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ABSTRACT

c-Jun, the most extensively studied protein of the
activator protein-1 (AP-1) complex, is involved in numer-
ous cell activities, such as proliferation, apoptosis,
survival, tumorigenesis and tissue morphogenesis. Ear-
lier studies focused on the structure and function have
led to the identification of c-Jun as a basic leucine zipper
(bZIP) transcription factor that acts as homo- or hetero-
dimer, binding to DNA and regulating gene transcription.
Later on, it was shown that extracellular signals can
induce post-translational modifications of c-Jun, result-
ing in altered transcriptional activity and target gene
expression. More recent work has uncovered multiple
layers of a complex regulatory scheme in which c-Jun is
able to crosstalk, amplify and integrate different signals
for tissue development and disease. One example of
such scheme is the autocrine amplification loop, in which
signal-induced AP-1 activates the c-Jun gene promoter,
while increased c-Jun expression feedbacks to potenti-
ate AP-1 activity. Another example of such scheme,
based on recent characterization of gene knockout mice,
is that c-Jun integrates signals of several developmental
pathways, including EGFR-ERK, EGFR-RhoA-ROCK, and
activin B-MAP3K1-JNK for embryonic eyelid closure.
After more than two decades of extensive research, c-Jun
remains at the center stage of a molecular network with
mysterious functional properties, some of which are yet
to be discovered. In this article, we will provide a brief
historical overview of studies on c-Jun regulation and
function, and use eyelid development as an example to
illustrate the complexity of c-Jun crosstalking with
signaling pathways.
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c-Jun, A MEMBER OF THE AP-1 COMPLEX

The Jun protein was originally identified in transformed
cells carrying the genome of a replication defective avian
sarcoma virus 17 (ASV 17) that directs the expression of
a 65-kDa gag-jun fusion product, designated as v-Jun
(Maki et al., 1987; Bos et al., 1988). Soon after, its homolog,
the proto-oncogene c-Jun, was isolated from human and
murine tissues (Bohmann et al., 1987; Ryder et al., 1988). c-
Jun shares sequence similarity not only with v-jun, but
also with the yeast transcription regulatory protein GCN4.
GCN4 and the mammalian AP-1, known at that time only
as a transcription factor interacting with a specific enhancer
sequence, share the same DNA binding specificity (Short,
1987; Haluska et al., 1988). Using this specific piece of
DNA for affinity chromatography, the mammalian c-Jun
was co-purified with c-Fos, marking the first identification of
AP-1 as a heterodimer of c-Jun and c-Fos (Angel et al.,
1988a; Harshman et al., 1988; Rauscher et al., 1988a,
1988b).

The AP-1 family has been greatly expanded in the past two
decades. The current view of AP-1 is a collective term for
dimers formed by proteins of the Jun (c-Jun, JunB and JunD),
Fos (c-Fos, FosB, Fra1 and Fra2), activating transcription
factor (ATF) (ATF2, ATF3/LRF1, B-ATF, JDP1 and JDP2) and
musculoaponeurotic fibrosarcoma (MAF) (c-Maf, MafB,
MafA, MafG/F/K and Nrl) families (Hai et al., 1988; Angel
and Karin, 1991). These are structurally similar and function-
ally related basic leucine zipper (bZIP) proteins, which form
homo- and/or hetero-dimers through the bZIP domain.
Dimerization brings together the basic regions, producing a
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contiguous DNA-contact interface that interacts with specific
sequences of DNA (Ellenberger et al., 1992; Schumacher et
al., 2000). Once bound to DNA, the AP-1 complexes function
as transcription regulators to either activate or repress target
gene transcription.

