The Drosophila p38 MAPK pathway is
required during oogenesis for egg
asymmetric development
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In mammalian cells, the p38 mitogen-activated protein kinase (MAPK) pathway is activated in response to a
variety of environmental stresses and inflammatory stimuli. However, the role of p38 MAPK signaling in
unchallenged conditions remains largely unknown. We have isolated mutations in a Drosophila p38 MAPKK
gene homolog, licorne (lic), and show that during oogenesis, lic is required in the germ line for correct
asymmetric development of the egg. In lic mutant egg chambers, oskar mRNA posterior localization is not
properly maintained, resulting in anteroposterior patterning defects in the embryo. Furthermore, lic
loss-of-function in the germ line leads to reduced EGF receptor activity in dorsal follicle cells and
ventralization of the egg shell. Both these defects are associated with a diminution of gurken protein levels in
the oocyte. Our phenotypic data argue for a role of lic in a post-transcriptional regulation of the grk gene.
Furthermore, they show that in addition to the well-characterized Ras/Raf/ERK MAPK pathway acting in the
follicle cells, another related signaling cascade, the p38 MAPK pathway, is required in the germ line for
correct axes determination. These results provide the first genetic demonstration of an essential function for a

p38 pathway during development.
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In metazoans, communication of cells with their imme-
diate and remote environment is crucial for pattern for-
mation, cell differentiation, and morphogenesis. All cell
types have their survival and fate depending on cell sig-
naling activities and most cells will experience activa-
tion by multiple signals that are transduced by distinct
pathways. Among these, the highly conserved mitogen-
activated protein kinase (MAPK) signaling cascade
emerges as a widely used pathway that is induced fol-
lowing exposure to many different extracellular and de-
velopmental stimuli (Davis 1994; Herskowitz 1995;
Kyriakis and Avruch 1996). Activation of MAPKs can
lead to an awesome variety of cell responses including
proliferation, differentiation, apoptosis, cell movement,
stress and immune responses (Duffy and Perrimon 1996;
Kyriakis and Avruch 1996; Symons 1996; Noselli 1998).
The apparent pleiotropic role of MAPK pathways relies
in part on the reiteration of a conserved module made of
two generic kinases, a MAPKK and its MAPK target
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(Cano and Mahadevan 1995; Kyriakis and Avruch 1996).
Based on genetic, structural and biochemical studies,
three main MAPK pathways can be distinguished, that
is, the ERK, JNK, and p38 pathways (Davis 1994; Vojtek
and Cooper 1995; Kyriakis and Avruch 1996).

Genetic studies in invertebrates have demonstrated
clearly an essential function for the ERK (extracellular
signal-related kinase) and JNK [Jun amino (N)-terminal
kinase)] pathways during development (for review, see
Dickson and Hafen 1994; Perrimon 1994; Noselli 1998).
In mouse, the recent knockout of the MKK4 gene indi-
cates an essential function for JNK signaling in verte-
brate development, as well (Yang et al. 1997). However,
although it has been shown that p38 signaling has a role
in apoptosis and is activated by many environmental
stress signals (Xia et al. 1995; Raingeaud et al. 1995,
1996; Han et al. 1997; Kawasaki et al. 1997; Kummer et
al. 1997; Frasch et al. 1998), a function for p38 signaling
in normal development has not yet been established.

To address this question, we performed interspecific
complementation in yeast to isolate a Drosophila p38
MAPKK gene, which we named Iicorne (lic). Both in
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yeast and in cell cultures, lic can activate vertebrate p38
specifically, suggesting that at least some components of
the p38 pathway are conserved in Drosophila. The iso-
lation and phenotypic analysis of Ilic mutations indicate
an essential and complex Iic function during oogenesis.
Here, we will focus on the role of Iic during oogenesis for
anterior—posterior (AP) and dorsal-ventral (DV) pattern-
ing of the egg.

In the fruitfly Drosophila, oogenesis provides a work-
able genetic model to study pattern formation and the
establishment of asymmetry in the egg. Each egg devel-
ops in a highly organized egg chamber containing 16
germ cells organized in a cyst, of which 1 will differen-
tiate into the oocyte. The germ-line cyst is surrounded
by somatic follicle cells, which are organized in a mono-
layer epithelium. The development of the so-called egg
chamber proceeds in several steps, including growth,
changes in shape, cell migration, and patterning events
(for a comprehensive review on oogenesis, see Spradling
1993). The polarity of the oocyte and the future embryo
depends on several cell communication events between
the germ line and the somatic tissues, which signal the
specific localization of few determinants at the anterior
[bicoid (bcd)], posterior [oskar (osk)], and dorsal [gurken
(grk)] regions of the developing oocyte (for review, see
Lehmann 1995; Ray and Schiipbach 1996).

