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Abstract

Epithelial sheet movement is an essential morphogenetic process during mouse embryonic eyelid
closure in which Mitogen-Activated Protein 3 Kinase 1 (MAP3K1) and c-Jun play a critical role.
Here we show that MAP3K1 associates with the cytoskeleton, activates Jun N-terminal kinase
(JNK) and actin polymerization, and promotes the eyelid inferior epithelial cell elongation and
epithelium protrusion. Following epithelium protrusion, c-Jun begins to express and acts to
promote ERK phosphorylation and migration of the protruding epithelial cells. Homozygous
deletion of either gene causes defective eyelid closure, but non-allelic non-complementation does
not occur between Map3k1 and c-Junand the double heterozygotes have normal eyelid closure.
Results from this study suggest that MAP3K1 and c-Jun signal through distinct temporal-spatial
pathways and that productive epithelium movement for eyelid closure requires the consecutive
action of MAP3K1-dependent cytoskeleton reorganization followed by c-Jun-mediated migration.
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INTRODUCTION

Coordinated migration of epithelial sheets is a key biological process in developmental
morphogenesis and adult tissue homeostasis (Gumbiner, 1992). Studies in model systems,
including wound healing, gastrulation and eyelid closure, provide important insights into the
mechanisms of epithelial morphogenesis. Eyelid closure is an essential step of mammalian
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development and has been best characterized in mice. Mouse eyelid starts to form around
embryonic day 11.5 (E11.5) with the invagination of the ocular surface ectoderm adjacent to
the eye globe. The epithelium at the eyelid leading edge elongates and migrates centripetally
and ultimately fuses between E15.5 and E16.5 (Findlater et al., 1993;Harris and McLeod,
1982). The eyelid remains closed between E16.5 and postnatal day 12-14. About two weeks
after birth, and coinciding with the maturation of cornea and retina, cells at the eyelid fusion
junction undergo desquamation and apoptosis. This results in fission of the upper and lower
eyelids (Findlater et al., 1993;Mohamed et al., 2003).

Being the last major morphogenetic event in embryogenesis, eyelid closure is not required
for embryo survival, but its failure is associated with aberrant development of cornea and
eyelid muscles. Failure of eyelid closure occurs in more than 138 genetic mutant strains
(http://www.informatics.jax.org/), resulting in an easily identifiable eye-open-at-birth (EOB)
phenotype. The plethora mutations that confer the EOB phenotype underscore the
complexity of the genetic control over eyelid morphogenesis and the ample possibility of
genetic lesions causing congenital eye defects. The EOB strains are also valuable resources
to investigate the cellular and molecular mechanisms underlying epithelial sheet migration
and genetic basis of developmental diseases.

One of the genes that control eyelid morphogenesis is Map3k1, coding for the mitogen-
activated protein 3 kinase 1. Inactivation of Map3k1 in mice causes the EOB phenotype with
100% penetrance (Yujiri et al., 1998;Zhang et al., 2003). MAP3K1 is a member of the
MAP3K superfamily, responsible for activation of the MAP2K-MAPK cascades (Uhlik et
al., 2004). In the developing eyelid, MAP3K1 is expressed abundantly in the epithelial cells,
where it is required for activation of the Jun N-terminal kinases (JNKs) MAPKs (Zhang et
al., 2003). Various genetic and molecular analyses have shown that eyelid closure is
dependent, at least partially, on signals transmitted through the MAP3K1-JNK axis
(Takatori et al., 2008;Weston et al., 2003;Zhang et al., 2003).

Signals transmitted through this axis lead to the phosphorylation of c-Jun on serine residues
63 and 73 by JNK (Derijard et al., 1994;Hibi et al., 1993). In the developing eyelid
epithelium, c-Jun phosphorylation is abundant in wild type fetuses, and is indeed markedly
decreased in Map3k1™~and Map3k1*'~ Jnk1~~ fetuses (Geh et al., 2011;Takatori et al.,
2008). While the MAP3K1-JNK axis leads to c-Jun phosphorylation, phosphorylation of c-
Jun may not be required for eyelid closure. Transgenic mice, harboring a knock-in c-Jun
mutant with serines 63 and 73 replaced by alanines [c-Jun (AA)] display normal eyelid
development even though the c-Jun mutant can no longer be phosphorylated by JNK
(Behrens et al., 1999). These observations raise the possibility that the MAP3K1-JNK
cascade regulates eyelid morphogenesis through downstream targets other than the
phosphorylation of ¢c-Jun. Paradoxically, although c-Jun phosphorylation is dispensable, c-
Jun expression in the epithelial cells is essential for eyelid closure, since mice with
conditional ¢-Jun gene ablation in keratinocytes (c-Jun-skin- null) have normal skin
architecture, but display an EOB phenotype (Li et al., 2003;Zenz et al., 2003).

