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ABSTRACT Cleft palate following cleft lip may include
a developmental disorder during palatogenesis. CL/Fr mice
fetuses, which develop cleft lip and palate spontaneously, have
less capability for in vivo cell proliferation in palatal mesen-
chyme compared with CL/Fr normal fetuses. In order to know
the changes of signaling molecules contributing to cleft palate
morphogenesis following cleft lip, the mRNA expression profiles
were compared in palatal shelves oriented vertically (before
elevation) in CL/Fr fetuses with or without cleft lip. The
changes in mRNA profile of cleft palate morphogenesis were
presented in a microarray analysis, and genes were restricted to
lists contributing to cleft palate development in CL/Fr fetuses
with cleft lip. Four candidate genes (Ywhab, Nek2, Taccl and
Frk) were linked in a gene network that associates with cell
proliferation (cell cycle, MAPK, Wnt and Tgf beta pathways).
Quantitative real-time RT-PCR highlighted the candidate
genes that significantly changed in CL/Fr fetuses with cleft lip
(Ywhab, Nek2 and Taccl). The results of these molecular con-
tributions will provide useful information for a better under-
standing of palatogenesis in cleft palate following cleft lip.
Our data indicated the genetic contribution to cleft palate
morphogenesis following cleft lip.
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INTRODUCTION

Cleft lip and palate (CLP), one of the most common craniofacial
defects among live births, is notable for significant lifelong mor-
bidity from early infancy in humans (Sasaki and Fujiwara 2007).
Seventy percent of cleft lip only (CL) and CLP are non-syndromic
(Jones 1988) and derive from a combination of genetic and envi-
ronmental factors. In order to know the palatal morphogenesis
following cleft lip, it should be noted that CL and CLP may have
different genetic causes and should, when feasible, be analyzed
separately (Jugessur et al. 2009). A genome screen of polymorphic
markers in CL and CLP confirmed the location of the recessive
genes in A/WySn, a strain of mice with spontaneous CL and
CLP (Juriloff et al. 2001). However, the linkage for cleft palate
following cleft lip was unknown because CL and CLP were not
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distinguished. Furthermore, the mechanism for isolated cleft
palate (CP) is not applied to cleft palate following cleft lip
because there is strong evidence that in most cases CL and CLP
are both developmentally and genetically different from CP
(Fraser 1970).

There are three important stages in the development of bilateral
palatal shelves: vertical growth down the sides of the tongue, rapid
elevation to a horizontal position above the dorsum of the tongue,
and fusion of the medial edge epithelia of the approximately palatal
shelves (Ferguson 1988). It is clear that disruptions of palatal
growth to any one or more of the critical mechanisms during normal
palate development results in cleft palate, which is a common
occurrence following cleft lip.

A classical observation in A/J mice fetuses with spontaneous
CLP showed that the presence of a cleft lip appeared to induce
mechanical obstruction by the tongue of palatal shelves, which
delayed their palatal elevation and fusion (Trasler and Fraser 1963),
whereas palatal shelves dissected from cleft lip A/J mice fetuses
(Pourtois 1967) and CL/Fr mice (Sasaki et al. 2004) fused in vitro.
These findings indicate that the presence of cleft lip alone did not
obviously affect the propensity of the palatal processes to fuse. It
was shown that the proliferation of mesenchymal cells play an
important role in the appearance of the primordia and during early
vertical growth of the palatal shelves (Burdett et al. 1988), and the
inadequacy of palatal elevation or delayed development was related
to the proliferation of embryonic palate mesenchymal cells (Dixon
and Ferguson 1992). The CL/Fr mouse strain is a useful experimen-
tal animal model to examine the palatal development following
spontaneous cleft lip because it has a spontaneous newborn CLP
rate of 15-40% (Millicovsky et al. 1982; Wang et al. 1995), and
more than 96% of CL/Fr fetuses with cleft lip subsequently develop
cleft secondary palate (Brown et al. 1985). In a recent molecular
study with CL/Fr fetuses, in vivo cell proliferation kinetics in
palatal shelves were examined at E13.5, when palatal shelves grew
vertically down the side of the tongue, and indicated that CL/Fr
fetuses with cleft lip have less capability for palatal mesenchymal
cell proliferation compared with CL/Fr normal fetuses (Sasaki
et al. 2004), whereas in-situ hybridization elucidated a similar gene
expression pattern in palatal shelves at E13.5 in CL/Fr fetuses with
cleft lip and CL/Fr normal fetuses (Hamachi etal. 2003). The
signaling molecules were identified from chromosomal linkage
studies in mouse genetic models with CLP (Schutte and Murray
1999; Juriloff and Harris 2008), and the gene expression microarray
analysis during epithelial-mesenchymal transformation (LaGamba
et al. 2005), among the three stages of palate development (Brown
et al. 2003) and between normal and cleft mice derived from the A/J
mice head region (E15) (Saito et al. 2002). However, these previous
studies did not refer to the palate following cleft lip, it is still
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unknown whether the signaling molecules change in cleft palate
morphogenesis following cleft lip. The present study was under-
taken to distinguish the significant genes from a number of genes on
cleft palate morphogenesis in CL/Fr and identify their significance
and to elucidate the cell kinetics in palatal development in CL/Fr
fetuses. Specifically, we have examined the hypothesis that any
signaling molecules were up- or downregulated in palatal shelves of
CL/Fr fetuses with cleft lip in relation to disruption of cell prolif-
eration in palatal development.

