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Abstract Grainyhead-like 3 (Grhl3) is a transcription
factor involved in epithelial morphogenesis. In the pre-
sent study, we evaluated the developmental role of Grhi3
in structural formation of the circumvallate papilla (CVP),
which undergoes dynamic morphological changes during
organogenesis. The specific expression pattern of Grhi3
was examined in the CVP-forming region, specifically in
the apex and epithelial stalk from E13.5 to E15.5 using
in situ hybridization. To determine the role of Grhi3 in epi-
thelial morphogenesis of the CVP, we employed an in vitro
tongue culture method, wherein E13.5 tongue were iso-
lated and cultured for 2 days after knocking down of Grhi3.
Knockdown of Grhi3 resulted in significant changes to the
epithelial structure of the CVP, such that the apical region
of the CVP was smaller in size, and the epithelial stalks
were more deeply invaginated. To define the mechanisms
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underlying these morphological alterations, we examined
cell migration, proliferation, and apoptosis using phalloidin
staining, immunohistochemistry against Ki67, ROCK1, and
E-cadherin, and a TUNEL assay, respectively. These results
revealed an increase in proliferation, a reduction in apopto-
sis, and an altered pattern of cytoskeletal formation in the
CVP-forming epithelium, following Grhi3 knockdown. In
addition, there were changes in the specific expression pat-
terns of signaling and apoptosis-related molecules such as
Axin2, Bakl, Bcl2, Casp3, Casp8, Ctnnbl, Cnndl, Gli3,
Lefl, Ptchl, Rockl, Shh, and Wntl1, which could explain
the altered cellular and morphological events. Based on
these results, we propose that developmental stage-specific
Grhi3 plays a significant role in CVP morphogenesis not by
just disruption of epithelial integrity but by regulating epi-
thelial cell proliferation, apoptosis, and migration via Shh,
Wnt, and apoptosis signaling during mouse embryogenesis.

Keywords Epithelial morphogenesis - Rearrangement
Cytoskeletal formation - Morphogenesis - Grainyhead-like
3

Introduction

Epithelial appendages such as the feather, hair, tooth,
whiskers, and mammary gland share similar morphoge-
netic events during the early stages of their development
(Mikkola 2007). They all undergo induction, epithelial
thickening (placode formation), and bud formation, result-
ing in either protrusion from or invagination into an epithe-
lial surface that later converts into different adult structures
(Biggs and Mikkola 2014). Circumvallate papilla (CVP)
formation is an excellent model system for studying epi-
thelial morphogenesis. The CVP initially develops from
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a thickening of the dorsal epithelium that forms a cen-
tral “dome-shaped” structure with a mesenchymal core.
Adjacent to the central dome are two epithelial stalks that
invaginate into the underlying mesenchyme and give rise
to the von Ebners’ minor salivary gland (VEG) (Jitpuk-
deebodintra et al. 2002). The formation of these structures
involves a series of sequential and reciprocal interactions
between the epithelium and the underlying mesenchyme,
which are mediated by a number of conserved signaling
pathways including the Wnt, fibroblast growth factor (Fgf),
transforming growth factor B (Tgf f), and hedgehog (Hh)
families, along with their downstream transcription factors
(Pispa and Thesleff 2003).

Among these different signaling pathways, Sonic
hedgehog (Shh) was shown to be involved in the induc-
tion and morphogenesis of early CVP and salivary gland
development (Jaskoll et al. 2004; Lee et al. 2006). In
addition, the interaction of Shh with another important
molecule, Wntll (from the Wnt signaling pathway), is
responsible for dome and lateral trench wall formation
during CVP development (Kim et al. 2009). The involve-
ment of several other signaling molecules and transcrip-
tion factors, including Fgf10, Pax9, SixI, Six4, Eda, and
WTI, has been examined (Petersen et al. 2011; Suzuki
et al. 2011; Wells et al. 2011; Kist et al. 2014; Gao et al.
2014); however, the integrated regulatory mechanisms
that underlie epithelial structure formation in the CVP
remain to be elucidated. To begin unraveling the complex
molecular interactions involved in CVP formation, we
evaluated the developmental function of Grainyhead-like
3 (Grhl3), which is known to play an important role in
epithelial organogenesis.

Grhi3, one of the three mammalian homologs of the
Drosophila transcription factor grainyhead, has been
reported to be essential for epidermal development, migra-
tion, and integrity (Ting et al. 2005a, b; Hislop et al. 2008;
Boglev et al. 2011). In addition, it is known to regulate
cell apoptosis, oral periderm development, and neural tube
closure (Gustavsson et al. 2008; Lukosz et al. 2011; De
la Garza et al. 2013; Peyrard-Janvid et al. 2014; Liu et al.
2016). Furthermore, while Grhl3 is known to be a key
regulator of epithelial cell rearrangement, its specific role
in structure formation during organogenesis has yet to be
elucidated.

