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An L314Q mutation in Map3k1 gene results in failure
of eyelid fusion in the N-ethyl-N-nitrosourea-induced
mutant line
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Abstract: In this study, we describe an N-ethyl-N-nitrosourea-induced mouse model with a corneal opacity phenotype
that was associated with “eye open at birth” (EOB). Histological and immunohistochemistry staining analysis showed
abnormal differentiation of the corneal epithelial cells in the mutant mice. The EOB phenotype was dominantly
inherited on a C57BL/6 (B6) background. This allele carries a T941A substitution in exon 4 that leads to an L314Q
amino acid change in the open reading frame of MAP3K1 (MEEK1). We named this novel Map3k1 allele Map3k1L374Q,
Phalloidin staining of F-actin was reduced in the mutant epithelial leading edge cells, which is indicative of abnormality
in epithelial cell migration. Interestingly enough, not only p-c-Jun and p-JNK but also c-Jun levels were decreased
in the mutant epithelial leading edge cells. This study identifies a novel mouse Map3k1 allele causing EOB phenotype
and the EOB phenotype in Map3k1-374Q mouse may be associated with the reduced level of p-JNK and c-Jun.
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phogenetic event that also takes place in humans. Unlike

Introduction

the mouse eyelid, however, human eyelid closure and

Mammalian normal ocular surface development in-
volves transient closure and reopening of the eyelid.
Eyelid closure has been best characterized in mice. Dur-
ing the embryonic stage, the epithelium of the upper and
lower eyelid fuses to form a closed eyelid as a protective
barrier over the cornea. About two weeks after birth, the
cells present at the fusion junction undergo apoptosis
and result in separation of the upper and lower eyelids
[1-3]. Failure of the eyelids to grow across the eye and
fuse during the foetal stage in mice leads to the “eye
open at birth” (EOB) phenotype [4-6].

Transient lid closure and reopening is a common mor-

re-opening is accomplished entirely in utero; this makes
it difficult to detect deficiencies in human eyelid closure.
This has made the detection of lid closure defects a ma-
jor challenge, and as a result, little is truly understood
about the incidence of eyelid closure defects and the
diseases associated with it in humans [7-9]. In this con-
text, genetic EOB mouse models with an easily traceable
phenotype have made it possible to identify a great num-
ber of molecular players involved in eyelid development,
including MEK kinasel (Map3kl), c-Jun N-terminal
kinase (Jukl and Jnk2), c-Jun, Alx4, Lgr4, epidermal
growth factor (EGF) family members HB-EGF (Hbegf)
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and transforming growth factor o(7gfa) and their recep-
tor (Egfr), fibroblast growth factor 10 (Fgfl10) and its
receptor (Fgfr2), the forkhead transcription factors
Foxcl and Foxc2, and the Wnt antagonist Dkk2 [10-32].
This information may help to identify developmental
defects associated with lid closure failure and their un-
derlying mechanisms in humans.

MAP3K1, also known as MEK kinase 1 (MEKK1),
is one of the most prominent players that control eyelid
morphogenesis, and it is expressed abundantly in the
epithelial cells. With the help of an N-ethyl-N-nitro-
sourea (ENU) mutagenesis screen, we identified a mouse
mutant, Map3k1*3'#Q, which carries an L314Q mutation
in the Map3kl gene. We were able to show a clear de-
crease in the levels of JNK phosphorylation and c-Jun
indicated that the EOB phenotype may be associated
with the reduced level of p-JNK and c-Jun.

Materials and Methods

Mice

C57BL/6J male mice were injected intraperitoneally
with 100 mg/kg of ENU weekly for three weeks, left for
two months and then mated to untreated female C57BL/6J
mice. The offspring of the ENU-treated mice were
screened at the age of 3 weeks for dysmorphological
phenotype.

All animal protocols were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of the
Yangzhou University Animal Experiments Ethics Com-
mittee, and carried out in accordance with the approved
guidelines.

