined cell prolifera-
tion using BrdU labeling. Immunofluorescence results
showed a significant reduction in BrdU-labeled mesen-
chymal cells in the anterior palate region, but not in
the posterior palate region, of Is/I7"*?<"* embryos at
E13.5 compared with wild-type controls (Fig. 4A,B).
TUNEL assays on EI3.5 tissue sections revealed no
significant difference in apoptosis between wild-type
(Pitx2°"%) and Isl1*™?<" embryos (Fig. 4C). These
results suggest that Is// is critical for cell proliferation
during palate development but not for cell survival.
The reduction in palatal cell proliferation may account
for the cleft palate pathogenesis observed in [Is//
mutant mice.
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Fig. 2. Histological analysis of palate developmental defects in
IsI17%2¢® mytant embryos. Representative frontal sections from
the anterior and posterior regions of the developing palatal shelves
in control (Pitx2®) and Is/17%?¢" at E13.5-E15.5 (n=5). P, palatal
shelf; T, tongue. Scale bars, 200 pm.

Isl1 is required for rugae development

To explore the molecular mechanisms by which Is// dele-
tion causes cleft palate, we analyzed gene expression pro-
files via RNA-Seq using RNA extracted from E12.5
palate shelves from mutant (Is//”?") and control
(Pitx2") embryos. Comparative analysis uncovered
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Fig. 3. Fusion of palatal shelves is not impaired in /s/17%?" mice.

(A) The palatal shelves of E13.5 [s/17%2¢" mutant embryos fused
as well as those of wild-type control embryos in vitro (n=3). (B)
TUNEL assay showed cell apoptosis of palate from E14.5 control
and /s/17%2C embryos (arrows) (n=4). (C) Skeletal preparation of
E17.5 wild-type embryo and /s/77%?® mutant palates. Unlike
normally closed palatine shelves in wild-type, palatine shelves are
widely-separated in /s/77%?¢® mutants (n=3). M, maxillary shelf;
P, palatal shelf. Scale bars, 100 pm.

dozens of differentially expressed protein-coding genes in
the mutant versus the control (> 1.5 fold, < 5% false dis-
covery rate) (Fig. 5A). Gene ontology (GO) term ana-
lyses revealed that multicellular organism development,
pattern specification process, and signal transduction
involved in regulation of gene expression were signifi-
cantly affected (Fig. 5B). The expression of Shh and
Sox2, which play key roles in signal transduction
and pattern specification, is significantly downregulated
[14,16]. Both SHH signaling and Sox2 are essential for
palatal shelf extension and rugae formation, which are
signaling centers that regulate palatogenesis. We
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Fig. 4. Aberrant cell proliferation in the palatal shelf of /s/
mice. (A) BrdU labeling assays showed that the level of cell
proliferation in the anterior palate of E13.5 /s/77%?® embryo was
lower than that in the control (Pitx2®) (n=5). Yellow dotted lines
delineates the palatal region for counting of BrdU-labeled cells. (B)
Comparison of relative proliferation of BrdU-labeled cells between
control and /s/17%2® embryo palatal mesenchyme (n=5).
Student’s t-test was used to test differences between Control and
Is177%2Cr (C) TUNEL staining in the anterior and posterior regions of
E13.5 palates in Pitx2°" (Control) and /s/17%%¢"® mice (n=5). Error
bars represent standard deviations. **P < 0.01. Scale bars, 100 pm.
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Fig.5. Palatal Shh and Sox2 mRNA expression pattern in /s/77%?¢® mutant embryos. (A) Representative examples of differentially

expressed genes in the [s/17%%¢" 35 revealed by RNA-Seq analysis (>1.5-fold, <5% false discovery rate). (B) Gene ontology (GO) term
analyses identified the significantly affected biological processes. (C) Quantitative real-time PCR demonstrated transcription of /s/7, Sox2
and Shh in palate cultures (n=86). Is/7 overexpression vector (pCDH-IsI1) or control vector (pCDH) was transfected into explants with
Lipofectamine 3000 reagent. Student’s ttest was used to test differences between pCDH and pCDH-IsI1. (D) Whole-mount in situ
hybridization showed the expression of Shh in the Pitx2°® (Control) and Is/17%?¢"® palates at E12.5-E14.5 (n=5). R1-R7 marks the
individual rugae in the order in which it was formed. Shh labeled palatal rugae increased from two pairs at E12.5 to seven pairs at E14.5 in
wild-type embryos, whereas mutants formed only six pairs at E14.5. (E) Whole-mount in situ hybridization showing the expression of Sox2
in the Pitx2°"® (Control) and /s/17%?¢"® palates at E12.5-E14.5 (n="5). In the mutant (/s/77%?°"®), only six pairs of Sox2-labeled palatal folds
were formed at E14.5. pp, primary palate. Scale bars, 200 pm. Error bars represent standard deviations. **P < 0.01, ***P < 0.001.