In the current study, we examined the precise expres-
sion pattern and developmental roles of Grhi3 during CVP
development. We showed that developmental stage-specific
Grhl3 is involved in epithelial cell proliferation, apoptosis,
and migration to achieve the proper structural formation of
CVP. Precise coordination of these events controls the cel-
lular rearrangements and dramatic morphological changes
that result in typical structure formation of the CVP.
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Materials and methods

All experiments were performed according to the guide-
lines of the Kyungpook National University, School of
Dentistry, Intramural Animal Use and Care Committee.

Animals

Adult ICR mice were housed in a temperature-controlled
room (22 °C) under artificial illumination (lights on from
05:00 to 17:00), at 55 % relative humidity, with free access
to food and water. Mouse embryos were obtained from
time-mated pregnant mice. The day on which a vaginal
plug was confirmed was designated as embryonic day O
(EO).

In situ hybridizations

Whole-mount and section in situ hybridizations was per-
formed at 68 °C using digoxigenin (DIG)-labeled RNA
probes following standard protocols, as described pre-
viously (Neupane et al. 2015). Following whole-mount
in situ hybridization, 20-pm thick frontal frozen sections
were prepared to examine the detailed expression pattern
of Grhl3.

In vitro organ cultivations

Tongues of embryonic mice were micro-dissected from the
mandible at E13.5 under a dissecting microscope in cold
phosphate-buffered saline (PBS) and were cultured for
2 days using Trowell’s modified culture method, as previ-
ously described (Neupane et al. 2015). To examine changes
in gene expression, dissected tongues were cultivated using
a roller culture method as previously described (Sohn
et al. 2015). During in vitro organ culture, antisense oli-
godeoxynucleotides (AS-ODNs) for Grhl3 were added to
the medium at a final concentration of 1 pm as previously
described (Sohn et al. 2012). The sequences of ODNs were
as follows: antisense AS-ODN 5- CTCCTCTGTCTCC-
CTCCTCA-3' and sense (S)-ODN 5-TGAGGAGGGA.-
GACAGAGGAG-3'. In addition, scrambled ODN was
examined as a control of experiment (data not shown). To
confirm the AS-ODN experiment, we also employed the
siRNA system, purchased from Ambion (ID: 106644).

Slice cultivation and Dil labeling

Slice cultivation and Dil labeling were performed
as previously described (Neupane et al. 2015).
After microdissection of the El14 tongue, 100-um
frontal sections of the CVP were prepared using a
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vibratome (VT1000S, Leica, Germany). The fluores-
cent carbocyanine dye Dil (1,1’-dioctadecyl-3,3,3’,3'-
tetramethylindocarbocyanine perchlorate; Cat. no.
C-7001; Life Technologies, USA) was microinjected to
the trench region of the exposed CVP in the slice sec-
tion of tongue. Tissues were incubated over an agarose
gel containing DMEM for 48 h.

Histology and immunohistochemistry

Histology and immunostaining were carried out as pre-
viously described (Neupane et al. 2015). Primary anti-
bodies used were Ki67 (Cat. no. RM-9106, Thermo Sci-
entific, Fremont, CA, USA), ROCK1 (Cat. no. ab45171,
Abcam, UK), and E-cadherin (Cat. no. AF748; R&D
Systems, USA). At least 12 slides from over 30 speci-
mens for each control and experimental group were
randomly selected for immunostaining against Ki67,
and the number of positive cells were counted in the
epithelium designating as apex, trench, and vallum,
respectively.

Three-dimensional reconstructions

Three-dimensional reconstructions were performed as pre-
viously described (Sohn et al. 2011). Reconstruction soft-
ware, which can be downloaded from http://synapses.clm.
utexas.edu/tools/reconstruct/reconstruct.stm (August 20,
2007), was used to produce 3D images of the CVP.

Phalloidin staining

Phalloidin staining was performed as previously described
(Neupane et al. 2015). Briefly, frozen sections were washed
with PBS, permeabilized with 0.1 % Triton X-100 in PBS,
and incubated with phalloidin-fluorescein isothiocyanate
(Cat no. p5282; Sigma Aldrich, USA) at room temperature
for 1 h, then visualized using a fluorescence microscope
(DM-2500; Leica, Germany).

TUNEL assay

A terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assay was performed as pre-
viously described (Sohn et al. 2012) using an in situ cell
apoptosis detection kit (Cat. no. 4810-30-K, Trevigen,
MD., USA) according to the manufacturer’s instructions.
DAB substrate was used to detect sites of in situ apoptosis
under a light microscope. At least 12 slides from over 30
specimens for each control and experimental group were
randomly selected for TUNEL assay, and the number of
positive cells were counted in the epithelium designating as
apex, trench, and vallum.