MATERIALS AND METHODS

Embryos

An origin of CL/Fr mice was derived from the 2™ Department of
Oral and Maxillofacial Surgery, Niigata University School
of Dentistry, Japan, and was maintained in our department by
sibling crossbreeding. Our animal use protocol was reviewed and
approved by the Institutional Review Board at Nagasaki Univer-
sity, and the mice were treated in accordance with the NIH guide-
lines. To collect fetuses of each strain, females were cohabited
with one fertile male overnight, and the morning was designated
as embryonic day 0 (EO) when a copulatory plug was detected.
The fetuses were sampled on the evening of embryonic day 13
(E13.5), when the palatal shelves grow vertically down the sides
of the tongue before elevation (Hamachi etal. 2003). Under a
dissecting microscope, CL/Fr fetuses were classified into bilateral
cleft lip (CL/Fr-BCL) (Fig. 1a) and normal (CL/Fr-N) fetuses
(Fig. 1b). The colony of fetuses used in the experiment consisted
of 12 pregnant CL/Fr mice with 12 CL/Fr-BCL and 53 CL/Fr-N
fetuses, indicating that the frequency of cleft lip and palate
equaled 18.5%. Unilateral cleft lip fetuses were not obtained in
this study. Palatal shelves were dissected along anterior and pos-
terior axis of the palatal processes on the region which would
differentiate to hard and soft palate (Fig. la—d). In microarray
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analysis, 9 CL/Fr-N and 5 CL/Fr-BCL fetuses derived from five
pregnant females were used, and eight CL/Fr-N and seven CL/Fr-
BCL fetuses derived from the other seven pregnant females were
used in real-time reverse transcription-polymerase chain reaction
(RT-PCR) experiment. Analysis of craniofacial growth in the CLP
affected fetuses of CL/Fr strain indicated no statistical signifi-
cance in gender difference (Martin etal. 1995; Nonaka et al.
1997). There were no data of gender at E13.5 fetuses in our
experiments, and the samples were randomly selected from the
litters, resulting in no significant bias of gender.

Microarray analysis
Total RNA from excised palatal shelves was isolated using the
RNeasy Micro Kit (Qiagen, Valencia, CA, USA) following the
manufacturer’s recommendations. The cDNA was synthesized
using the SuperScript II Reverse Transcription Kit (Invitrogen,
Carlsbad, CA, USA).

