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A B S T R A C T

The cleft lip with or without cleft palate (CL/P) is one of the most common congenital defects in humans.
Genome-wide association studies (GWAS) have been widely used for identifying candidate genes, and different
genes or chromosomal regions have shown strong evidence for the presence of causal genes in CL/P. To date, two
independent GWAS have identified GADD45G as influencing risk for CL/P. However, there is no animal model
evidence about GADD45G related to CL/P. Here, we reported the generation of a novel GADD45Gmutated rabbit
model by CRISPR/Cas9 and CRISPR-based BE4-Gam systems. The homozygous (GADD45G−/−) while not het-
erozygous (GADD45G+/−) pups died after birth due to severe craniofacial defects of unilateral or bilateral cleft
lip (CL). Moreover, the disorder of proliferation, apoptosis and epithelial-mesenchymal transition (EMT) were
also determined in the medial and lateral nasal processes (MNP and LNP) of the embryonic day 13 (E13)
GADD45G−/− rabbits, which compared with the normal wild type (WT) rabbits. Thus, our study confirmed for
the first time that loss of GADD45G lead to CL at the animal level and provided new insights into the crucial role
of GADD45G for upper lip formation and fusion.

1. Introduction

Cleft lip with or without cleft palate (CL/P) is one of the most
common congenital diseases in humans, with approximately 1/500 to
2500 newborns born worldwide [1,2]. Clinically, cleft lip (CL) refers to
a unilateral or bilateral gap between the lateral side of the upper lip and
philtrum, usually extending from the upper lip and lower jaw to the
nostrils and accompanied by cleft palate [3]. Another common oral-
facial cleft palate is cleft palate (CP) that appears a gap in the secondary
palate and the upper lip appears to be complete. The cause of CL/P is
complicated, including environmental factors and genetic factors [4].
Epidemiological studies showed monozygotic twins have strong fa-
milial aggregation and consistency, indicating a genetic predisposition
to CL/P [5]. Some genome-wide association studies (GWAS) were de-
signed using both case-control and case-parent triple study, and

different genes or chromosomal regions have shown strong evidence of
genes for CL/P [6–10].

Growth arrest and DNA damage 45G (GADD45G) is a member of
GADD45 family (the growth arrest and DNA-damage-inducible 45 fa-
mily), which implicated in regulating the cellular response to stresses,
DNA repair, inhibition of cell cycle and survival [11–13]. Although
initially considered to be unimportant for the development of mice
[14], loss of function studies revealed that GADD45G plays a role in
gender determination through the effects on p38 MAPK and Sry ex-
pression [15,16]. In recent studies, several GWAS have identified
GADD45G as a candidate CL/P-related gene [6,9,10]. Of noted, the
expression of GADD45G in embryonic day 9.5 (E9.5) mouse embryos
was also detected in the dorsal midbrain, the neural tube, the cranial
and dorsal root ganglia [17]. These observations imply that GADD45G
is possibly associated with CL/P, but it is unknown whether this
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connection is causal or accidental in animal level.
The upper face (lip and nose) of mammalian is produced by several

paired and unpaired tissues during early organogenesis [18,19]. The
formation of upper lip begins embryonic day 9 (E9) in the mouse, and
complete by E12.5 [19]. The original mouth consists of 5 separate
protrusions, the frontonasal prominence (FNP) is on the upper side, a
pair of maxillary processes (MXP) are on the outside and a pair of
mandibular processes (MAN) are on the lower side [19]. The FNP grows
continuously and is divided into the medial nasal process (MNP) and
lateral nasal process (LNP), which protrude around the nasal placodes
to form the nasal pits. Around E11, fusion in the lambdoidal junction
(λ) which LNP, MXP, and MNP result in the formation of the nostrils
and the lip [19].

Morphogenesis and growth of the face require precise coordination
of cellular programs including proliferation, differentiation, and apop-
tosis [20]. Interference from either developmental event can lead to
facial cleft [21]. At the λ, the epithelial seam cells between fusing
processes have to break down [22]. Active cell death can be observed in
the epithelial seams between MNP and LNP in mice [19]. However,
mice that are apoptotic due to inhibition of the caspase signaling
pathway did not show CL, but secondary malformations and extra-
cerebral malformations [23,24]. These results suggested that there are
other mechanisms leading to the removal of epithelial cells. Some
studies have shown that epithelial-mesenchymal transition (EMT) oc-
curs in epithelial seam cells during facial fusion [25,26]. Additionally,
Kurosaka H discovered that a disturbed sonic hedgehog (Shh) signaling
resulted in persistent SSEA1-positive periderm cells on the MNP, which
possibly led to alterations in the balance of cell proliferation and
apoptosis at the epithelial seam, which caused the CL phenotype [27].