confirmed Shh and Sox2 as downstream target genes of significantly upregulated their expression (Fig. 5C).
ISLI using an in vitro palatal shelf culture system, where Whole-mount in situ hybridization showed decreased Shh
overexpression of Is// in the Is/1”"?" mutant palate and Sox2 expression in mutant palate shelves at E12.5,
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Fig. 6. /s/7 sustains the Hedgehog pathway via regulation of Shh expression. (A) Whole-mount in situ hybridization showed the expression
of Ptch1 in the Pitx2°"® (Control) and /s/17%?¢" palates at E12.5-E13.5 (n=5). (B) In situ hybridization showed the expression of Ptchl and
Gli1 in the Pitx2°"® (Control) and /s/17%?¢" palates at E13.5 (n=5). (C) Schematic representation of the Shh epithelial enhancer sequence
(MRCS1). The binding site for ISL1 was highlighted “B”. (D) Quantitative analysis of ChIP assays was performed by real-time PCR (n=6).
Chromatin extracts were precipitated in the presence of nonspecific mouse IgG or antibody against ISL1 (Anti-ISL1). Student’s ttest was
used to test differences between IgG and Anti-ISL1. (E) Quantitative real-time PCR demonstrated transcription of Sox2 after SHH treatment
in palate cultures (n=6). Student’s ttest was used to test differences between BSA and SHH. Error bars represent standard deviations.

#%P < 0.01. Scale bars, 200 pm (A); 100 um (B). P, palatal shelf.

E13.5, and El14.5 (Fig. 5D,E). At E12.5, Is/l mutant
embryos exhibited diffuse Shh and Sox2 expression in the
palatal epithelium and lacked well-defined rugae struc-
tures (Fig. 5D,E). From E12.5 to E14.5, Shh and Sox2
expression remained weaker in the mutant palate com-
pared to wild-type controls, with fewer Shh-expressing
and Sox2-expressing rugae structures (Fig. 5D,E). The
mutant embryos also showed reduced Shi and Sox2
expression in the primary palate (Fig. 5D.E).

ISL1 regulates SHH signaling during palatal
morphogenesis

Palatal morphogenesis involves critical interactions
between the epithelium and mesenchyme. We

hypothesized that the transcription factor ISLI,
expressed in epithelial cells, regulates mesenchymal cell
activity via the secreted signaling molecule SHH. To
assess Hedgehog signaling activity in the mesenchyme
of IslI7"™2 mutant palates, we performed in situ
hybridization. Our results revealed a marked downre-
gulation of Ptchl and Glil, two key markers of active
Hedgehog signaling, in Is/17"2"* mutants (Fig. 6A,
B). Previous studies have shown that SHH expression
in the palatal epithelium is controlled by the MRCSI1
sequence [23]. Within this sequence, we identified a
potential binding site for ISL1 (Fig. 6C). ChIP analysis
further confirmed ISL1’s ability to bind to this site
(Fig. 6D). Additionally, SHH protein treatment signifi-
cantly induced the expression of Sox2 (Fig. 6E),
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suggesting that SHH is a direct target of ISL1 and
that Sox2 expression is regulated by SHH.

Members of the Forkhead Box (Fox) transcription
factor family, including Foxel and Foxd2, have been
identified as downstream targets of the SHH signaling
pathway. Our data demonstrated that SHH stimula-
tion robustly induced Foxel and Foxd2 expression
(Fig. 7A). Mutations in Foxel are known to cause
Bamforth-Lazarus syndrome, a condition associated
with cleft palate [15]. The MsxI gene, critical for
epithelial-mesenchymal interactions during palate
development, has been identified as a downstream tar-
get of FOXEIL. Whole-mount in situ hybridization fur-
ther revealed that the expression levels of Foxel,
Foxd2, and MsxI were significantly reduced in the pal-
ates of Is/1”™?“" mutant embryos (Fig. 7B). These
findings suggest that ISL1 influences palatal growth by
modulating SHH signaling, which, in turn, regulates
the expression of key downstream target genes.