The seemingly simple regulatory scheme, however, is
entangled due to the complexity of the intrinsic properties and
regulation of the AP-1 proteins (Karin et al., 1997). First, each
AP-1 member has unique dimerization capacity. While the
Jun proteins form homo- or hetero-dimers with members of
Fos and ATF families, ATF, but not Fos, also form stable
homodimers. On the other hand, the c-Maf and Nrl can
heterodimerize with both c-Jun and c-Fos, but other Maf-
related proteins, including MafB, MafF, MafG and MafK, form
dimers with only Fos, but not Jun (Landschulz et al., 1988).
Second, albeit all dimers bind to DNA with the consensus 5′-
TGA(C/G)TCA-3′ sequence, each dimer has different binding
affinities and sequence specificities. For example, Jun/ATF
preferentially binds to the cAMP-responsive element (CRE,
5′-TGACGTCA-3′), while Jun/Fos has high affinity for the
phorbol 12 O-tetradecanoate-13-acetate (TPA)-responsive
element (TRE, 5′-TGAG/CTCA-3′). Some dimers also
exhibit weak affinity for DNA sequences that deviate from
the consensus. Third, the AP-1 proteins can interact with
proteins outside the family, resulting in complexes with
unique DNA binding and transcription activity. Examples for
this type of interaction include c-Jun binding to the Ets domain
of PU.1, directing the complex to the PU.1 binding site in the
M-CSF receptor promoter for transcriptional activation (Behre
et al., 1999), whereas, the c-Jun/MyoD complex is recruited to
the MyoD promoter to inhibit myogenesis (Bengal et al.,
1992).

Another layer of complexity comes from considerable
variations in AP-1 expression and activity. Each AP-1
component exhibits unique cell type- and tissue-specific
distribution (Wagner et al., 2010), but this can be modified by
the cellular environment. A vast number of growth factors,
cytokines, chemokines, hormones and environmental stres-
ses have been shown to regulate AP-1 at the level of gene
expression, mRNA turnover and protein stability, thereby
affecting the relative abundance of AP-1 within the cells. In
addition, many of these signals can lead to modifications of
AP-1 proteins, changing their abilities of forming dimers,
binding to DNA and activating gene transcription.

Collectively, AP-1 exists as a complex mixture of dimers
with different DNA binding specificities and transcriptional
activity, and is able to regulate expression of a large
number of genes. As a result, AP-1 has been implicated in
a wide range of cellular processes, including proliferation,
death, survival and differentiation, and participates in
diverse biological and pathological processes, such as
epidermal and neuronal development, immune and inflam-
matory responses, and tumorigenesis (Shaulian and Karin,
2002).

c-Jun EXPRESSION AND ACTIVITY

c-Jun is the founding member and the most potent transcrip-
tional activator of the AP-1 family (Angel and Karin, 1991). It
has been shown that tumor promoter phorbol-ester (TPA),
growth factors or stress stimuli can significantly enhance the
DNA binding and transcription activity of c-Jun (Lee et al.,
1987; Quantin and Breathnach, 1988; Ryder and Nathans,
1988; Pertovaara et al., 1989; Sherman et al., 1990; Devary et
al., 1991). Initiation of this process begins with stimulus
activated signal transduction cascades that lead to a rapid
change in the phosphorylation state of c-Jun. This event takes
place on the pre-existing c-Jun, within minutes of stimulus
treatment, and is independent of de novo protein synthesis
(Lamph et al., 1988; Bohmann, 1990; Papavassiliou et al.,
1992).

Phosphorylation can occur on at least five serine and
threonine residues of c-Jun (Boyle et al., 1991; Baker et al.,
1992). Three phosphorylation sites are located just upstream
of the basic region in the DNA-binding domain (residues
227–252); stimuli, such as TPA, can decrease the C-terminal
domain phosphorylation thereby increasing the DNA binding
affinities of c-Jun. The other two phosphorylation sites are
located within the N-terminal transcription activation domain
at serines 63 and 73. TPA significantly increases the N-
terminal phosphorylation, resulting in a robust induction of c-
Jun transactivation activity (Smeal et al., 1991; Lin et al.,
1992; Smeal et al., 1992; Nikolakaki et al., 1993). In contrast,
Jun B, lacking serine-63 and-73, is irresponsive to TPA
induced transcriptional activation (Franklin et al., 1992).

While phosphorylation of c-Jun may provide a kick start for
AP-1 activation, the phospho-c-Jun themselves are relatively
unstable and exist only transiently in the cells (Black et al.,
1991; Franklin et al., 1995). This feature makes it unlikely for
p-c-Jun to maintain the sustained AP-1 activation required for
many of the biological activities (Behrens et al., 1999;
Behrens et al., 2000). On the other hand, AP-1 activity is
closely associated with a steady elevation of c-Jun expres-
sion (Devary et al., 1991). Detailed analyses of the c-Jun
promoter identify binding sites for NF-κB, sp1, CCAAT-
binding transcription factors, but more interestingly, the
promoter contains a high-affinity AP-1 binding site. Mutation
of this site abolishes the induction of c-Jun mRNA (Angel et
al., 1988b). These observations suggest the existence of a
regulatory circuit, in which AP-1 can activate the c-Jun
promoter and gene expression, whereas, expression of c-Jun
in turn further enhances AP-1 thereby potentiating its own
gene promoter activation (Fig. 1) (Angel et al., 1988b; Lamph
et al., 1988; Nakamura et al., 1991). Such an autocrine and
feed-forward mechanism allows c-Jun to not only prolong AP-
1 activity, but also amplify it. As a result, c-Jun can efficiently
convert transient biochemical signals to sustained AP-1
activity and act as a potent transcription factor to regulate
long-lasting biological outcomes (Angel et al., 1988b).
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SIGNALING MECHANISMS OF c-Jun