In addition to the EOB phenotype, both the Map3kZ-null mice and the ¢-Jun-skin-null mice
have delayed epidermal wound healing; epithelial cells derived from these mice display
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impaired migration (Deng et al., 2006;L.i et al., 2003). Defective epithelial cell migration
appears to be the common cause of the eyelid closure defect in these mutants; however, how
MAP3K1 and c-Jun coordinate in the regulation of epithelial sheet movement has not been
fully characterized. We have used genetic, molecular, histological and imaging approaches
to investigate the role of MAP3K1 and c-Jun in eyelid morphogenesis. We find that
MAP3K1 and c-Jun have different patterns of temporal-spatial expression and regulate
distinct cellular activities in the developing eyelids. Homozygous mutation of either gene
results in defective eyelid closure, but the compound double heterozygous mice do not
manifest this defect. Hence, as far as embryonic eyelid closure is concerned, MAP3K1 and
c-Jun seem to operate on independent parallel pathways to regulate epithelial sheet
movement.

MATERIALS AND METHODS

Mouse colonies, reagents and antibodies

Cell culture,

The Map3k142KD and L e-cre mice were described before (Geh et al., 2011;Zhang et al.,
2003). The c-Jur’ mice were generous gifts from Dr. Randall Johnson (University of
California, San Diego, USA) (Li et al., 2003). Mice mating and handling used standard
protocols, approved by the Institutional Animal Care and Use Committee at the University
of Cincinnati.

The antibodies for c-Jun, JNK, y-tubulin, and B-Actin were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA), anti-phospho-JNK was from Promega (Medison, WI, USA), anti-p-
c-Jun, p-ERK and paxillin were from Millipore (Billerica, MA, USA), anti-p-catenin was
from BD Biosciences Pharmingen (San Jose, CA, USA), anti-HA was from Covance
(Dedham, MA, USA), and anti-keratin 14 was from Sigma (St. Louis, MO, USA). The anti-
MAP3K1 was raised in rabbits against bacterially expressed fusion protein GST-hMAP3K1
(aa1026-1190) as described previously (Xia et al., 2000). Colchicine and cytochalasin D
were from Calbiochem (Billerica, MA, USA), X-gal was from Gold Biotechnology (St.
Louis, MO, USA), and the 4/,6-diamidino-2-phenylindole (DAPI), Harris Hematoxylin
solution and alcoholic Eosin Y solution were from Sigma (St. Louis, MO, USA). The Alexa
Fluor-conjugated secondary antibodies and phalloidin, lipofectamine plus, random hexamer
primers, and reverse transcription reagents were from Invitrogen (Grand Island, NY, USA).

plasmids and transient transfection

The Human Embryonic Kidney 293 (HEK 293), the human breast cancer cell line MCF-7,
the immortal human keratinocyte line HaCaT, and the cervical cancer epithelial cell HeLa
were originally from the American Type Culture Collection (ATCC). The wild type and
Map3k1&2KD fiproblasts were described before (Geh et al., 2011). The cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum
(FBS) from Cellgro. Transient transfection was performed using lipofectamine-plus
following the protocols provided by the manufacturer.
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Histology, B-galactosidase staining, immunostaining and imaging

Whole mount X-gal staining was carried out as described before (Mongan et al., 2008). For
histology and immunohistochemistry, embryos’ heads were fixed in 4% paraformaldehyde
at 4°C overnight. Tissues were embedded in either paraffin or OCT and frozen. Tissue
sections were processed using standard protocols, followed by either Hematoxylin/Eosin or
immunostaining. Transfected HeLa cells on 12-mm glass cover slips were fixed with 4%
formaldehyde, followed by permeablization and immunostaining. Immunostaining was done
by using specific antibodies plus Alexa Fluor dye-conjugated secondary antibodies, Alexa
Fluor dyeconjugated Phalloidin to label F-actin, and Hoechst to stain nuclei. Images were
captured using a Leica MZ16 FA dissecting microscope, Zeiss Axio microscope equipped
with an AxioCam ERc5s and Zeiss Axioplan 2 imaging fluorescence microscope, or Nikon
AI1R si inverted single photon laser scanning microscope.

Measurement of cell elongation index

The tissue sections of E15.5 fetuses were processed for H&E staining and the developing
eyelids were photographed. Ten sections of each head and 3 heads of each genotype were
examined. The length and width of the nuclei were measured using AxioVision (Zeiss). Cell
elongation index was calculated by dividing the length by the width.