Real-time quantitative polymerase chain reaction

RT-gPCR was performed as previously described (Neu-
pane et al. 2015). After 24 h cultivation at E13.5, CVP-
forming tissue was dissected and harvested the RNA to
synthesis cDNA. Results for each sample were normalized
to Hprt and expressed as a fold change. Table 1 lists the
primer sequences used in this study. Data were expressed
as mean = SD. Mean expression levels were compared
between the experimental and control groups using Stu-
dent’s ¢ test. P values <0.05 were considered significant.

Results

Expression pattern of Grhl3 in the developing
circumvallate papilla

In order to determine the precise expression pattern of
Grhli3, in situ hybridization was performed at E13.5, E14.5,
and EI15.5, since these stages show remarkable changes
in the structure of the CVP (Fig. 1). At E13.5, when the
CVP is beginning to evaginate from the epithelial surface,
Grhi3 expression was observed in the thickened epithelium
(Fig. 1a, b). This was confirmed in a frontal section show-
ing expression in the superficial layer of the thickened epi-
thelium of the CVP (Fig. 1c). At E14.5, the CVP is a much
more prominent protuberance of the epithelium, and Grhl3
expression was strong at this stage (Fig. 1d, e). In addition,
Grhi3 expression was observed in the developing fungi-
form papillae along the median sulcus at E14.5 (Fig. 1d).
The CVP comprises a raised dome structure enclosing con-
densed mesenchyme with an invaginated epithelial stalk
forming the trench. Section in situ hybridisation revealed
strong Grhi3 expression in the CVP apex and trench epithe-
lium, but no expression in the mesenchymal core (Fig. 1f).
At E15.5, the CVP dome is much larger compared to that
at E14.5, and Grhl3 expression was still strong (Fig. 1g,
h). Section in situ hybridization at E15.5 revealed a much
larger CVP dome and more deeply invaginated epithelial
stalks, with Grhl3 expression still restricted to the apex and
trench epithelium of the CVP (Fig. 1i). The same expres-
sion pattern was observed in the CVP at E14.5 and E15.5
which was confirmed in the frontal sections of the whole-
mount in situ hybridization (data not shown).

Functional analysis after Grhl3 knockdown
during in vitro organ cultivation

In order to evaluate the role of Grhl3 in CVP morphogen-
esis, we cultured tongue with AS-ODNs to knockdown
Grhl3. We used E13.5 tongue, a stage when Grhl3 is
expressed; however, major morphological changes in the
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Table 1 Primer sequences for RT-qPCR

Gene Accession Primer sequence References Product size (bp) Remarks

Axin2 BC057338.1 Forward TGAAGAAGAGGAGTGGACGT 115 Wnht signaling
Reverse AGCTGTTTCCGTGGATCTCA

Bakl NM_007523.2 Forward AACAGCATCTTGGGTCAGGT Sohn et al. (2012) 82 Apoptosis sign-
Reverse TCTGGAACTCTGTGTCGTAG aling

Bcl2 NM_009741.5 Forward TGACTTCGCAGAGATGTCCA Sohn et al. (2012) 91 Apoptosis sign-
Reverse  ATCCCTGAAGAGTTCCTCCA aling

Casp3  NM_001284409.1 Forward AGACAGACAGTGGGACTGAT Sohn et al. (2012) 93 Apoptosis sign-
Reverse AGTAACCAGGTGCTGTAGAG aling

Casp8  NM_009812.2 Forward ATCCCACACAAGAAGCAGGA Sohn et al. (2012) 93 Apoptosis sign-
Reverse  AGACAGATTGCCTTCCTCCA aling

Cendl ~ NM_007631.2 Forward TGCGTGCAGAAGGAGATTGT Neupane et al. (2015) 95 Wnht signaling
Reverse AAGACCTCCTCTTCGCACTT

Cmnbl NM_007614.3 Forward TGACCTGATGGAGTTGGACA Neupane et al. (2015) 104 Wht signaling
Reverse TGGCACCAGAATGGATTCCA

Gli3 NM_008130.2 Forward CATCCACCCTGCTCCAACAT 99 Shh signaling
Reverse GAGGACTCAGAAGGGCCAGA

Grhl3 NM_001013756.1  Forward GCAAGCGAGGCATCCTGGTTAA 61
Reverse ACGTGGTTGCTGTAGTGTTGG

Lefl NM_010703.4 Forward ACAGCGACGAGCACTTTTCT Neupane et al. (2015) 82 Shh signaling
Reverse TGTCTGGACATGCCTTGCTT

Ptchl NM_008957.2 Forward CGGACCGGGACTATCTGCAC 75 Shh signaling
Reverse CCTTCCCCTTGGAAATCTGCT

Rockl ~ NM_009071.2 Forward GGTATCGTCACAAGTAGCAG- Otsu et al. (2011) 140 Wnht signaling