Preparation of DNA and RNA

Genomic DNA was isolated from mouse tail tips by
proteinase K digestion, phenol chloroform extraction,
and ethanol precipitation according to standard proto-
cols. Total RNA was extracted from the brains of Map-
3k1%314Q heterozygotes (Map3k1™31#2/") and wild-type
mice using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions.

Linkage analysis

Map3k1P3149/F of the B6 background were mated with
DBA/2 (D2) mice to generate F1 mice. Next, F1 mice
with EOB were backcrossed with B6 mice to generate
N2 mice. DNA samples of the N2 mutant mice were
scanned using microsatellite and single nucleotide poly-
morphism (SNP) markers.

Mutational analysis of Map3k1
The exons sequences of Map3kl were amplified from
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Map3kI*3199"+ and B6 cDNA and genomic DNA using
PCR. cDNA was synthesized using a RevertAid First-
Strand cDNA Synthesis Kit (Thermo Scientific Fermen-
tas, St. Leon-Ro,Germany) with oligo(dT)18 primers.
PCR conditions consisted of one cycle of denaturation
for 5 min at 94°C, followed by 30 cycles of 30 s at 94°C,
30 s at 61°C, and 1 min at 72°C, and finally, one cycle
of elongation for 5 min at 72°C. The RefSeq ID of
Map3kl is NM_011945. Primer sequences are provided
in supplementary Table. RT-PCR and PCR products were
purified and sequenced by the dideoxy chain termination
method using an ABI310 automated DNA sequencer
(Sangon Biotech, Shanghai, China).

Histological analysis

Tissues were fixed in Davidson’s fixative or 4% para-
formaldehyde at 4°C overnight. The fixed specimens
were decalcified, dehydrated and embedded in paraffin
wax, and 6-um sagittal sections were obtained and HE-
stained using standard protocols.

Immunohistochemistry

Antigen retrieval with citrate buffer was performed
prior to incubation with the antibodies. The following
antibodies were used: anti-keratin10 (1:4,000; ABCAM,
Cambridge, MA, USA, Cat. ab76318), anti-keratinl4
(1:4,000; ABCAM, Cat. ab181595), anti-PAX6 (1:400;
Covance, Princeton, NJ, USA, Cat. PRB-278P), anti-
keratin12 (1:400; ABCAM, Cat. ab185627), anti-kera-
tin6A (1:400; Covance, Cat. PRB-169P), anti-c-Jun
(1:200; Cell Signalling, Danvers, MA, USA, Cat. 9165),
anti-phospho-c-Jun (1:80; Cell Signalling, Cat. 2361),
and anti-phospho-JNK (1:60; ABCAM, Cat. ab124956).
Immune complexes were detected with a biotinylated
secondary antibody (1:400; Vector Labs, Burlingame,
CA, USA, Cat. BA1000) and ABC complex (Vector
Labs, Cat. PK6100), and the DAB substrate kit (Vector
Labs, Cat. SK4100), followed by brief counterstaining
with Mayer’s haematoxylin.

F-actin staining analysis

For F-actin staining analysis, embryo heads (E15.5)
were fixed in 4% paraformaldehyde at 4°C for 3 h, and
then immersed in 30% sucrose in phosphate-buffered
saline (PBS) overnight at 4°C. The tissues were embed-
ded in optimal cutting temperature compound (OCT)
and rapidly frozen. Sections of 9-um thickness were
placed on poly-L-lysine-coated slides and fixed in cold
acetone. The sections were washed in PBS and incu-
bated in PBS blocking/permeabilization buffer (PBS
containing 1% bovine serum albumin, 0.3% Triton
X-100 and 1% goat serum) for 15 min. The sections were
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then stained with Alexa Fluor® 488-phalloidin (Molecu-
lar Probes, Eugene, OR, USA, Cat. A12379) according
to the manufacturer’s instructions. For staining of nuclei
and stabilization of fluorescence signals, the samples
were covered with Fluoroshield mounting medium con-
taining DAPI (Sigma, St. Louis, MO, USA, Cat. F6057).
The stained sections were photographed with a laser
scanning confocal microscope (TCS SP8 STED, Leica,
Wetzlar, Germany).

