JNK initiates a cytokine cascade that
causes Pax2 expression and closure of the

optic tissure
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The c-Jun NH,-terminal kinase (JNK) group of mitogen-activated protein kinases is stimulated in response to
a wide array of cellular stresses and proinflammatory cytokines. Mice lacking individual members of the Jnk
family (Jnk1, Jnk2, and Jnk3) are viable and survive without overt structural abnormalities. Here we show
that mice with a compound deficiency in Jnk expression can survive to birth, but fail to close the optic fissure
(retinal coloboma). We demonstrate that JNK initiates a cytokine cascade of bone morphogenetic protein-4
(BMP4) and sonic hedgehog (Shh) that induces the expression of the paired-like homeobox transcription factor
Pax2 and closure of the optic fissure. Interestingly, the role of JNK to regulate BMP4 expression during optic
fissure closure is conserved in Drosophila during dorsal closure, a related morphogenetic process that requires
JNK-regulated expression of the BMP4 ortholog Decapentaplegic (Dpp).
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The c-Jun NH,-terminal kinase (JNK) subfamily of mi-
togen-activated protein kinases is encoded by three re-
lated genes (Davis 2000; Weston and Davis 2002). Jnk1
and nk2 are expressed ubiquitously during develop-
ment, whereas /nk3 is primarily expressed in the brain
and to a lesser extent in the heart and testis. Mice lack-
ing individual members of the /nk family are viable
(Yang et al. 1997, 1998; Dong et al. 1998; Sabapathy et al.
1999a). However, mice lacking both of the ubiquitously
expressed JNK isoforms (JNK1 and JNK2) die during
midgestation with neural tube closure defects and brain
abnormalities (Kuan et al. 1999; Sabapathy et al. 1999D).
These defects are associated with regional and develop-
mental stage-specific alterations in apoptosis in the de-
veloping nervous system (Kuan et al. 1999; Sabapathy et
al. 1999b). Neural tube closure is a morphogenetic pro-
cess that involves apoptosis, cell migration, and cell pro-
liferation; it is therefore possible that during develop-
ment JNK not only contributes to apoptosis regulation,
but may also play a crucial role in other morphogenetic
processes.
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Components of the JNK signaling pathway are highly
conserved between mammals and insects (Ip and Davis
1998). The Drosophila JNK ortholog Basket (DJNK] is
necessary for both dorsal and thorax closure (Martin-
Blanco 1997; Ip and Davis 1998; Zeitlinger and Bohmann
1999). The signaling mechanism that controls dorsal clo-
sure has been studied by genetic analysis in Drosophila.
This signaling pathway requires the expression of the
transforming growth factor-g (TGF-B)-like gene decapen-
taplegic (dpp) in the cells that form the leading edge of
the epidermis during dorsal closure. This pattern of dpp
expression is induced by the JNK signaling pathway and
is mediated by AP-1 (DJun and DFos) and Ets (Aop) fam-
ily transcription factors (Riesgo-Escovar et al. 1996; Sluss
et al. 1996; Hou et al. 1997; Riesgo-Escovar and Hafen
1997; Sluss and Davis 1997; Zeitlinger and Bohmann 1999).

The purpose of this study was to examine the role of
the JNK signaling pathway in mammalian development.
We report that JNK is essential for closure of the optic
fissure, a morphogenetic process that resembles dorsal
and thorax closure in Drosophila. Interestingly, this
function of JNK involves the induced expression of bone
morphogenetic protein-4 (BMP4), the mammalian ortho-
log of Dpp. Thus, the JNK signaling pathway plays simi-
lar roles in both insects and mammals to control the
developmentally regulated expression of BMP4/Dpp. We
show that BMP4 acts to initiate a cytokine cascade that
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induces the expression of Sonic Hedgehog (Shh) and sub-
sequently the expression of the paired-like homeobox
transcription factor Pax2 and closure of the optic fissure.