CATCA

Reverse TAAACCAGGGCATCCAATCCA

Shh NM_009170.3 Forward CAGCGCGTGTACGTGGTGGC Neupane et al. (2015) 335 Shh signaling
Reverse GGAGCGTCGGCAGCACCTG

Wnrll ~ NM_001285792.1  Forward CAACCTCGCAGGCGGC 150 Wnat signaling
Reverse AAAGAG CAGAG C CTC G CAG

Hprt NM_013556.1 Forward CCTAAGATGATCGCAAGTTG Neupane et al. (2014) 86 Internal standard
Reverse ~CCACAGGGACTAGAACACCT-

GCTAA

CVP have not yet occurred. After 1 day in vitro culture
with AS-ODN treatment, Grhl3 expression in the CVP
was reduced by approximately 50 % (Fig. 2i) compared to
the control, as measured using RT-qPCR. In addition, the
section in situ hybridization after 2 days of in vitro culture
also confirmed the knocking down of Grhi3 expression
(Supplementary Fig. 1). Hematoxylin and eosin staining of
frontal sections through the cultured CVP showed a more
rounded apex (asterisk in Fig. 2a, e) and a more invagi-
nated trench epithelium (arrows in Fig. 2a, e) in the AS-
ODN-treated specimens (Fig. 2e), compared to controls
(Fig. 2a). In addition, computer-aided three-dimensional
(3D) reconstructions of the CVP showed a remarkable
alteration in morphology. The oral view of the 3D images
of AS-ODN-treated specimens showed smaller size of
the CVP dome (Fig. 2f), compared to control specimens
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(Fig. 2b). The antero-posterior width of the CVP dome
was reduced in the AS-ODN-treated specimens (Fig. 2g)
compared to controls (Fig. 2c). Furthermore, the aboral
view of 3D images of the AS-ODN-treated specimens
showed deeper mesenchymal core as a result of more
invaginated trench epithelium (Fig. 2h) when compared
to control specimens which showed shallow mesenchymal
core (Fig. 2d).

In vitro slice cultivation and cellular rearrangement

Cellular rearrangement is an important part of morpho-
genesis, especially during epithelial structure formation.
The CVP exhibits a typical epithelial morphology; there-
fore, we wanted to explore the cell dynamics that lead to
formation of this invaginated epithelial structure. We used
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Whole mount in situ hybridization

Frontal section

Fig.1 Grhi3 expression in the developing CVP. Whole-mount
and section in situ hybridization using a DIG-labeled Grhl3 mRNA
probe: At E13.5, Grhi3 is expressed in the epithelium of the CVP
region (a, b), as detected by whole- mount in situ hybridization. A
frozen frontal section shows expression in the upper layer of the
thickened epithelium (c). At E14.5 and E15.5, whole-mount in situ
hybridization shows stronger expression of Grhl3 in the CVP (d, e, g,
h). Section in situ hybridization at E14.5 and E15.5 shows expression

the lipophilic dye Dil to track cells during invagination
of the trench epithelium. Cells in the trench epithelium of
exposed CVP slice were labeled with Dil at E14, when
the invagination was just commencing, and the tissue was
transferred to in vitro slice culture. After 48 h, the patch of
Dil-labeled cells in the AS-ODN-treated tissues (Fig. 3d—f)
had extended upward to the trench walls and downwards to
the base of the trench, resulting in an increased epithelial
thickness compared to controls (Fig. 3a—c).

Altered cellular events after AS-ODN treatment
against Grhl3

To evaluate the effects of Grhl3 knockdown on cell pro-
liferation and apoptosis, we used immunostaining for
Ki67 and a TUNEL assay, respectively. E13.5 CVPs were

Wil

in the apex and trench epithelium of the CVP (f, i). White boxes rep-
resent the magnified region (b, e, h), dotted circles (b, e, h) outline
the CVP and dotted line (b) indicates the level of the section. SISH,
section in situ hybridization. Arrows indicate expression, arrowheads
and asterisks represent the vallum and trench epithelium, respec-
tively. Scale bars 500 ym (a, d, g), 200 um (b, e, h), and 50 um (c,
f, i)

cultured in the presence or absence of AS-ODNs against
Grhl3. After 2 days the number of Ki67 positive cells was
increased in the CVP apex, trench wall, and vallum epi-
thelium in AS-ODN-treated tissues (Fig. 4c) compared
to controls (Fig. 4a). The number of Ki67 positive cells
in the designated regions of the CVP epithelium of con-
trol and AS-ODN-treated specimens is presented in the
form of bar graph and table (Fig. 4e, Ki67). In addition,
the number of Ki67 positive cells in the condensed mes-
enchyme of AS-ODN-treated CVP domes was decreased
(Fig. 4c) compared to controls (Fig. 4a), indicating a
reduction in cell proliferation in the mesenchyme. How-
ever, there was an increase in the number of Ki67 posi-
tive cells in the mesenchyme immediately adjacent to the
trench epithelium in AS-ODN-treated tissues (Fig. 4c)
compared to controls (Fig. 4a). Cell death was reduced
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Fig. 2 Altered morphology of the CVP following Grhi3 knockdown
in vitro. H&E staining shows the epithelial structure of a control and
AS-ODN-treated CVP (a, e). Compared to the control (a), the AS-
ODN-treated CVP shows a more rounded dome and more deeply
invaginated trench epithelium (e). A frontal section and 3D recon-
struction of the CVP shows the altered shape and dome size in AS-