Isolation of Triton X-100 resistance fractions and Western blotting

The Triton X-100 insoluble fraction was isolated as previously described (Posern et al.,
2004). Briefly, cells were lysed in Triton lysis buffer (50 mM NaCl, 1 mM EDTA, 0.5%
Triton X-100, 20 mM HEPES, pH 7.9), and the lysates were subjected to centrifugation at
100,000 g for 1.5 h. The supernatants contained the triton soluble fractions, whereas the
pellets contained the triton insoluble fractions, enriched for cytoskeleton associated proteins.
The pellets were resuspended in Triton lysis buffer and dispersed by sonication. Total cell
lysates were prepared in RIPA buffer containing 50 mM Tris-HCI (pH7.5), 0.1% Nonidet-
P40, 120 mM NaCl, 1ImM EDTA, 6 mM EGTA, 20 mM NaF, 1 mM NaPyrophosphate and
protease inhibitors and collecting the supernatants after centrifugation at 14,000 x g for 5
min. Fifty to one hundred micrograms of fractionated or total lysates were mixed with SDS-
PAGE loading buffer, separated by SDS-PAGE and detected by immunoblotting with
appropriate antibodies.

RNA isolation, reverse transcription and real-time quantitative polymerase chain reaction

(PCR)

RNA was isolated from cultured cells using Tri-reagent (Molecular Research Center) and
purified by RNeasy Mini Kit (QIAGEN, Germantown, MD, USA). Reverse transcription
was performed using SuperScript 111 RNase H-reverse transcriptase (Invitrogen, Grand
Island, NY, USA). Real time quantitative RT-PCR was performed with a mixture containing
Power SYBR Master Mix (Agilent Technology, Santa Clara, CA, USA) and 2.5 UM of each
forward and reverse primer for target mRNA. The sequences of primers used for mMRNA
quantification can be found in Supplemental Table S1. Amplification was performed on a
MX3000p thermal cycler system with conditions optimized for each target gene primers
with efficiency greater than 85%, less than 28 cycles and with randomized plate sample
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locations. PCR efficiencies were verified by examination of the corresponding melting
curves for each primer pair. Amplification of Gapadh cDNA in the same sample was used as
an internal control for all PCR amplification reactions. Data, based on triplicate reactions of
at least 3 biological samples, were calculated by using the AACT method, as described
(Schnekenburger et al., 2007), where AACE= (CENe — CAINE,  — (Cfoene —

cA Ctin)Control-

Statistical analyses

RESULTS

Statistical comparisons were performed with Student’s two-tailed paired ¢ fest. Values of *P
< 0.05, **P < 0.01, and ***P < 0.001 were considered statistically significant.

c-Jun is essential for eyelid closure

To verify the role of c-Jun in eyelid development, we crossed mice homozygous for a floxed
c-Junallele (c-Jur™F) with c-Jun'”F]le-cre mice, which express Cre recombinase in the
ocular surface ectoderm starting on E9.5 (shery-Padan et al., 2000). In the resultant E15 c-
Jur’™/F fetuses, c-Jun positive cells were scattered in the eyelid stroma and epithelium (Fig.
1A). c-Jun expression was low in basal epithelial cells, but was markedly elevated in a group
of suprabasal cells located in the eyelid leading edge. The expression of c-Jun appeared to
be restricted in the K14-positive epithelial cells, located underneath the K14-negative
periderm layer that was shown to be dispensable for eyelid closure (Heller et al., 2014)(Fig.
S1). In the ¢c-Jur’*lle-cre fetuses, c-Jun positive cells were absent in the eyelid epithelium,
but were still present in the eyelid stroma, indicating that ¢-Jun was ablated specifically in

the eyelid/ocular surface epithelium (OSE). These mice are hereafter referred to as ¢-
JurVAOSE,

The JunA0SE fetuses have a normal appearance, but the majority (32 of 38 or 84%)
exhibits an EOB phenotype (Fig. 1B). Morphologically, eyelids of the ¢-Jur’”/F and
JurA0SE mice are indistinguishable at E15.5, but become drastically different at E16.5.
While the E16.5 ¢c-Jur’”F eyelids fuse, covering the corneal surface, the Jur’A0SE eyelids
are still widely open (Figs. 1B and 1C). This difference persists throughout the embryonic/
fetal phases.