In this study, we reported that GADD45G genes are highly expressed
at the MNP and LNP during upper lip formation and fusion in rabbits.
By generating rabbit deficient for GADD45G gene, we demonstrated
that loss of GADD45G results in CL at the animal level. Furthermore, the
increased cell proliferation, while reduced cell apoptosis and EMT at λ
of E13 GADD45G−/− rabbits, which will lead to the persistence of the
seam in the MNP and LNP and pathogenesis of CL. Altogether, these
data provided the first direct evidence that GADD45G is a genetic risk
factor for CL.

2. Materials and methods

2.1. Ethics statement

New Zealand rabbits were obtained from the Experimental Animal
Center of Jilin University (Changchun, China). All rabbit-related ex-
periments were conducted in accordance with the experimental speci-
fications and standards approved by the Jilin University Animal Care
and Use Committee guidelines.

2.2. CRISPR/Cas9-mediated GADD45G gene knockout (KO) in rabbits

The sgRNAs targeting GADD45G were designed, assembled and in
vitro transcribed as previously described [28]. The sgRNA oligonu-
cleotides were annealed and inserted into the pUC57-Simple-gRNA
vector (Addgene ID 51306) as described [29]. The pSpCas9 (PX165)
vector was obtained from Addgene (#48137). The protocol for micro-
injection and embryo transfer has been described in our previously
published data [30]. Briefly, a mixture mRNA of Cas9 (200 ng/μl) and
sgRNA (50 ng/μl) was co-injected into the cytoplasm of rabbit zygotes
and then transferred into the recipient rabbits.

2.3. BE4-Gam-mediated base editing in rabbit GADD45G

The BE4-Gam sgRNA was designed, assembled and in vitro tran-
scribed as previously described [31]. The BE4-Gam vector was obtained
from Addgene (#100806). The protocol for microinjection and embryo

transfer has been described [31].

2.4. Mutation detection and off-target analysis

Mutation detection was performed as previously described [32].
The PCR primers for the sgRNA target sites were as follows: forward,
5′-ACCCCGACAATGTGACCTTC-3′ and reverse, 5′-ACCACGTCGATCAG
ACCAAG-3′ (fragment size of GADD45G-KO allele: 447 bp), forward,
5′-GAAGCTTGCCGGAGCAG-3′ and reverse, 5′-TCACACGTTCAGGACT
TTGG-3′ (fragment size of GADD45G (p.Q36Stop) allele: 253 bp). The
T-clones were sequenced and analyzed using BLAST and SnapGene.

Potential off-target sequences (POTS) were predicted to analyze
according to the CRISPR Design Tool (http://crispr.mit.edu/) and Cas-
OFFinder (http://www.rgenome.net/cas-offinder/) [33]. The PCR
products were subjected to T7EI assay and Sanger sequencing.

2.5. Scanning electron microscopy

The E13 and E15 rabbit embryos were fixed in 4% glutaraldehyde in
PBS at 4 °C. Specimens were washed with PBS, dehydrated in ethanol
series, dried in carbon dioxide and sprayed with gold, then observed
under an electron microscope (Hitachi, Tokyo, Japan) at 10 kV accel-
erating voltage [34]. E13 and E15 were determined as the timing of
upper lip and facial development by obtaining rabbit embryos of dif-
ferent days (E11–E16).

2.6. Histological examination and immunostaining

The E13 rabbit embryos were fixed in 4% paraformaldehyde (PFA)
and processed into paraffin-embedded serial sections. Hematoxylin and
Eosin (H&E), immunohistochemical were performed as described pre-
viously [35,36]. The antibody used for immunohistochemistry was
Anti-GADD45G antibody [2F12] (Abcam, ab140378; 1:150). The
stained sections were imaged with a microscope (Nikon, Tokyo, Japan).

For proliferation analysis, we performed immunostaining of
phospho-histone H3 (pH 3) (Abcam, ab14955; 1:200). PH3-positive
cells and a total number of cells were quantitated in three randomly
selected sections from each experimental group. Apoptosis assays were
performed using caspase-3 (active) immunostaining (Beyotime,
AF1150; 1:200) according to the manufacturer's protocol. Sections were
counterstained with DAPI. Meanwhile, detection of apoptotic cells in
TdT-mediated dUTP nick-end labeling (TUNEL) assay using an in situ
cell death assay kit (Roche Applied Science, Upper Bavaria, Germany).
EMT assays were performed using E-Cadherin Mouse Monoclonal
Antibody (Beyotime, AF0138; 1:200) and Vimentin Mouse Monoclonal
Antibody (Abacam, ab8978; 1:1000). Images were captured using a
laser scanning confocal microscope (Olympus, Tokyo, Japan) [36].