Ohr

24hrs

ODN-treated (e-h) compared to controls (a—d). Grhl3 expression
is down regulated by about 50 % after treatment with AS-ODN as
detected by RT-qPCR (i). A, anterior; Ab, aboral; O, oral; P, posterior.
Dotted lines indicate basement membrane. Arrows, arrowheads and
asterisk represent trench, vallum and apex epithelium, respectively.
**P < 0.05. Scale bars 50 pm (a, e)

48hrs

Control

AS-ODN

Fig. 3 Cell movement tracking following Dil microinjection in an
in vitro slice culture. Dil labeling of cells in the exposed trench of an
E14 CVP slice culture (a, d): Altered proliferation and migration pat-
tern of Dil-labeled cells in control (b, ¢) and AS-ODN-treated CVPs
(e, f) after culture for 24 and 48 h. Reduced Dil intensity and scat-
tered Dil-labeled cells in the AS-ODN-treated (f) compared to con-

in the apex, trench wall, and vallum epithelium of the
CVP following AS-ODN-treatment (Fig. 4d) compared
to controls (Fig. 4b) as indicated by a reduction in the
number of apoptotic cells in the treated tissues. The num-
ber of TUNEL positive cells in the designated regions
of the CVP epithelium of control and AS-ODN-treated
specimens is presented in the form of bar graph and table
(Fig. 4e, TUNEL).
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trol (c) tissues are indicative of extensive cell proliferation and migra-
tion after 48 h in culture. Insets are a schematic depiction of the Dil
labeling showing proliferation and migration patterns at respective
time periods. Dotted lines indicate basement membrane. Scale bars
100 pm (a—f)

Altered localization patterns of epithelial cell adhesion
and rearrangement-related factors following Grhl3
knockdown

To examine the role of Grhl3 in epithelial cell adhesion
and cell rearrangement, we performed immunohistochem-
istry for ROCK1 (Fig. 5a, d) and E-cadherin (Fig. 5c, f) in
AS-ODN-treated and control CVP tissues. In addition, we
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used phalloidin staining to detect actin filaments (Fig. 5b,
e). The intensity of ROCKI1 localization was reduced in the
epithelium of AS-ODN-treated CVP specimens (Fig. 5d)
compared to controls (Fig. 5a). Interestingly, ROCK1 was
almost absent in the apex and vallum epithelium of AS-ODN
treated specimens (Fig. 5d) compared to controls (Fig. 5a),
while the intensity was reduced in the trench epithelium of
AS-ODN-treated specimens (Fig. 5d) compared to controls
(Fig. 5a). Consistent with this, there was a decrease in the
intensity of actin filament staining in the apex and vallum of
AS-ODN-treated CVP (Fig. 5e) compared to that of controls

Fig. 4 Altered cell prolifera-

(Fig. 5b). Conversely, the intensity of actin filament staining
was increased in the basement membrane of the invaginated
epithelium in AS-ODN-treated CVP (Fig. 5e) compared to
controls (Fig. 5b). Furthermore, the epithelial cell adhesion
molecule E-cadherin was also altered following AS-ODN
treatment. Consistent with ROCK1, E-cadherin was absent
in the apex and vallum epithelium of AS-ODN-treated CVP
(Fig. 5f); however, that was not the case in the controls
(Fig. 5¢). In contrast, an increase in E-cadherin intensity was
observed in the trench epithelium of AS-ODN-treated tissues
(Fig. 5f) compared to controls (Fig. 5c).

tion and apoptosis after Grhl3
knockdown. Ki67 immunostain-
ing of an AS-ODN-treated
CVP (c) shows an increase in
the number of Ki67 positive
cells in the apex, trench, and
vallum epithelium compared

to the control (a). The number
of apoptotic cells in the apex,
trench and vallum epithelium
decreased after Grhi3 knock-
down (d) compared to controls
(b) as detected by a TUNEL
assay. Graph shows the number
of Ki67 and TUNEL positive
cells in the apex, trench, and
vallum epithelium (e). Inset

in (e) is a schematic diagram
showing the regions of the
CVP epithelium used to count
the positive cells. Dotted lines
indicate basement membrane.
Arrows indicate positive cells in
the apex epithelium. Arrow-
heads and asterisk represent
vallum and trench epithelium,