Detailed morphological features indicate that the process of eyelid closure transitions from
pre-initiation (E15) to initiation (E15.5) to progression (E16) phases. At E15, the epithelium
is a smooth surface in the eyelid leading edge, but at E15.5 it forms a tiny protrusion in the
eyelid tip, and at E16 the protrusion extends considerably towards the center of the eye
surface (Fig. 1D). The eyelid morphology was identical between wild type and JurA0SE
fetuses at E15 and E15.5, but was different at E16. In contrast to the wild type E16 fetuses,
in which the eyelid epithelium protrusion continues to migrate across the ocular surface, the
JunYA0SE eyelid epithelium fails to move forward. Hence, although c-Jun is not required for
the formation of epithelium protrusion, it promotes the continuous extension of the
protruding eyelid epithelium.
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Genetic inactivation of various components of the EGFR pathway results in the EOB
phenotype (Fowler et al., 1995;Hassemer et al., 2010;Miettinen et al., 1995;Mine et al.,
2005;Sibilia and Wagner, 1995; Threadgill et al., 1995). The EGFR signaling cascade is a
potential target of c-Jun activity, as c-Jun directly regulates the expression of EGFR and its
ligand heparin-binding EGF-like growth factor (HB-EGF) (Grose, 2003;Zenz et al., 2003).
To evaluate whether c-Jun deletion affected the EGFR signaling in eyelid epithelium, we
examined the phosphorylation of ERK, an EGFR regulated downstream event. ERK
phosphorylation in the eyelid tip epithelial cells was indeed more abundant in wild type than
in JunYAOSE fetuses (Fig. 1E). The migration marker, f-catenin dissociation from plasma
membrane, was obvious in wild type but less apparent in Jur’A0SE eyelids (Fig. 1F). These
observations suggest that c-Jun promotes eyelid epithelium extension through a mechanism
likely to involve EGFR/ERK activation and epithelial cell migration.

MAP3K1 regulates actin polymerization and epithelial cell elongation Map3k14/2KD

mice express a kinase-inactive MAP3K1(N)-B-gal fusion instead of the wild type protein,
and like the JurYA0SE mice, are also born with an EOB phenotype (Zhang et al., 2003). To
characterize the developmental processes regulated by MAP3K1, we examined E15-E16.5
eyelids for morphological features associated with MAP3K1 ablation. All the Map3k14AKD
eyelids lacked epithelial tip protrusion and kept the morphology of the pre-initiation phase
(Fig. 2A). Thus, unlike c-JurA0SE fetuses that are defective in epithelium extension at the
progression phase, Map3k14/2KD fetuses seem to be defective at the initial phase of lid
closure.

To identify the cells in which MAP3K1 is expressed, we examined the eyes of whole mount
X-gal stained Map3k1*/2KD fetuses. The p-gal-positive cells were located in the eyelid
leading edge at all eyelid closure phases and were particularly enriched in the K14-positive
epithelium at the inferior side of the eyelid (Figs. 2B and S1). At the initiation phase of lid
closure, strong B-gal expression was accumulated in a small group of cells near the eyelid tip
and, at the progression and completion phases, in the epithelial extension and lid fusion
junction.

In the wild type fetuses, the inferior epithelial cells near the eyelid tip were elongated,
stretching towards the center of the opening; in contrast, these cells did not elongate in the
Map3k142KD fetuses and retained a round morphology (Fig. 2C). In fact, the elongation
index of wild type and Map3k1*/2KD cells was twice that of Map3kI4AKD cells (Fig. 2D).
Epithelial cell elongation is driven by F-actin re-organization and alignment of stress fibers
along the cell axis. In wild type but much less so in Map3k14/2KD fetuses, F-actin was
enriched in inferior cells near the eyelid tip (Figs. 2E and 2F). These /n vivo data suggest
that MAP3K1 regulates actin polymerization and cell elongation for the initiation of eyelid
closure.

To verify that MAP3K1 regulates actin polymerization, we used transient expression of HA-
tagged wild type (WT) or kinase-inactive mutant (KM) MAP3K1 in HeLa cells, and
measured HA expression and F-actin formation. The F-actin in MAP3K1(WT)-positive cells
was more abundant than in HA-negative cells and formed stress fibers, but was less
abundant and remained as cortical cables in MAP3K1(KM)-expressing cells (Fig. 3A). The
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amount of F-actin was significantly increased by expression of MAP3K1(WT) but decreased
by expression of MAP3K1(KM) (Fig. 3B), indicating that MAP3K1 activity is required to
promote actin polymerization.