Recent work has provided a unifying model in which
two inductive events originating from the oocyte and
directed toward the overlying follicle cells account for
the sequential establishment of AP and DV axis during
oogenesis (Gonzalez-Reyes et al. 1995; Roth et al. 1995;
for review, see Ray and Schiipbach 1996). The oocyte
signal is encoded by the TGF-a grk gene, whose products
are tightly associated with the nucleus and move from
an initial posterior to an anterodorsal position during
oogenesis. On its way to the anterodorsal corner, grk will
activate the epidermal growth factor receptor (EGFR)
first at the posterior and then at the dorsal side of the
dorsal follicle cells for their determination. One conse-
quence of posterior follicle cell determination is the
sending back of an as-yet unknown signal to the oocyte,
leading to microtubule repolarization, nucleus anterior-
ward migration and asymmetric localization of the ma-
ternal determinants bed, osk, and grk. When the oocyte
nucleus reaches the anterodorsal corner of the oocyte, a
second peak of grk activity determines dorsal follicle
cells fate; thus, the DV axis of both the eggshell and the
embryo (for review, see Ray and Schiipbach 1996; Ander-
son 1998). Despite this general view and the fact that
several gene products have been identified that partici-
pate in these dynamic events, the biochemical interac-
tions that take place are still poorly understood. In addi-
tion, genetic screens have revealed that several molecu-
larly uncharacterized genes may have a role in these
processes, leading to the notion that the development of
the egg chamber is more complex and requires additional
gene activities and regulatory mechanisms yet to be
identified (Ghabrial et al. 1998).

We show here that lic mutations provoke polarity de-
fects in the eggshell and embryo, as a result of reduced

licorne and p38 MAPK signaling during oogenesis

activity of two localized determinants, osk and grk. The
phenotypic similarities between lic and grk mutations
suggest that lic patterning defects arise from a reduction
of grk activity at the posterior and dorsal poles of the
oocyte, placing lic in a pathway required for post-tran-
scriptional regulation of grk. These data show that the
Drosophila p38 MAPK pathway is essential for oogenesis
and provide a new link between the p38 MAPK pathway
and asymmetric development that may be conserved in
other metazoans.

Results
Isolation of lic

The yeast hogl pathway mediates cellular responses to
an increase in external osmolarity (Herskowitz 1995).
Mammalian p38 has been shown to complement the
high osmolarity-sensitive growth phenotype of the hog1
MAPK mutant. This complementation is dependent on
the presence of pbs2, a MAPKK that functions as an up-
stream activator of hogl. These data suggest that the
pbs2 MAPKK is required for the activation of mamma-
lian p38 in yeast, raising the possibility that yeast could
be used to identify the Drosophila MAPKK(s) activating
p38.

We transformed a polymyxin B sensitivity (pbs) pbs2A
mutant (TM334; Fig. 1) expressing p38 with a Drosophila
c¢DNA library and screened for growth on medium con-
taining 1 m sorbitol (high osmolarity). We obtained a to-
tal of 20 transformants capable of growth in the presence
of sorbitol. Of these, six clones failed to restore high-
osmolarity resistance in the absence of p38 expression,
indicating that they suppressed the pbs2A mutation in a
p38-dependent manner. These six candidates defined
two classes, as determined by restriction enzyme analy-
sis, and we will focus here on one class representing
clones of a unique gene, which we named Iic (Fig. 1A).

lic encodes a Drosophila p38 MAPKK homolog

The complete sequence of a full-length lic cDNA shows
an ORF encoding a putative 335-amino-acid protein (Fig.
1C). This novel Drosophila protein is related to the
MAPKK family, with strongest sequence identity to hu-
man p38 activators MKK3 and MKKG6 (Fig. 1D; Dérijard
et al. 1995; Lin et al. 1995). The two known phosphory-
lation sites required for MAPKK activation are well con-
served in LIC, leading to the conclusion that Iic encodes
a Drosophila MAPKK of the p38 MAPKK family. Re-
cently, the Drosophila Genome Project and PCR-based
approaches allowed the identification of DMKK3, a Dro-
sophila homolog of human MKK3 and MKK6, and two
related p38 protein kinases (Han et al. 1998a,b). On the
basis of sequence identity and chromosomal location, we
conclude that DMKK3 and lic correspond to the same
gene.