PHOSPHORYLATION

Transmission of the extracellular signals through the cyto-
plasm is mediated by cascades of protein kinases that
ultimately lead to phosphorylation of transcription factors
(Bohmann, 1990; Karin, 1991). Glycogen synthase kinase 3
(GSK-3) and CKII can phosphorylate c-Jun at its C-termini,
keeping c-Jun in a non DNA-binding state (Boyle et al., 1991),
while extracellular signal regulated kinase (ERK) can activate
p70 S6 kinase, which in turn phosphorylates GSK-3 at serine-
21, resulting in its inactivation (Sutherland et al., 1994).
Hence, ERK, by acting through the p70 S6 kinase-GSK-3
cascades, causes c-Jun C-terminal dephosphorylation and
increases its DNA binding activity. A functional connection
between ERK and c-Jun has been established by mutation
studies in fission yeast, in which homologs of mammalian
ERK and Jun act in concert to control yeast cell elongation
immediately after division (Toda et al., 1991).

The c-Jun amino-terminal kinases (JNKs) have been
identified based on their activation by UV and oncoproteins
(Hibi et al., 1993; Dérijard et al., 1994). Like the ERKs, the
JNKs are proline-directed kinases, preferentially phosphor-
ylate serine and threonine located within the Pro-Xaa-Ser/
Thr-Pro sequences. However, the JNKs have distinct
substrate specificities, as they do not phosphorylate p70 S6
kinase, but phosphorylate efficiently c-Jun at the N-terminal

domain. JNK phosphorylates c-Jun at serines 63 and 73 and
phosphorylation requires binding of JNK to a specific region
within the c-Jun transactivation domain (Hibi et al., 1993;
Dérijard et al., 1994; Kyriakis et al., 1994). This characteristic
explains why v-Jun, having completely conserved Ser-63 to
Ser-73, but lacking the JNK binding domain (amino acids
34–60), is resistant to TPA-induced N-terminal phosphoryla-
tion (Adler et al., 1992).

The JNKs and the ERKs, together with the later discovered
p38s, constitute three separate groups of mitogen-activated
protein kinases (MAPKs). The MAPKs themselves are
activated through concomitant phosphorylation on tyrosine
and threonine residues in the Thr-Xxx-Tyr motif. For each
MAPK group, the phosphorylation is catalyzed by the
designated MAP kinase kinases (MAPKKs), a novel class
of dual specific protein kinases (Mordret, 1993). Activation of
each MAPK depends on specific upstream MAPKKs. The
MAPKKs MEK4 and MEK7 activate the JNKs, the MEK1 and
MEK2 activate the ERK, and the MEK3 and MEK6 activate
the p38 (Johnson and Lapadat, 2002). Activation of the
MAPKKs is in turn catalyzed by their immediate upstream
kinases, the MAPKK kinases (MAPKKKs), which phosphor-
ylate the MAPKKs at serine/threonine residues (Davis, 1994).

In less than 20 years since the discovery of its first member,
the MAPKKK superfamily has expanded to more than 20
protein kinases, including Rafs, MEK kinase 1–4 (MAP3K
1–4), germinal center kinase (GCK), mixed lineage kinases

Figure 1. Regulation of c-Jun expression and activity. A diagram illustrating (A) the phosphorylation sites on c-Jun and (B) the

autocrine amplification loop between c-Jun expression and AP-1 activity.
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(MLK), apoptosis-stimulated kinase 1(ASK1), tumor progres-
sion locus 2 (TPL2), and TGF-beta-activated kinase (TAK).
While all MAPKKKs have distinct regulatory domains, which
are used to connect to the specific upstream regulators, they
have relatively similar kinase domains, which are used to
activate the MAPKK-MAPK cascades. Thus, each MAPKKK
is believed responsible for mediating specific upstream cues
and the family collectively is able to connect diverse signals to
the MAPKK-MAPK cascades (Fig. 2) (Schlesinger et al.,
1998).

