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Abstract

Background: The gene encoding the transcription factor, Grainyhead-like
3 (Grhl3), plays critical roles in mammalian development and homeostasis.
Grhl3-null embryos exhibit thoraco-lumbo-sacral spina bifida and soft-tissue
syndactyly. Additional studies reveal that these embryos also exhibit an epider-
mal proliferation/differentiation imbalance. This manifests as skin barrier
defects resulting in peri-natal lethality and defective wound repair. Despite
these extensive analyses of Grhl3 loss-of-function models, the consequences of
gain-of-function of this gene have been difficult to achieve.

Results: In this study, we generated a novel mouse model that expresses Grhl3
from a transgene integrated in the Rosa26 locus on an endogenous Grhi3-null
background. Expression of the transgene rescues both the neurulation and
skin barrier defects of the knockout mice, allowing survival into adulthood.
Despite this, the mice are not normal, exhibiting a range of phenotypes attrib-
utable to dysregulated Grhi3 expression. In mice homozygous for the trans-
gene, we observe a severe Shaker-Waltzer phenotype associated with hearing
impairment. Micro-CT scanning of the inner ear revealed profound structural
alterations underlying these phenotypes. In addition, these mice exhibit other
developmental anomalies including hair loss, digit defects, and epidermal
dysmorphogenesis.

Conclusion: Taken together, these findings indicate that diverse developmen-
tal processes display low tolerance to dysregulation of Grhl3.
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1 | INTRODUCTION
Grainyhead-like 3 (Grhl3), is a member of a family of
mammalian transcription factors descended from the
Drosophila grainyhead (grh) gene.'” During murine
embryogenesis, Grhl3 is predominantly expressed in the
surface ectoderm from embryonic day (E) 8.5.* Expres-
sion is also observed along the E8.5 neural plate border
from which the otic placode arises from the pre-placodal
region and in the inner and outer hair cell of the
cochlea.*” Grhl3 plays critical roles in mammalian devel-
opment and homeostasis that have been uncovered
through analysis of loss-of-function models. Constitutive
gene inactivation in embryogenesis leads to a failure of
caudal neural tube closure, which manifests as thoraco-
lumbo-sacral spina bifida—a major subtype of neural
tube defects (NTDs), and a hypomorphic Grhi3 allele has
been identified as the underlying defect in the curly tail
(ct) mouse strain, a model of neural tube closure for more
than 50 years.*® The abnormal neural tube morphogene-
sis observed in Grhl3-null animals has been recently
shown to correlate with altered and disorganized cellular
protrusions in the surface ectoderm, which presumably
compromises the zippering of neural tube along the spi-
nal axis.'® Grhl3-null embryos also exhibit soft-tissue syn-
dactyly, and a shortened anterior-posterior axis due to
defects in the planar cell polarity signaling pathway.>'"'?
The latter also manifests as defective wound healing and
perturbed stereociliary bundles in the inner ear.>'' New-
born Grhl3-null mice die soon after birth of dehydration
due to a failure of the skin barrier to form and exhibit a
marked disruption in keratinocyte differentiation and
impaired epidermal architecture.'"'>"'® In the adult, con-
ditional inactivation of Grhl3 in the squamous epithelial
tissues of the skin and head and neck reproduces this
proliferation/differentiation imbalance and leads to squa-
mous cell carcinoma, establishing Grhi3 as a critical
tumor suppressor at these sites.'>'” In humans, muta-
tions in GRHL3 are associated with Van der Woude syn-
drome that is characterized by cleft palate and are
recognized as a major predisposing factor for spina
bifida.'®*° Multiple de novo and inherited variants have
been reported in patients with NTDs.'*°

To date, only one mouse overexpression model utiliz-
ing a bacterial artificial chromosome (BAC)-containing
Grhi3 has been reported.”’ In this study, ~1.5 to 2-fold
overexpression of Grhl3 was associated with spina
bifida.*’ In zebrafish, overexpression of Grhl3 through
microinjection of full-length Grhl3 mRNA into the 1-2
cell stage embryos yielded axial defects but not NTDs.*
In the current study, we established and characterized a
novel mouse model of Grhil3 misexpression. In contrast to
the previous study,” we did not identify NTDs in

transgenic mice with Grhl3 overexpression but identified
multiple other developmental defects, emphasizing the
need for stringent regulation of this gene during murine
embryogenesis.

2 | RESULTS

2.1 | Restoration of Grhl3 expression in
Grhl3-knockout mice rescues skin barrier
and neural tube defects

We and others have previously attempted to generate
mouse lines overexpressing Grhl3 using a wide variety of
regulatory elements to drive expression, including the
keratin (K)-14, CAG, and B6 (CMV) promoters (Kimura-
Yoshida et al*® and unpublished data). Despite multiple
rounds of injections, we never identified any pups expres-
sing the transgene, suggesting that overexpression of
Grhl3 is incompatible with embryonic survival. This was
subsequently affirmed, with Grhl3 transgenic embryos
shown to undergo growth arrest and death at E5.5.**> To
redress this, we devised a strategy to express a Flag-Grhl3
transgene on a Grhl3-null background. The transgene
was inserted into the murine Rosa26 locus, allowing
expression of Flag-Grhl3 from the Rosa26 regulatory ele-
ments (Rosa26°"? PNA Figure 1A).** Tissue- and
temporal-specificity was achieved through deletion of a
loxP-STOP-loxP cassette in the Rosa26 locus immediately
upstream of the Flag-Grhl3 coding region that was
induced by an intercross of the Rosa26°™3 ¢PNA/CGrhl3 eDNA
line with a line in which the Cre recombinase gene had
been knocked into the endogenous Grhil3 locus, render-
ing Cre-positive mice Grhl3-heterozygotes (Figure lB,C).zs
Further crosses generated offspring that were null at the
endogenous locus (Grhl3“/“™) and heterozygous or
homozygous for the transgene (Figure 1C-E). Intact
transgene knock-in was confirmed by Sanger DNA
sequencing, and deletion of the loxP-STOP-loxP cassette
was confirmed by PCR analysis (Figure 1F). Dissection of
uteri from Grhi3<"/*;Rosa26°™3 PNA* intercrosses at
both E14.5 and E18.5 frequently showed litters of three to
four embryos (expected litter size average 6.5 embryos°),
with a high number of resorptions. Genotyping of 42 off-
spring at E14.5 and 323 offspring at E18.5 showed that
wild-type embryos (WT—Grhl3"™";Rosa26™'"), embryos
heterozygous for the Grhl3-Cre allele or the transgene or
both (Grhl3°™*;Rosa26*'+, Grhi3*'*;Rosa26°™!3 PNA/+,
Grhl3“/*;Rosa26°™3 PNA/HY "and embryos homozygous
for the Grhl3-Cre allele (Grhl3°™/";Rosa26°™3 PNA/*
Grhl3“/“™*:Rosa26™ ") were present at the predicted
Mendelian ratios, whereas under-representation of
embryos carrying two alleles of the Grhl3 transgene
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FIGURE 1 Generation of Grhl3°";Rosa26°™ PN transgenic mouse model. (A) Gene-targeting strategy for making Rosa266™13 €PNA
allele. The loxP-STOP-loxP-Flag-Grhl3 transgene was targeted into the RMCE-compatible Rosa26 locus of murine G4 ROSALUC
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driven by the Rosa26 promoter, after the Cre-mediated excision of the loxP-flanked transcriptional stop sequence (loxP-STOP-loxP).
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TABLE 1
DNA/ mice at E14.5 and E18.5

Expected and observed numbers of embryos carrying corresponding genotypes from the intercross of Grhl3"'*;Rosa26°™*