Transformation of yeast with a kinase-negative form
of LIC (LIC-KN; see Materials and Methods), resulted in
the loss of complementation of the pbs2A osmolarity
phenotype, indicating that LIC kinase activity is re-
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Figure 1. Characterization of the lic gene. Complementation of a pbs2 deletion mutant in Saccharomyces cerevisiae using lic cDNA.
(A) Yeast strain TM334 (pbs2) was transformed with various plasmids as indicated. Transformants were streaked onto YPD plates
containing 1 M sorbitol and incubated at 30°C. (B) Yeast strain TM334 (pbs2) was transformed with empty vector (-) or an expression
vector for HA-LIC (+). Cells were treated with NaCl (0.5 M) for the indicated times. Immunoprecipitated complexes obtained with
anti-HA were used for in vitro kinase reactions with GST-p38-KN as a substrate (top). The amounts of immunoprecipitated HA-LIC
were determined with anti-HA (bottom). (C) Complete sequence of full-length lic cDNA (accession no. AJ238572) and a phylogenetic
tree showing the relationship between Ilic and other Drosophila and human MAPKKs. Jic is most homologous to the human MKK3

and MKK6 p38 activators (D).

quired for suppression of the pbs2A mutant phenotype
(Fig. 1A).

To further examine LIC kinase activity, LIC was pre-
pared as a glutathione S-transferase (GST)-LIC fusion
protein in bacteria and purified. GST-LIC did not appre-
ciably autophosphorylate or phosphorylate a catalyti-
cally inactive form of Xenopus p38 (GST-p38-KN; data
not shown), suggesting that LIC is inactive when ex-
pressed in bacteria. We then tested the kinase activity of
lic in yeast using influenza virus hemagglutinin-tagged
LIC (HA-LIC). Expression of HA-LIC complemented a
pbs2A mutant expressing p38 (data not shown), indicat-
ing that this fusion protein is biologically functional.
After exposure to osmotic shock, HA-LIC was immuno-
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precipitated from total cell extracts and lic activity was
determined by an in vitro kinase assay using GST-p38-
KN as a substrate. As shown in Figure 1B, LIC phos-
phorylated p38-KN, whereas immunoprecipitates from
yeast cells transformed with vector alone did not. Fur-
thermore, osmotic shock stimulated the kinase activity
of LIC in a time-dependent manner (Fig. 1B).

Taken together, these results demonstrate that LIC
functions as a p38 activator, suggesting that LIC is in-
volved in a p38 MAPK pathway in Drosophila.

Isolation of lic mutations

Iic is located on the X chromosome, in close proximity to



the hemipterous (hep) gene (11D1-2 on the cytological
map). hep encodes a MAPKK of the JNKK family in-
volved in epithelial morphogenesis during dorsal closure
of the embryo (Glise et al. 1995; Glise and Noselli 1997).
We took advantage of a P element inserted in the neigh-
boring hep gene to generate small genomic deletions re-
moving lic (see Materials and Methods). Screening of a
total of 348 excisions allowed the recovery of 10 lethal
double {hep, lic} mutants, as shown by complementation
tests using a combination of ubiquitin (UB)-hep (UBhep)
and UBIlic transgenes (see Materials and Methods). Ge-
nomic Southern analysis confirmed the genetic data, re-
vealing genomic deletions covering both genes (Fig. 2A;
data not shown). We will focus here on two representa-
tive and independent alleles, H6 and G24.

Northern blot analysis and whole-mount in situ hy-
bridization to embryos using a lic probe indicate a strong
maternal contribution (Fig. 2B; data not shown). In ova-
ries, Iic mRNAs are detected in the germ line from stage
7-8 onward (Fig. 2C). Expression is found in the nurse
cells and mRNA accumulates in the oocyte by stage 10—~
11, although clear mRNA accumulation in the oocyte is
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only visible in later stages (12 and later). Interestingly, in
the H6 and G24 double mutants, lic transcripts are not
detectable, indicating that these mutations correspond
to null or strong hypomorphic lic alleles (Fig. 2D). Ex-
pression of a lic cDNA under the control of the ub pro-
moter (UBlic construct) restores lic expression in mu-
tant ovaries (Fig. 2E), thus allowing maternal rescue of
the Iic mutations (see below).