2.7. Real-time quantitative PCR (q-PCR)

q-PCR was performed as described previously [28]. Briefly, total
RNA was extracted from MNP and LNP of WT and E13 GADD45G−/−

embryos using Trizol (Tiangen, Beijing, China) and reverse-transcribed
to cDNA using PrimeScript RT Master Mix (TaKaRa, Tokyo, Japan). The
q-PCR primers were as follows: GADD45G forward, 5′-CAGATCCACTT
CACGCTGAT-3′ and GADD45G reverse, 5′-CCACGTCGATCAGACC
AAG-3′, GAPDH forward, 5′-TCCATTCATTGACCTCCACTAC-3′, and
GAPDH reverse, 5′-GACCAGCTTCCCGTTCTC-3′. q-PCR was performed
with TB Green Premix Ex Taq II (TaKaRa, Japan) and GAPDH was used
as internal control.

2.8. Western blotting

RIPA buffer (Beyotime, Shanghai, China) supplemented with 0.01%
PMSF (BOSTER, Wuhan, China) was used for total protein extraction
from ear and λ region tissues of E13 rabbit embryos. The proteins were
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separated by 12% SDS-PAGE gel, transferred onto nitrocellulose filter
membrane (NC) membranes. Then blocked and incubated with primary
antibodies for Anti-GADD45G antibody [2F12] (Abcam, ab140378;
1:150) and β-actin (Beyotime, AA128; 1:1000). Subsequently, the
membranes were probed with secondary antibody (Beyotime, A0216;
1:1000). The membranes were visualized by the ECL Plus Western
Blotting System (Beyotime, Shanghai, China). The intensity was mea-
sured using Image J software (NIH, USA).

The 3 D structure models of the WT and GADD45G mutant proteins
were built from their amino acid sequences according to the web site:
http://swissmodel.expasy.org/ [37].

2.9. Statistical analysis

Data are expressed as mean ± SEM, with at least three individual
determinations in all experiments. Data of two group comparisons were
determined by unpaired Student's t-test and multiple group compar-
isons were analyzed with one-way ANOVA with Bonferroni's post-tests
using Prism 6.0 (GraphPad Software). p < 0.05 was considered sta-
tistically significant. The origin of these embryonic mutant animals
which for analysis of morphology, proliferation, apoptosis and gene
expression were derived from the F1 heterozygous G1-2 embryos by
mating and the tail tissues were collected for mutation detection.

3. Results

3.1. CRISPR/Cas9-mediated GADD45G knockout (KO) leads to CL in
rabbits

To date, GWAS have identified GADD45G as a candidate CL/P-re-
lated gene [6,9,10]. At present, due to the high conservation of or-
ofacial development between humans and rodent, the mouse has been
widely used as an effective model to study orofacial development and
defects [38,39]. Although the rabbit has mainly been used as a surgical
model for creating and repairing clefts currently, the rabbit shares more
similarities with humans in terms of physiology, anatomy and genetics
than the mouse [40,41].

Firstly, we designed a pair of sgRNAs targeting Exon 2 and Exon 3 of
GADD45G in rabbit (Fig. 1A). In order to test the efficiency of gene KO
of GADD45G in zygotes, a mixture mRNA of Cas9 and sgRNAs were co-
injected into the rabbit zygotes and cultured rabbit zygotes to the
blastocyst stage. As shown in Supplementary Table S1, 78.4% ± 6.7 of
injected embryos (N=154) developed to the blastocyst stage and
76.3% ± 3.9 carried mutations in GADD45G at the target sites. There
was no significant difference in the developmental rate between the
non-injected embryos and microinjected embryos (p < 0.05). These
results demonstrated that the CRISPR/Cas9 system is efficient for tar-
geting the GADD45G gene in rabbit zygotes.