Activation of Hedgehog signaling rescues palate
morphogenesis defects in vivo

We further validated the hypothesis that ISL1 regu-
lates palatal development through Hedgehog signaling
by conditionally overexpressing IHH in palatal epithe-
lial cells wusing a conditional transgenic allele
(Tg-pmes-Ihh). THH activates the same canonical
Hedgehog signaling pathway as SHH [24]. Overexpres-
sion of Ihh in Isl1?™2¢"; Tg-pmes-Ihh embryos suc-
cessfully rescued the palatal morphogenesis defects
observed in Is/I”"?<" embryos (Fig. 8A). Addition-
ally, the expression of Ptchl was significantly upregu-
lated in the palate mesenchyme of [s//7"*2C"
Tg-pmes-Ihh ~ compared to  IslI*™?¢"  embryos
(Fig. 8B), confirming that the transgenic IHH acted as
a functional secreted ligand in the mesenchyme. The
defect in cell proliferation was also rescued in
Isl17"2C", Tg-pmes-Ihh ~ embryos compared to
Isl1P™2€"¢ embryos (Fig. 8C,D). These findings dem-
onstrate that Ihh overexpression effectively restores
palate development defects caused by Is// deletion,
further supporting the genetic interaction between Is//
and Hedgehog signaling in palatal morphogenesis.

Discussion

Numerous growth factors and signaling pathways play
crucial roles in the growth, elevation, or fusion pro-
cesses during palatogenesis [25-29]. In this study, our
finding of cleft secondary palate defect in Is//7"*2¢"
mutant embryos suggests the importance of ISL1 in
palate development. Our findings demonstrate that
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cleft palate primarily results from a failure in palate
growth. We provide evidence that SHH signaling
mediates the regulatory effect of ISL1 on palate
development.

Palatogenesis is a complex process involving the initi-
ation, growth, morphogenesis, and fusion of the primary
and secondary palatal shelves. Is/] is highly expressed in
the epithelia of the maxillary process as early as E10.5,
indicating its potential role in regulating palatal develop-
ment. Complete cleft palate was observed following Is//
ablation in the palatal epithelium. The [Is/77"2¢"
mutant palatal shelves exhibited normal elevation to a
horizontal position above the tongue, suggesting that
Isll is not essential for palatal shelf elevation. Further-
more, the mutant palatal shelves could fuse in an in
vitro organ culture, indicating that the fusion process
was not affected by Is// deletion. The shorter palatal
shelves in mutants compared to wild-type suggest a
defect in palatal shelf growth. Proper cell proliferation is
essential for the normal growth of craniofacial struc-
tures, and our results showed a significantly reduction in
cell proliferation in the anterior palate region of
Is117™2€" embryos.

In addition to defects in palatal growth, we also
detected deficiency in palatal rugae formation follow-
ing Is/] deletion. Previous studies have shown that Shh
and Sox2 mRNA are expressed in palatal rugae and
follow a distinct temporal sequence during palatal
growth [12,13,25]. SHH signaling in the palatal ridge
ensures that the palate extends to the midline [30,31].
Sox2 is required for formation palatal rugae, which
serve as signaling centers that regulate palatogenesis
[16]. Deletion of the Sox2 gene in oral epithelium dis-
rupts palatal rugae formation and palatal shelf exten-
sion [16]. Our in situ data for Shh and Sox2 indicate
impairments in palatal shelf growth in mutant
embryos. The growth of palatal shelves is regulated by
epithelial-mesenchymal interactions, suggesting a link
between epithelial expressed ISL1 and secretory signal-
ing molecules.