lic affects DV and AP patterning

The maternal expression of lic led us to study its func-
tion using germ-line clonal analysis of {hep, lic} double
mutations (FLP-DFS technique; Chou and Perrimon
1992). To determine the phenotype(s) contributed by lic
mutations, we performed a comparative analysis of {hep,
lic} germ-line clones induced in females expressing ei-
ther UBhep, UBlic, or both UBhep and UBlic transgenes.
Cuticle preparations of embryos laid by {hep, Iic} or {hep,
lic; UBhep} germ-line clones (hereafter referred to as lic
embryos) showed novel and complex phenotypes, as
compared to those generated using a simple hep muta-

s

Figure 2. Molecular organization and expression of lic. (A) Genomic organization of the {hep, lic} locus. hep1 is a mobile P element
inserted in the hep 5’ untranslated region, and was used to generate double {hep, lic} mutant alleles by imprecise excisions. The lines
above the restriction map indicate the DNA lesions associated with five {hep, lic} alleles, as determined by Southern blot analysis. The
solid boxes indicate DNA deletions within the two adjacent EcoRI fragments covering hep and lic. Below the restriction map is
represented a schematic structure of full-length Ilic cDNA. Broken lines indicate the introns; solid boxes represent the coding region.
(E) EcoRI. lic is expressed throughout development at variable levels. Expression in early (0-2 hr) embryos indicates a maternal
contribution. The same blot was hybridized using a ribosomal gene probe (rpL17A) to assess mRNA levels. (C) In situ hybridization
to wild-type ovaries indicates germ-line expression in nurse cells from stage 7-8 onward. (D) In {hep, lic]H6 germ-line clones, lic
mRNAs are not detected. lic expression in the germ line can be restored using a UBIic transgene as shown in E.
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Figure 3. Chorion and cuticular phenotypes of
lic. Dark-field photographs of chorion (A,B) and
embryo cuticles (C-E) preparations of wild type
(A,C) and Iic eggs or embryos derived from homo-
zygous {hep, lic} germ-line clones (B,D,E). The cho-
rion in B shows a ventralized phenotype as stated
by fusion of dorsal appendages. (D) Partial deletion
of the A4 abdominal segment indicates a weak ab-
dominal segmentation defect. (E) In extreme cases,
the whole abdominal region is deleted and even-
tually replaced by a single large denticle band. The
terminal structures like the head skeleton and the
Filzkorpers are normal. Anterior is on the Ieft.

tion (Glise et al. 1995; data not shown). Most of the eggs
(80%-90%) appear not to be fertilized, are round in
shape, and show a smaller size than the wild type, sug-
gestive of incorrectly polarized eggs (Fig. 3B). In addition,
the dorsal appendages, which mark the dorsal anterior
region of the eggshell, are often shifted to a more dorsal
position (50%); in [(20% of the eggs, dorsal appendages
are fused, indicating a weak ventralization of the egg-
shell, reminiscent of some EGFR pathway hypomorphic
mutants like grk and the EGFR (Fig. 3B). Finally, analysis
of mutant egg chambers showed a highly penetrant
‘dumpless’ phenotype, that is, improper transfer of nurse
cell content into the oocyte at the end of oogenesis (data
not shown), a defect that may account for the reduced
size of laid eggs (see Figs. 3 and 4).

Cuticle preparations of developed embryos (10%-20%)
show variable but characteristic segmentation defects,
consisting in the progressive deletion of abdominal seg-
ments (ranging from a partial deletion of segment A4 to
a complete deletion of abdominal segments; Fig. 3D,E).
This phenotype is reminiscent of that of the posterior-
group genes, which control abdominal and pole cell de-
velopment (see below). Because of the presence of a
double mutation, some embryos show both a dorsal hole
(due to the dorsal closure function of hep) and a deleted
abdomen, indicative of an additive phenotype of the two
MAPKK mutations (data not shown). When clones are
induced in females expressing a UBhep transgene, the
dorsal opening is completely rescued, confirming the hep
origin of this phenotype. However, the unfertilized, ven-
tralized, and segmental defects remain. In contrast, in
embryos derived from {hep, lic; UBIlic} clones, the pro-
portion of unfertilized eggs decreases strongly (from 80%
to 30%), and eggshell ventralization defects or embry-
onic segmentation are no longer observed, even though
the proportion of developing embryos is greatly in-
creased.

These results indicate that the complex phenotypes
associated with {hep, lic} chromosomes, including unfer-
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tilization and patterning defects, are a specific effect of
Iic loss of function.

lic controls germ plasm assembly

lic embryos show a segmentation phenotype that is
reminiscent of the one produced by mutations in the
maternal posterior-group genes, including osk, vasa, and
nanos (for review, see St Johnston 1993; Rongo and
Lehmann 1996). Most of the posterior-group genes can
provoke both abdominal segmentation defects and a loss
of germ cells, a dual defect that is due to the common
localization of the posterior and germ cell determinants
in the posterior germ plasm.