Results
JNK is essential for eye development in mice

To examine the role of JNK in development, we inves-
tigated the effect of compound /nk mutations in the
C57BL/6 strain background. Mice lacking both of the
ubiquitously expressed JNK isoforms (JNKI1 and JNK2)
died during midgestation with neural tube closure de-
fects and brain abnormalities (Kuan et al. 1999; Sabapa-
thy et al. 1999b). We therefore examined the conse-
quence of the expression of a single allele of the ubiqui-
tously expressed JNK isoforms. Mice with a single allele

A

of Jnk1 (Jnk1~/* Jnk2~/-) did not present an obvious de-
velopmental phenotype. In contrast, mice with a single
allele of Jnk2 (Jnk1~/~ Jnk2/*) were born with the pre-
dicted Mendelian frequency, but 80% of these mice died
within 48 h after birth. At embryonic day 18.5 (E18.5),
these mutant embryos exhibited a number of develop-
mental defects in the eye including severe lens abnor-
mality and retinal coloboma (Fig. 1A,B).

JNK phosphorylates c-Jun on sites in the activation
domain (Davis 2000; Weston and Davis 2002). We there-
fore used immunohistochemical staining of phosphory-
lated c-Jun as an in situ indicator of the biological activ-
ity of JNK in vivo (Yang et al. 1997). Phosphorylated
c-Jun was present in the optic nerve, lens, and retina of
control embryos, but was markedly reduced in the JNK-
deficient mutant (/nk1~/~ Jnk2~/*) embryos (Fig. 1C). A
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Figure 1. Mutant Jnk1”/-Jnk2~/* embryos exhibit decreased JNK activity and eye abnormalities. (A) Hematoxylin- and eosin-stained
sections of E18.5 and E9.5 eyes indicate that mutant (Jnk1~/-jnk2~/*) embryos exhibit lens defects and retinal coloboma. (B) Three-
dimensional digital microanalysis of retinas from E18.5 embryos. The arrow indicates coloboma at the back of the mutant eye. (C)
Immunohistochemical staining of Ser-63-phosphorylated c-Jun as an in situ measurement of JNK protein kinase activity in vivo.
Phosphorylated c-Jun is present in the optic nerve, lens, and retina of control embryos (brown) but is markedly reduced in the mutant
eyes. (D) Mutant E15.5 lenses are smaller than lenses from control littermates and have decreased levels of aA-, -, and y-crystallin
(brown). Control studies demonstrated that no immunohistochemistry staining was detected in control tissues incubated with normal
IgG plus the appropriate secondary antibodies. Throughout this study, Jnk1*/*Jnk2~/* embryos were used as littermate controls, and
in all cases these results were consistent with those observed in wild-type C57BL/6 embryos of the same age. Ocular anomalies
including defective lens cell development have been reported in a small percentage of C57BL/6 mice (Favor et al. 1996; Eccles and
Schimmenti 1999); however, the phenotype reported here is genotype-specific and is not similar to wild-type mice.
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small amount of phosphorylated c-Jun was detected in
the mutant optic nerve and this may be attributed to
either /nk3, or to the single remaining allele of Jnk2.
Together, these data demonstrate that the JNK signaling
pathway is severely attenuated in the JNK-deficient mu-
tant (Jnk1~/~ Jnk2~/*) embryos.

The JNK-deficient embryos exhibited multiple eye de-
fects including open eyelids, small lenses, and retinal
coloboma (Fig. 1A). Although open eyelids have been as-
sociated with eye deformities, we observed ocular pa-
thology in the JNK-deficient embryos prior to E16.5, the
time when mouse eyelids close during gestation (Fig.
1A). Thus, the open eyelid phenotype does not contrib-
ute to the failure to close the optic fissure, a morphoge-
netic process that occurs at E11.5. However, it is likely
that the open eyelids may contribute to additional ocular
pathologies late in development.