The secreted protein Sonic hedgehog (SHH) is a
critical early signal driving palatal shelf growth [9].
Epithelial-specific ~ inactivation of Shh  and
mesenchymal-specific inactivation of Smo indicate that
SHH signaling promotes palatal cell proliferation and
growth [14]. Additionally, exogenous SHH protein can
stimulate palatal mesenchyme proliferation [32]. Our
study shows that Shh is regulated by ISL1, consistent
with previous reports that Shh is a target gene for
ISL1 in the lung and urethral epithelium [33]. Our
results indicate that Shh and Ptchl expression in the
palate is reduced following Is/I deletion. Another
ligand for the Hedgehog signaling pathway is IHH,
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which plays an important role in bone and cartilage
development and is expressed in cranial osteoblasts
[34]. RNA-Seq revealed no difference in Ihh expression

(A)

(B)
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Msx 1
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between wild-type and mutant palate shelves, and the
expression of Ihh was very low. Although both THH
and SHH activate the canonical Hedgehog pathway,
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Fig. 7. Expression of Foxel, Foxd2 and Msx17 mRNA expression in the palatal shelves. (A) Quantitative real-time PCR demonstrated
transcription of Ptchl, Foxel and FoxdZ2 in palate organ cultures after SHH protein treatment (n=6). Student's ttest was used to test
differences between BSA and SHH. (B) Whole-mount in situ hybridization showed the expression of Foxel, Foxd2 and Msx1 in the Pitx2°"®
(Control) and /s/172C" palates at E13.5 (n=5). Black arrows show the expression regions of Foxel, Foxd2 and Msx1 in Control, while
white arrows show the expression regions of Foxel, Foxd2 and MsxT in Is/17%?C" Error bars represent standard deviations. *P < 0.05,

**P < (0.01. Scale bars, 200 pm.

Fig. 8. Reactivation of Hedgehog signaling
rescues cleft palate in Is/17%2% mutant
embryos. (A) Oral view of the palate in
control (Pitx2"®), Isl172¢"e and [s/177>2C"e,
Tg-pmes-lhh embryos at E17.5 (n=5). (B)
In situ hybridization showed the expression
of Ptch1 in control (Pitx2<"®), Is/172¢" and
Is/1P®2Cre: Tg-pmes-lhh embryos at E13.5
(n=5). (C) BrdU labeling assays showed
that the level of cell proliferation in the
anterior palate of control  (Pitx2),
Is/1P®2Cre and  Is/17%2¢,  Tg-pmes-lhh
embryos (n=05). Yellow dotted lines
delineates the palatal region for counting of
BrdU-labeled cells. (D) Comparison of
relative proliferation of BrdU-labeled cells
between control (Pitx2¢"®), Is/172¢  and
Is/1P®2Cre: Tg-pmes-lhh  palates (n=6).
One-way ANOVA and Tukey's test were
used to analyze the difference between
control (Pitx2°'®), Isl17%2¢"e and [s/17>2C"e,
Tg-pmes-lhh. Error bars represent standard
deviations. *P<0.05, **P<0.01. Scale
bars, 500 pm (A); 100 pm (B, C).

they function in different tissues, and the activity of
IHH ligands is much lower than SHH [35]. The activ-
ity of the Hedgehog signaling pathway is precisely

(R)

(B)

(©)

Control

Is/1 Pitx2Cre

Pitx2Cre ,

A
Ml

Isl1 . pmes-Ihh

! ,x'
=l EM5 I E175 gk
s/ 1Pr‘i‘x2Cre Is! 1Pirx2Cre; pmes-Ihh

Ptch1 Ptch1

g 3

Is/1 Pitx2Cre

Isi1"2C8 b mes-Ihh

(D)

The FEBS Journal (2024) © 2024 Federation of European Biochemical Societies.

—QE13.5
15
*
._§ *% ]
£ !
I
a
]
gﬂ.s
k!
&
04
Ctrd KO Res

o Control

Pitx2Cre
a /sit

Fitx2Cre
@ /st ; pmes-lhh

regulated during palate development. Both loss-of-
function and gain-of-function of Hedgehog signaling
result in cleft palate [36]. Therefore, we overexpress
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Ihh instead of Shh to avoid overactivation of the
Hedgehog pathway. Overexpression of Ihh in palatal
epithelium driven by Pitx2-Cre rescued the cleft palate
phenotype and restored mesenchymal cell prolifera-
tion. THH secreted by epithelial cells activates SMO
and downstream signaling in mesenchymal cells in a
paracrine manner to induce cell proliferation. The res-
cue experiments provide stronger evidence for the
involvement of Hedgehog signaling pathway in palatal
development.