Identification and generation of mutant mice with
an EOB phenotype

The founder of the Map3k1-3/4C heterozygous mutants
(Map3ki1t31#9%) was identified from a dominant ENU
mutagenesis phenotype-driven screen using C57BL/6
(B6) background mice. The mutant was identified based
on its corneal opacity phenotype and dominantly inher-
ited on the B6 background (Fig. 1B). The mutant mouse
was mated with wild-type B6 mice to generate mutant
offspring.

Histologic examination of the altered corneas in Map-
3k1t3199% mice revealed that the epithelium was mark-
edly thickened and contained an eosinophilic stratum
corneum, which was suggestive of the conversion of
non-keratinized corneal epithelial cell (CECs) into a
keratinized skin-like epithelium. Additionally, corneal
neovascularization was detected in the corneal stroma
in Map3k1%3'49"" mice (Fig. 1D).

Upon closer examination of the neonates, we observed
that the Map3k1-3#9"* pups were uniformly character-
ized by the EOB phenotype (Figs. 1F and H). On ex-
amination of embryos between E16.5 and birth, we found
that eyelids from the Map3k1-3/#9/* embryos with EOB
did not close; this indicates that the phenotype resulted
from failure of eyelid closure, and not from premature
eyelid opening.

The proportion of mice with the EOB phenotype on a
B6 background was 189/382. Map3k13!49"* of the B6
background were mated with DBA/2 (D2) mice to gen-
erate F1 mice, 12/32 of the progeny were recorded to
have the EOB phenotype. When F1 mice with EOB were
backcrossed with B6 mice to generate N2 mice, 63/195
the progeny was recorded to have the EOB phenotype.
This confirms that the phenotype is dominantly inher-
ited on these backgrounds. However, when the Map-
3k153149F mutants with the B6 background were crossed
to the 129 background, none of the (B6 x 129) F1 off-
spring (0/97) exhibited the EOB phenotype. These data
show that the EOB phenotype was significantly modified
on the 129 background.

Altered corneal epithelial cell differentiation in adult
Map3k1L314Q* mice

The histological findings indicated the pathological
conversion of CECs into keratinized skin-like epithelial
cells; this implies switches in keratin expression [33].
We, therefore, performed staining for the corneal epithe-
lial cell differentiation marker keratin 12 (K12), the
epithelial cell differentiation marker keratin 14 (K14),
and a specific epidermal differentiation marker, keratin
10 (K10), by immunohistochemistry in Map3k1-3142/*
and control littermate mice at 8 weeks. Immunohisto-
chemistry showed that K12 was present in the corneal
epithelium in the control corneas, but it was absent in
the mutant corneas (Figs. 2A and B). In mutant corneas,
K10 was expressed most prominently in the suprabasal
epithelial layer, and K14 was expressed most promi-
nently in the basal and suprabasal layer of the corneal
epithelium (Figs. 2D and F). However, K10 expression
was not detected and K14 expression was weak in the
wild-type corneal epithelium (Figs. 2C and E). This find-
ing indicates an altered differentiation in adult Map-
3k113149% corneas from a cornea-like into a skin-like
phenotype.

The transcription factor PAXG6 is known to be essential
for K12 expression and corneal development [33], and
therefore, immunohistochemical staining for PAX6 was
also performed. In wild-type mice, PAX6 was expressed
in the corneal epithelium (Fig. 2G). In contrast, PAX6
expression was almost abolished in the Map3k1-3149/*
cornea or reduced to low levels in a few cells (Fig. 2H).
Thus, loss of PAX6 expression could result in the ab-
sence of K12 expression and account for the abnormal
differentiation of the corneal epithelium in the adult
Map3k13149+ mice.