Genotype Expected number of embryos Observed number of embryos P value

a. E14.5
Grhi3*/*;Rosa26*'* 4.0625 2 31
Grhl3°™*;Rosa26'+ 8.125 6 46
Grhi3°™*/°".Rosa26™'+ 4.0625 4 98
Grhl3"/*;Rosa26™3 PNA/+ 8.125 8 97
Grhi3°"*/+;Rosa26Cm™!3 cDNA/+ 16.25 15 76
Grhi3°/C", Rosa 265! ePNA/+ 8.125 7 .69
Grhl3+/+;Rosa26Grhl3 c¢DNA/Grhl3 cDNA 4.0625 0 .04*
GrhlSC’e/+;Rosa26G'hl3 ¢DNA/Grhl3 ¢cDNA 8.125 0 .004*
Grhl3Cre/Cre;Rosa26Grhl3 cDNA/Grhl3 cDNA 4.0625 0 .04*

Total number from 10 litters 65 42 .004*

b. E18.5
Grhi3"™/*;Rosa26t'* 26 32 24
Grhl3“"*;Rosa26*'* 52 51 89
Grhi3°™*/“,:Rosa26™'* 26 24 .69
Grhi3*/*;Rosa26°™!3 cPNA/+ 52 57 49
Grhi3°™*/+;Rosa26°™!3 ¢DNA/+ 104 89 14
Grhl3Cre/Cre;Rosa26Grhl3 cDNA/+ 52 43 21
Grh13+/+;Rosa26Grhl3 c¢DNA/Grhl3 cDNA 26 5 .00004*
Grhl3Cr€/+;Rosa26Grhl3 ¢DNA/Grhl3 ¢cDNA 52 12 <00001*
Grhl3Cre/Cre;Rosa26Grhl3 c¢DNA/Grhl3 ¢cDNA 26 10 .0017*

Total number from 64 litters 416 323 <.00001*

Note: Expected numbers of embryos were calculated as average litter size of 6.5 embryos. A one sample % test was used for data analysis. P values are for

comparison between the expected and observed number of embryos.
*P value <.05.

from 26 litters showed that 73 of which were Grhl3™/*;
Rosa26Grhl3 cDNA/—O—, 15 were Grhl3Cre/Cre;Rosa26Grhl3 cDNA/-O—,
5 were Grhl3°7/°".Rosa26°™"3 PNA+ and 11 were Grhl3™
Cre. Rosa26°™3 PNA/GI3 eDNA - Ng resorbed embryo was
genotyped as Grhl3™";Rosa26°"!3 PNA/Grhl3 cDNA

To assess the level of Grhl3 expression, we isolated
epidermis from E18.5 embryos and performed quantita-
tive reverse transcription PCR (Q-RT-PCR) analyses
using primer pairs that would selectively amplify endoge-
nous Grhi3, transgene-derived Grhl3, or both. As
expected, no endogenous Grhl3 mRNA was detected in
any embryos genotyped as Grhl3“™/“", and no transgene
expression was seen in Rosa26”"  embryos
(Figure 2A-C). Importantly, no leaky Grhl3 transgene
expression was detected in survived E18.5 Grhi3™/*;
Rosa26°™3 cPNA/Grhl3 cDNA embryos (Figure 2C). Embryos
heterozygous for both endogenous Grhl3 and the trans-
gene (Grhl3“™*/";Rosa26™3 PNATY and  embryos

carrying a single copy of the transgene in the absence of
endogenous Grhl3 (Grhl3™/“™;Rosa26°™3 PNA/+) had
expression levels equivalent to WT embryos (Figure 2A).
Embryos homozygous for the transgene and homozy-
gous or heterozygous for endogenous Grhl3 (Grhl3<™'*;
Rosa26Grhl3 c¢cDNA/Grhl3 ¢cDNA and Grhl3Cre/Cre;Rosa26Grhl3
¢DNA/Grhl3 ¢DNAY exhibited an approximately 2-2.5-fold
increase in total Grhl3 mRNA levels compared to WT
(Figure 2A). Attempt at quantitation of GRHL3 protein
level in E18.5 epidermis by immunoblotting with an
anti-GRHL3 antibody was unsuccessful (Figure 2D)
given the presence of signal in constitutive Grhl3-null
samples. However, the expression of the reporter for
transgene expression, GFP, was only detected in
embryos carrying both Grhl3-Cre and transgene
(Figure 2D).

As identified in our previous studies,"" inactivation of
both endogenous Grhi3 alleles (as seen in Grhl3<"/<";
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FIGURE 2 Misexpression of Grhl3 in Grhl3“™;Rosa26°™> “®M* transgenic mouse model. Q-RT-PCR on E18.5 epidermis showing
abundance of total Grhi3 mRNA (A), endogenous Grhl3 mRNA (B) and transgene Grhl3 mRNA (C) varies across genotypes. (D) Western
blot analysis of GRHL3 and GFP protein expression in E18.5 wild-type, constitutive Grhl3-null and transgenic mice. (E) Q-RT-PCR on E18.5
epidermis showing comparable expression levels of Tgm1 in wild-type and transgenic mice. Bar graph presented as a mean =+ standard error
of mean (SEM). A one-way ANOVA test following by a Dunnett's multiple comparison test between wild-type and other genotypes were
used for data analysis. An additional Mann-Whitney test was used to compare the total Grhl3 mRNA level (A) between E18.5 wild-type and
Grhi3°Te/Ce, Rosa26C™!3 cPNA/Grhl3 cDNA epidermis. *P value <.05, **P-value <.01, ***P value <.001, ****P value <.00001. n.s., not significant

Rosa26 ' "embryos) leads to a profound skin barrier =~ embryos excluding the dye (Figure 3A). The Grhl3™/<",
defect, as evidenced by penetration of the externally = Rosa26"'" embryos further mimicked the Grhl3~/~ mice,
delivered dye, toluidine blue (Figure 3B),”” with WT displaying fully penetrant thoraco-lumbo-sacral spina
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FIGURE 3

Restoration of Grhl3 expression rescues neurulation and skin barrier defects of Grhl3-null mice while misexpression of Grhl3

expression causes digit defects. (A-D) Skin barrier assay on E18.5 wild-type and transgenic mice. Wild-type embryos (N = 4) showed a fully
acquired skin barrier (A). Penetration of toluidine blue into skin indicated impaired skin barrier in Grhl3™/“";Rosa26*/" embryos (N = 4).
Grhi3°™/°™:Rosa26 ™'+ embryos also showed syndactyly, curly tail and spina bifida (B). Restoration of Grhl3 expression rescued skin barrier
defect and spina bifida in Grhi3™/€™;Rosa26°™* PNA* embryos (N = 4) (C). Over-expression of Grhi3 in Grhl3™/";Rosa26°™!3 ¢PNA/Grhl3
PNA embryos (N = 4) fully rescued Ghri3-null phenotypes (D). (E) Gross appearance of digits from wild-type (N = 4), Grhl3™/“™;Rosa26™'*
(N = 4) and Grhl3°™/“"*;Rosa26°™3 CPNA/Grhi3 cDNA (N — 4) embryos at E18.5. (F) Skeletal preparations of wild-type (N = 4), Grhl3<"/<™;
Rosa26™'" (N = 4) and Grhl3°™/€™;Rosa26°™!3 ¢PNA/Grh3 cDNA (N — 2 embryos at E18.5. Grhl3<"/™;Rosa26"/* embryos exhibited soft-
tissue syndactyly. Grhl3°™/“";Rosa26°™!3 cPNA/CGrhI3 cDNA obryos exhibited synpolydactyly and incompletely formed digits. The dotted line

outlines the soft-tissue syndactyly. (G) Penetrance of digit defects among Grhl3™*/“";Rosa26™'", Grhl3°™/"*,Rosa26°™3 PNA/+ and

Grhl3cre/cre'ROS(1266rhl3 ¢DNA/Grhl3 ¢cDNA
5

bifida, curly tail, open eyelids, round body shape and a
short longitudinal embryonic axis (Figure 3B). Grhl3<™/
€r.Rosa26™'* embryos also showed oedematous limbs,
with soft-tissue syndactyly (Figure 3E-G), and died soon
after birth, phenocopying the Grhl3~/~ embryos.'"'*%!
Rescue of the skin barrier defect was observed in Grhl3“"™
. Rosa26°™3 PNA+ embryos, indicative of functional
GRHLS3 protein derived from the transgene in these ani-
mals (Figure 3C). Spina bifida was also rescued in these
mice, although a shortened longitudinal axis and residual

embryos at E18.5. Arrows, curly tail; black arrowheads, spina bifida; red arrowheads, digits

curly tail was observed, suggesting that functional GRHL3
protein levels in this context were approximately 30% of
WT (and similar to the curly tail strain). NTDs were fully
rescued in mice carrying two copies of the transgene
(GrhlBCre/Cre;Rosa26Grhl3 cDNA/Grhl3 cDNA)’ as was the skin
barrier defect (Figure 3D), indicating that overexpression
of Grhl3 is compatible with normal neural tube closure
and epidermal barrier function. One novel developmental
consequence of Grhl3 overexpression was observed, with
40% of the Grhl3cre/cre;ROS(126Grhl3 ¢DNA/Grhl3 ¢cDNA embryos
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displaying synpolydactyly, with incomplete digit forma-
tion, indicating impaired digit patterning and morphogen-
esis (Figure 3E-G). This was also observed with lower
penetrance in the Grhl3™/“"*;Rosa26°™" “PNA/* embryos
(7%), suggesting a dose response (Figure 3G).