HA-MAP3K1 appeared under confocal microscopy as punctated dots, often co-localized
along the F-actin fibers (Fig. 3C). To assess whether MAP3K1 might be directly associated
with the actin cytoskeleton, we isolated the Triton X-100 insoluble cytoskeletal fraction
from HEK 293 cells transfected with HA-MAP3K1(WT) or (KM) expression plasmids.
Approximately 6% and 1% of the MAP3K1(WT) and MAP3K1 (KM) proteins,
respectively, was present in the Triton-soluble fraction, and more than 90% was present in
the Triton-insoluble fraction (Figs. 3D, S2A and S2B). The endogenous MAP3K1 was also
detected in the cytoskeleton fraction in various types of cultured cells (Figs. 3E). The
expression of endogenous MAP3K1 proteins in the developing eyelids was similar to the
pattern detected by X-gal staining (see Fig. 2B) and was more abundant in the inferior
epithelium than in the rest of the epithelium (Fig. 3F). Co-localization of MAP3K1 with F-
actin fibers could readily be detected in a few cells located near the eyelid leading edge. This
observation suggests that MAP3K1 is associated with F-actin /n vivo in specific eyelid
epithelial cells.

The in vivoand in vitro data together suggest that MAP3K1 is physically associated with the
cytoskeleton, where its kinase activity promotes actin polymerization and the elongation of a
subset of eyelid suprabasal epithelial cells, leading to the formation of an epithelium
protrusion and the initiation of lid closure.

MAP3K1 is required for c-Jun phosphorylation, but not its expression

Expression of c-Jun in the developing epithelium is weak, yet is markedly elevated in the
cells located at the eyelid leading edge (see Fig. 1A). The fact that MAP3K1 expression and
activity are localized to the eyelid suprabasal epithelial cells (as shown in Fig. 2B) raises the
possibility that MAP3K1 is responsible for c-Jun induction. To test this hypothesis, we
examined c-Jun expression in the presence or absence of MAP3K1. At E15, elevated c-Jun
was detected in a small cluster of suprabasal cells near the eyelid tip (Fig. 4A). The level of
expression was similar in wild type, Map3k1*/2KP and Map3k142KD fetuses, suggesting
that c-Jun induction at this stage was independent of MAP3K1 (Figs. 4A and 4B). In
contrast, phospho-c-Jun was detected in about 30% of the c-Jun-positive cells in wild type
fetuses, and was significantly reduced in Map3kI42KD fetuses.

Colchicine is a microtubule depolymerization agent known to activate RhoA, which in turn
promotes eyelid closure through the MAP3K1-JNK axis (Danowski, 1989;Enomoto,
1996;Geh et al., 2011;Jung et al., 1997;Nalbant et al., 2009). Using colchicine as a RhoA
activating agent, we identified a MAP3K1-dependent induction of JNK and c-Jun
phosphorylation in fibroblasts (Fig. 4C) and an increase of filamentous actin, which was
slightly potentiated by MAP3K1(WT) but significantly prevented by MAP3K1(KM) in
HeLa cells (Fig. 4D). On the other hand, colchicine induced a sustained c-Jun expression in
both HeL a cells and fibroblasts, but this event was unaffected by Map3kI gene ablation or
expression of MAP3K1(WT) or MAP3K1(KM) (Figs. 4C and 4E). Consistent with the
findings in the E15 eyelid, /n vitro responses to colchicine reveal that c-Jun phosphorylation
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and actin polymerization are dependent on MAP3K1, but that induction of c-Jun expression
is MAP3K1 independent.

In contrast, E15.5 - E16 wild type fetuses, but not Map3k14AKD fetuses, display strong c-
Jun expression in the eyelid tip epithelium (Fig. 4F). Interestingly, c-Jun positive cells were
localized in the eyelid protrusion and extension, and these morphological structures were
absent in Map3k142KD fetuses. Hence, even though MAP3K1 is dispensable for c-Jun
induction in the initiation phase, it might, through promotion of eyelid protrusion, cause
sustained c-Jun expression in the progressive phase of eyelid closure.

c-Jun is dispensable for MAP3K1 expression and eyelid epithelium protrusion

Our previous /n vitro data show that c-Jun could bind directly to the Map3kZ promoter and
that MAP3K1 induction by RhoA is abolished by expression of a dominant negative c-Jun
or by ¢-Jun gene ablation (Geh et al., 2011). To assess whether ¢c-Jun was required for
MAP3K1 expression in the developing eyelids, we crossed Map3k12KP and JurA9SE mice
and examined MAP3K1 expression in E15.5 fetuses by X-gal staining. The
Map3k1*"AKD/junfF eyelids displayed the same intensity and pattern of X-gal staining
regardless of whether Le-Crewas present, suggesting that the expression of MAP3K1 /n
vivowas independent of c-Jun (Fig. 5A). In the inferior epithelial cells near the eyelid tip, F-
actin content and elongation index were comparable between wild type and JurA/A0SE
fetuses, suggesting that the MAP3K1-mediated morphogenetic events were also not affected
by c-Jun ablation (Figs. 5B and 5C).