To generate GADD45G KO rabbit, 60 injected zygotes were trans-
ferred into two surrogate rabbits and produce 11 live pups
(Supplementary Table S2). As shown in Figs. 1B and S1, 10 of 11
newborn pups carried homozygous GADD45G mutations (GADD45G−/

−). In addition, genotype data indicated that 50% of F0 rabbits had the
GADD45G mosaicism (#3, #4, #6, #7 and #11), revealing that CRISPR
generated mosaicism was commonly detected in F0 generation (Fig. S1)
[32,42–44]. To examine the off-target effects in these GADD45G−/−

rabbits, we detected the top 10 potential off-target sites of the PCR
products using Sanger sequencing and the T7E1 assay. The primers for
the off-target assay are listed in Supplementary Data 1. The results
showed there are no off-target mutations at these potential sites in the
GADD45G KO rabbits (Fig. S3).

Of noted, all GADD45G−/− rabbits died within three days of birth
and exhibited unilateral (10%) or bilateral (90%) cleft lip (CL) at the
postnatal 3 days (P3) (Fig. 1C, D, and G). Usually, the CL is often ac-
companied by cleft palate (CP) [27,45,46], which geometrically divided
into four (anterior, middle, posterior and posterior end) regions along

the anterior-posterior (AP) axis [47–49]. In this study, there is no evi-
dence of CP in these GADD45G−/− rabbits (Fig. 1E and F). Further-
more, the GADD45G−/− rabbit pups with unilateral or bilateral CL
could not suck the pacifier normally (Movies 1, 2 and 3). Thus, it was
speculated that the cause of early death in GADD45G−/− rabbits was
from suck problem, which is also the severe problem of the infancy with
CL in clinical [50].

3.2. Generation of GADD45G (p.Q36Stop) rabbit using the BE4-Gam
system

Although CRISPR/Cas9 is expected to be the gene editing tool, the
significance of targeted mutations, such as the large deletions and more
complex genomic rearrangements caused by DSBs have also been re-
ported in the previous study [51]. Recently, a programmable cytidine
deaminase based on the CRISPR/Cas9 system has been shown to con-
vert from C-to-T (BE4-Gam system) [52] without generating DSBs [31].
To further confirm the role of GADD45G in craniofacial morphogenesis,
a single C-to-T conversion was designed to generate a premature stop
codon (p.Q36stop) in exon 1 of rabbit GADD45G (Fig. 2A). This mu-
tation would inactivate the gene by directly converting the normally
coded codons to a STOP codon.

To test the efficiency of BE4-Gam-mediated base editing of
GADD45G in zygotes, a mixture BE4-Gam mRNA and sgRNAs were co-
injected into the rabbit zygotes and cultured rabbit zygotes to the
blastocyst stage. As shown in Supplementary Table S3, 77.6% ± 9.8 of
injected embryos (N=152) developed to the blastocyst stage and
76.1% ± 6.3 carried p.Q36stop in GADD45G at the target sites. These
results demonstrated that the BE4-Gam system is efficient for the gen-
eration of p.Q36stop in the GADD45G gene in rabbit zygotes.

In order to generate GADD45G (Q36Stop) rabbits, 52 injected zy-
gotes were transferred into two surrogate rabbits (Supplementary Table
S4) and produced 8 live pups. The base editing was determined by
Sanger sequencing of the PCR products. As shown in Fig. 2B, a single C-
to-T conversion yield a premature stop codon (p.Q36Stop) in the gRNA-
target region was determined in all pups (100%). The result from
Sanger sequencing and EditR [53] also demonstrated the efficient C-to-
T conversion in the GADD45G (Q36Stop) rabbit (Fig. 2C and D). As
expected, 7 of 8 (87.5%) GADD45G (p.Q36stop) rabbits, except the G1-
2, exhibited bilateral CL (Fig. 2E and G), and all of the GADD45G
(P.Q36stop) rabbits with CL died within 3 days of birth due to the
sucking problem (Fig. 2F). Furthermore, no off-target mutations were
detected at the 22 potential off-target sites in the GADD45G
(p.Q36stop) rabbits (Fig. S4). The primers for the off-target assay are
listed in Supplementary Data 2.

3.3. No CL in the heterozygous GADD45G (p.Q36stop) rabbits

Due to the high efficiency of CRISPR/Cas9 and BE4-Gam system,
there are no heterozygous GADD45G mutated (GADD45G+/−) rabbits
(Figs. S1 and S2), which limited the CL phenotype determination of
GADD45G+/− rabbits. Luckily, the G1-2 GADD45G (p.Q36stop) rabbit
without CL and could be survived to sex maturation (Fig. 3A and B). We
hypothesize this is due to mosaicism mutation from microinjection
[54], which have been widely observed in zebrafish [55], mice [56]
and Drosophila [57] when using CRISPR based gene editing system.