JNK is required for normal development of the lens

Mutant embryos exhibited smaller lenses with decreased
expression of a-, B-, and y-crystallin compared with lit-
termate control embryos (Fig. 1C). The decreased crys-
tallin expression may result from at least two defects in
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the JNK-deficient embryos. First, AP-1 proteins have
been shown to regulate a diverse population of crystallin
genes in several different species (Piatigorsky 1992; To-
marev et al. 1994; McDermott et al. 1997; Klok et al.
1998). For example, the AP-1 protein c-Jun plays a role in
directly regulating aA-crystallin gene expression in the
mouse ([lagan et al. 1999). It is therefore likely that JNK/
c-Jun directly influences crystallin expression in mutant
embryos. Second, the transcription factors Sox2 and
Pax6 are widely implicated in the regulation of crystallin
gene expression (Cvekl et al. 1994, 1995; Richardson et
al. 1995; Gopal-Srivastava et al. 1996; Chow and Lang
2001) and can functionally cooperate to bind DNA (Ka-
machi et al. 2001). The expression of these two transcrip-
tion factors was decreased in JNK-deficient embryos. In
control embryos, Sox2 was expressed strongly in the
retina, but this expression was markedly reduced in mu-
tant embryos (Fig. 2C). Similarly, Pax6 protein and
mRNA were expressed strongly in the retina and the lens
epithelium in control embryos, and a marked reduction
(but not total ablation) of both Pax6 mRNA and protein
expression was observed in the JNK-deficient embryos
(Fig. 2D).

Reduced Pax6 expression results in a number of ocular
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Figure 2. JNK is necessary for the expression of the Pax2, Sox2, and Pax6 transcription factors in embryonic eyes. (A) Mutant E15.5
eyes express decreased amounts of Pax2 protein, as determined by immunohistochemistry, and Pax2 mRNA, as determined by in situ
hybridization, compared with littermate controls (brown). (B) Mutant E11.5 eyes express decreased amounts of Pax2 protein (brown).
(C) Mutant E15.5 eyes express decreased amounts of Sox2 protein (brown). (D) Mutant eyes express decreased amounts of Pax6 protein
and Pax6 mRNA compared with littermate controls (brown). No staining was detected in control tissues incubated with either normal IgG
plus the appropriate secondary antibodies (immunohistochemistry) or the relevant sense probes (in situ hybridization; data not shown).
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phenotypes, including the mouse mutant Small eye
(Hogan et al. 1986; Hill et al. 1991) and human Aniridia
patients (Hill et al. 1991). Homozygous deletion of Pax6
is embryonic lethal in mice; these embryos lack eyes and
anose, and also have some brain defects (Hill et al. 1991).
The eyes of the /nk mutant embryos were smaller than
littermate controls, consistent with a reduction (but not
complete loss) of Pax6 expression (Fig. 1). However, re-
duced Pax6 expression by itself does not fully account for
the defective lens development observed in JNK-defi-
cient embryos because, although Pax6 can increase the
expression of a number of crystallin genes (Cvekl et al.
1994, 1995; Richardson et al. 1995; Gopal-Srivastava et
al. 1996, Chow and Lang 2001), it is established that
Pax6 functions as a repressor of B-crystallin gene expres-
sion (Duncan et al. 1998). In contrast, studies of JNK-
deficient embryos demonstrated that decreased expres-
sion of Pax6 is associated with decreased B-crystallin ex-
pression (Fig. 1C). It is therefore likely that the reduced
crystallin expression observed in JNK-deficient embryos is
a consequence of the combined alterations in Pax6, Sox2,
and c-Jun.

JNK is essential for closure of the optic fissure

JNK-deficient embryos exhibited retinal coloboma (Fig.
1A,B). Coloboma describes a failure of the optic cleft to
close during eye development (Kaufmann 1999). Retinal
coloboma was apparent in JNK-deficient mice during
midgestation and was associated with major eye defects
at E18.5 (Fig. 1A,B). In humans, coloboma occurs in ~1:
10,000 births (http://www.rnib.com). Human coloboma
can affect the retina, iris, lens, eyelid, or optic nerve and
is often associated with renal malformations (known as
renal coloboma syndrome; Eccles and Schimmenti
1999). Coloboma can be caused by mutations in the Pax2
gene, and at least eight different Pax2 mutations have
been reported in humans (Eccles and Schimmenti 1999).
Similarly, mice lacking the Pax2 gene display both colo-
boma and deformities of the kidney, brain, ear, and uro-
genital system (Torres et al. 1995, 1996; Favor et al.
1996). Pax2 heterozygous mutants exhibit exencephaly
at E11.5 (Torres et al. 1996) and, consistent with these
observations, homozygous JNK-deficient embryos also
exhibit exencephaly (Kuan et al. 1999; Sabapathy et al.
1999b). Interestingly, JNK-deficient embryos had signifi-
cantly reduced expression of Pax2 in the eye at E15.5 and
also at E11.5, the time when closure of the optic fissure
occurs (Kaufmann 1999), whereas control embryos exhib-
ited strong expression throughout the lens and retina, with
particularly high levels in the optic nerve (Fig. 2A,B).