The most convincing evidence supporting this view comes
from genetic ablation of individual MAPKKK in mice, which
display distinct phenotypes. Some of the knockout mice,
including Raf-1(−/−), Map3k3(−/−) and Map3k4(−/−), die in
embryogenesis but of different causes (Johnson et al., 1993;
Kuan et al., 1999). The Raf-1(−/−) fetuses show vascular
defects in the yolk sac and placenta as well as increased
apoptosis of embryonic tissues (Hüser et al., 2001), the
Map3k3(−/−) embryos die due to impaired blood vessels
development (Yang et al., 2000), while the Map3k4(−/−) mice
die from neural tube defects associated with massively
elevated apoptosis before and during neural tube closure
(Chi et al., 2005). On the other hand, some MAPKKK
knockout mice, such as Ask1(−/−), Tpl2(−/−) and Map3k2
(−/−), survive embryonic development and are born alive with
no overt developmental defects. These mice, however,
display different abnormalities when challenged by pathogen
and stressors. The Ask1(−/−) embryonic fibroblasts are
resistant to apoptosis induced by TNFα and H2O2 (Tobiume
et al., 2001), the Tpl2(−/−) mice produce low levels of TNFα
when treated by lipopolysaccharide (LPS) (Dumitru et al.,

2000), and the Map3k2(−/−) T cells show increased prolifera-
tion and susceptibility to apoptosis induced by T-cell receptor
cross-linking (Guo et al., 2002). The gene knockout studies
have therefore revealed unique functions of each MAPKKK in
vivo, reinforcing the idea that MAPKKK provides specificity in
signal transduction.

An additional piece of evidence supporting this view is from
the MAP3K1 knockout mice. Genetic ablation of MAP3K1
results in a unique developmental defect of the ocular surface
that has not been found in mice lacking any of the other
MAPKKKs. Furthermore, detailed analyses of the MAP3K1
knockout mice lead to uncover an intertwining relationship
between the MAPK cascades and c-Jun during development.

MAP3K1 IN OCULAR SURFACE DEVELOPMENT

MAP3K1 was originally identified as a mammalian homolog of
the yeast MEK kinases, Byr2 and Ste11, involved in
pheromone-induced mating (Lange-Carter et al., 1993).
Although initially considered as an upstream activator of
ERK, it soon became clear that MAP3K1 preferentially
activates the JNK pathway, by interacting with and phosphor-
ylating the JNK activator, MKK4 (Minden et al., 1994; Yan et
al., 1994; Lin et al., 1995; Xia et al., 1998). MAP3K1 is in turn
activated by various upstream signals, and intriguingly, each
signal appears to be coupled with a distinct mechanism
through the N-terminal regulatory domain.

The N-terminal domain of MAP3K1 can bind to the SH3
domain of Grb2, resulting in the recruitment of the MAP3K1/
Grb2 complex by the Shc proteins to the activated EGF
receptor and a transient plasma membrane localization of

Figure 2. Signaling mechanisms of c-Jun phosphorylation. A diagram illustrating the MAP3K-MAP2K-MAPK signaling
cascades, of which both the JNK and ERK cascades are involved in c-Jun phosphorylation.
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MAP3K1 (Pomérance et al., 1998). The membrane localized
MAP3K1 undergoes conformational changes to initiate
autoactivation, by which MAP3K1 phosphorylates its own
threonine residues between the kinase subdomains VII and
VIII (Deak and Templeton, 1997; Siow et al., 1997). The N-
terminal domain of MAP3K1 also offers binding sites for
RhoA, JNK and alpha-actinin, while its C-terminal kinase
domain binds MKK4 (Xu et al., 1996; Xia et al., 1998;
Christerson et al., 1999; Gallagher et al., 2004). Such
scaffolding function allows MAP3K1 to organize a signaling
complex to efficiently transmit the RhoA signal to the
downstream MEK4-JNK pathway that is linked to the actin
cytoskeleton. TGFβ may utilize such a mechanism to act
through RhoA to control c-Jun phosphorylation and actin
cytoskeleton (Atfi et al., 1997; Gallagher et al., 2004; Zhang et
al., 2005). MAP3K1 can also interact with axin, mediating Wnt
signal in JNK activation and planar polarity determination
(Zhang et al., 1999). In addition, several protein kinases,
including HPK, NIK, PKG and GLK, have been shown to
directly associate with and phosphorylate MAP3K1 in vitro,
acting as the possible upstream activators for MAP3K1
(Diener et al., 1997; Su et al., 1997; Soh et al., 2001).