2.2 | Restoration of Grhl3 expression in
Grhi3-knockout mice partially rescues
epidermal differentiation

We next examined the epidermal architecture in the vari-
ous mouse lines at E18.5 using hematoxylin and eosin
(H&E) staining and immunohistochemistry (IHC) analy-
sis with proliferative and cell differentiation markers.
Consistent with our previous findings in Grhi3-null
embryos,'"*> Grhl3“™/“"*;Rosa26 /" embryos displayed a
markedly thicker epidermis compared with WT embryos
(Figure 4). In addition, the stratum corneum (SC) layer of
Grhl3“/“:Rosa26 ™'+ epidermis was compacted, and
both the stratum granulosum (SG) and stratum spinosum
(SP) layers were expanded. Interestingly, we noticed an
extra tissue structure residing superiorly to the SC of
Grhl3“/“™*:Rosa26 ™" epidermis. This structure con-
tained an underlying anucleate layer, attached to the SC,
and a superior layer of nucleated cells (Figure 4). Kash-
gari et al'” have recently identified that GRHL3 is neces-
sary for periderm morphogenesis and nonadhesive
function as digits separate. We postulate that this extra
tissue structure may result from periderm dysmorpho-
genesis due to inactivation of Grhl3. Despite its normal
barrier function, the epidermal architecture of Grhi3cre
€r¢.Rosa26 "3 PNAT embryos reassembled that of
Grhl3°™/“™;Rosa26 /" epidermis but without the extra
tissue structure (Figure 4). Grhl3“"™/*;Rosa26°™!3 <PNA/T
Grhl3Cre/+;Rosa26Grhl3 c¢cDNA/Grhl3 c¢DNA and Grhl3Cre/Cre;
Rosa26°™!3 ¢PNA/Grhl3 eDNA onidermis exhibited a normal
morphological appearance (Figure 4).

IHC analysis of various cell differentiation markers
on E18.5 epidermis showed that the expression domain
of the basal marker, K5, was expanded into layers above
the SB of the Grhl3“™““Rosa26™'* epidermis. K5

expression in Grhl3<™/™;Rosa26°™ PNAY | Grpl3<re/+,
Rosa26Grhl3 CDNA/+, Grhl3Cre/+;Rosa26Grhl3 cDNA/Grhl3 ¢cDNA

and Grhl3Cre/Cre;Rosa26Grh13 cDNA/Grhl3 c¢DNA epidermis

resembled the WT control (Figure 4). Similar normaliza-
tion of expression was seen with the terminal differentia-
tion markers loricrin and filaggrin, and the suprabasal

marker K1 in Grhl3“™/“",Rosa26°™> PNA/T | Grhl3<e/t;
Rosa26Grhl3 CDNA/+, Grhl3Cre/+;Rosa26Grhl3 c¢DNA/Grhl3 ¢cDNA

and Grhl3Cre/Cre;Rosa26Grh13 cDNA/Grhl3 cDNA embryos com-

pared with the Grhl3“™/“"*;Rosa26 ™" epidermis, indicat-
ing that restoration of Grhl3 expression largely redressed

the differentiation defects that are the hallmark of Grhl3-
null epidermis. Positive staining with all four of these
markers was observed in the extra tissue layer above the
SC in the Grhl3“™*/"*;Rosa26™'" epidermis. This observa-
tion suggests that the extra tissue layer contained differ-
entiating cells. Only K6, a marker of epidermal repair,
was mildly upregulated in the Grhl3“™/“*;Rosa26°™"
¢DNATT and Grhl3“"™/";Rosa26°™3 PNA/T epidermis com-
pared to WT (Figure 4), but expression of this marker
was markedly lower than in Grhl3“"““";Rosa26"'" epi-
dermis. Consistent with normalization of differentiation
markers and barrier function in embryos expressing
endogenous or transgene-derived GRHL3, Transglutami-
nase 1 (Tgml), a direct GRHL3 target gene critical for
epidermal barrier formation,''*® was expressed in epider-
mis from the Grhl3Cre/+;Rosa26Grhl3 cDNA/Grhl3 cDNA’
GrhlgCre/+;Rosa26Grhl3 CDNA/+’ Grhl3Cre/Cre;Rosa26Grhl3
cDNA/—o-’ and GVhlSCre/Cre;ROSClZ6Gth cDNA/Grhl3 c¢cDNA
embryos (Figure 2E).

We then examined the expression of two proliferation
marker, PCNA and Ki67, in E18.5 transgenic epidermis.
PCNA-positive cells were widely distributed in both basal
and suprabasal layers with disorganized cellular arrange-
ment in the Grhl3"“"*;:Rosa26™'" and Grhi3°"/c";
Rosa269m™!3 eDNA/Grhl3 eDNA eidermis with more than 80%
of epidermal cells being PCNA-positive in the latter, indi-
cating keratinocyte hyperproliferation (Figure 5A,B). The
Grhl3Cre/Cre;Rosa26Grhl3 c¢DNA/+ and GrhlgCre/+;Rosa26Grhl3
eDNA/Grhl3 eDNA eidermis also showed significantly higher
percentage of PCNA-positive cells compared to WT
(Figure 5A,B). In contrast, PCNA positivity in the
Grhl3°"";Rosa26°™3 PNAT epidermis did not differ
from the WT control (Figure 5A,B). The similar pattern
was also observed in Ki67 IHC analysis, with more than
60% of Ki67-positive cells presented in the Grhl3°™/c",
Rosa26°™13 cDNA/GrhI3 cDNA enidermis and a significantly
increased Ki67 positivity in the Grhl3™/“™*;Rosa26"'™,
Grhl3Cre/Cre;Rosa26Grhl3 c¢DNA/+ and Grhl3Cre/+;Rosa26Grhl3
¢DNA/Grhl3 eDNA oidermis compared to that of WT control,
confirming the observed basal hyperproliferation in the
PCNA THC analysis.