To determine whether the heterozygous GADD45G (p.Q36stop)
rabbits (GADD45G+/− rabbits) would be CL, female G1-2 rabbit was
mated with WT male New Zealand rabbits and gave birth to 5 live pups.
The Sanger Sequencing results showed that the heterozygous GADD45G
(p.Q36stop) mutation was determined in all pups, while there is no CL
in those GADD45G+/− rabbits (Fig. 3C and D). However, it is possible
that there might be modifier mutations present in G1-2 that could alter
the clefting rate. Therefore, by intercrossing the F1 heterozygotes, we
obtained GADD45G−/− rabbits with cleft lip and GADD45G+/− rabbits
without cleft lip. This further confirmed that there is no cleft lip in the
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Fig. 1. Generation of GADD45G KO rabbits using CRISPR/Cas9 system.
(A) Schematic diagram of two sgRNA target sites located in exon 2 and exon 3 of the rabbit GADD45G locus. The CDS (sequence coding for aminoacids in protein) of
GADD45G is indicated by orange boxes; target sites of the two sgRNA sequences (sgRNA1 and sgRNA2) are highlighted in red, protospacer-adjacent motif (PAM)
sequences are highlighted in green. Primers F and R were used for mutation detection. (B) Mutation detection by PCR in pups #1–#11. M, the DNA ladder (DL2000).
#1–#11, the GADD45G mutated rabbit pups. (C) Photographs of GADD45G−/− rabbits have unilateral or bilateral cleft lip (CL) (red arrows) at the postnatal 3 days
(P3). (D) Kaplan–Meier survival curves for the GADD45G−/− and WT rabbits (E) Inferior view of palatal shelves of P3 GADD45G−/− and WT rabbit. Dotted lines
indicate the equivalent position of coronal sections; A, anterior; M, middle; P, posterior; Pe, posterior end. (F) H&E-stained coronal sections of P3 rabbit pup head
showing anterior, middle, posterior, and posterior end regions. NS, nasal septum; T, tongue; PS, palatal shelves. (G) Distribution of CL in GADD45G−/− rabbits is
shown as a percentage of mutants that exhibit normal lip or CL over the total number of mutants analyzed. WT: wild type control. Scale bars: 1 mm (panel F). (For
interpretation of the references to color in this figure legend, the reader is referred to the online version of this chapter.)
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heterozygous GADD45G rabbits (Figs. 3E and S5). In addition, the
predicted 3D models showed the disrupted GADD45G protein structure
(Fig. 3F), which is also confirmed by Western blotting. As shown in
Fig. 3G and H, the GADD45G protein was reduced significantly in
GADD45G+/− rabbits while completely loss of expression in
GADD45G−/− rabbits, which compared to WT rabbits (p < 0.01).

3.4. GADD45G is required for upper lip formation and fusion

Previously study showed the high expression of GADD45G in the
dorsal midbrain, the neural tube, the cranial and dorsal root ganglia of
E9.5 mouse embryos [17]. Meanwhile, the formation of the upper lip
begins at E9.5 of mouse embryogenesis [19], imply the GADD45G may
have roles on the lip formation and fusion. In addition, the upper lip is
formed by the synergistic outgrowth and fusion of MXP with LNP and
MNP [58]. Thus, we examined the craniofacial morphology of
GADD45G−/− rabbit at day 3 of partum (P3) by H&E staining. The
result showed the disrupted fusion of the premaxillary and lateral walls
of the lips, bilateral clefts of the upper lip region (black dashed box),
and the absent hair follicles (black arrow) in the GADD45G−/− rabbits
(Fig. 4A).

To further investigate whether the GADD45G is required for upper
lip formation and fusion, the scanning electron microscopy and im-
munohistochemistry (IHC) were performed between the embryos day
13 (E13) WT and GADD45G−/− rabbits. The scanning electron micro-
scopy confirmed bilateral clefts of the upper lip region, LNP and MNP
are obviously underdeveloped, and the MNP failed to extend to the LNP
in E13 GADD45G−/− rabbits (white arrow). In addition, E15
GADD45G−/− embryos showed a clear fully bilateral CL (white dashed
box), which compared to the normal development WT rabbits (Fig. 4B).
Furthermore, IHC result confirmed the high expression of GADD45G in
the epithelium versus the mesenchyme of the MNP and LNP WT E13
rabbits, while no expression in the GADD45G−/− rabbits (Fig. 4C). This
result was also confirmed by the q-PCR, revealed the significantly de-
creased GADD45G expression in the GADD45G−/− rabbits (p < 0.001)
(Fig. 4D).