Despite the fact that MAP3K1 has different regulatory
mechanisms and numerous potential functions, its most
striking in vivo role is the regulation of ocular surface
morphogenesis. Mice lacking either the full-length MAP3K1
protein (MAP3K1-null or Map3k1(−/−)) or its kinase domain
(Map3k1(ΔKD/ΔKD)) survive embryonic development and do
not show overt developmental defects except for an “eye-
open at birth” (EOB) phenotype (Yujiri et al., 2000; Zhang et
al., 2003).

Mammalian eye development involves a transient closure
and re-opening of the eyelid (Findlater et al., 1993). In mice,
eyelid development begins at embryonic day 13 (E13), when
the surface ectoderm folds into the lid buds. The eyelid buds
continue to grow towards the center of the ocular surface and
by E15–E16.5, the epithelial cells at the tip of the eyelid start
to elongate and migrate. Ultimately, the epithelium of upper
and lower eyelid fuses to form a closed eyelid. Mouse eyelids
remain closed between E16.5 and postnatal day 12, and
thereafter the lid fusion breaks down as a consequence of
epithelial cell apoptosis at the fusion junction, resulting in
open eyelids. Mice are normally born with their eyelid closed,
but those impaired in embryonic eyelid closure are born with
EOB phenotype.

Genetic studies in mice have identified complex signal
transduction processes involved in eyelid closure. Besides
MAP3K1, embryonic eyelid closure depends on signals
derived from WNT, Sonic hedgehog, BMP/Activin, FGF and
EGF (Luetteke et al., 1993; Mine et al., 2005; Gage et al.,
2008; Huang et al., 2009). In addition, eyelid closure requires
the participation of a number of intracellular signaling kinases,
such as JNK, ROCK and CDH1, and nuclear transcription
factors, such as c-Jun, Fra-2, FOXL2, SMAD and GRHL3

(McHenry et al., 1998; Li et al., 2003; Zenz et al., 2003; Zhang
et al., 2003; Uda et al., 2004; Thumkeo et al., 2005; Takatori et
al., 2008; Yu et al., 2008; Naoe et al., 2010). While how these
factors are organized into a morphogenetic network for eyelid
closure has not been well understood, molecular analyses of
these mice have begun to unveil that some of the factors are
organized into concerted signal transduction cascades.

THE MAP3K1-c-Jun INTRACRINE REGULATORY

LOOP FOR EYELID MORPHOGENESIS

Studies centered on the Map3k1 knockout mice have led to
the identification of a signaling pathway, assembled by
several of the “eyelid closure” factors. This pathway is
initiated by activin B, which binds to a specific cell surface
receptor to activate MAP3K1. MAP3K1 in turn activates the
MKK4-JNK cascade that further leads to c-Jun N-terminal
phosphorylation (Takatori et al., 2008; Geh et al., 2011).
Activation of this pathway is essential for embryonic eyelid
closure, while its inadequate activation in mice lacking activin
B and MAP3K1 results in EOB. Furthermore, MAP3K1 is
haploinsufficient for eyelid closure in Jnk1(−/−) and Jnk1(+/−)
Jnk2(+/−) mice, providing genetic evidence for the existence
of a MAP3K1-JNK signaling axis in the regulation of eyelid
development (Takatori et al., 2008).

Activation of the MAP3K1-JNK cascade promotes epithe-
lial cell migration, which is required for the developing eyelid
tip epithelial cells to move forward for eyelid closure (Yujiri et
al., 2000; Zhang et al., 2003). One downstream event of the
MAP3K1-JNK axis is the phosphorylation of c-Jun at its N-
terminus, which leads to increased AP-1 activity and
enhanced expression of AP-1 target genes, such as PAI-1
(Zhang et al., 2003; Takatori et al., 2008; Geh et al., 2011).
Nonetheless, neither the transgenic mice expressing a
phosphorylation site mutated c-Jun nor the Pai-1 knockout
mice display EOB, raising the possibility that c-Jun N-terminal
phosphorylation and some of the AP-1 regulated genes are
not involved in eyelid closure (Behrens et al., 1999;
Providence and Higgins, 2004). The MAP3K1-JNK signaling
cascades must have other downstream effectors to regulate
developmental eyelid closure. For example, this pathway may
be directly involved in the regulation of actin cytoskeleton re-
organization, crucial for epithelial cell migration and eyelid
closure (Zhang et al., 2003; Zhang et al., 2005).