c-Jun and Map3kl complement each other in eyelid closure

If MAP3K1 and c-Jun were independent of one another in the regulation of eyelid
morphogenesis, loss of one allele of each gene should be harmless because the Map3k1-and
c-Jur-hemizygotes had normal eyelid closure. To test this idea, we crossed mice carrying
Map3k18KD and JurPO5E alleles and examined eyelid development in the progeny. At
E16.5, the size of the eye opening remaining was the same in double hemizygous than in
Map3k1*"KD fetuses (n=19), and at birth, all the double hemizygous progeny
(Map3k1*2KD/c-jun*/Fl le-cre) (n=15) had normal eyelid closure (Figs. 6A and 6B). Hence,
Map3k1 and c-Jun complement each other, as double hemizygosity neither blocks nor
delays eyelid closure.

DISCUSSION

A powerful genetic tool to delineate the molecular distances between gene products in
development and organogenesis is the non-allelic non-complementation test, where
recessive mutations in two different loci fail to complement one another and produce a
phenotype (Yook et al., 2001). Whereas strong non-complementation occurs among genes
encoding products that interact with one another, weak non-complementation could happen
among genes whose products do not belong to the same complex but function in the same
pathway. In the eyelid closure model, non-complementation occurs between Map3kZ and
Jnkl, Jnk2 or RhoA, whose products physically interact (Gallagher et al., 2002;Gallagher et
al., 2003;Geh et al., 2011;Takatori et al., 2008). Several lines of evidence suggest that
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MAP3K1 and c-Jun belong to the same pathway. First, MAP3K1 is required for c-Jun
phosphorylation in the eyelid epithelium; second, MAP3K1 directly interacts with c-Jun and
facilitates its ubiquitylation (Rieger et al., 2012); third, homozygous ablation of either gene
produces the EOB phenotype (Li et al., 2003;Zenz et al., 2003;Zhang et al., 2003).
Nonetheless, our genetic complementation data show that ¢-Junand Map3k1 allelic lesions
do not have additive or synergistic effects on preventing eyelid closure. One possible
explanation for this phenomenon is that MAP3K1 and c-Jun act on distant points of the
same pathway and hence, their interactions are too weak to be detected by the
complementation tests. This possibility is supported by the fact that MAP3K1 is a cytosolic
protein while c-Jun is located in the nucleus and that these proteins are physically separated.
Another possible explanation is that MAP3K1 and c-Jun may regulate two different
processes and make distinct contributions to embryonic eyelid closure.

Our biochemical and immunohistochemical data lend support to the second possibility. We
show that MAP3K1 and c-Jun play temporal-spatially and mechanistically distinct roles in
epithelial cell migration. MAP3K1 is abundantly expressed in inferior epithelial cells of the
developing eyelid, where its activity is required for promotion of actin polymerization and
elongation of the inferior epithelial cells adjacent to the eyelid leading edge. Promotion of
these processes in turn leads to the formation of an epithelium protrusion that marks the
initiation of lid closure. c-Jun, on the other hand, is strongly induced in the eyelid leading
edge epithelial cells after the initiation of lid closure. Induction of c-Jun is required for ERK
phosphorylation and cell migration across the ocular surface. Collective epithelial cell
migration involves the coordination of many epithelial cells in space and time and the
dynamic changes in cell motility and shape. In the eyelid closure model, epithelial cell
migration is coordinated through the consecutive action of MAP3K1, acting at an early
phase to initiate epithelium protrusion, and c-Jun, joining in at a later phase to promote
forward movement of the epithelium.

An intriguing finding of our work is that significant amount of MAP3K1 is associated with
the cytoskeleton and present in the triton-insoluble fraction in many cell types. Although
colchicine activates the MAP3K1-JNK cascades (Gibson et al., 1999;Kwan et al., 2001), we
find that MAP3K1 is not co-localized with microtubules and that colchicine treatment fails
to release it from the Triton-insoluble fraction (Suppl Fig. 2). Quite to the contrary, there is a
significant association between MAP3K1 and the actin cytoskeleton in a manner that is
independent of its kinase activity. This observation is consistent with a previous report
showing that MAP3K1 localizes along F-actin through interaction with the actin-
crosslinking protein a-actinin (Christerson et al., 1999). This physical association is
postulated to restrict MAP3K1 to the actin cytoskeleton where it would regulate specific
downstream targets. Accordingly, we find that MAP3K1 activity potentiates F-actin and
stress fiber formation /in vitroand in vivo. This function may involve JNK, as JNK is shown
to cooperate with MAP3K1 for eyelid closure, and directly modulate F-actin organization in
fruit flies and mammalian cells (Fernandez et al., 2013;Huang et al., 2003;Takatori et al.,
2008).