Foxel and Foxd2 have been reported as downstream
target genes of SHH [37,38]. We demonstrated that
SHH can induce the expression of Foxel and Foxd2 in
the palate in vitro. Homozygous null mice with tar-
geted disruption of Foxel exhibited severe cleft palate,
and MsxI has been identified as a downstream target
of FOXEI [17]. Msxl expression is almost absent in
the palatal shelves of Foxel mutant embryos. MsxI is
essential for proper palate formation in humans and
mice, with Msxl-deficient mice exhibiting complete
cleft palate and cell proliferation defects in the anterior
region [31]. MsxI expression was decreased in the pal-
ate of the Is/17™?¢" embryos. These data suggest that
the SHH signaling pathway mediates the effects of
ISL1 on downstream target gene expression.

In summary, our data indicate that the transcriptional
factor ISL1 is crucial for palate morphogenesis. The Is//
gene is critical for palatal shelf extension and rugae for-
mation, and ISL1 is involved in regulating epithelial-
mesenchymal interactions during palate development.
Our findings suggest that Hedgehog signaling mediates
the effects of ISL1 on palate development.

Materials and methods

Animals

All mouse experiments were conducted according to protocols
approved by the Hangzhou Normal University Animal Care
and Use Committee (2022-1057). The construction of Is/I con-
ditional knockout allele (Is/") and Isli-lacZ knock-in allele
(Isl1**“%) has been described previously [39]. The conditional
Ihh transgenic mice (Tg-pmes-Ihh) was constructed by inserting
IThh sequences into a site downstream of the LoxP-flanked
STOP box controlled by the beta actin promoter [40]. Pitx2
Cre knock-in allele (Pirx2<"%) was purchased from the Mutant
Mouse Resource and Research Center, Hangzhou, Zhejiang
province, China (MMRRC_000126-UCD). ROSA26 Cre
reporter strain (R26 R-LacZ) was purchased from the Jackson
Laboratory, Bar Harbor, ME, USA (JAX: 009427). The mice
were maintained in a temperature-controlled room (22 £ 1 °C)
under standard 12-h light/dark cycle, with ad libitum access to
water and food. The morning that a vaginal plug was detected
was considered day 0.5 of pregnancy (E0.5).
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X-gal staining

Whole-mount X-gal staining was performed as previously
described [41]. Embryos were dissected at defined develop-
mental stages (E10.5, E11.5 and E13.5) and fixed in fresh
fix buffer (4% paraformaldehyde (PFA), 2mm MgCl,,
SmMm EGTA) for 1h at 4°C, and then incubated in stain-
ing buffer for 2-4h at 37°C in the dark. Staining buffer:
2mm Tris (pH 7.3), 0.1% X-gal, 5mm potassium ferrocya-
nide and potassium ferricyanide. X-gal stained sections
were counterstained with Nuclear Fast Red.

Cell proliferation and apoptosis assays

Cell proliferation rates were assessed by
5-bromodeoxyuridine (BrdU) labeling. BrdU incorporation
assays were performed by intraperitoneal injection of BrdU
solution (3 mg per 100 g body weight). Thirty minutes after
administeration, the embryonic heads were dissected and
fixed overnight in 4% PFA at 4°C. The collected tissue
was then embedded in paraffin and sectioned at 5pm. The
cell proliferation rate was quantified as the percentage of
BrdU-positive cells relative to the total number of cells
within a defined arbitrary area. Statistical analysis was per-
formed using Student’s f-test to determine significance.
Apoptosis was assayed by TUNEL staining using the in
situ cell death assay kit following the manufacturer’s proto-
col (Roche, Basel, Switzerland).

Histological analysis and immunofluorescence

Embryos were collected at desired developmental stages and
fixed in 4% PFA for 30 min at 4 °C. Samples were then dehy-
drated through graded alcohols, embedded in paraffin, and
sectioned at 7 um for histological analysis. Serial sections were
stained with hematoxylin and eosin according to standard
protocol [42]. For immunofluorescence, sections were incu-
bated overnight with primary antibodies diluted with 5%
BSA after blocking in 5% BSA. Secondary antibodies conju-
gated with Alexa Fluor 488 or 594 (1 : 1000; Invitrogen, Carls-
bad, CA, USA) diluted in 5% BSA were applied for 30 min in
the dark. The primary antibody against BrdU (ab8152;
Abcam, Cambridge, UK) was purchased from Abcam.