Microarray analysis was performed using GeneChip (Mouse
Expression 430 2.0 Array, Affymetrix, Santa Clara, San Francisco,
CA, USA) and probe arrays and images from the scanned chips
were processed by the manufacturer (Biomatrix, Tokyo, Japan). The
GeneChip images of the CL/Fr-BCL samples were normalized to
the corresponding CL/Fr-N image across all probe pair sets to
analyze the two different embryonic palatal tissue target RNA
samples (CL/Fr-BCL vs. CL/Fr-N). Normalized and fold-change
values from each of the two palatal samples were exported. The full
dataset was obtained using GeneSpring GX (Agilent Technologies,
Palo Alto, CA, USA) and filtered for all 45 101 transcripts. The
dataset was preprocessed by restricting the list to genes that were
up- or downregulated. Gene induction or repression was considered
biologically meaningful if the difference in hybridization intensity
was greater than two-fold or less than 0.5-fold. The subsets of genes
that we selected were based on pathways of Kyoto Encyclopedia of
Genes and Genomes (KEGG; http://www.genome.jp/kegg/). Gene

Fig. 1 Palatal shelves at embryonic day 13.5.
Palatal shelves (p) of CL/Fr-BCL fetuses
(a) and CL/Fr-N fetuses (b). Transverse
section of palatal shelves (c) and palatal
shelves incised (d) of CL/Fr-BCL
fetuses. Bilateral cleft lip is indicated
by arrows. In (a) and (b), dotted lines
indicate the incision line. Scale bars:
0.5 mm.
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ontology (GO) analysis was performed with Cytoscape (http://
cytoscape.org/index.php) and Biological Network Gene Ontology
tool (BiNGO; http://www.psb.ugent.be/cbd/papers/BINGO/Home
.html). According to the protocol of BiNGO that was exhibited in
the previous reports (Ge et al. 2003; Boyle et al. 2004), the tran-
scripts, which changed between CL/F-BCL and CL/Fr-N, were
examined based on normalized intensity. The transcripts were iden-
tified by the GO categories that belonged to known biological
processes.

Quantitative Real-Time PCR

Total RNA was prepared from palatal shelves at E13.5, and
the cDNA was synthesized as described for microarray analysis.
Primer sequences were designed for each of the selected genes
using Genetyx-Mac (ver.11.2.2, Genetyx, Tokyo, Japan).
The primers designed were: (sense primer first): Ywhab, 5'-
TCCAGCATTCCCAGGTAGGCCA-3" and 5-ACCACACCAG
CCAAGTCAGC-3"; Nek2, 5-GGAGCTGGGTCAGTGTTGAT-
3" and 5-CACATCCATTTGCAGACCAC-3; Taccl, 5'-
TGAGCCAGTGAT GGACAG AG-3" and 5-CAGGGTCCT
CCAGTCTTCAG-3"; Frk, 5-CCACATTGCCTACCAGGTCT-
3’ and 5-TCCTAGCCTCAGGTGCTGAT-3". The values were
normalized using the housekeeping gene GAPDH (5'-
TGC ACCACCAACTGCTTAGC-3* of sense and 5'-
GGATGCAGGGATGATGTTCT-3" of antisense primer). For all
of the four genes analyzed, 0.5 UL of a 5 pmol solution of the
forward and reverse primers and cDNA were added to a final
volume of 50 uL. of SYBR Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA). Real-time PCR assays were
performed with an ABI Prism 7000 System (Applied Biosystems).
Cycling parameters were: 50°C for 2 min for initial activation of
the probe and primer, 95°C for 10 min for denaturation of the
DNA strands, followed by 40 cycles of denaturation at 95°C for
15 s, and primer extension at 58°C for 1 min. Data were acquired
and processed with Sequence Detector 1.6.3 software (Applied
Biosystems). The data were analyzed by unpaired Student’s 7-test
for comparison between CL/Fr-N and CL/Fr-BCL.

RESULTS

Gene expression by microarray analysis

The Affymetrix GeneChip arrays containing oligonucleotide probes
represented more than 45 101 transcripts. The expression rates of
all 45 101 transcripts (23 366 genes) were investigated. Restricting
the list yielded 243 transcripts, of which 112 were upregulated at
least two-fold and 131 were downregulated at most 0.5-fold in
CL/Fr-BCL fetuses (Fig. 2a). Genes were restricted into 36 genes
in excess of intensity (>1.0) in both CL/Fr-BCL and CL/Fr-N
(Table 1). Based on their expression profiles, BINGO was used to
classify genes according to the following GO categories: cell cycle,
transcription, apoptosis, cell proliferation, others, and unknown.
This list includes eight genes with function of cell proliferation in
GO categories (cell cycle and cell proliferation).