Control

AS-ODN

shep z+5°'¢€13

respectively. Scale bars 50 ym e
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11.8+3.63 1.6£0.54 5.41+2.96
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Altered expression of Shh-, Wnt-, and apoptosis-related
signaling molecules following Grhl3 knockdown

In order to define the molecular mechanisms that are reg-
ulated by Grhl3, E13.5 CVPs were treated with AS-ODN
to knockdown Grhi3. After 1 day of in vitro roller culture,
the expressions of Shh-, Wnt-, and apoptosis-related sign-
aling molecules were examined using RT-qPCR. Shh and
Wntl1 have been shown to be involved in CVP develop-
ment (Mistretta et al. 2003; Jaskoll et al. 2004; Lee et al.
2006; Kim et al. 2009; Wells et al. 2011). Expression of
Shh and the related factors Ptchl and Gli3 was up-regu-
lated following Grhi3 knockdown, as was expression of the
Wnt-signaling molecules Wntl1 and Ctnnbl. Similarly, the

ROCK1

Phalloidin

apoptosis-related factors Bakl, Bcl2, and Casp3 showed
increased expression levels, whereas Casp8, an extrin-
sic apoptosis factor, was downregulated following Grhi3
knockdown (Fig. 6).

Discussion

CVP morphogenesis occurs via sequential and reciprocal
interactions between the epithelium and underlying mes-
enchyme, which are mediated by a number of conserved
signaling molecules including Wnt, Shh, Fgf, Tgf, and Tnf,
along with their downstream transcription factors (Pispa
and Thesleff 2003; Mikkola 2007). The first morphological

E-cadherin

Control

AS-ODN

Fig. 5 Localization patterns of ROCK1, phalloidin, and E-cadherin
in the CVP following Grhi3 knockdown. ROCKI1 is weakly local-
ized in the AS-ODN-treated tissue (d) compared to the control (a).
Increased intensity of phalloidin staining in the basement membrane
of AS-ODN-treated specimens (e) compared to controls (b). E-cad-

shep z+¢13

herin is altered in AS-ODN-treated specimens (f) compared to con-
trols (¢). Dotted lines indicate basement membrane. Arrows, arrow-
heads and asterisk represent trench, vallum, and apex epithelium,
respectively. Scale bars 50 pm (a—f)

3.0 -
2.5 4 *q ® Control D AS-ODN
2.0 * * %
3 *
15 { { { (
*-
1.0 rw
) I A O O il
O .
Hprt Gli3 Ptch1 Shh Axin2 Ctnnb1 Ccnd1 Lef1 Rock1 Wnt11 Bak1 Bcl2 Casp3 Casp8

L_shh signaling L wnt signaling — 1 Apoptosis signaling -

Fig. 6 Altered expression of signaling molecules following Grhl3
knockdown in vitro as detected by RT-qPCR. Up-regulation of Shh
and related factors along with Wntl1, Ctnnbl and anti-apoptotic fac-
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tor Bcl2 after Grhi3 knockdown. Extrinsic apoptosis factor Casp8 is
downregulated after Grhl3 knockdown. *P < 0.05
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sign of CVP formation is observed at E13 (AhPin et al.
1989) and acquires a “dome-shaped” appearance, with
subsequent invagination of the adjacent epithelium by E15
(Jitpukdeebodintra et al. 2002). In the current study, we
examined the expression pattern of Grhl3 in the CVP at
E13.5, E14.5, and E15.5. Our observations are consistent
with the expression pattern for the oral epithelium reported
previously (Auden et al. 2006). Based on the expression
pattern, we hypothesized that Grhl3 could have a spe-
cific role in formation of CVP epithelial structure during
embryogenesis such as structural formation with epithelial
invaginations.

To evaluate this hypothesis, we employed the stage- and
tissue-specific knockdown of Grhl3 by using AS-ODN
or siRNA treatments during in vitro organ cultivation to
understand the detailed roles of Grhl3 in the circumval-
late papilla morphogenesis. The previous reports on role of
Grhl3 from knockout mouse model showed the requirement
of this gene in epithelial integrity and periderm formation,
in which, however, dynamicity of morphogenesis of vari-
ous organs has not been revealed and tongue circumvallate
papilla is one of them (Ting et al. 2005a, b; De la Garza
et al. 2013). Knocking down of gene using AS-ODN during
in vitro organ cultivation at specific stage gives insight into
the developmental role of that gene in the stage-specific
morphogenesis of organs and advantageous over knock out
model which interferes entire signaling regulations starting
from the organogenesis. So, the in vitro organ cultivation
of stage-specific tissues with functional analysis would pro-
vide plausible answers to understand the signaling integra-
tions in tissue regeneration.