Thus, the results indicate that GADD45G plays a key role in the
formation and fusion of the upper lip by regulating the outgrowth of the
facial processes and/or the fusion between the MNP and LNP.

3.5. Increased cell proliferation and reduced EMT in the MNP and LNP of
GADD45G−/− embryo

Extensive studies have shown the important role of cell proliferation
and EMT in craniofacial development [20,25,34,59]. Thus, the cell
proliferation and EMT between the E13 WT and GADD45G−/− embryos
were compared analysis using phospho-histone H3 (PH3), E-cadherin
and Vimentin staining, respectively. The IHC result shown the sig-
nificantly increased mitotic cells (PH3 positive) in the MNP and LNP of
E13 GADD45G−/− embryos (p < 0.01), which compared with the E13
WT embryos (Fig. 5A and B). In addition, immunostaining for the E-
cadherin showed E-cadherin significantly increased within the λ epi-
thelia (white dashed line) in E13 GADD45G−/− embryos (red staining)
(Fig. 5C), and immunostaining for the Vimentin showed the Vimentin
significantly decreased within the mesenchyme (white dashed line) in

E13 GADD45G−/− embryos (green staining) (Fig. 5D). These results
suggest that the increased cell proliferation and decreased EMT is as-
sociated with the failure of lip fusion in the E13 GADD45G−/− em-
bryos.

3.6. Reduced apoptosis in the MNP and LNP of GADD45G−/− embryo

Multiple cellular processes occur at λ including apoptosis, mediate
removal of epithelial cells at the seams [19,20,60]. Apoptosis ensures
that sufficient cell numbers are removed from the epithelial seam to
promote adhesion of the intermediate process of convergence and oc-
curs before and during the fusion in the MNP and LNP [19]. Thus, to
determine whether the abnormal apoptosis in the GADD45G−/− em-
bryos, we performed cleaved caspase-3 immunofluorescence (IF) and
TUNEL staining between the E13 WT and GADD45G−/− rabbits. As
shown in Fig. 6B and D, the reduced apoptosis in the MNP and LNP
were determined in the E13 GADD45G−/− embryos, which compared
with the E13 WT embryos (p < 0.05). Moreover, we detected apop-
totic cells at the seams in controls, but not in GADD45G−/− embryos.
Interestingly, we found the apoptotic cells are regularly arranged on the
LNP and MNP (white dashed line) in the WT E13 embryo, while dis-
orderly arrangement in the E13 GADD45G−/− embryos (Fig. 6A and C).
These results indicated that the reduced apoptosis in epithelial seams
during upper lip morphogenesis in the E13 GADD45G−/− embryos.

Taken together, these results suggested that the loss of GADD45G
leads to the increased cell proliferation while reduced EMT and apop-
tosis in the MNP and LNP, which ultimately leads to the occurrence of
CL in the GADD45G−/− embryo (Fig. 6E).

4. Discussion

Although the GADD45G has been identified as a candidate CL/P-
related gene [6,9,10], a direct demonstration of a link between
GADD45G and CL/P has not been reported. In this study, by inactivate
GADD45G in the rabbits, we provide the first direct animal model
evidence of GADD45G function in upper lip formation and fusion. These
rabbits exhibited CL and all died within three days due to sucking
problem. Although previous studies demonstrated that GADD45G is not
necessary for embryonic development except sex determination
[14–16,61], these may be attributed to a difference in genetic back-
ground between the mice and rabbits.

In this study, we first generated GADD45G KO rabbits via injection
of Cas9 mRNA and a pair of sgRNAs targeting exon 2 and exon 3 of the
GADD45G gene and demonstrated the GADD45G KO rabbits exhibited
CL. However, off-target effects are a major problem in the Cas9-medi-
ated gene editing system [62,63]. Recently, the cytosine base editors
(CBEs) and adenine base editors (ABEs) systems have been developed
that directly perform nucleotide conversion without introducing
double-stranded breaks (DSB) and low off-target effect [64,65]. Thus,
both the CRISPR/Cas9 and BE4-Gam were used for the mutation of
GADD45G gene in this study. These results confirmed that our animal
level results are specifically due to the mutation of GADD45G while not
off-target effects. Additionally, the functional domains of the GADD45G
protein were predicted using a web resource (http://smart.embl.de)
[66], which shown there is only a Ribosomal_L7Ae domain in the