The effects of Pax2 deficiency and JNK deficiency on
mouse development share some similarities. For ex-
ample, Pax2-deficient embryos show altered expression
of Shh at the basis of the diencephalon at E9.5 (Torres et
al. 1996). Similarly, JNK deficiency also caused markedly
altered Shh expression at the basis of the diencephalon in
E9.5 embryos (Fig. 3A). However, differences between
the phenotype of Pax2-deficient and JNK-deficient em-
bryos are apparent. Thus, Pax2-deficient embryos exhibit
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Figure 3. JNK is essential for the expression of Sonic Hedgehog
(Shh), Patched-1 (Ptc), and bone morphogenic protein-4 (BMP4)
in the developing eye. (A) Mutant E15.5 retinas have decreased
levels of Shh and Ptc mRNA (brown) compared with controls, as
determined by in situ hybridization. There is also decreased Shh
expression in the diencephalon of E9.5 mutant embryos com-
pared with control littermates. (B) Embryonic eyes were hybrid-
ized with BMP4 riboprobes, visualized with Texas Red (red) and
counterstained with DAPI (blue). A significant reduction in
BMP4 expression was detected in mutant retinas compared with

control littermates. No staining was detected in control tissues
stained with the relevant Shh, Ptc, or BMP4 sense probes.

only ipsilateral optic tracts as a result of agenesis of the
optic chiasma (Torres et al. 1996), but this was not ob-
served in JNK-deficient embryos (data not shown). Fur-
thermore, in Pax2 mutant mice, the retinal pigmenta-
tion does not stop at the eyestalk limit, but extends ab-
normally into the stalk region (Torres et al. 1996); this is
also not observed in JNK-deficient embryos. The failure
of INK1/JNK2-deficient embryos to mimic the effects of



Pax2 deficiency on the optic chiasma may reflect a role
for JNK3, or may indicate that Pax2 has some functions
that are independent of JNK.

JNK regulates Sonic Hedgehog expression in the retina

We investigated the mechanism that regulates Pax2 ex-
pression, and therefore coloboma formation, in JNK-de-
ficient mutant embryos. The Drosophila Hedgehog pro-
tein and the mammalian homolog Shh are important for
pattern formation during retinal development (Zhang et
al. 2000; Neumann 2001). Indeed, homozygous deletion
of the Shh gene in mice causes embryonic lethality, neu-
ral tube closure defects, and cyclopia (Chiang et al. 1996).
Shh has been reported to influence Pax2 expression dur-
ing eye morphogenesis (Zhang and Yang 2001). We there-
fore examined Shh expression in wild-type and JNK-de-
ficient embryos. Strong expression of Shh was observed
in the retina and lens of control murine embryos, but no
expression of Shh was detected in JNK-deficient eyes
(Fig. 3A). Interestingly, we found that a small percentage
of JNK-deficient mutant embryos also exhibited cyclopia
(data not shown). To confirm the lack of Shh signaling in
the INK-deficient embryos, we examined the expression
of the Shh membrane receptor and reporter gene
Patched-1 (Ptc; Fig. 3A; Marigo and Tabin 1996). The
pattern of Ptc expression was very similar to Shh in wild-
type embryonic eyes, but Ptc and Shh were absent in the
JNK-deficient embryonic eyes, indicating a lack of both
Shh expression and activity.

JNK regulates BMP4 expression in the retina

Studies of Drosophila demonstrate that JNK is required
for embryonic epithelial cell sheet movements during
dorsal closure and thorax closure, and for epithelial pla-
nar polarity (Ip and Davis 1998). During Drosophila dor-
sal closure, DJNK is necessary for expression of the
TGF-B family protein Dpp in the cells that form the lead-
ing edge of the lateral epithelial cell sheet (Ip and Davis
1998). To determine whether JNK can regulate the mam-
malian Dpp ortholog BMP4, we examined the expression
of BMP4 in control and mutant embryonic eyes. Inter-
estingly, BMP4 was expressed in control retinas but was
not detected in JNK-deficient mutant eyes (Fig. 3B).
Mouse embryos homozygous for null mutations in
Bmp4 die between E6.5 and E10 (Winnier et al. 1995;
Lawson et al. 1999). Moreover, several defects have been
described in heterozygous Bmp4 mutants, including eye
defects, skeletal abnormalities, cystic kidneys, and urinary
tract anomalies (Dunn et al. 1997; Miyazaki et al. 2000).
The similar ocular phenotypes of mice lacking JNK, BMP4,
Shh, and Pax2 imply that these proteins may be regulated
by a similar mechanism during eye development.