On the other hand, ablation of c-Jun specifically in
keratinocytes does not affect skin development, but it causes
EOB (Li et al., 2003; Zenz et al., 2003). It has been proposed
that c-Jun regulates the expression of EGFR or its ligand HB-
EGF, which are necessary for stimulating epithelial cell
migration and embryonic eyelid closure (Grose, 2003).
Correspondingly, genetic knockout of the EGFR itself or its
ligands, TGFα and HB-EGF or of factors, such as FGF10 and
GRHL3 that regulate ligand expression, all lead to impaired
epithelial cell migration and the EOB phenotype (Fig. 3).
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Recently, studies from our laboratory have identified yet
another novel signaling scheme for eyelid development (Geh
et al., 2011). We showed that activation of the EGFR by TGFα
initiates signaling cascades involving ROCK/RhoA that lead
to induction of c-Jun. c-Jun, acting in an N-terminal
phosphorylation independent fashion, directly binds to the
Map3k1 promoter. The TGFα/EGFR-RhoA/ROCK-c-Jun
pathway converges on the Map3k1 promoter, resulting in
elevated MAP3K1 expression. Once expressed, the enzyme
activities of MAP3K1 are required to activate the JNK-c-Jun
cascade. Thus, MAP3K1 and c-Jun form an intracrine
regulatory loop, in which c-Jun controls MAP3K1 expression,
while MAP3K1 in turn controls c-Jun N-terminal phosphoryla-
tion and AP-1 activity (Fig. 3).

Transient lid closure and reopening is a common morpho-
genetic event that also takes place in humans. Unlike in mice,
however, eyelid closure and re-opening in humans is
accomplished in utero, making its deficiency difficult to detect.
Clinical diagnosis of eyelid closure defects and identification
of possible associated developmental diseases present a
challenge that may have to rely on a genetic approach for
resolution. In this context, the genetic mouse models with an
easily traceable phenotype have led to the identification of a
great number of molecular players involved in eyelid
development. This information may help to decipher the
“genetic codes” underlying eyelid developmental defects in
humans, leading to unravel the origins of congenital devel-
opmental disorders in children.

CONCLUSION

After two decades of extensive efforts, we have become fully
aware of the complex nature of c-Jun regulation and function.
Still, as originally believed, c-Jun is a transcription factor that
binds to a relatively simple sequence in the regulatory domain
of genes, but just its ability to bind DNA and activate AP-1-
driven promoters is insufficient to explain its role in diverse
and sometimes opposing physiological processes, including
proliferation, apoptosis, survival, tumorigenesis and tissue
morphogenesis. c-Jun-mediated cell responses can be
affected by many factors and are dependent on the
abundance of c-Jun protein, its dimerization partners, and
its interactions with other transcription factors, co-activators
and co-repressors. It has become recognized that c-Jun
interacts dynamically with signaling pathways and forms
complex feedback and feed forward regulatory loops that are
yet to be fully understood. Studies of eyelid development
provide a peek view of such complexity, in which c-Jun acts
as a molecular bridge connecting different signaling path-
ways.

Recently, global transcriptom profiling and complex mole-
cular genetics have been used to provide additional under-
standing of c-Jun (Florin et al., 2004; Wolter et al., 2008;
Biddie et al., 2011; Li et al., 2011). It is anticipated that future
work, based on sophisticated genetic and molecular
approaches, will be instrumental to delineate the multifaceted
regulation and functions of c-Jun in vivo.

Figure 3. The EGFR, MAP3K1 and c-Jun intracrine regulatory loop for eyelid morphogenesis. A diagram illustrating
crosstalks of c-Jun with EGFR andMAP3K1 signaling pathways in the leading edge epithelium of developing eyelids. In this scheme,
c-Jun can act upstream of EGFR/HB-EGF to regulate their gene expression, while on the other hand, c-Jun acts downstream of

EGFR to regulate MAP3K1 expression, whereas, MAP3K1 in turn is required for c-Jun phosphorylation and optimal AP-1 activity.
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