2.3 | Overexpression of Grhl3 perturbs
epidermal homeostasis in adult mice

To explore the consequences of Grhl3 overexpression, we
followed the progress of aging Grhl3“™*;Rosa26°™3
cDNA/Grhl3 ¢cDNA and Grhl3Cre/Cre;Rosa26Grhl3 cDNA/Grhl3 cDNA
mice, which we had shown previously were the two geno-
types with excess total Grhl3 expression compared to WT
mice (Figure 1A). We observed severe alopecia in the dor-
sal region and tails of mice of both genotypes
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FIGURE 4 Restoration of Grhi3 expression partially rescues epidermis abnormalities in embryos. Histological and immunostaining
analysis of wild-type and transgenic E18.5 epidermis. N = 4. Arrowheads, the extra tissue structure residing superiorly to the epidermis;
asterisks, compacted stratum corneum layer between the extra tissue structure and the stratum granulosum layer; arrows, compacted
stratum corneum layer. SC, stratum corneum; SG, stratum granulosum; SP, stratum spinosum; SB, stratum basale; E, epidermis; D, dermis

(Figure 6A). H&E staining of hair follicles showed evi- ~ “PNA/G™I3 eDNA and Gril3°7/C™¢,Rosa26°™!3 cPNA/Grhl3 cDNA

dent clefts between the inner root sheath (IRS) and the adult mice but not in age-matched WT controls
outer root sheath (ORS) of the Grhl3“™*;Rosa26°™" (Figure 6B). This finding was reminiscent of the Grhli-
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FIGURE 5 Misexpression of Grhl3 expression leads to basal keratinocyte hyperproliferation. PCNA and Ki67 immunostaining analyses

and quantifications of PCNA- and Ki67-positive cells in wild-type and transgenic E18.5 epidermis. N = 4. Arrowheads, the extra tissue

structure residing superiorly to the epidermis; asterisks, compacted stratum corneum layer between the extra tissue structure and the

stratum granulosum layer; arrows, compacted stratum corneum layer. SC, stratum corneum; SG, stratum granulosum; SP, stratum

spinosum; SB, stratum basale; E, epidermis; D, dermis. Bar graph presented as a mean + standard error of mean (SEM). A one-way ANOVA

test following by a Dunnett's multiple comparison test between wild-type and other genotypes were used for data analysis. ***P value <.001,

**+%P value <.00001. n.s., not significant

knockout adult mice, which exhibit regional hair loss
with grooming, due to loss of expression of its direct tar-
get gene Desmoglein-1a (Dsgla), a desmosome compo-
nent important for hair shaft anchorage.”” Q-RT-PCR
analysis of the epidermis showed comparable levels of
Grhll and Dsgla expression in Grhi3<™";Rosa26°™"
cDNA/Grhl3 cDNA and Grhl 3Cre/Cre; Rosa. 26Grhl3 cDNA/Grhl3 ¢cDNA
mice and WT controls (Figure 7A,B), suggesting that
alternate mechanisms underlie alopecia mediated by
Grhl3 overexpression.

H&E staining showed no difference in epidermal
architecture between WT, Grhl3°"*:Rosa26°™3 <PNA/
Grhl3 cDNA and Grhl3Cre/Cre;Rosa26Grhl3 cDNA/Grhl3 c¢DNA
adult epidermis (Figure 6C). Expression patterns of K5,
K14, loricrin and involucrin were also comparable
between WT, Grhl3Cre/+;Rosa26Grhl3 cDNA/Grhl3 c¢DNA and

cDNA/Grhl3 cDNA

Grhl3°"/“",Rosa26°™" epidermis
(Figure 6C). However, there was a very subtle elevation
of K6 expression in the adult Grhi3<™*;Rosa26°™3 <PNA/
Grhl3 ¢cDNA and Grhl3Cre/Cre;Rosa26Grhl3 cDNA/Grhl3 ¢cDNA epi-
dermis, whereas no K6 expression was detected in WT
adult epidermis (Figure 6C). These findings indicate that
normal Grhl3 expression in the epidermis is also neces-
sary for epidermal hemostasis during postnatal life.
Examination of PCNA and Ki67 expression revealed a
well-organized lining of PCNA- and Ki67-cells, largely
confined to the SB layer of WT epidermis. In contrast,
PCNA and Ki67 expression in both the Grhl3cr/+,
Rosa26Grhl3 c¢DNA/Grhl3 cDNA’ and the Grhl3Cre/Cre;
epidermis was not confined to
the basal layer, with PCNA- and Ki67-positive cells visi-
ble in the suprabasal regions, and highly disorganized in

Rosa2 6Grh13 cDNA/Grhl3 cDNA
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FIGURE 6 Overexpression of Grhl3 perturbs epidermal homeostasis in adult. (A) Adult Grhl3°"/*;Rosa26™!3 cPNA/Grhl3 cDNA 5 4
Grhl3€"*/Cr¢; Rosa26C™I3 cPNA/GrRI3 cDNA pjce displayed large scale of alopecia in the dorsal region (N = 4). (B) Hematoxylin and eosin
staining of adult wild-type, Grhi3C7e/*;Rosa26Cm™i3 cDNA/GIhI3 cDNA g1y q Grh]3CTe/Cr: Rosa26C ™ cONA/GThIS cDNA i follicles (N = 4).

(C) Histological and immunostaining analysis of wild-type, Grhl3<"/*;Rosa26°™3 cPNA/Grhl3 cDNA 3§ Gyp]3C¢/Cre,Rosa26 ™IS CDNA/Grhl3 cDNA
adult epidermis (N = 4). (D) Quantifications of PCNA- and Ki67-positive cells in wild-type, Grhl3™/*;Rosa26°™!3 cPNA/GrAI3 cDNA a1 q
Grhl3°7/Ce. Rosa26C™3 cPNA/GrhI3 eDNA o qy1¢ epidermis. Arrowheads, clefts between the inner root sheath and the outer root sheath. SC,
stratum corneum; SG, stratum granulosum; SP, stratum spinosum; SB, stratum basale; E, epidermis; D, dermis. Bar graph presented as a
mean + standard error of mean (SEM). A one-way ANOVA test following by a Dunnett's multiple comparison test between wild-type and

other genotypes were used for data analysis. *P value <.05, ***P value <.001, ****P value <.00001
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FIGURE 7 Misexpression (A)
of Grhl3 does not compromise
the expression of hair shaft

1.5+

anchorage genes Dsgla and
Grhll. Q-RT-PCR on E18.5
epidermis showing the mRNA
abundance of two hair shaft
anchorage genes Dsgla (A) and
Grhll (B) in wild-type and
transgenic mice. Bar graph
presented as a mean + standard
error of mean (SEM). A one-way
ANOVA test following by a

Expression relative to Actb

Dsg1a

Dunnett's multiple comparison
test between wild-type and
other genotypes were used for
data analysis. n.s., not
significant

their arrangement (Figure 6C). Quantifications of the
staining identified less than 35% PCNA-positive cells and
around 20% Ki67-positive cells in WT epidermis, while
around 60% cells were PCNA-positive and 52% were Ki67
positive in adult Grhl3Cre/Cre;Rosa26Grhl3 ¢DNA/Grhl3 c¢DNA
epidermis and the positivity percentages for PCNA and
Ki67 were 43% and 35% respectively in Grhl3“™/*;
Rosa26°™3 cDNA/Grhl3 cDNA a4yt epidermis (Figure 6D).
These observations were consistent with findings in the
embryonic epidermis, demonstrating that over-expression
of Grhl3 promotes hyperproliferation of basal keratino-
cytes in adult epidermis.

24 | Overexpression of Grhl3 leads to
inner ear malformation and hearing
impairment

We noticed that adult mice overexpressing Grhl3 dis-
played several behavioral abnormalities, including hyper-
activity, poor balance, high-speed bidirectional circling,
head bobbing, and head tilting. These abnormalities are
collectively referred to as the Shaker-Waltzer phenotype
and are typically associated with inner ear vestibular dys-
function.®® To further investigate the correlation between
Grhl3 misexpression and the Shaker-Waltzer phenotype,
we quantified the circling behaviors of adult transgenic
mice. Grhl3Cre/Cre;Rosa26Grh13 cDNA/Grhl3 cDNA mice per-
formed more than 80 rpm on average, whereas Grhl3“"
+:Rosa26C™3 cPNAIGrhI3 cDNA 106 circled around 40 times

C

Grhi1
2.5+

Expression relative to Actb

per minute (Figure 8A). In contrast, WT mice showed no
circling behavior (Figure 8A). We previously showed
that Grhl3"'~;Vangl2"'~ mice exhibited disordered ori-
entation of stereociliary bundles on the sensory hair
cells in the cochlea, due to disruption of the PCP path-
way.” Therefore, we sought to investigate whether the
Shaker-Waltzer phenotype resulted from cochlear hair
cell misorientation. This was not the case, with cochlear
phalloidin staining showing well-organized inner and
outer hair cells on cochlear basilar membrane of trans-
genic newborns aged between postnatal days 1 and
7 (Figure 9A).