Biochemical complementation of [NK deficiency with
BMP4 in retinal explant cultures

BMP4 has been implicated in the regulation of Shh ex-
pression in the mouse (Zhang et al. 2000). To test

Morphogenetic role of JNK in the eye

whether BMP4 regulates the expression of Shh and Pax2
in the eye, we examined retinal explant cultures. Con-
sistent with in vivo results, strong expression of both
Shh and Pax2 was detected in control retinas, but not in
mutant retinas (Fig. 4). When the mutant retinas were
cultured in the presence of BMP4 for 48 h, induced ex-
pression of both Shh and Pax2 was detected, indicating
that BMP4 is sufficient to cause expression of Shh and
Pax2, and that the BMP4-Shh-Pax2 pathway is intact in
the JNK-deficient mutant embryonic eyes. In contrast,
no BMP4-stimulated expression of Shh or Pax2 in the
mutant retinas was detected in the absence or presence
of an antagonistic antibody to Shh (Fig. 4). Similarly,
when control retinas were cultured in the presence of
BMP4 plus the antagonistic antibody to Shh, there was a
dramatic decrease in both Shh and Pax2 expression (data
not shown). These data imply that BMP4 induces the
expression of Shh and Pax2 in mutant retinas, and that
Shh is upstream of Pax2 expression. This signaling cas-
cade is initiated by JNK and is absent in JNK-deficient
retinas.

JNK is essential for the BMP4-Shh—Pax2 signaling
pathway in the renal epithelium

JNK is necessary for the expression of BMP4, Shh, and
Pax2 in the kidney (Fig. 5). During kidney development,
Pax2 is required for the specification and differentiation
of the renal epithelium in both mouse and human
(Rothenpieler and Dressler 1993; Keller et al. 1994,
Torres et al. 1995; Eccles and Schimmenti 1999; Ostrom
et al. 2000). Similarly, Shh regulates proliferation and
differentiation of kidney mesenchymal cells (Yu et al.
2002), and BMP4 is necessary for the morphogenesis of
the kidney and urinary tract (Miyazaki et al. 2000; Raa-
tikainen-Ahokas et al. 2000; Martinez et al. 2002). Con-
sistent with these observations, kidneys from JNK-defi-
cient mutant embryos had deformed renal epithelial
cells and nephrons (Fig. 5). These defects in the renal
epithelium could explain why the mutant mice die
within 48 h after birth. There was no difference in the
size of kidney, number of nephrons/S-shaped bodies, or
degree of uteric branching in E15.5 kidneys in control
and mutant embryos (data not shown). In the normal
kidney, specific expression of Pax2, Shh, and BMP4 in
the renal epithelial cells was detected, indicating that
these proteins could regulate each other in the same
BMP4-Shh-Pax2 cascade as that during retinal develop-
ment (Fig. 5). However, markedly decreased expression
of BMP4, Shh, or Pax2 in JNK-deficient embryonic kid-
neys was observed, consistent with the possible role of
JNK as an initiator of this signaling cascade.