The Map3k1 promoter has multiple AP-1-binding sites and its induction is causally related
to that of c-Jun; however, c-Jun is neither essential nor sufficient for the induction of
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MAP3K1. Conversely, the expression of c-Jun is barely detectable in embryonic epidermis,
but is robustly induced in the epithelial cells of the eyelid leading edge (Li et al., 2003;Zenz
et al., 2003). MAP3K1 is not involved in c-Jun induction at the initiation phase of eyelid
closure. This is consistent with our previous global gene expression data showing that
MAP3K1 ablation does not affect the expression of c-Jun or of c-Jun/AP-1 target genes (Jin
etal., 2012).

The leading edge epithelial cell elongation, apical actin-cable formation and cell
intercalation are the driving force for epithelial sheet movement in eyelid closure (Grose,
2003;Heller et al., 2014;Thumkeo et al., 2005). These processes may depend on c-Jun, as c-
Jun is not only strongly expressed in the leading edge cells, but also involved in the
potentiation of ERK phosphorylation and expression of migration markers in the eyelid tip
cells. The nature of the direct c-Jun targets in this event is yet to be uncovered, but we may
speculate as to their identity based on data from mice in which JunB was knocked-in at the
c-Junlocus (Passegue et al., 2002). In these mice, JunB replaces c-Jun in liver and heart
development, but does not rescue the eyelid closure defects. Since JunB restores the
expression of genes regulated by Jun/Fos, but not those regulated by Jun/ATF, it is
reasonable to conclude that genes involved in eyelid closure are targets of the c-Jun/ATF
complexes, which have been shown to preferentially regulate promoters containing a single
AP-1-binding site (van and Castellazzi, 2001). Indeed, several putative c-Jun target genes
known to be involved in eyelid closure, such as Hb-egf, Tgfy, Egfrand /ltga5, have a
functional AP-1 element in their promoters (Johnson et al., 2000;L.i et al., 2003;Luetteke and
Lee, 1990;Park et al., 1999;Qin et al., 2011;Raab and Klagsbrun, 1997;Zenz et al., 2003).

In the present work, we describe a scenario where MAP3K1-mediated actin assembly in
inferior epithelial cells occurs prior to c-Jun-mediated leading edge cell migration and the
temporal-spatially distinct pathways and cellular activities both contribute to embryonic
eyelid closure. Among the numerous morphogenetic pathways proven to be crucial for
eyelid closure, the EGFR and integrin signaling is activated in the leading edge, whereas the
BMP and Wnt signaling appears to be effective in the inferior epithelial cells (Grose,
2003;Heller et al., 2014;Huang et al., 2009;Wau et al., 2012). Collaboration of the various
signaling pathways in different while adjacent regions may be a prominent mechanism for
the concerted epithelial sheet movement. Understanding these regulatory pathways in eyelid
closure may shed new light into mechanisms of wound healing and tumor metastasis, in
which epithelial cell migration also plays a pivotal role.
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Figure 1. c-Jun expression is essential for epithelial cell migration and eyelid closure
(A) The E15 eyelid was examined for c-Jun (green) and F-actin (red). While strong c-Jun

expression was detected in epithelial cells at the eyelid tip of ¢c-Jur’”F, it was absent in that
of ¢c-JunVAOSE fetuses. Eyes of c-JunF and c-JurVA0SE fetuses/mice (B) at E16.5 to P1
were photographed, and (C) at E16.5 to E18.5 were examined by histology. Failure of eyelid
closure was detected in the ¢c-Jur29SE mice. (D) Histology of E15 to E16 eyes, represented
pre-initiation (E15), initiation (E15.5) and progression (E16) phases of embryonic eyelid
closure. Immunohistochemistry of c-Jur’”F and ¢c-Jun”A0SE E15 5 eyes using (E) anti-
PERK (green) with the arrowheads pointing at the p-ERK positive cells, and (F) anti-p-
catenin (red), with photographs taken at low (left panels) and high (right panels)
magnifications. The arrows point at the eyelid leading edge and dotted lines mark basement
membrane.
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Figure 2. MAP3K1 is required for actin polymerization and epithelial cell elongation
(A) Histology of wild type and Map3k14/2KD eyes at the initiation (E15.5), progression