Mutation analysis of the EOB phenotype

Genomic DNA from 139 N2 EOB mutants was anal-
ysed using microsatellite and SNP markers across the
whole genome. The mutation was mapped to a 2.16-Mb
region on chromosome 13, between microsatellite
DI13Mit291 and SNP rs3697199 (Fig. 3A). Within the
interval, there was a strong candidate-Map3ki. Mice
deficient for this gene have previously been shown to
exhibit EOB [30, 32].

Sequence analysis identified a T941A substitution in
exon 4 that leads to an L314Q amino acid change in the
Map3kli (Fig. 3B). Sequence analysis of three different
wild-type strains (C3H/He, 129 and DBA/2) excluded
the presence of a general polymorphism at this site. Se-
quence alignment across multiple species revealed that
this Lys acid residue is a highly evolutionarily conserved
amino acid in Map3kl (data not shown). Thus, the
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Fig. 1. Eye phenotypes in Map3ki*3#?"* mice. (A and B) Appearance of the wild-type (A) and
Map3ki1t3149/ (B) eyes at week 8. Corneal opacity was observed in the Map3ki=3142/*
mice. (C, D) Hematoxylin and eosin staining of frontal eye sections from wild-type (C)
and Map3k1%3149+ (D) mice. In Map3k1%31#9/* mice, the epithelium was markedly thick-
ened and contained an eosinophilic stratum corneum. (E, F) Appearance of the eyes in
wild-type (E) and Map3k1t3/49/* (F) mice. Map3kI*3'#9’* mice are born with open eyelids.
(G, H) HE staining of the coronal eye sections from wild-type (G) and Map3k1-3149/* (H)
mice at postnatal day 0 (P0). Scale bar=100 um.

L314Q mutation was responsible for the EOB phenotype
in the Map3k13/49* mice.

Effect of the L314Q mutation on eyelid epithelial
cell migration, differentiation, proliferation and cell
death

We investigated whether the L314Q mutation in
Map3kl contributed to the failure of eyelid closure by
affecting eyelid epithelial cell migration, differentiation,
proliferation or cell death.

Actin reorganization is a critical cellular event re-
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quired for cell migration, and a reduction in the cyto-
plasmic accumulation of F-actin has been observed with
the EOB phenotype in some gene-knockout studies [27,
32, 34]. Therefore, we examined the formation of actin
filaments in the eyelid tissues of E15.5 foetuses with
phalloidin. Prominent F-actin accumulation in the lead-
ing edge cells was observed in the wild-type mice, but
this was not observed in the leading edge cells from the
mutants (Figs. 4A and B). These data demonstrate that
the L314Q mutation in Map3k1 affects actin stress fiber
formation in epithelial cells of the developing eyelid,
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Fig. 2. Abnormal corneal epithelium differentiation in Map3k1-3'#¢/* mice. (A, B) Immunostaining for keratin 12
(K12) in sections from wild-type (A) and Map3kI*3#¢* mice (B). K12 was present in the corneal epithe-
lium in the control corneas, but it was absent in the mutant corneas. (C, D) Immunostaining for keratin 10
(K10) in sections from wild-type (C) and Map3ki%3'4?”* mice (D). K10 was absent in the corneal epithe-
lium in the control corneas, but it was expressed most prominently in the suprabasal epithelial layers in the
mutant corneas. (E, F) Immunostaining for keratin 14 (K14) in sections from wild-type (E) and Map3k1L3140/*
mice (F). K14 was expressed most prominently in the basal and suprabasal layers of the corneal epithelium
in the mutant corneas, but it was only weakly expressed in the wild-type corneas. (G, H) Immunostaining
for PAX6 in sections from wild-type (G) and Map3ki“3'#9* mice (H). Nuclear staining of PAX6 was ob-
served in the control corneas, but its expression was almost abolished in the mutant corneas. At least three
mice were used for each analysis, and the representative data are shown. Scale bar=50 um

which is probably associated with the failure of eyelid
closure.