Given the normal stereociliary morphology, we postu-
lated that Shaker-Waltzer phenotype may originate from
structural defects of the inner ear. We therefore visual-
ized this structure using micro-computed tomography
(LCT) scanning. The pCT analysis was performed with
the vestibular labyrinth and cochlea enclosed by the
auditory bulla to minimize structural damage, followed
by a 3D reconstruction to provide clearer images of the
internal structure. The WT inner ear exhibited structural
integrity of lateral, posterior, and anterior semi-circular
canals, ampullae, and cochlea. In contrast, the posterior
and anterior semi-circular canals of the Grhl3"/c™;
Rosa26°™3 <PNA/T inner ear were completely truncated,
and the lateral semi-circular canals were grossly enlarged
compared to WT (Figure 8B). The ampullae in these mice
were also enlarged or absent, and the cochleae were strik-
ingly larger in size compared to WT but with a relatively
intact structurally (Figure 8B). The Grhl3<"/c",
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FIGURE 8 Inner ear malformation and hearing impairment in Grhl3 transgenic mice. (A) Quantification of the number of times that
transgenic mice circled per minute (N = 3-4 mice per genotype). (B) 3D reconstructions of the inner ear X-ray micro-computed tomography
scanning. (C) Average ABR thresholds of wild-type (N = 10), GrhI3<™/*;Rosa26%™3 PNA (N = 7), Grhl3°™*/“"*;Rosa26°™'3 PN+ (N = 7),
Grhi3°™/";Rosa26%™3 €PNA/GrhI3 cDNA (N — 7) and Grhl3“"™/“";Rosa260™13 €PNA/GrhI3 cDNA (N — 3) mice when respond to a click containing
mixed frequency noise. (D) Average ABR thresholds of wild-type (N = 9), Grhl3“™/*;Rosa26°™2 PNA/* (N = 7), Grhl3“"™/“";Rosa26°™>
cDNA/+ (N="7), Grhl3Cr2/+; R0sq26C™3 ¢DNA/Grhl3 cDNA (N=9)and Grhl3Cre/Cre; Rosa26C3 ¢DNA/Grhl3 cDNA (N = 3) mice when respond to pure
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by a Dunnett's multiple comparison test between wild-type and other genotypes were used for data analysis. *P value <.05, **P value <.01,
**+%P value <.00001. n.s., not significant
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FIGURE 9 Misexpression of Grhl3 (A)

Postnatal day 1to 7 (B)

does not impair the orientation of
cochlea hair cell stereocilia and loss of
Grhl3 expression does not cause inner
ear malformation. (A) Phalloidin

Wild-type

staining of cochlea hair cells from the
inner ear of postnatal wild-type and
transgenic mice. N = 3. Scale

bar = 10 pm. (B) Skeletal preparations
of heads from E18.5 wild-type and
Grhl3°™/“™*:Rosa26 ™" embryos.

N = 4. C, cochlea. Black arrowheads,
lateral semi-circular canal; green

Grhigee"
Rosa 266‘!/1/3 CcDNA/+

arrowheads, posterior semi-circular
canal; red arrowheads, anterior semi-

circular canal 3
s
=
® 2
02
Rosa26°™3  cDNA/Grhls  cDNA inper ear was totally

deformed, with bulbous cochleae lacking structural defi-
nition, and mostly absent or truncated semi-circular
canals and ampullae (Figure 8B). As Grhl3“/™
Rosa26™'" embryos died soon after birth, we examined
the E18.5 skeletal preparations of the temporal bones.
The Grhl3°7“™:Rosa26™'* inner ear showed normal
morphological appearance that resembled the WT con-
trols (Figure 9B). These observations indicate that Grhl3
misexpression compromises inner ear morphogenesis
and leads to Shaker-Waltzer phenotype.

To identify whether inner ear malformation leads to
hearing impairment, we performed an auditory brainstem
response (ABR) test to assess the hearing capacity of trans-
genic mice. In this test, the ABR threshold, which is the
quietest sound that elicits an ABR, is similar to the hearing
threshold.* Commensurate with the inner ear malforma-
tions, the ABR test revealed significant hearing impair-
ment in Grhl3-overexpressing mice compared to WT
controls (Figure 8C,D), with the average ABR threshold of
WT mice at 26 dB sound pressure level (dB SPL), com-
pared to 59 dB SPL in Grhi3™/“;Rosa26°™3 cPNA/Grhi3
DNA mijce and 85 dB SPL in Grhl3°™/C%;Rosa26°™3 <PNA/
Grhl3 cDNA mice when responding to mixed frequency noise.
At the single-frequency level, hearing impairment was
most Signiﬁcant in Grhl3cre/cre;ROS026Grhl3 cDNA/Grhl3 ¢cDNA
mice when responding to 4, 8, 16, and 32 kHz pure tone
stimuli, but Grhl3°™*+;Rosa26°™3 ¢PNA/Grhl3 ¢DNA  1jice
also showed a severe hearing impairment (Figure 8D).
Moreover, the overall average ABR threshold across differ-
ent genotypes also displayed a stepwise increase with a
threshold shift at around 6-10 dB SPL in Grhl3“"/*;

Wild-type

Grhi3¢rcre;Rosa26**

Rosa26°™3 PNAIT mice, 20-30dB SPL in Gral3<™™";
Rosa26C™i3 ¢PNA/Grhl3 eDNA 106 2535 dB SPL in Grhl3°™
Cre.Rosa26°™3  PNA/+ mice, and at 48-64dB SPL in
Grhl3cre/cre;Rosa26Grhl3 cDNA/Grhi3 c¢cDNA mice (Figure SD).
Importantly, the shape and width of click-evoked ABR
peaks were normal in all tested mice (Figure 10), indicat-
ing that hearing impairment in transgenic mice resulted
from inner ear structural defects rather than abnormality
of the vestibulocochlear nerve or brainstem.

3 | DISCUSSION

In this study, we have for the first time successfully over-
expressed Grhl3 in adult mice, allowing us to uncover pre-
viously unsuspected developmental events that are
dependent on stringent regulation of GRHL3. We achieved
this using a Grhl3-null allele (Grhl3“™) to induce expres-
sion of a Grhl3 transgene inserted into the murine Rosa26
locus. Mice homozygous for the null allele (Grhl3<™/€")
and lacking transgene expression exhibited the classic
defects described in the original Grhi3 constitutive
knockout,? of neural tube defects, short longitudinal body
axis, failure of the skin barrier to form and peri-natal
lethality. These defects were completely rescued in mice
carrying two copies of the Rosa26-based transgene, with
the animals surviving to adulthood. However, multiple
novel phenotypic abnormalities were observed as a conse-
quence of dysregulated Grhl3 expression, with digit
defects, impaired epidermal homeostasis with alopecia,
the Shaker-Waltzer phenotype, hearing impairment, and
inner ear malformations all evident.
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FIGURE 10 Misexpression of Grhl3-induced hearing impairment is not a neurological condition. Representative click-evoked ABR

p g 1mp g

waveforms from wild-type (N = 10), Grhi3™/";Rosa26°™ PNA/* (N = 7), Grhi3°"/“™;Rosa26°™"3 PNA+ (N = 7), Grhi3°™/+,
Rosq26°™13 ¢PNA/GrhI3 cDNA (N — 7) and Grhl3°™/“"¢;Rosa26°™!3 ¢PNA/CrhI3 cDNA (\J — 3 adult mice. I-VII represent the presences of