Analysis of gene network and candidate genes

Cytoscape literature research analysis in combination with KEGG
pathway showed the gene network that is associated with cell pro-
liferation in CL/Fr-BCL (Fig. 2b). The subsets of genes that we
selected were based on KEGG pathways including cell cycle,
MAPK, Wnt and Tgf-beta. In detail, four pathways of MAPK
signaling, Wnt signaling, Tgf-beta signaling and Cell cycle were
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Fig.2 Gene expression analysis between CL/Fr-BCL and CL/Fr-N
fetuses. Differential expression between CL/Fr-BCL and CL/Fr-N
fetuses (a). Each dot represents a signal intensity measurement for
a gene. The lines represent the thresholds for two-fold differential
expression. Gene network that associate cell proliferation in CL/Fr-
BCL (b). The dataset was preprocessed by restricting the list to
genes that were greater than two-fold or less than 0.5-fold in
hybridization intensity. 03, gene that showed 2-fold; @, Candidate
gen; =, KEGG Cell cycle pathway; -, KEGG MAPK pathway; =,
KEGG Wnt pathway; ==, KEGG Tgfb pathway.

extracted by detecting the signal pathways that were registered in
the KEGG pathway in KEGG software and associated with the
regulation of cell proliferation. All of the genes that constituted
these pathways were listed for further analysis. Microarray analysis
extracted eight genes associating with cell proliferation from the
genes that showed significant difference in hybridization intensity
of greater than twofold or less than 0.5-fold. Analysis with molecu-
lar network software (Cytoscape plug-in Agilent literature search;
http://www.agilent.com/labs/research/litsearch.html) for these eight
genes made the molecular network that included the four genes
(Ywhab, Nek2, Taccl and Frk), thereafter the other four genes were
excluded from the candidates. In this network, the genes that were
listed from KEGG pathways and associated with cell proliferation
remained and the other genes were excluded (Fig. 2b). This final
network indicated that the four genes that showed greater than
twofold or less than 0.5-fold change were highly connected to each
other by either sharing common signaling pathways or through
gene—gene interactions that associated with the cell proliferation,
and contributed to the cell proliferation of palatal processes.