To track the morphological development of the CVP, and
to determine the role of Grhl3 in this process, we cultured
tongues from E13.5 embryos, in the presence or absence
of AS-ODNs against Grhl3, for 2 days. Approximately
50 % of Grhl3 was knocked down by AS-ODNs against
Grhi3 after in vitro organ culture for 1 day, as confirmed
by RT-qPCR; knocking down a gene to this extent alters the
signaling regulation in a developing organ, thus allowing
visualization of any morphological alterations. Further, we
tested siRNA against Grhl3; however, this resulted in only
about 25 % Grhl3 knockdown, as confirmed by RT-qPCR,
and caused similar alterations in CVP morphogenesis (data
not shown). Hence, AS-ODN treatment was employed
throughout the study to knockdown Grhl3. After 2 days of
in vitro culture, the morphology of the E13.5 control CVP
resembled that of an E15 in vivo CVP (data not shown).
However, slight retardation was observed in the develop-
ment which could be due to time constraints and lack of
the complete oral environmental conditions that could not
be fulfilled during in vitro cultivation. As expected, the AS-
ODN-treated CVP showed remarkable alteration in struc-
ture compared to the control, and this was further evaluated

using computer-aided three-dimensional (3D) reconstruc-
tions. Although diverse cutting-edge techniques, including
micro-computed tomography and confocal microscopy,
are available to examine detailed morphology, these pro-
cesses require expensive instruments, which ultimately
increases the performance cost. Therefore, we attempted to
evaluate the CVP architecture using a 3D computer-aided
reconstruction method, which has been used in a number
of anatomical and histological studies (Kim et al. 2011).
We obtained 3D images using reconstruction software to
align serial frontal histological sections of cultured control
and AS-ODN-treated CVPs. This provided us with clear
images of the altered morphology in the AS-ODN-treated
specimens compared to the controls. Data from the control
CVPs in this experiment were consistent with that from a
previous report by Sohn et al. (2011).

After observing these distinct alterations in morphology,
we investigated the cell dynamics that could have caused
these changes. To determine changes in cell migration, we
labeled cells with Dil and tracked them during CVP devel-
opment in vitro. In addition, cell proliferation and apop-
tosis were examined in E13.5 CVPs after 48 h of in vitro
culture. Cell proliferation is extensive from the early stage
of tongue development and is active throughout embryo-
genesis, while apoptosis, which is restricted to the upper
layer of epithelium, occurs later in embryogenesis (Nagata
and Yamane 2004; Nie 2005). Previous reports have sug-
gested that cell proliferation and migration are major events
in CVP morphogenesis (Jitpukdeebodintra et al. 2002) and
shown that Grhi3 plays a role in proliferation, migration,
and apoptosis (Ting et al. 2005a, b; Hislop et al. 2008;
Darido and Jane 2010; Caddy et al. 2010; Lukosz et al.
2011; Georgy et al. 2015; Zhao et al. 2016). Therefore,
we examined these cellular events in the developing CVP,
following knockdown of Grhi3. As expected, Dil-labe-
ling experiments showed scattered Dil-labeled cells, with
decreased intensity in the AS-ODN-treated specimens com-
pared to the controls, suggesting that epithelial cells in the
trench wall undergo hyperproliferation and altered migra-
tion because of Grhl3 knockdown. Consistent with this,
Ki67 immunostaining revealed increased proliferation in
the epithelium of AS-ODN-treated specimens. In addition,
mesenchymal cell proliferation was affected by knockdown
of Grhl3, implying the existence of an epithelial-mesen-
chymal interactions in the AS-ODN-treated specimens. In
contrast to cell proliferation, the AS-ODN-treated CVP
specimens showed a reduction in cell apoptosis compared
to controls. Thus, the extensive proliferation, decreased
apoptosis, and altered cell migration could explain the
thickened and more deeply invaginated trench epithelium
that was observed in the AS-ODN-treated tissues. These
results further suggest that Grhl3 may also facilitate the
branching morphogenesis of von Ebners’ minor salivary
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gland, which occurs after the epithelial invagination (Kim
et al. 2009). Our results from the Grhl3 knockdown experi-
ments are consistent with reports of hyperproliferating epi-
dermal cells in Grhi3 null mice (Ting et al. 2005a, b), and
more recently, with a report showing that Grhl3 deletion
results in hyperproliferation, along with increased thick-
ness of the tongue epithelium (Georgy et al. 2015). Further-
more, reduced expression of Grhi3 has been linked to an
increased risk of skin cancer due to altered epithelial-mes-
enchymal interactions (Darido et al. 2011), which would be
consistent with the cell proliferation data from the present
study.