ABR peaks, with each peak corresponds to one action potential as signal transmits through the vestibulocochlear nerve and the
brainstem
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De Castro et al*! reported the first successful attempt
of overexpressing Grhl3 in late-stage mouse embryos, uti-
lizing the hypomorphic curly tail strain to generate the
line.” Grhl3 expression was driven by a bacterial artificial
chromosome (BAC), encompassing the endogenous
Grhi3 locus. A ~1.5 to 2-fold increase in total Grhl3
mRNA expression above WT levels was documented in
the caudal region of E9.5 and E10.5 embryos and a less
than 1.2-fold increase in the epidermis of E18.5 embryos
that were double homozygotes for Grhl3“ allele and the
BAC transgene (Grhl3°/ctT86IS/TEGAIS) * Interestingly,
67% of these embryos displayed NTDs, a phenotype we
never observed in our transgenic embryos, despite com-
parable levels of Grhl3 overexpression. None of the De
Castro et al.*’ embryos displayed digit defects or abnor-
mal epidermal morphology, and phenotypes in adult
mice were not reported. The phenotypic discrepancies
between the two lines, particularly the NTDs, cannot be
attributed to differences in the initial timing, location, or
magnitude of expression of Grhl3. Both lines restricted
expression to tissues that usually express Grhl3 at the
appropriate developmental time-point; De Castro et al*'
through use of the endogenous locus in a BAC, and our
line via Cre expression from the endogenous locus acti-
vating the transgene. However, several other differences
may underlie the phenotypic discrepancies. First, Grhl3
once overexpressed in our line would remain so, as the
Rosa26 locus lacks any endogenous regulatory elements
that are retained in the BAC and may influence Grhi3
expression. Also, the overexpression line described by De
Castro et al*! had the BAC inserted into chromosome 18;
therefore, it is likely that the endogenous Grhl3 locus in
the BAC does not have access to necessary mechanisms
for long-range control of expression like long-range
enhancers or distal cis-regulatory elements, may also
resulting in altered Grhl3 expression compared to the
endogenous gene located on chromosome 4. Second, and
in our view more likely, Grhl3 mRNA and protein is
derived from a cDNA construct in our transgene,
whereas it is derived from the endogenous locus in the
BAC. Several studies have highlighted the importance of
intronic RNA for GRHL3 regulation,**>* particularly in
the context of epidermal differentiation.*® Lack of intro-
nic elements in our transgenic embryos may lead to fur-
ther dysregulation of Grhi3 expression. This implies that
correct regulation of Grhl3 expression is crucial for
embryonic development of multiple systems. Similarly,
overexpression of Grhl3 has previously been shown to
induce different developmental consequences in different
models.*"*

A surprising finding in our model, was the underrep-
resentation of embryos homozygous for the transgene
(irrespective of the presence or absence of a Cre allele) at

both E14.5 and E18.5, suggesting that “leaky” expression
of the transgene in very early embryogenesis had dire
developmental consequences highly likely happened
before or around implantation, especially in the presence
of the endogenous Grhl3 expression. This is supported by
the lack of resorbed Grhl3*/*:Rosa26C™3 cPNA/Grhl3 cDNA
embryo at E18.5. This finding is in keeping with the pre-
vious reports on the Actb€,CAGHSE™3 mouse line,
which displayed early lethality at E5.5.> We postulate
that this may result from random transmission of Cre
recombinase from the sperm to the oocyte where the
unexpected deletion of the upstream IloxP-STOP-loxP
sequence of the transgene occurred even if the conse-
quential embryos are Cre “negative” genetically,’” or the
inheritance of delta allele (activated transgene allele) by
the offspring due to germline recombination occurred
during gametogenesis in male Grhl3“"";Rosa26°™"
¢DNA/T mice, leading to certain level of Grhl3 expression
that is incompatible with early embryonic survival.
Therefore, surviving homozygous transgenic mice pre-
sumably had faithful transgene expression, that com-
menced only after Grhl3-Cre was activated at E8.5. This
is consistent with our PCR and Q-RT-PCR analyses show-
ing no deletion of the loxP-STOP-loxP cassette, or Grhl3
transgene expression, in E18.5 Grhl3"/";Rosa26°™!3 <PNA/
Grhl3 cDNA embryos.

In Grhl3cre/cre;Rosa26Grhl3 ¢DNA/Grhl3 c¢DNA embryos,
transgene-mediated expression of Grhi3 fully rescued the
epidermal barrier defect and largely normalized keratino-
cyte terminal differentiation in both embryos and adult
mice. Surprisingly, it did not correct basal cell hyperproli-
feration and expansion. Previous studies have shown that
diverse mechanisms centered on reducing Grhl3 RNA
levels are critical for maintaining low levels of GRHL3
protein expression in epidermal stem cells, thereby pre-
venting differentiation.’*** Consistent with this, constitu-
tive Grhl3-knockout mice display failed epidermal
differentiation associated with expansion of a prolifera-
tive stem cell pool.""'*'*> Therefore, the persistence of a
hyperproliferative and expanded basal layer, despite nor-
mal differentiation shown here, would suggest that it is
not simply the level of Grhl3 mRNA that is important for
epidermal stem cell behavior. In keeping with this,
hyperproliferation in the Grhl3<™*/<™;Rosa26°™3 PNA/*
epidermis was far greater than in Grhl3“"*;Rosa26°™"
¢DNATT epidermis, despite both lines having comparable
total Grhl3 mRNA levels. Similarly, Grhl3“™™;
Rosa26°™13 cDNA/Grhl3 cDNA mice exhibited less basal cell
proliferation than Grhl3“™/“™*;Rosa26°™3 ¢PNA/CGrhi3 eDNA
mice despite slightly higher levels of total Grhl3 expres-
sion. These findings suggest that either the endogenous
transcript is important for stem cell homeostasis or that
higher levels of transgene expression are deleterious to
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stem cell behavior. Interestingly, we did not see skin pap-
illoma formation or tumorigenesis in aged transgenic
mice, however, given the presence of basal hyperproli-
feration, we predict that these transgenic mice may have
enhanced susceptibility to chemical carcinogen-induced
squamous cell carcinoma like animals with Grhl3 condi-
tionally inactivated in their epidermal keratinocytes."

Another unexpected skin phenotype, severe alopecia,
was also observed as a consequence of Grhl3 overexpres-
sion. Our previous studies in adult conditional Grhil3-
knockout mice revealed no adopecia,28 whereas both
Grhl3Cre/Cre;Rosa26Grhl3 cDNA/Grhl3 c¢DNA and Grhl3Cre/+;
Rosa26°™!3 eDNA/Grhl3 cDNA mjce displayed dorsal hair loss
that mimicked the grooming alopecia phenotype we had
previously observed in constitutive Grhll-knockout
mice.” In that line, alopecia was due to poor hair
anchorage as a result of detachment of the IRS from the
ORS, due to loss of expression of the GRHL1 target gene,
Dsgla. Neither Grhll nor Dsgla levels were altered in the
Grhi3 over-expressing lines compared to WT, suggesting
that the hair anchorage phenotype may be due to per-
turbed expression of other Desmoglein genes.>”*® As this
phenotype was more severe in mice with higher levels of
transgene expression, and given the complete absence of
a comparable phenotype in adult Grhl3 conditional
knockout mice,® it is unlikely that the presence of the
endogenous transcript exerts any influence on hair
anchorage.

Although GRHL1 deficiency causes inner ear malfor-
mation in zebrafish, and GRHL2 has been identified as
an autosomal-dominant deafness gene in humans, Grhl3
has not previously been linked to inner ear structural
defects or hearing impairment.***' Our previous research
had identified a key role for Grhl3 with Vangl2 in planar
cell polarity mediated orientation of cochlear hair cell
stereocilia.’ Here, we found that misexpression of Grhl3
had no impact on cochlear hair cell orientation, but did
result in severe bony labyrinth dysmorphogenesis. Nor-
mally, the semi-circular canals provide sensory input for
rotary movement, with the end of each canal extending
into an ampulla in which hair cells excite the afferent
fiber of the vestibular nerve upon head and body move-
ment.**** The lateral and superior canals detect the
movement in vertical axis and lateral axis, respectively,
and structural defects result in head tilting in mice. The
posterior canal detects movement in left-right axis and
defects result in circling behavior in mice.**** The trans-
genic mice displayed vestibular disturbance, and a
Shaker-Waltzer phenotype that mirrored the degree of
severity of the ampulla and semi-circular canal malfor-
mation. The ABR test also revealed a positive correlation
between hearing impairment and the severity of inner
ear structural defects. Interestingly, severity was again

linked to the levels of expression of the transgene rather
than total Grhl3 mRNA levels, with Grhi3c™/c™,
Rosa26°™3 PNA/T mice more severely afflicted than
Grhl3™/*;Rosa26°™3 PNA/+ gnimals. Given that the
Grhl3“/“™*:Rosa26™'" inner ear showed normal morpho-
logical appearance, it appears that the levels of expression
of the transgene rather than loss of the endogenous tran-
script is detrimental to inner ear development.