Fig. 2. Generation of GADD45G (p.Q36Stop) rabbit model using the BE4-Gam system.
(A) The target sequence within the GADD45G locus. Target sequence (black), PAM region (green), CDS region (orange) and substituted nucleotide (red, C=T).
Relevant codon identities at the target site are presented beneath the DNA sequence. Primers F and R were used for mutation detection. (B) PCR amplicons of the
target site from genomic DNA of mutant rabbits were subcloned into the pGM-T vector and sequenced. The number of clones for each sequence pattern is indicated.
Target sequence (underlined), PAM region (blue), and substituted nucleotide (red). A purple box indicates the termination codon. (C) Sanger sequencing chroma-
tograms of DNA from WT and GADD45G (p.Q36Stop) rabbits (G1-4). The red arrow indicates the substituted nucleotide. Relevant codon identities at the target site
are presented beneath the DNA sequence. (D) The predicted editing bar plot based on Sanger sequencing chromatograms from G1-4 by EditR. (E) GADD45G
(p.Q36Stop) rabbits exhibited a bilateral cleft lip (red arrows) at P3. (F) Kaplan–Meier survival curves for the GADD45G (p.Q36Stop) and WT rabbits. (G) Distribution
of CL in GADD45G (p.Q36Stop) mutants, is shown as a percentage of mutants that exhibit normal lip or CL over the total number of mutants analyzed. (For
interpretation of the references to color in this figure legend, the reader is referred to the online version of this chapter.)
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GADD45G protein (Position:24 to 113), and both the CRISPR/Cas9 and
BE4-Gam mediated gene mutation will destroy this domain and affect
its activity.

To date, a number of genetic mutate model animals have been
generated to study human cleftings, such as Irf6, p63, Wnt and Bmp
genes [46,67–69]. Although clefts of the secondary palate occur fre-
quently in transgenic or knockout animal embryos, isolated CL animal
model is very rare [70–72]. In comparison with WT rabbits, GADD45G
mutant rabbits exhibited CL without CP. Thus, this model provides one
of the few, CL without CP animal models for craniofacial disease and
provides us to better understand and study the different aspects of the

development of the lips and palate during the embryonic period. Ad-
ditionally, by mating G1-2 mosaic female rabbit with wild males and
intercrossing the F1 heterozygotes, we found no CL in the heterozygous
GADD45G (p.Q36stop) rabbits. Therefore, we hypothesize that
GADD45G is a recessive gene in CL. Likewise, common CL genes such as
IRF6, Lrp6, and patched1 are recessive genes in CL [34,60,73].

Previous studies have shown that face morphogenesis requires the
precise coordination of procedures including proliferation, differentia-
tion, and apoptosis [20]. We have investigated the link between EMT
and lip development using a mutant of GADD45G in the Embryonic
period. E13 GADD45G−/− embryos exhibited E-cadherin protein was

Fig. 3. No CL in the heterozygous GADD45G+/− rabbits.
(A) Sanger sequencing chromatograms of DNA from WT and GADD45G (p.Q36Stop) rabbits (G1-2). The red arrow indicates the substituted nucleotide. Relevant
codon identities at the target site are presented beneath the DNA sequence. (B) The predicted editing bar plot based on Sanger sequencing chromatograms from G1-2
by EditR. (C) A male rabbit (WT) was mated with female rabbits (G1-2) and there is no CL in these F1 pups. (D) Sanger sequencing chromatograms of DNA from F1
pups. The red arrow indicates the substituted nucleotide. Relevant codon identities at the target site are presented beneath the DNA sequence. (E) Female G1-2-2
rabbit was mated with male G1-2-1 rabbit and there is no cleft lip in the heterozygous GADD45G rabbits. (F) Computer modeling the 3D structure between the WT
and GADD45G (p.Q36Stop). (G) Western blotting from the ear tissue of the GADD45G gene mutant rabbits. Equal amounts of protein were used and β-actin was the
internal control. (H) Grey-scale analysis of the Western blotting result by ImageJ software. Error bars represent± SEM. **p < 0.01. (For interpretation of the
references to color in this figure legend, the reader is referred to the online version of this chapter.)