Discussion

JNK-induced expression of BMP4/Dpp initiates a
morphogenetic process that is conserved between
insects and mammals

Genetic analysis of Drosophila demonstrates that the
DJNK signaling pathway is required during midembryo-
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Figure 4. Bone morphogenetic protein-4 (BMP4) is sufficient to induce a cascade of Sonic hedgehog (Shh) and Pax2 expression in
retinal explant cultures. Retinas were dissected from E17.5 embryos and cultured in the presence of vehicle control, 50 ng/mL BMP4,
or 50 pg/mL anti-Shh antibody 5E1 that acts as an Shh antagonist, for 48 h. Consistent with the in vivo data, Shh mRNA was detected
in wild-type retinas (brown), but not in the mutant retinas treated with vehicle control. When mutant retinas were cultured in the
presence of BMP4, there was a strong induction of Shh mRNA and Pax2 protein. However, when mutant retinas were cultured in the
presence of BMP4 plus the Shh antagonist antibody, Shh and Pax2 were not detected. Similar results were obtained for Patched- 1 (Ptc)
expression (data not shown). No staining was detected in control tissues stained with the relevant Shh or Ptc sense probes, or with

control antibodies (data not shown).

genesis for dorsal closure, a morphogenetic process in
which the lateral epidermal cells spread and migrate to
cover the amnioserosa and form the dorsal surface of the
embryo (Ip and Davis 1998). This morphogenetic process
is mediated by the DJNK-dependent expression of the
TGEF-B-related molecule Dpp by the cells that form the
leading edge of the epithelium. Here we demonstrate a
role for JNK in a similar morphogenetic process during
the development of the mammalian eye. Loss of JNK
function in mice causes failure to close the optic fissure,
resulting in retinal coloboma.

JNK is necessary for the expression of Dpp during dor-
sal closure in Drosophila (Ip and Davis 1998). We show
that the mammalian ortholog of Dpp (BMP4) is also un-
der the control of JNK. In vitro studies using retinal ex-
plant cultures indicate that the function of BMP4, in
part, is to induce the expression of Shh in a cytokine
cascade that leads to the expression of the paired-like
homeobox transcription factor Pax2. The absence of this
JNK-induced cytokine cascade in JNK-deficient embryos
causes retinal coloboma.

JNK is required for lens development

BMP4 expression is severely reduced in JNK-deficient
embryonic eyes (Fig. 3B). It was therefore possible that
JNK deficiency and BMP4 deficiency may cause similar
ocular defects. It is established that BMP4 is necessary
for lens induction, apoptosis, and the development of
primary lens fiber cells (Furuta and Hogan 1998; Trousse
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et al. 2001; Faber et al. 2002). Indeed, lens induction is
absent in Bmp4~/~ mouse embryos and this is associated
with reduced expression of Sox2, but not Pax6 (Furuta
and Hogan 1998). In contrast to the very severe effects of
BMP4 deficiency on lens induction, JNK-deficient em-
bryos exhibited a deformed lens (Fig. 1). The more mod-
erate lens phenotype caused by JNK deficiency compared
with that caused by BMP4 deficiency may be accounted
for by the presence of a low level of JNK activity present
in the JNK-deficient (Juk1~/~ Jnk27/*) embryonic eyes
(Fig. 1C). Studies using a conditional allele of JNK will be
required to confirm this conclusion because JNK homo-
zygous null embryos die during early development.
The altered lens development in JNK-deficient mice
may result from the combined effects of at least three
different defects. First, JNK deficiency causes a marked
decrease in AP-1 activity (Ventura et al. 2003), a tran-
scription factor that is important for crystallin gene ex-
pression (Piatigorsky 1992; Tomarev et al. 1994; McDer-
mott et al. 1997; Klok et al. 1998; Ilagan et al. 1999).
Second, the reduced crystallin expression observed in the
JNK-deficient lens may result, in part, from reduced ex-
pression of BMP4, a cytokine that is necessary for the
expression of Sox2 (Furuta and Hogan 1998), a transcrip-
tion factor that mediates crystallin gene expression (Ka-
machi et al. 2001). Indeed, Sox2 expression is reduced in
JNK-deficient embryos (Fig. 2C). Third, the JNK-defi-
cient embryos express low levels of Pax6 (Fig. 2D), a
transcription factor that can collaborate with Sox2 to
increase crystallin gene expression (Cvekl et al. 1994,
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Figure 5.