A recent study identified that intron 1 of the nascent
human GRHL3 RNA provides binding sites for the cleav-
age and polyadenylation specificity factor (CPSF) com-
plex and HNRNPA3. This suppresses exonic splicing and
promotes intronic polyadenylation, lowering GRHL3
expression and preventing the premature differentiation
of primary human keratinocytes.>* In humans, four alter-
natively spliced isoforms of GRHL3 have been character-
ized*'®** Although no murine Grhi3 splice isoforms have
been discovered to date, it is likely that Grhi3 alternative
splicing is conserved in mouse to generate transcript vari-
ants.*” Early in embryonic development, the precursor of
the inner ear, the otic placode, is derived from the pre-
placodal region (PPR), located in the territory of the neu-
ral plate border.”*® Notably, expression of the PPR
marker, SixI, overlaps with Grhl3 spatiotemporally in
mouse embryos, and a recent study also showed the
expression of GRHL3 in the developing otic placode of
chicken embryos.>*”*® We propose that due to the unre-
gulatable Grhl3 misexpression, the cDNA-based Grhi3
transgene may induce abnormal differentiation of the
PPR and impair the development of the otic placode and
consequently, lead to inner ear defects and hearing
impairment. This may indicate that a specific unidenti-
fied murine Grhl3 mRNA isoform allows this process to
occur, and overexpression of the incorrect, unregulatable
splice isoform from the transgene perturbs inner ear
development.

In conclusion, our study has highlighted that strin-
gent regulation of Grhl3 expression is an absolute
requirement for numerous developmental processes. In
particular, epidermal differentiation and hair anchorage,
digit formation, and formation of the cochlea and vestib-
ular apparatus are affected. In addition, it has raised the
concept that not only are the levels of the transcription
factor important but also that isoform-specific roles may
govern different morphogenetic events.

4 | EXPERIMENTAL PROCEDURES

41 | Mice

To misexpress Grhi3, a Flag-Grhl3 transgene preceded by
a floxed transcriptional stop sequence (Rosa26°™ <PNA)
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was activated by Grhl3 knock-in-Cre (Grhl3™). This gen-
erated a mouse (Grhl3"%Rosa26°™3 PNy that express
FLAG-GRHL3 in place of endogenous GRHL3. The
Rosa26°™3 “PN4 mouse line was generated as described
previously.** Briefly, a Grhl3 cDNA-containing pENTR1A
construct and a pRMCE DV1 destination vector were
amalgamated into a single targeting vector through Gate-
way LR Clonase II (Thermo Fisher Scientific)-mediated
in vitro recombination. The mouse Grhi3 cDNA was gen-
erated as previously described.® The targeting vector was
then introduced into the recombinase-mediated cassette
exchange (RMCE)-compatible murine G4 ROSALUC
embryonic stem cells (ESCs) by electroporation. Insertion
into the Rosa26 locus occurred through a FLPe-mediated
RMCE. Positive clones were selected based upon 5 PCR
using a combination of external (forward 5-AAA GCT
CTG AGT TGT TAT-3) and internal (reverse 5-GCG
GCC TCGACT CTA CGA TA-3') primers at the site of 5’
integration and on restored neomycin resistance. Positive
ESC clones were aggregated with CD1 diploid host
embryos and strong chimeras bred for germline transmis-
sion of the Rosa26°™3 N4 targeted allele.* Grhl3“™
mice®® were crossed with Rosa26°™'3 cPNA/Grhi3 cDNA psice
and Grhl3“™*;Rosa26°™3 PNA/T offspring were inter-
crossed through timed mating overnight. Deletion of the
floxed transcriptional stop sequence was confirmed by
PCR using genomic DNA isolated from E18.5 epidermis
with the following primers: floxed forward (5-GAG GAC
AAA CTC TTC GCG GT-3'), floxed reverse (5-CAG AGG
CTG CTG ATC TCG TT-3'), delta reverse (5-TAT CCG
CTT CTC CTT GGG AC-3'). The PCR product size of the
floxed allele is 631 bp and of the delta allele is 492 bp.
The generation and genotyping of Grhl3~/~ mice have
been previously described.® The Grhl3“"%;Rosa26°™3 <PNA
line was maintained under a mixed background and the
Grhi3-null line was maintained on a C57BL/6 back-
ground. The gestational age of embryos was identified as
E0.5 at midday on the day of detection of a vaginal plug.
All the animal experiments were approved by the Alfred
Research Alliance Animal Ethics Committee with project
number E/1800/2018/M, E/1900/2019/M, E/8285/2022/
M, and E/8286/2022/M. Research was conducted in the
accordance of the Australian Code for the Care and Use
of Animals for Scientific Purposes and the Australian
Code for the Responsible Conduct of Research.

4.2 | Genotyping of mice

Mice were genotyped using genomic DNA isolated from
tails biopsies or yolk sacs by PCR. The Grhi3 knock-in-
Cre allele was genotyped using the following primers:
Grhi3KI-Cre forward (5'-CAC CCC CTC AGC TAA GAA
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GGA A-3), Grhi3KI-Cre WT reverse (5-CCC TTT GGC
AAG AGG AGA GAA A-3') and GrhiI3KI-Cre KI reverse
(5-TCC CTG AAC ATG TCC ATC AGG T-3'). The PCR
product size of the WT allele is 702 bp and of the Cre
allele is 420 bp. The Grhi3 transgene at the Rosa26 locus
was genotyped using the following primers: Rosa26 5' (5'-
AAA GTC GCT CTG AGT TGT TAT-3'), Rosa26 WT 3’
(5-GGA GCG GGA GAA ATG GAT ATG-3') and Rosa26
MUT 3’ (5-GCG AAG AGT TTG TCC TCA ACC-3'). The
PCR product size of the WT allele is 600 bp and of the
Grhl3 transgene on Rosa26 allele is 300 bp.
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4.3 | Skin barrier assay and skeletal
preparation

For skin barrier assay, embryos were fixed in methanol
on a roller mixer for 5 minutes and then washed in PBS
twice for 5 minutes. Fixed embryos were incubated in
0.1% (w/v) toluidine blue for 5 minutes, then washed,
imaged and stored in PBS at 4°C. Skeletal preparations
were performed as previously described.”® Images of
embryos and skeletal preparation were obtained using
Nikon SMZ1500 stereomicroscope with AxioVision soft-
ware (Zeiss).