Fig. 4. GADD45G is required for upper lip formation and fusion.
(A) A transverse midfacial region was observed in P3 WT and GADD45G−/− rabbits by H&E staining. GADD45G−/− rabbits with bilateral clefts of the lip and lack of
hair follicles in the premaxillary region (black arrows). (B) GADD45G gene is required for midfacial formation. Scanning Electron Microscopy (SEM) of E13 and E15
rabbit embryos. GADD45G−/− rabbits exhibit cleft lip (white dashed box). White arrowheads indicate defective fusion at the LNP/MNP fusion site. (C)
Immunohistochemistry (IHC) reveals GADD45G is highly expressed in the epithelium of LNP and MNP and the mesenchyme of E13 embryos. (D) q-PCR confirmed the
high GADD45G expression in λ of E13 embryos. GAPDH was used as a loading control. Three samples were analyzed. Error bars represent± SEM. ***p < 0.001.
N=3 biologically independent samples. Scale bars: 100 μm (panels A and C).
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increased significantly compared to WT within the λ epithelia, and
Vimentin protein was decreased significantly compared to WT within
the mesenchyme. These are consistent with others who have pointed
out that the transformation of seam epithelia into mesenchyme through
the process of EMT is critical to lip fusion [20,25,26]. Therefore, the
aberrant EMT seen in the GADD45G mutant is likely to be in part re-
sponsible for CL. Furthermore, GADD45G−/− embryos showed reduced
epithelial cell death and increased cell proliferation in MNP and LNP.
We postulate that the balance between cell proliferation and cell death
was broken, resulting in the persistent epithelial seam. Our work is
consistent with other studies show that the persistence of epithelial
seam is a result of decreased cell death and increased proliferation as-
sociated with CL/P [45,58,60]. Moreover, we were surprised to find
apoptotic cells are regularly arranged on the mesenchymal edge of LNP
and MNP at E13 (Fig. 6A and C). This phenomenon may be related to
the migration of cells during lip fusion, and the underlying mechanism
of this observation remains to be explored.

To the best of our knowledge, this is the first animal level report of
CL caused by GADD45G mutant in the rabbits. Additionally, the current
study provides evidence that the GADD45G is required for cell pro-
liferation, EMT and apoptosis of LNP and MNP, which is essential for
upper lip formation and fusion.

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.bbadis.2019.05.015.

Transparency document

The Transparency document associated with this article ca be found,
in online version.

Declaration of Competing Interest

The authors declare no competing interests.

Acknowledgments

The authors thank Peiran Hu for providing excellent technical as-
sistance at the Embryo Engineering Center.

Funding

This study was financially supported by the National Key Research
and Development Program of China Stem Cell and Translational
Research (2017YFA0105101), the Program for Changjiang Scholars and
Innovative Research Team in University (No. IRT_16R32), the Strategic
Priority Research Program of the Chinese Academy of Sciences

Fig. 5. Increased cell proliferation and reduced EMT in the MNP and LNP of E13 GADD45G−/− embryo.
(A) Phosphorylated histone H3 (PH3) staining shows increased cell proliferation in LNP and MNP of E13 GADD45G−/− rabbit embryos. (B) Comparison of per-
centage of cell proliferation in the designated area in the control and E13 GADD45G−/− rabbit embryos. (C) Immunofluorescence (IF) shows low E-cadherin in WT
controls; conversely, high E-cadherin at the mutant λ points (white dashed line) of E13 GADD45G−/− rabbit embryos. (D) Immunofluorescence (IF) shows high
vimentin in WT controls; conversely, low vimentin of E13 GADD45G−/− rabbit embryos. N=3 biologically independent samples. Scale bars: 100 μm. **p < 0.01.
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Fig. 6. Reduced apoptosis in the MNP and LNP of GADD45G−/− embryo.
(A) Activated anti-caspase 3 showing localized apoptosis on the edge of LNP and MNP (white dashed line) in control WT while reduced apoptosis at λ of E13
GADD45G−/− embryos. Meanwhile, activated anti-caspase 3 showing localized apoptosis cells at the seams in controls, but not in the GADD45G−/− embryos (orange
arrow in inset). (B) Comparison of percentage of caspase3 positive cells in the designated area of λ in the WT control and E13 GADD45G−/− embryos. (C) TUNEL
staining shows that cell death is significantly reduced in λ of GADD45G−/− embryos at E13. (D) Quantification of the number of TUNEL positive cells in the
designated area in the WT control and E13 GADD45G−/− embryos. (E) Model for GADD45G essential role in midfacial morphogenesis. Loss of GADD45G causes
continuous cell proliferation, increase in the number of E-cadherin positive cells and suppression of apoptosis in λ and eventually leads to CL. Error bars
represent± SEM. *p < 0.05. **p < 0.01. N=3 biologically independent samples. Scale bars: 100 μm. (For interpretation of the references to color in this figure
legend, the reader is referred to the online version of this chapter.)
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