Using real-time RT-PCR, significant differences of gene expres-
sions were identified in three of the four genes (Ywhab, Nek2 and
Taccl). The amount of mRNA in Nek2 and Taccl of CL/Fr-BCL
significantly increased compared with that in CL/Fr-N fetuses,
while Ywhab significantly decreased in CL/Fr-BCL fetuses (Fig. 3).
There was no significant difference in Frk expression between
CL/Fr-N and CL/Fr-BCL.
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Table 1 Summary of expression differences between CL/Fr-BCL and CL/Fr-N fetuses
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Intensity Mouse gene Accession
CL/ CL/Fr-N / Common GO biological number
CL/Fr-N  Fr-BCL  CL/Fr-BCL name Description process in Genbank
2.60 9.11 0.285 Nek2 NIMA (never in mitosis gene a)-related expressed ¢ C77054
kinase 2
3.43 8.13 0.422 BC024868 cDNA sequence BC024868 - BC024868
1.74 4.89 0.355 Eif4h Eukaryotic translation initiation factor 4H t AUO018978
0.77 4.09 0.190 Tm7st3 Transmembrane 7 superfamily member 3 - BB120486
1.83 3.99 0.460 Katnbl Katanin p80 (WD40-containing) subunit B 1 © AKO010364
1.77 3.76 0.471 Prep Prolylcarboxypeptidase (angiotensinase C) proteolysis AKO11112
1.53 3.68 0.417 Lrsam1 Leucine rich repeat and sterile alpha motif cp AWS557823
containing 1
1.71 3.66 0.468 Mfap2 Microfibrillar-associated protein 2 - AV147182
1.78 3.65 0.489 Fastkd2 FAST kinase domains 2 a BB404569
1.47 3.23 0.454 Mtapla Microtubule-associated protein 1 A - BB765000
1.54 3.21 0.480 Fndc3a Fibronectin type III domain containing 3a - AAT70704
1.46 3.10 0.471 Pex16 Peroxisome biogenesis factor 16 - BC010822
1.33 3.09 0.429 Hmg20a High mobility group 20A t BB459907
1.50 3.00 0.499 Stk39 Serine/threonine kinase 39, STE20/SPS1 phosphorylation BG919998
homolog (yeast)
1.45 2.93 0.495 - - - BB821389
1.38 291 0.474 Tsscl Tumor suppressing subtransferable candidate 1 - BG065248
1.28 2.80 0.456 1110008P14Rik RIKEN cDNA 1110008P14 gene - C79326
1.07 2.70 0.395 MobkI2b MOBI, Mps One Binder kinase activator-like 2B - BB248684
(yeast)
1.22 2.65 0.460 Usf1 Upstream transcription factor 1 t NM_009480
1.15 2.44 0.471 Taccl Transforming, acidic coiled-coil containing protein ¢ BEB62546
1
1.08 2.33 0.462 Med9 Mediator of RNA polymerase II transcription, - BC019367
subunit 9 homolog (yeast)
1.08 222 0.486 - Transcribed locus - AA855988
1.04 2.16 0.479 EG574437 /11 X-linked lymphocyte-regulated 3A /// X-linked - NM_011726
Xlr3a /// X1r3b lymphocyte-regulated 3B /// predicted gene,
EG574437
6.77 3.36 2.0 Tox Thymocyte selection-associated HMG box gene t BB547854
6.64 3.30 2.0 Bad Bcl-associated death promoter a NM_007522
5.24 2.36 2.2 Tex261 Testis expressed gene 261 - BF181445
4.54 1.34 34 Ywhab Tyrosine 3-monooxygenase/tryptophan cp BI465579
5-monooxygenase activation protein, beta
polypeptide
3.81 1.88 2.0 Sgipl SH3-domain GRB2-like (endophilin) interacting DNA integration AKO014022
protein 1
3.49 1.57 22 Col9a3 Procollagen, type IX, alpha 3 cell adhesion BG074456
341 1.65 2.1 6530403A03Rik RIKEN cDNA 6530403A03 gene RNA splicing AK004216
3.27 1.01 32 DSErtd255e DNA segment, Chr 5, ERATO Doi 255, - C79489
expressed
3.00 1.38 22 Nmt2 N-myristoyltransferase 2 cp BB409982
2.92 1.31 22 Dnase2a Deoxyribonuclease II alpha a NM_010062
2.89 1.21 24 Mat2a Methionine adenosyltransferase II, alpha cp BB319038
2.71 1.23 22 Frk Fyn-related kinase cp (negative regulation ) BB831042
2.37 1.16 2.0 - - - BB485260

—, unknown; a, apoptosis; c, cell cycle; cp, cell proliferation (function is based on the literature or KEGG); t, transcription.
Gray boxes highlight genes with function of cell proliferation.
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Fig.3 Real-time polymerase chain reaction (PCR) analysis of mRNA for four genes in CL/Fr-BCL (BCL) and CL/Fr-N (N) fetuses. Real-time PCR analysis
of mRNA for four genes in CL/Fr-BCL and CL/Fr-N fetuses. Results are expressed as mean (SD) of the ratio of the specific mRNA to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA. *P < 0.05; ns, not significant.

DISCUSSION

In our experiments, we were fortunate to obtain data for most of the
palatal genes that are of interest in the production of cleft secondary
palate following cleft lip. We identified the pathways of the possible
signaling molecules during palatal morphogenesis in pathway
analysis.

In spite of a lot of studies with mouse models of cleft lip with or
without cleft palate, molecular event in palatal shelves following
spontaneous cleft lip has been poorly understood. Our microarray
analysis found that there were only 36 transcripts in 45 101 that
showed height intensity of expression (>1) and a twofold
upregulation or a 0.5-fold downregulation in affected fetuses of
CL/Fr, and these molecules indicated a relatively close expression
level in CL/Fr-BCL vs. CL/Fr-N fetuses. These findings strongly
support the hypothesis that the cause of spontaneous cleft palate
morphogenesis in CL/Fr mice is a multifactorial trait and based
on threshold theory involving signaling molecules during palate
morphogenesis that occurs subsequent to cleft lip. Nonetheless,
eight out of 36 restricted genes (22.2%) were categorized to the
molecules that relate to cell proliferation, and its ratio was relatively
high in the restricted genes, suggesting that the in vivo signaling
molecules associated with cell proliferation might induce a reduc-
tion in palatal mesenchymal cell kinetics in CL/Fr-BCL fetuses.
This hypothesis is supported by a previous study indicating that
palatal shelves from CL/Fr-BCL fetuses have less capability for in
vivo mesenchymal cell proliferation than CL/Fr-N fetuses (Sasaki
et al. 2004). The downregulation of in vivo cell proliferation kinet-