JNK is required for the expression of Pax2, Sonic Hedgehog (Shh), and bone morphogenic protein-4 (BMP4) in the developing
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kidney. Hematoxylin- and eosin-stained E18.5 embryonic kidneys indicate that mutant kidneys contain enlarged tubules (low mag-
nification; upper left panels) and have deformed renal epithelium and nephrons (high magnification; middle Ileft panels). A high level
of Pax2 protein (brown) and Shh mRNA (brown) was detected in renal epithelial cells in control E18.5 kidneys, but not in mutant
kidneys. BMP4 mRNA (red) was also detected in control kidneys, counterstained with DAPI (blue), but not in mutant kidneys.
Autofluorescence from erythrocytes was observed in control tissue, mutant tissue, and in control tissue hybridized with the sense
probe. This autofluorescence was easily distinguished from the specific BMP4 staining observed in control tissues, but not in mutant

kidneys or control kidneys stained with the sense probe.

1995; Richardson et al. 1995; Gopal-Srivastava et al.
1996; Duncan et al. 1998; Chow and Lang 2001; Kamachi
et al. 2001). This defect in Pax6 expression is indepen-
dent of BMP4 (Furuta and Hogan 1998). Although Pax6 is
phosphorylated by two members of the MAPK family
(ERK and p38), it is not phosphorylated by JNK (Mikkola
et al. 1999); INK-dependent Pax6 regulation may there-
fore be indirect. Recently, it has been established that
Pax6 expression is regulated by BMP7 and fibroblast
growth factor (FGF; Faber et al. 2001). It is therefore pos-
sible that altered BMP7 or FGF signaling may contribute to
the decreased expression of Pax6 in JNK-deficient embryos.

The Pax2 transcription factor is a target of the [NK
signal transduction pathway

It is striking that the effects of Pax2 deficiency are simi-
lar to those caused by JNK deficiency. For example, both
of these mutations cause failure of optic fissure closure
(coloboma) and renal epithelial cell necrosis (Figs. 1, 5;
Favor et al. 1996). Furthermore, both mutations alter the
expression of Shh at the basis of the diencephalon in E9.5
embryos (Fig. 3A; Torres et al. 1996). These similar phe-
notypes are most likely accounted for by the observation
that Pax2 expression was markedly reduced in the eyes

and kidney epithelium of JNK-deficient mice (Figs. 2, 5).
A further contributing factor may be that JNK can phos-
phorylate Pax2 (Cai et al. 2002). However, because the
level of Pax2 mRNA and protein in JNK-deficient eyes is
extremely low (Fig. 2), the role of altered Pax2 phosphory-
lation is unclear.

Although there are significant similarities between
Pax2 deficiency and JNK deficiency, differences between
JNK deficiency and Pax2 deficiency were apparent. For
example, Pax2-deficient mutants exhibit only ipsilateral
optic tracts as a result of agenesis of the optic chiasma
(Torres et al. 1996) and display severe defects in the de-
velopment of the urogenital tract (Torres et al. 1995), but
these phenotypes were not observed in JNK-deficient
embryos. The failure of JNK deficiency to mimic these
phenotypes may be caused by the residual low level of
JNK activity in the JNK-deficient (Jnk1™/* Jnk27/") em-
bryos (Fig. 1C). Alternatively, the role of JNK to regulate
Pax2 expression may be restricted to a limited number of
tissues, including the developing eye and renal epithelium.

Conclusions

JNK plays a conserved role in morphogenetic processes
during embryonic development in mammals and insects.
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In Drosophila, JNK is required for dorsal closure. Here
we demonstrate that JNK is required for a similar mor-
phogenetic process in mice: closure of the optic fissure.
The role of JNK in insects is mediated by regulated ex-
pression of Dpp. In mice, the role of JNK is mediated by
the regulated expression of the Dpp ortholog BMP4. Con-
servation of the developmental role of JNK in mammals
and insects to regulate the expression of the morphogen
Dpp/BMP4 indicates that JNK is likely to be critical for
embryonic morphogenesis in many organisms.

Materials and methods

Mice

Mice were generated (Yang et al. 1997, 1998) and backcrossed to
C57BL/6 (Jackson Laboratories) for 10 generations. The mice
were housed in a facility accredited by the American Associa-
tion for Laboratory Animal Care and the animal studies were
approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Massachusetts Medical School.

Morphology and histology

Embryos from timed matings were fixed in 4% paraformalde-
hyde for 24 h prior to processing and embedding in paraffin wax
following a standard protocol. Sections were cut at 4 um and
stained with hematoxylin and eosin. Three-dimensional digital
microanalysis of E18.5 eyes and kidneys was visualized using
ResView software (Resolution Sciences).