Eyelid epithelial cell differentiation is required for
embryonic eyelid closure [3]. Periderm cells participat-
ing in temporary epithelial fusions, such as eyelid clo-
sure, express keratin 6. We, therefore, examined the
levels of keratin 6 (K6). At E15.5, K6 expression was

found to be similar in the periderm of both wild-type and
mutant samples (Figs. SA and B). We also performed
staining for the epithelial cell differentiation marker K14
and the specific epidermal differentiation marker K10.
K14 and K10 expression was also similar between the
wild-type and mutant cells (Figs. SC—F). These findings
imply that the defect in eyelid closure was not caused
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Fig. 3. Mutation mapping and identification. (A) Haplotype analysis of 139 N2 EOB mutants. Genetic markers are
listed on the left side of the panel. The black boxes represent the homozygotes of B6 and the white boxes repre-
sent the heterozygotes of B6 and D2. The numbers of progeny that inherited each haplotype are shown at the
bottom. The mutated gene was mapped to a region between markers DI3Mit291 and rs3697199. (B) Sequence
analysis of the Map3kl gene showed a T-to-A transition mutation.

Fig. 4. Defective accumulation of F-actin in Map3ki13/49/* eyelid epithelial leading edge cells. Staining of the eye sec-
tions from wild-type (A) and Map3kI1-3#¢* (B) foetuses at E15.5 was performed using phalloidin. In the Map-
3k1E3149* foetuses, less filamentous accumulation of F-actin was observed at the margin of the eyelid epithelium.
At least three mice were used for each analysis, and the representative data are shown. Scale bar=100 ym.

by abnormalities in eyelid epithelial cell differentiation.

To further analyse other possible mechanisms respon-
sible for EOB, wild-type and Map3k1-3/49"* embryos at
E15.5 were subjected to cleaved caspase 3 labelling to
examine the extent of cell apoptosis around the eyelid
tissues. However, neither the wild-type nor the mutant
embryos showed any apoptotic cells (Supplementary
Fig. 1). Furthermore, we examined the proportion of
BrdU-positive cells based on the incorporation of BrdU,
which is a marker of cell proliferation, but no significant
difference was observed in the eyelid epithelium between
the wild-type and Map3k1:3/#9* mice (data not shown).
These results demonstrate that abnormalities in cell pro-
liferation and apoptosis did not account for the failure

JL3140/+

of eyelid closure in the Map3k embryos.
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Reduced level of p-JNK and ¢ -Jun in the mutant
epithelial leading edge cells

Various genetic and molecular analyses have shown
that eyelid closure is dependent, at least partially, on
signals transmitted through the MAP3K1-JNK axis. One
of the well-defined nuclear effects of JNK is the phos-
phorylation of the c-Jun transcription factor and poten-
tiation of its transcriptional activity [26, 29, 30]. There-
fore, to search for the downstream effectors of the L314Q
mutation in Map3kl during mouse embryonic eyelid
development, we examined the E15.5 wild-type and
Map3k1*3199"+ embryos for p-c-Jun, total c-Jun and p-
JNK levels. Interestingly enough, not only p-c-Jun and
p-JNK, but also c-Jun levels were decreased in the Map-
3k1M3149+ embryos (Figs. 6A—F).
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Fig. 5. Eyelid epithelial cell differentiation in Map3k1-3/#9"* mice. (A, B) Immunostaining for keratin 6 (K6) in
sections from wild-type (A) and Map3ki*3#?"* mice (B). (C, D) Immunostaining for keratin 14 (K14) in
sections from wild-type (C) and Map3k1-3/49* mice (D). (E, F) Immunostaining for keratin 10 (K10) in
sections from wild-type (E) and Map3k1™3'#9* mice (F). At least three mice were used for each analysis,
and the representative data are shown. Scale bar=100 ym.

In the present study, we established mutant Map-
3k1%314Q mice with the EOB phenotype and identified
the mutation responsible for the eyelid closure defect.