The structural integrity of an organ is maintained by
the cytoskeleton. A number of developmental events that
occur during embryogenesis, including yolk sac forma-
tion, eyelid closure, neural tube closure, and renal tubulo-
genesis, involve cell movement that occurs by the mecha-
nism of convergent extension (Ybot-Gonzalez et al. 2007).
This process is controlled by the planar cell polarity
(PCP) pathway, to which Grhl3 is reportedly an important
contributor (Caddy et al. 2010). Grhl3 is thought to acti-
vate RhoGEF19, which functions as a direct activator of
RhoA and thus leads to actin polymerization and cytoskel-
etal arrangement (Darido and Jane 2010; Dworkin et al.
2011). These reports led us to investigate the possible role
of Grhi3 in modulating cytoskeletal structure formation
in the epithelium during organogenesis. The relationship
between Grhi3 signaling and ROCKI1, E-cadherin, and
actin filament formation during CVP morphogenesis was
examined using AS-ODNs to knockdown Grhl3. At E13.5
CVPs, organ cultures were grown with or without AS-
ODN treatment for 2 days in vitro. The localization pattern
of ROCK1, E-cadherin, and actin filament formation was
altered following Grhl3 knockdown, suggesting that Grhi3
may modulate CVP structure formation via the regula-
tion of ROCK1, E-cadherin, and actin filament formation.
These data are consistent with a recent report showing that
Grhl3 is an important factor in epithelial organogenesis,
and specifically for activating E-cadherin and mediating
mesenchymal—epithelial transition (Alotaibi et al. 2015).

Shh and Wntll signaling have been reported to be
involved in structural formation of the CVP (Kim et al.
2009). To determine the potential relationship between
Grhi3 and Shh and Wntl 1, we knocked down Grhi3 in an
in vitro culture system and performed RT-qPCR analysis.
Our observations revealed that Grhl3 knockdown affected
the activity of Shh and Wntll signaling, which could in
turn lead to the cellular rearrangements that we observed
in the epithelium. It is interesting to note that the activ-
ity of both Shh and Wntll have been shown to increase
after the loss of Grhi3 function, though these molecules
are antagonists of each other (Cho et al. 2011). However,
this could be explained by the presence of a Wnt—Shh
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negative feedback mechanism that regulates their func-
tion (Ahn et al. 2010). In addition, RT-qPCR analysis
revealed altered expression of apoptosis-related signal-
ing molecules following Grhl3 knockdown. Caspase-3, an
apoptosis executioner Caspase, showed increased expres-
sion following Grhl3 knocking down. As were examined
in previous reports, the increased expression of Caspase-3
does not necessarily enhance apoptosis and is related to
various other non-apoptotic biological processes (Ishizaki
et al. 1998; Fernando et al. 2002; Donato et al. 2014).
Moreover, the function of Caspase-3 depends on the level
of initiator Caspase, Caspase-8, which showed the down
regulated expression (Favaloro et al. 2012), resulting in
the decreased apoptosis as observed with TUNEL stain-
ing. Furthermore, the decreased apoptotic activity could
be explained due to increased expression of the anti-
apoptotic factor Bcl2 following Grhl3 knocking down. As
reported previously, Grhl3 promotes periderm formation
over the differentiating epithelium during embryogenesis
(De La Garza et al. 2013), and a defect in Grhl3 leads to
improper epithelial barrier formation (Ting et al. 2005a,
b). A defective barrier would result in bilateral adhesion
of the oral epithelium, perturbing normal palate devel-
opment (Peyrard-Janvid et al. 2014). Our data showing
Grhl3 expression in the developing CVP epithelium and
altered apoptosis signaling in the superficial layer of the
CVP epithelium in AS-ODN-treated specimens further
suggest that Grhl3 has a crucial role in oral periderm
development. However, these results would not be related
to secondary consequences of the disruption of epithelial
integrity.

In summary, our observations suggest that Grhl3 has a
significant role in CVP epithelial structure morphogen-
esis, and that it functions by controlling cell proliferation,
migration, and apoptosis via regulation of ROCK1, E-cad-
herin, and actin filament formation. These results would
be explained by reported earlier that ROCK1 is known to
integrate with E-cadherin via pl120-catenin which stabi-
lizes B-catenin and actin filament formation resulting in the
inhibition of cell proliferation (Smith et al. 2011). Further-
more, Rockl regulates actin cytoskeleton, cell migration,
cell survival, and proliferation through G proteins signaling
(Horani et al. 2013). Besides this, rearrangement of actin
filament is induced by E-cadherin to support contractility
during apoptosis of epithelial cells (Michael et al. 2016). In
addition, Grhl3 may play a vital role in morphogenesis of
the glandular epithelium. Further, we conclude that Grhi3
has a regulatory effect on the Shh and Wnt pathways that
are involved in patterning, tissue polarity, and cell fate
specification in many developmental processes (Huelsken
and Birchmeier 2001). The cellular events that comprise
CVP morphogenesis, including cell proliferation, migra-
tion, and apoptosis, and are modulated by Grhl3, could
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represent a good model for studying cell patterning and
differentiation in a range of organs during embryogen-
esis. Furthermore, regulation of cell adhesion molecules
and actin filaments by Grhl3, along with proliferation and
apoptosis, could play a crucial role in tumor biology and
epithelial tissue engineering.
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