In situ hybridization

In situ hybridization using whole-mount and section of
embryonic samples were performed as previously described,
with digoxigenin-labeled antisense RNA probes [43]. For
section in situ hybridization, embryos were fixed overnight
at 4°C in freshly prepared 4% PFA. Then, embryos were
dehydrated through graded alcohols, embedded in paraffin,
and sectioned at 12 pm. For whole-mount in situ hybridiza-
tion, samples were fixed in 4% PFA, dehydrated into meth-
anol and bleached with 6% hydrogen peroxide (H,O,).
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Hybridization signals were visualized with BM Purple alka-
line phosphatase Substrate (Roche).

Palatal shelf organ cultures

Bilateral palatal shelves were dissected from E13.5 embryos
and placed dorsal side up on a Nuclepore Track-Etch mem-
brane (0.2-uym pore size) within a TROWELL organ culture
dish, as previously described [44]. Each pair of palatal shelves
was positioned such that the medial edge epithelium (MEE)
of each shelf was in contact. After 48h of culture, explants
were harvested and fixed in 4% PFA for histological stain-
ing. For Isl] overexpression experiments, either the Is// over-
expression vector (pCDH-Isl1) or the control vector (pCDH)
was transfected into the explants using Lipofectamine 3000
reagent. Following 48 h of incubation in a humidified atmo-
sphere of 5% CO, at 37°C, the explants were collected for
RNA extraction and real-time PCR analysis.

In parallel experiments, SHH recombinant protein
(100 ng-pL™") or BSA (100 ng-uL™") was added to the cul-
ture medium to activate the canonical Hedgehog signaling
pathway. After 24 h of incubation under the same condi-
tions, explants were harvested for RNA isolation. All
experiments were repeated at least three times.

RNA-seq analysis and quantitative real-time PCR

The palatal shelves were dissected from E12.5 embryos and
total RNA was extracted as previously described [42]. All
the raw data generated from RNA-seq in this work were
deposited in BIGD (bigd.big.ac.cn) under the accession
number CRAO013240. Real-time PCR was performed in
triplicate using SsoFast EvaGreen Supermix (Bio-Rad, Her-
cules, CA, USA). Oligonucleotide primers were designed
using PRIMER3 software [45]: 18S (5-TAGAGGGACAA
GTGGCGTTC, and 5-CGCTGAGCCAGTCAGTGT),
Shh (5-AAAGCTGACCCCTTTAGCCTA and 5-TGAG
TTCCTTAAATCGTTCGGAG), Isll exon2 (5-CGGCAA
TCAAATTCACGACC and 5-TCCCATCCCTAACAAA
GCACGQG), Isll (5-ATGATGGTGGTTTACAGGCTAAC
and 5-TCGATGCTACTTCACTGCCAG), Sox2 (5-CT
TTTGTCCGAGACCGAGAAGC and 5-CCGGGAAGC
GTGTACTTATCC), Foxd2 (5-ATTTATGAAGAGTCT
CCAGACC and 5-GATGCTCAAACAGAAAAGO),
Foxel (5-ATGACGCGAAACTCCAAAGAGC and -GG
CATAGCACACGGTGAAGC), Ptchl (5-AGACTACCCG
AATATCCAGCACC and 5-CCAGTCACTGTCAAATG
CATCC). The relative amount of gene transcript was calcu-
lated using the 2724¢T method [46] and normalized to the
endogenous /8S reference gene.

ChIP assay

E13.5 palate samples were collected for chromatin immuno-
precipitation (ChIP) analysis. For the binding of ISL1 to
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the Shh epithelial enhancer sequence (MRCS1), ChIP was
carried out using antibody against ISL1 (Abcam) or nor-
mal rabbit IgG (Beyotime, Beijing, China). Eluted DNA
was used as a template for triplicate quantitative real-time
PCR analyses. The specific primers used to amplify the
area containing the predicted ISL1 binding site were: B,
5Y-CAGACAGATCCACCTGCTGC and 5-CCTTTTTIT
GAATCATCACCTGC.

Statistical analyses

All data are presented as means £+ SEM. Student’s r-test
was used to test differences between two groups of data.
One-way ANOVA and Tukey’s test were used to analyze
the difference between multiple groups. P values of < 0.05
were regarded as statistically significant.
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