Immunohistochemistry

Sections were stained with the following antibodies: Phospho-
c-Jun (Cell Signaling), Pax2 (Zymed), Pax6 (Developmental
Studies Hybridoma Bank), and antibodies to crystallin (obtained
from S. Zigler, National Eye Institute). Immune complexes were
detected using a biotinylated secondary antibody (Biogenex),
streptavidin-conjugated horseradish peroxidase (Biogenex), and
the substrate 3,3’-diaminobenzene (Vector Labs) followed by
brief counter-staining with Mayer’s hematoxylin (Sigma).

In situ hybridization

Digoxigenin-labeled sense or antisense BMP4 riboprobes were
transcribed from the linearized plasmid (Miyazaki et al. 2000).
The probe was hybridized overnight at 52°C in a humid cham-
ber, visualized using biotinylated antidigoxigenin antibody
followed by incubation with streptavidin conjugated to Texas
red (Vector Laboratories) and mounted in Vectashield moun-
tant containing DAPI (Vector Laboratories). Digoxigenin-la-
beled antisense oligoprobes were generated as follows: Pax2:
5'-TCTAATGTGGGCAGGATCAGTG-3’, 5'-CTGTCGCTT
GTATTCGGCAATC-3’, 5-AAAGGCTGCTGAACTTTGGT
CC-3’, 5'-GCTGAATCTCCAAGCCTCATTG-3’, 5'-GCTTTG
CAGTGCATATCCATCG-3', 5'-CTGGACTTGACTTCATCA
AGCC-3'. Pax6: 5'-AGACACCACCAAGCTGATTCAC-3', 5'-
GTCTCGGATTTCCCAAGCAAAG-3',5'-TCATCCGAGTCTT
CTCCGTTAG-3’, 5'-TACTGAAGCTGCTGCTGATAGG-3’, 5"~
GGTCCTTGGTTCTAGTCCATTC-3', 5'-GGTATCATAACTC
CGCCCATTC-3'. Shh: 5-GTCTTTGCACCTCTGAGTCATC-
3’, 5'-TCGACCCTCATAGTGTAGAGAC-3’, 5'-GGATTCATA
GTAGACCCAGTCG-3', 5-TCACGTAGAAGACCTTCTTGG
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C-3', 5'-GAGCACCCGGTTGATGAGAATG-3', 5'-CATTCCC
AAGGGATGCATGGTC-3'. Pte: 5'-ACCTGTCTCCGTGATAA
GTTCC-3', 5-AGGCATAGGCAAGCATCAGTAG-3', 5-ACT
TGAATCACCCTGCTGACAC-3', 5'-CCTCCAGCATGACAT
ACTTCAC-3’, 5'-CAGAACCAGTCCATTGAGAACC-3’, 5'-TA
TGACCTCCACCTTTGAGTCC-3'. Corresponding sense oli-
goprobes were also prepared. Oligoprobes were hybridized over-
night at 37°C in a humid chamber. The signal was enhanced using
a Tyramide Amplification System (Biogenex) followed by incuba-
tion with streptavidin-conjugated horseradish peroxidase (Bio-
genex) for 15 min. The amplified product was developed with 3,3’-
diaminobenzidine (Vector Laboratories), and counterstained
briefly with Mayers’ hematoxylin (Sigma).

Retinal explant cultures

Embryonic retinas were dissected and cultured on 13-mm
Nuclepore membranes (Whatman) in medium containing 45%
Hams F-12 (Invitrogen), 45% Dulbecco’s modified Eagle’s me-
dium (Invitrogen), 10% fetal bovine serum (HyClone), 100
units/mL penicillin-streptomycin (Invitrogen), and 2 mM L-glu-
tamine (Invitrogen) for 48 h. Where stated, retinas were cultured
in the presence of 50 ng/mL BMP4 (R&D Systems) or 50 pg/mL
of the anti-Shh monoclonal antibody 5E1 (Developmental Stud-
ies Hybridoma Bank, Iowa). Retinas were fixed in 4% paraform-
aldehyde for 24 h prior to processing, embedding in paraffin wax,
and immunohistochemical or in situ hybridization analysis.
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