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Abstract

Tissue morphogenesis during development is regulated by growth factors and cytokines, and is characterized by constant remodeling of

extracellular matrix in response to signaling molecules. MEK kinase 1 (MEKK1) is a mitogen-activated protein kinase (MAPK) kinase

kinase originally identified as an upstream activator for several MAPK pathways. During mouse embryogenesis, MEKK1 controls cell

shape changes and formation of actin stress fibers that are required for sealing epidermis in the embryos in a process known as eyelid

closure. MEKK1-null mice display eye-open at birth (EOB), a phenotype found also in mice impaired in activin, a subgroup of the

transforming growth factor b (TGFb) family, or in epidermal growth factor receptor (EGFR) or its ligand TGFa, or in transcription factor

c-Jun. Molecular analyses have revealed at least two signaling mechanisms in the control of eyelid closure. One is originated from the

activins and is transduced through MEKK1, leading to transcription-independent actin stress fiber formation and transcription-dependent

keratinocyte migration. Another is the TGFa/EGFR signal that is transduced through a MEKK1-independent pathway to the activation of

the ERK MAPK, which also leads to keratinocyte migration. c-Jun might serve as a connection between the two pathways. As embryonic

eyelid closure is a specific morphogenetic process that is easily detectable, genetic mutant mice with EOB will be ideal models to

understand the signaling mechanisms in the control of epithelial cell migration and the morphogenetic process of epithelial sheet

movement.
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1. Introduction

In mammals, there are three major groups of the

MAPKs, including the extracellular signal regulated

kinases (ERKs), the c-Jun N-terminal kinases (JNKs),

and the p38 [1]. The MAPK activities are controlled by

a three-component signal transduction cascade, composed

of a MAPKKK, a MAPKK and a MAPK. The MAPKKK

receives activation signals from upstream cues and in turn

phosphorylates and activates the MAPKK and thereafter

the MAPK. The specificity of a MAPK module is mostly

provided at the level of the MAPKKKs, consisting of more

than 20 protein kinases that share conserved kinase

domains but divergent regulatory regions. This property

allows individual MAPKKKs to receive designated signals

through their regulatory domains interacting with upstream

factors [2–6] and to activate the downstream MAPKK–

MAPK through their kinase domain [7–10]. The activated

MAPKs phosphorylate effector molecules in cytoplasm

and nucleus that become ultimately responsible for

changes of cell functions [11].

Although in vitro studies failed to unequivocally define a

role for each MAPKKK in MAPK signaling [12–14],

genetic knockout of the MAPKKKs in mice have revealed

their specific and limited functions. The MEKK3-null

fetuses die at early embryonic stages because of impair-

ment in placentation and blood vessel formation [15].

MEKK2 ablation in mice does not affect embryonic devel-

opment, but it reduces JNK activation in response to T cell

receptor engagement, thus impairing T cell function [16].

Ask�/� mice also appear normal; however, fibroblasts
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derived from them are partially resistant to H2O2-induced

apoptosis [17]. These findings strongly suggest that each

MAPKKK confers specificity to MAPK signaling and

subsequent biological function.

2. Molecular factors involved in mouse eyelid
development and closure

MEKK1 was originally isolated as a mammalian homo-

log of the yeast MAPKKK STE11 [18]. Although over-

expression studies have connected MEKK1 to many

cellular activities [13], the endogenous MEKK1 exhibits

rather specific functions. MEKK1-null cells are only

slightly affected in survival under stress conditions, but

are obviously impaired in cell migration [19,20]. Mice

lacking either the kinase domain (Mekk1DKD/DKD) or the

entire MEKK1 polypeptide (Mekk1�/�) complete embryo-

nic development, are born with relatively normal appear-

ance and are fertile, but display an EOB phenotype [19,21].

The development of the eyelid initiates at E13.5 with

eyelid folds that extend over the cornea and move toward

the center of the eye, with eyelid closure accomplished at

E15.5–16.5. This process is followed by fusion of the

eyelid epidermis to form a closed eyelid that covers the

ocular surface, which serves as a protective barrier crucial

for normal eye development [22,23]. Mouse embryonic

eyelid closure requires morphogenetic changes of the

epithelium. The involvement of MEKK1 in this process

is suggested by its abundant expression in the developing

tip of the eyelid epithelium, with very little if any MEKK1

protein being detected in the eyelid stroma. Interestingly,

MEKK1-null fetuses also display a complete abolishment

in the N-terminal phosphorylation of c-Jun, a well-known

phosphorylation target of the JNK MAPK, suggesting the

requirement for MEKK1 in JNK activation and the latter

might also be critical for eyelid development and closure

[21].