We found that the eyelid closure defect in Map3ki1:314¢
mice was associated with a corneal opacity phenotype.
K12 is specifically expressed in the corneal epithelium
in a differentiation-dependent manner. Similar to other
keratins, K12 is required for the formation of cytoskel-
etal intermediate filaments and, thus, the maintenance
of corneal epithelial integrity. In the present study, im-
munohistochemistry findings showed that corneal-spe-

cific K12 is replaced by skin-specific K10; this indicates
the pathological conversion of CECs into skin-like epi-
thelial cells. This explains the histological basis of the
corneal opacity phenotype in the mice. Further, we found
that PAX6 expression was almost abolished in the cornea
of Map3k1*3142 mice. PAX6 plays a central role in cor-
neal epithelial cell fate determination. These findings
indicate that abnormal eyelid epithelial cell differentia-
tion may be associated with the corneal opacity pheno-
type. Thus, the mouse model established in this study
might be useful for studying the pathomechanisms of
corneal disorders.

MAP3KI1 is one of the best-studied MAP3Ks. It is a
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Fig. 6. Decreased levels of p-c-Jun, c-Jun and p-JNK in the eyelid epithelium of Map3ki1“3'#¢* mice. (A, B) Im-
munostaining for p-c-Jun in sections from wild-type (A) and Map3k1-3#"* mice (B). (C, D) Immunostain-
ing for c-Jun in sections from wild-type (C) and Map3ki%3#?/* mice (D). (E, F) Immunostaining for p-JNK
in sections from wild-type (E) and Map3k1-3'#9/" mice (F). At least three mice were used for each analysis,
and the representative data are shown. Scale bar=100 ym.

196-kDa protein with a large N-terminal regulatory do-
main and a C-terminal kinase domain. In mice, homo-
zygous deletion of either the entire polypeptide (Map3kI-
null or Map3kl™") or the kinase domain (Map3kI4&P”
4KD) of MAP3K1 results in the EOB phenotype. The
heterozygous mutants, however, have normal eyelid
closure, underscoring the recessive nature of the mutant
alleles [30, 32, 35]. However, heterozygous mutants of
Map3k1%3#Q mice are born with an EOB phenotype on
a B6 background; this is suggestive of a dominant mode
of inheritance. Whether the difference in the mode of
inheritance between Map3kl~ and Map3kl1*3'7Q mice
was due to allelic variance or their genetic background
is uncertain, because the Map3kI~ mice were maintained
on a mixed genetic background of C57BL/6J and 129.
Therefore, Map3k1-3'49* mice with the B6 background
were mated with 129 mice to generate (B6 x 129) F1
mice. None of the (B6 x 129) F1 offspring exhibited the
EOB phenotype; thus, the difference between the
Map3kl~ and Map3kI1*3/4Q mice may be attributed to
differences in the genetic background of the mice. This
indicates that the EOB phenotype may be affected by
one or more modifier genes. The Map3k1*KP'* mice were
backcrossed onto the C57BL6/J background for 10 gen-

466 | doi: 10.1538/expanim.21-0005

erations, resulting in >99.9% B6 genomes in the knock-
out line [36]. This implies that the variation between
Map3k1?%P and Map3k1-3'4C mice is caused by the type
of Map3kl mutation. Immunohistochemical analyses
show that Map3k14KP/ KD foetuses exhibit decreased
phosphorylation of MAP2K4 and JNK in the eyelid tip
epithelial cells. In this study, too, immunohistochemical
analyses showed that the Map3kI3/49/* foetuses ex-
hibit decreased phosphorylation of JNK in the eyelid
epithelial cells. Genetic analyses have shown that al-
though one functional Map3kl! allele is sufficient for
normal eyelid closure in Map3k145P™* mice, it becomes
haploinsufficient for eyelid closure in Map3k1L3/49/*
mice. This difference implies that other key regulators
of eyelid closure may be inhibited in Map3k1L3/49/*
mice. The present findings show that total c-Jun in the
eyelid epithelial cells were indeed reduced in Map-
3k1E3199/% embryos.

In conclusion, this study identifies a novel mouse
Map3kl allele causing EOB phenotype and the EOB
phenotype in Map3kI1-3#¢ mouse may be associated with
the reduced level of p-JNK and c-Jun, which was sup-
ported by genetic and immunohistochemical analyses.
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