(E16), and completion (E16.5) phases of embryonic eyelid closure. (B) Whole-mount X-gal
staining of the Map3k1*/AKD fetuses at E15.5 - E16.5. Photographs were taken of the eyes
(upper panels) or of the eye sections counter-stained with hematoxyline (purple) (middle and
lower panels). The B-gal positive cells (light blue) were abundant in inferior eyelid
epithelium and in epithelial cells near the eyelid tip. (C) Histology or (E) Alexa-fluor (594)-
conjugated phalloidin staining of wild type and Map3k142KD E15 5 eyelids. Arrows point
at (C) the elongated epithelial cells and (E) cells with increased F-actin in wild type and
corresponding cells lacking thereof in Map3k14/AKD fetuses. Of these cells, (D) the
elongation index and (F) relative F-actin intensity were calculated. Total of 18 eyelids of
each genotype were examined. **p<0.01 and ***p<0.001 were considered statistically
significant. The dotted lines mark basement membrane.
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Figure 3. MAP3K1 is physically associated with cytoskeleton and colocalized to F-actin
HelLa cells transfected with mammalian expression vectors for HA-MAP3K1 or HA-

MAP3K1-KM were stained with anti-HA (green), phalloidin (red) and DAPI (blue). The
transfection efficiency was estimated to be 10 % and 15 % for MAP3K1(WT) and
MAP3K1(KM), respectively. Photographs were taken using (A) a plan fluorescence or (C) a
laser scanning microscope. (B) The relative F-actin intensity was calculated by comparing
the phalloidin (red) signal/cell area among HA (green) positive versus HA negative cells in
each set of transfections. Results are average values of 3 independent experiments with at
least fifty cells in randomly selected fields and 3 fields/experiments. (D) The HEK 293 cells
transfected with either empty vector or expression vectors for HA-MAP3K1 and HA-
MAP3K1-KM, or (E) the un-transfected HEK 293, HaCaT and MCF7 cells were lysed and
prepared for triton-soluble (s) and triton-insoluble (p) fractions. The fractions were subjected
to Western blotting using (D) anti-HA and (E) anti-MAP3K1 and anti-paxillin, and anti-f-
Actin served as a loading control. The percentage of MAP3K1 proteins in each fraction was
calculated by comparing the IB signals in each fraction to the sum (s+p). (F) The eyes of
wild type E15.5 fetuses were subjected to immunostaining with anti-MAP3K1 (green),
together with phalloidin (red) and DAPI (blue). Photographs were taken using a laser
scanning microscope. The dotted lines mark basement membrane.
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Figure 4. MAP3K1 is required for c-Jun phosphorylation, but not c-Jun expression
(A) Immunostaining for c-Jun (upper panels) and p-c-Jun (green, lower panels) in E15 wild

type, Map3k1*’2KD and Map3k14AKD eyelids. Positive cells were identified in epithelium at
the eyelid leading edge (arrows). (B) Quantification of c-Jun and p-c-Jun positive cells in the
eyelids. (C) Wild type and Map3k124/2KD fiproblasts were treated with 1uM colchicine for
various times; cell lysates were subjected to Western blotting with the indicated antibodies.
HeL a cells transfected with either an empty vector or expression vectors for HA-MAP3K1
and HA-MAP3K1-KM were treated or not with 5 UM colchicine for 6 h, followed by
fixation and fluorescence staining using anti-HA, in conjunction with (D) phalloidin or (E)
anti-c-Jun. The average intensity of fluorescence signal for (D) F-actin and (E) c-Jun/cell
area were quantified, and compared to those in HA-negative cells without colchicine
treatment. (F) c-Jun immunostaining (green) of E16 wild type and Map3k1AKD/AKD fetyses.
DAPI (blue) were used to label nuclei. Arrows point at eyelid leading edge and dotted lines
mark basement membrane. *p<0.05, and **p<0.01 indicate values significantly different
from the control.
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Figure 5. c-Jun is dispensable for MAP3K1 expression
(A) The E15 Map3k1*"2KD /- Jun'”F and Map3k1*"AKD fc-JurVAOSE fetuses were subjected

to whole mount X-gal staining (dark blue). The eye histology sections were counter-stained
with hematoxylin (purple). Dotted lines mark the borders of the basement membrane. A
cluster of B-gal positive cells was identified located at the eyelid inferior epithelium near the
leading edge regardless of the genotype. (B) The elongation index and (C) F-actin contents
after Alexa-phalloidin staining in inferior epithelial cells near the eyelid tip in ¢c-Jur’” and
c-JurAOSE E15 5 fetuses. Results represented the average of 2 sections/eye and 4 eyes/
genotype examined.
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Figure 6. Lack of genetic crosstalk between c-Jun and Map3k1 in embryonic eyelid closure
(A) The Map3k1*"2KD/c-Jun*’F and Map3k1"AKD/c-Jun*A0SE fetuses at E16.5 were

collected and the eyes were photographed. (B) The sizes of eye opening were measured in a
total of 19 fetuses. The average opening sizes in the Map3k1*/2KD/c-Jun*/F fetuses were not
significantly different in the presence or absence of Le-Cre.
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