The mammalian JNK family consists of several poly-

peptides encoded by three genes; two of them, JNK1 and

JNK2, are ubiquitously expressed, whereas the third,

JNK3, is restricted to the brain, heart and testis [24]. A

role for JNK in ocular tissue morphogenesis was first

suggested in mice with compound ablation of JNK1 and

JNK2. Mice lacking individual Jnk genes or missing one

Jnk1 and both Jnk2 alleles (Jnk1þ/� Jnk2�/�) appear to

develop normally [25]; however, mice with a single Jnk2

allele and no Jnk1 (Jnk1�/� Jnk2þ/�) exhibit a number of

developmental defects of the eye, including open eye,

small lenses, and retinal coloboma, and only 20% of them

survive to adulthood [26]. As far as the eyelid closure is

concerned, JNK1 plays a more crucial role than JNK2.

One possible downstream target of JNK is the nuclear c-

Jun, the transcriptional activity of which is markedly

enhanced upon phosphorylation by JNK [27]. c-Jun phos-

phorylation alone, however, does not seem to be essential

for eyelid closure, because mice harboring a mutant allele

of c-Jun, coding for a variant in which JNK phosphoac-

ceptor serines were changed to alanines (JunAA), display

normal eyelid development [28]. Possibly, c-Jun phosphor-

ylation by JNK provides a permissive state, but is not

essential for the eyelid closure to take place. The critical

control of eyelid development by JNK might be attributed

to phosphorylation of other cellular targets.

Nevertheless, the presence of c-Jun protein in the epi-

dermis is essential, as its skin-specific ablation in mouse

results in the EOB phenotype [29,30]. This role of c-Jun

might be accomplished through controlling the expression

of several essential genes, for without c-Jun, there are

reduced levels of epidermal growth factor receptor (EGFR)

and its ligand HB-EGF in the epidermis [29]. Excess

expression of biglycan, a proteoglycan-type extracellular

matrix, also leads to defective eyelid morphogenesis, likely

resulted from biglycan binding and sequestering TGFa,

thus interrupting the EGFR signaling pathways. It is well

known that the integrity of the EGFR signaling is important

for eyelid closure, because its deficiency in wa-1, TGFa-

null and EGFR-null mice is associated with EOB [31–34].

An impaired EGFR signaling is probably responsible, at

least in part, for the defects in eyelid development of the c-

Jun knockout and biglycan transgenic mice.

Several lines of evidence suggest that embryonic eyelid

closure requires also the activin of the TGFb family. Mice

with impaired activin signaling, including knocking out

activin bB, transgenically overexpressing follistatin, a

ubiquitous antagonist of activin, or expressing Smad 7,

a cytoplasmic inhibitor of the TGFb signaling, all develop

EOB [35–37]. It is noteworthy, however, that not all EOB

in mice are caused by defect in eyelid closure. Mice with

truncational mutation of fibroblast growth factor receptor 2

(FGFR2) although exhibit EOB, they completely lack the

eyelids. It turns out that the FGFR2 is effective at E11.5, a

very early stage of eyelid development, and its mutation

perturbs epithelial cell proliferation and completely pre-

vents eyelid bud formation [38]. Hence, despite of the

similarity in the EOB phenotype, the FGFR2 mutants are

defective in eyelid development distinct from the mice that

are impaired in eyelid closure.

3. Signaling mechanisms in the control of
keratinocyte migration and embryonic
eyelid closure

As genetic defects in various signaling factors all lead to

a specific impairment in eyelid closure, it is of interest to

find how these factors coordinate in action and what

cellular activity they control that is critical for the mor-

phogenetic development of the eyelid. Recent studies of

the MEKK1- and keratinocyte-specific c-Jun-deficient

mice [21,30] have uncovered some cell activities that

are instrumental for eyelid closure. Eyelid closure is
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associated with cell shape changes, and formation of actin

stress fiber and filopodia in the developing eyelid epithe-

lium, all key features for epithelial cell migration. MEKK1

ablation prevents cell shape change and F-actin formation,

while c-Jun ablation in the epidermis reduces the filopodia

in the developing eyelid. These observations suggest that

eyelid closure needs the movement of epithelial cells, the

impairment of which is likely responsible for EOB. If the

problems with eyelid closure were primarily due to

impaired epithelial cell migration, such defects would

be found in keratinocytes isolated from the EOB mice.

Indeed, both c-Jun- and MEKK1-knockout keratinocytes

show defects in migration in response to specific stimuli,

while c-Jun-deficient keratinocytes also exhibit altered

proliferation and differentiation programs, similar to what

is observed with EGFR-knockout cells [21,29,30,39].

Examination of the molecular mechanisms of keratino-

cyte migration has revealed the involvement of at least two

signaling pathways (Fig. 1). One of these is the activin/

TGFb signals, transduced through RhoA to MEKK1 and

JNK, leading to the transcription-independent induction of

actin stress fiber formation and, through a yet to be defined

RhoA-independent mechanism of MEKK1 activation, to

the activation of the p38 MAPKs. The latter, although not

required for F-actin formation, is essential for the tran-

scription-dependent induction of epithelial cell migration.