ics in CL/Fr compared with C57BL mice suggests that cellular
susceptibility itself relates to cleft palate in CL/Fr strain of fetuses.

Three restricted molecules (Ywhab, Nek2 and Taccl) were con-
sistently up- or downregulated using real-time RT-PCR in CL/Fr-
BCL. Previous reports with the use of mouse palatal shelves have
indicated that genes, associating with cell proliferation in palatal
mesenchyme, were MsxI, Pax9, Barxl, Shox2, Lhx8, Gli3, Sall3,
p63,0sr2,Bmp2, 4, Fgfl0, and PdgfRa et al. (Gritli-Linde 2007). No
genes matched the signaling molecules identified from our experi-
ment, because there are objective differences, i.e., no other previous
studies have derived from the palatal tissue with spontaneous
(nonsyndromic) cleft lip, and we first report the molecules affecting
the palatogenesis with spontaneous cleft lip with use of palatal tissue.

The effect of the molecules that we found could be small and
indirect on palatal disorder following spontaneous cleft lip.
However, regarding the linkage to palatal development, several
possibilities may be considered for the GO “biological process”
according to the literature. First, the 14-3-3 proteins (Ywhab), which
were downregulated in CL/Fr-BCL in our results, are associated with
proto-oncogene and oncogene products. Overexpression of Ywhab
in NIH 3T3 cells stimulated cell growth and supported anchorage-
independent growth in soft agar medium in nude mice (Takihara
et al. 2000). Downregulation of Ywhab in CL/Fr-BCL could work as
an inhibitory factor for palatal development at the time when cell
proliferation is required. Second, immunoblotting has shown an
upregulation of Nek2 in all eight breast carcinoma cell lines exam-
ined (Barbagallo et al. 2009; Tsunoda et al. 2009). One function of
Nek2 kinase activity is to promote the splitting of duplicated
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centrosomes at the onset of mitosis through phosphorylation of core
centriolar proteins (Fry 2002), and overexpression of active Nek2
leads to centrosome splitting and dispersal (Fry et al. 1998). These
functions of Nek2 might also contribute to defection of cell cycle
during the palatal development in CL/Fr-BCL.

Furthermore, the expression of a newly identified 7ACCI
isoform, which was upregulated in CL/Fr-BCL in our results, is
restricted to brain and gastric cancer tissues, and quantitative
RT-PCR revealed a relative overexpression of the gene in cancer
tissues (Line et al. 2002). Interestingly, a nationwide study of the
occurrence of cancer among Danish oral cleft (Bille et al. 2005) and
white patients with cleft lip and cleft palate (Menezes et al. 2009)
showed an increased occurrence of cancer in cleft lip and/or cleft
palate. We found Wnt!1 linked with Nek2 in KEGG Wnt pathway in
gene network of cell proliferation of CL/Fr-BCL fetuses. Wnt
pathway genes have been suggested as candidate genes for cleft/lip
palate based on studies with animal models (Juriloff and Harris
2008) and association studies in humans (Menezes et al. 2009),
while WNT11 SNP showed association with human oral squamous
cell carcinoma (Andrade Filho et al. 2011) and there was a corre-
lation between Wntll expression and odontoblast differentiation
in rat dental pulp (Koizumi et al. 2013). Our analysis provides
evidence that defection of cell cycle may result in the common
etiology of oral cancer and cleft palate with cleft lip in the view of
high activity of cell proliferation both in cancer cell and embryonic
palatal shelf. The study of these molecular contributions will
provide useful information with which to gain a better understand-
ing of palatogenesis in cleft palate following cleft lip.
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