4.4 | Histology and IHC

For histological analysis, skin samples were fixed in 4%
(w/v) PFA for at least 24 hours at room temperature
(RT). Samples were then processed using a Leica
ASP300S and embedded into paraffin. Samples were sec-
tioned in a transverse orientation at 5 pm thickness and
collected onto SuperFrost plus slides (Thermo Fisher Sci-
entific). H&E staining was performed using standard
methods. THC was performed as per standard protocols
using the DAB Peroxidase Substrate Kit (Vector Labora-
tories). Images of sections were obtained using a Nikon
ECLIPSE Ci-L upright microscope with NIS-Elements D
software, then analyzed and quantified using ImageJ soft-
ware and GraphPad Prism 8. Antibodies used for ITHC
were anti-Keratin 1 (Covance, PRB-149P-100; 1:500,
45 minutes, RT), anti-Filaggrin (Covance, PRB-417P-100;
1:1000, 45 minutes, RT), anti-Loricrin (Covance, PRB-
145P-100; 1:500, overnight, 4°C), anti-Involucrin
(Covance, PRB-140C; 1:750, 10 minutes, RT), anti-
Keratin 5 (Covance, PRB-160P; 1:500, 45 minutes, RT),
anti-Keratin 14 (Covance, PRB-155P; 1:1000, 45 minutes,
RT), anti-Keratin 6 (Covance, PRB-169P-100; 1:500,
45 minutes, RT), anti-PCNA (CST, 2586, 1:2000,
30 minutes, RT), anti-Ki67 (Abcam, ab16667, 1:100, over-
night, 4°C) and goat anti-rabbit secondary antibody
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(Vector Laboratories, ZB0318; 1:200, 30 minutes, RT).
For THC with anti-PCNA antibody, the Mouse-on-Mouse
immunodetection kit (Vector Laboratories) was used as
per the manufacturer’s instructions.
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4.5 | Phalloidin staining and confocal
microscopy

To access hair cells, first, bony labyrinth was dissected
from mice at the age of postnatal 1-6 days. Then, cochlea
was opened and the spiral ligament and the attached
organ of Corti were separated from cochleae. The organ
of Corti was separated from the spiral ligament, and the
hair cell-containing sensory epithelia were separated
from the spiral limbus of organ of Corti and fixed in 4%
(w/v) PFA at 4°C for at least 24 hours. Hair cell Phalloi-
din staining was performed as previously described.’
Samples were imaged using a Nikon Eclipse Ti inverted
A1R confocal microscope through a CFI Apochromat
TIRF x60 Oil objective. A total 15-30 images spaced
0.5 pm apart were collected by NIS-Elements Advanced
Research software. The images were then analyzed by
Imagel] software.

4.6 | Mice behavioral examination and
auditory brainstem response test

An individual mouse was placed in a single cage. Physi-
cal activities within 1 minute were recorded using a
Canon EOS 60D camera. Circling behavior was quanti-
fied by manual counting and analyzed using GraphPad
Prism 8. For auditory brainstem response (ABR) test,
mice were anaesthetized through intraperitoneal injec-
tion of anesthetic mixture (100 mg/kg ketamine, 50 mg/
kg xylazine, and 30 mg/kg acepromazine). Mice eyes
were covered by lubricating eye ointment (Poly Visc,
Alcon) to avoid desiccation and body temperature was
maintained with a 37°C heating pad. Anesthesia was con-
firmed by the absence of the pedal reflex. ABR test was
performed using an evoked potential workstation
(Tucker Davis Technologies). Briefly, an anaesthetized
mouse was placed inside a Faraday cage, with a free-field
magnetic speaker installed 10 cm from the left pinna.
The Faraday cage was contained by a sound attenuation
chamber. A 100 ps click with a frequency between 0 and
50 kHz and a set of 3 ms pure tone stimuli at 4, 8, 16, and
32 kHz were delivered with maximum intensities of
100 dB SPL. ABRs were detected using three subdermal
electrodes (Rochester Electro-Medical): the positive elec-
trode was deposited at the vertex of the skull; the nega-
tive electrode was positioned in the left cheek and the

ground electrode was placed at the hind left leg. Through
the positive electrode, the auditory evoked potential can
be extracted from the neural electrical activity and trans-
formed into waveforms. BioSig software (Tucker Davis
Technologies) was used to determine the ABR threshold
by averaging collected ABRs over 512 repetitions of each
stimulus. The lowest consistent ABR-evoking intensity
stimulus was identified as the threshold.

4.7 | X-ray microcomputed tomography

Adult mice were sacrificed and the inner ear containing
auditory bulla was dissected from the petrous part of the
temporal bone as previously described.”’ Samples were
fixed in 10% (v/v) neutral buffered formalin (NBF) at
RT. X-ray pCT scanning was performed using an Xradia
MicroXCT-200 (Carl Zeiss X-ray Microscopy) as
described.®®> Three-dimensional (3D) reconstructed
images were obtained and segmented using Avizo-6.2
software (Mercury Computer Systems). 3D modeling and
following analyses were performed in blinded to

genotypes.

4.8 | Reverse transcription and
quantitative polymerase chain reaction

Mice dorsal skin samples were harvested, and snap froze
in liquid nitrogen. Epidermis was separated from the skin
by incubating with 1 mg/mL dispase in PBS at 4°C over-
night. Epidermis was then homogenized in TRIsure
(Bioline) and RNA was isolated according to the manu-
facturer's instructions. RNA was then treated by a
TURBO DNA-free kit (Invitrogen) to remove genomic
DNA and reverse transcribed using a Transcriptor First
Strand cDNA Synthesis Kit (Roche). Quantitative reverse
transcription PCR (Q-RT-PCR) was performed using
GoTaq qPCR master mix (Promega) on a LightCycler
480 Instrument (Roche). Relative expression values were
generated using the AACT method by standardizing
genes of interest to Actb and analyzed using GraphPad
Prism 8. Oligonucleotide primers used for Q-RT-PCR
were Grhl3 endogenous and transgene forward (5'-CGA
GGC CTG GAA GAC ATA CC-3'), Grhl3 endogenous
and transgene reverse (5-CTC AGA GCA GCC ACA
CTC TC-3'), Grhl3 endogenous forward (5-AGC CAA
CCA GAG ACG GAT C-3'), Grhl3 endogenous reverse
(5-AGG CCT CGT CCT CAT TAC TG-3'), Grhl3 trans-
gene forward (5-ACA AGG ACG ACG ATG ACA AG-
3'), Grhl3 transgene reverse (5'-CCG TTG ACT CTC ATC
ATG GC-3'), Tgm1 forward (5'-CTC CTT CTG GGC TCG
TTG TT-3'), Tgml reverse (5-ATT TAC ACC ACT GCC
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CCG AG-3'), Grhll forward (5-GCG CGA TGA CAC
AGG AGT A-3'), Grhll reverse (5-GGA ACG ACT TCC
AGG CTT CA-3'), Dsgla forward (5-GGG ATA ACC
ACC ATC TGT GT-3'), Dsgla reverse (5-CCT CCC AGA
TCT TGC ATT TC-3'), Actb forward (5-GAT ATC GCT
GCG CTG GTC GTC-3'), and Actb reverse (5-CAG CTC
ATT GTA GAA GGT GTG G-3').

49 | Western blotting

Mice dorsal epidermis samples were lysed in radioimmu-
noprecipitation assay (RIPA) buffer containing a protease
inhibitor cocktail and DMSF at 4°C for 2 hours. Equal
amounts of denatured protein from each sample were
separated on a NuPAGE 12% Bis-Tris Gel (Invitrogen)
and transferred onto an Amersham Hybond P 0.45 PVDF
blotting membrane (GE Healthcare). For blocking and
antibody dilution, 5% skim milk in 1x TBST (1x Tris-
buffered saline with 0.1% Tween 20) was used. Anti-
bodies used for western blotting were anti-GRHL3 (tar-
geting amino acid 195-211 as previously described,*
1:1000, overnight, 4°C), anti-beta-Actin (CST, 5125 S;
1:1000, overnight, 4°C), anti-GFP (BioVision, 3999-100;
1:5000, overnight, 4°C) and ECL peroxidase labeled anti-
rabbit secondary antibody (GE Healthcare, NA934VS;
1:5000, 1.5 hours, RT). The protein membrane was devel-
oped with the SignalFire Elite ECL Reagent (CST) and

visualized using the ChemiDoc imaging system
(Bio-Rad).
410 | Statistical analysis

A one sample y* test was used to compare the expected
and observed numbers of E18.5 embryos, P values were
determined with 1° of freedom. Relative expression of
genes, % of PCNA-positive cells in epidermis, number of
mice revolutions per minute and average ABR thresholds
were compared between wild-type and other genotypes
using one-way ANOVA tests following by Dunnett's mul-
tiple comparison tests with a GraphPad Prism 8 software.
When comparing the total Grhl3 mRNA abundance
between wild-type and Grhl3“"/";Rosa26°"™'3 <PNA/CGrhi3
ONA animals in Figure 2A, an additional Mann-Whitney
test was used with a GraphPad Prism 8 software.
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