Importantly, activin/TGFb signals transduced by MEKK1

do not involve the classical pathway that leads to the

activation of the SMAD proteins, but is needed for c-

Jun phosphorylation [21] [Zhang et al., unpublished

results]. As inhibition of Smad activation by overexpres-

sing Smad 7 also causes EOB, it is likely that as far as the

regulation of eyelid closure is concerned, the TGFb/activin

signals are mediated through both a Smad-dependent path-

way and a Smad-independent but MEKK1-dependent

pathway.

The other pathway appears to be originated from the

TGFa-induced EGFR activation, the signal of which is

transduced via an MEKK1-independent mechanism to

activate the ERK MAPK, leading to also the induction

of actin stress fiber formation and cell migration [21].

Initiation of the TGFa/EGFR-ERK pathway might depend

on c-Jun needed for the expression of an EGFR ligand in

the eyelid epithelium. By phosphorylation of the c-Jun

activation domain in the leading edge of the eyelid epithe-

lium, the MEKK1-JNK cascade might contribute to up-

regulation of the TGFa/EGFR-ERK pathway in this parti-

cular location, despite that c-Jun N-terminal phosphoryla-

tion itself may not be sufficient for initiation of this

pathway [21].

In cultured keratinocytes, both the TGFb/activin-

MEKK1-JNK/p38 and the TGFa/EGFR-ERK pathways

are fully functional and activation of either leads to actin

stress fiber formation and cell migration [21]; however, in

vivo both pathways are required, because knocking out a

component of either pathway results in an EOB phenotype.

How these pathways are coordinated in vivo during the

morphogenetic process of eyelid closure is still a mystery.

It is possible that in the developing mouse eyelid, one

pathway may be activated in a cell-type-specific fashion to

generate a signal that initiates epithelial movement. This

signal may later be enhanced by activation of yet other

signaling pathways through autocrine or paracrine

mechanisms.

4. Conclusion

We learn from studies of the EOB mice that embryonic

eyelid closure requires at least two signaling pathways,

involving TGFb/activin-MEKK1-JNK/p38 and TGFa/

EGFR-ERK (Fig. 1). The known end point of the former

pathway is the actin stress fiber formation and the phos-

phorylation of nuclear factor c-Jun, the expression or

activity of which might be of importance for the induction

of EGFR and the activation of the second pathway. Both

pathways are involved in eyelid closure, likely through the

regulation of migration, although some factors in these

pathways might also function through altering prolifera-

tion and differentiation programs of the epithelial cells.

Mouse embryonic eyelid closure, involving the move-

ment of epithelial sheets, is a tissue morphogenetic process

that takes place also in many physiological or pathological

Fig. 1. The molecular pathways in the control of mouse epithelial sheet

movement and eyelid closure. In the eyelid epithelium, at least two

pathways are critical for actin polymerization and epithelial sheet

movement: (1) the c-Jun-controlled expression of HB-EGF and EGFR,

leading to activation of the ERK pathway; (2) the TGFb/activin-induced

MEKK1-JNK pathway, which induces actin polymerization and c-Jun

phosphorylation. Both pathways are essential for eyelid closure and they

may be connected through transcription factor c-Jun. c-Jun regulated

filopodia might be of importance for eyelid fusion. The signaling factors

whose ablation or perturbation lead to EOB in mice are boxed, the

unknown factors in these pathways are denoted as question marks, the

open arrows indicate the pathways or cell functions demonstrated by

experimental data and the shaded arrows represent hypothetic pathways

that are yet to be established.
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procedures. The signaling pathways controlling eyelid

closure might also be effective in epidermal wound healing

and tumorigenesis, both requiring epithelial cell migration

and morphogenesis. It is therefore not surprising to find

that impairment in activin signaling causes delayed healing

of a skin wound [36] and that c-Jun-null mice show

reduced skin wound healing and tumor formation, similar

to mice deficient in TGFa or EGFR signaling [29,30,40].

Hence, molecular factors important for eyelid closure

might serve as potential targets for pharmaceutical inter-

vention for diseases that result from deregulation of epithe-

lial cell migration and morphogenesis. It is noteworthy that

there are many additional contributory factors, including

cytokines and chemotractants, to a complex pathophysio-

logical condition such as tumorigenesis. The next chal-

lenge is to identify molecular targets, the perturbation of

which would alter specific epithelial cell functions with

minimal side effects. In this regard, the EOB mice with

known gene defects would serve as an ideal model to

provide a wealth of information about specificity of the

gene function, or the lack thereof.
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