Like several posterior-group genes, lic embryos lack or
have a strongly reduced number of pole cells, as shown
using Vasa and Nanos as markers (Fig. 4B,E; data not
shown). In Jic mutants, Vasa protein fails to be accumu-

A B C
wt 92% hep, lic:UBlic/+ 60%
D E F

¢ Y
hep, lic 87% hep, lic 12%

Figure 4. [ic mutations affect pole plasm assembly. Immuno-
staining of wild-type (4,B), {hep, lic} (D-F), and {hep, lic; UBlic}
(C) embryos using an anti-vasa antibody. In wild type, the vasa
protein is localized in a posterior crescent in early embryos (A)
and becomes incorporated into the pole cells once they form (B).
In lic mutant embryos, no (D) or little (F) vasa is present at the
posterior pole, and no pole cells form (E). These defects are due
to a loss of lic function, as expression of a lic cDNA in the germ
line using a UBlic transgene can restore vasa expression and
posterior localization (C). Anterior is on the left.



lated at the posterior pole in most embryos (67%; Fig.
4D), although in some cases weak staining is observed
(17%; Fig. 4F). The defective posterior plasm and pheno-
types lacking germ cells are observed in both {hep, Iic}
and {hep, lic; UBhep} embryos. In contrast, expression of
lic in the germ line ({hep, lic; UBlic}) can restore normal
Vasa staining and pole cell formation (Fig. 4C). We thus
conclude from these experiments that most lic eggs (in-
cluding a large proportion of unfertilized eggs) have a
defect in germ plasm assembly.

Iic has a role in abdominal segmentation, proper vasa
protein and nanos mRNA localization at the posterior
pole, and formation of the pole cells. These results sug-
gest that Jic also has a role in germ plasm assembly.

lic is required for the maintenance of osk mRNA
localization during oogenesis

The assembly of the germ plasm takes place during oo-
genesis and proceeds in several steps leading to the suc-
cessive posterior localization of many different compo-
nents (for review, see St Johnston 1993; Rongo and
Lehmann 1996). A pivotal step in this process is the lo-
calization of the osk mRNA to the posterior pole of the
oocyte in stage 8-9 egg chambers, which is the basis for
the recruitment and assembly of downstream compo-
nents like vasa and nanos. In lic germ-line clones, both
osk mRNA expression and early posterior localization
appear normal until stage 8 of oogenesis (data not
shown). However, in stage 9 and older egg chambers, the
osk mRNA is mislocalized, diffusing in the whole oocyte
in a gradient from the posterior to the anterior pole (Fig.
5C). In later stages, osk transcripts are barely detectable,
indicating that diffusion proceeds continuously in mu-
tant egg chambers (Fig. 5D). A similar phenotype is ob-
served in some osk missense mutants (known as the de-
localizing alleles; Ephrussi et al. 1991; Kim-Ha et al.
1991), suggesting a role of Osk protein in the anchoring
of its own mRNA at the posterior pole. Staining of lic
mutant egg chambers using an anti-Osk antibody did not
allowed detection of any reduction in Osk protein accu-
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mulation, thus indicating that lic affects osk mRNA lo-
calization independently of Osk translation (data not
shown).

In some lic egg chambers, the mislocalized osk
mRNAs also seem to partly accumulate in a more cen-
tral position (Fig. 6D), reminiscent of the position of osk
transcripts in mutants that have not reorganized the mi-
crotubules like EGFR pathway mutants. This result sug-
gests that lic oocytes are not completely repolarized.
However, we have not been able to detect any defect in
the positioning of the nucleus, nor in the localization of
a kinezin-lacZ microtubule-associated motor protein fu-
sion (data not shown; Clark et al. 1994), suggesting that
osk mislocalization is a more sensitive assay and lic de-
fects are weak.

The correct localization of osk RNA at stage 8 and its
later diffusion indicate that lic affects the maintenance
of osk mRNA asymmetric localization in the oocyte (an-
choring) rather than the mechanism of localization per
se, most likely as a result of incomplete polarization
along the AP axis.

lic affects grk activity

In addition to its requirement in AP patterning, lic mu-
tations also affect the DV axis, as evidenced by ventral-
ization of the eggshell (Fig. 3B). One important event in
DV patterning is the correct localization of the grk ligand
on the future dorsal side of the oocyte (see introductory
paragraphs), a position that depends on the correct local-
ization of the nucleus in the oocyte. Because we never
observed mislocalized nuclei in lic mutant oocytes, lic
DV defects are not likely to be the result of inappropriate
nucleus migration or microtubule polarization. We thus
asked whether the grk determinant itself might be af-
fected in lic mutants. In situ hybridization using a grk
probe did not detect any defect, suggesting that expres-
sion and localization of the grk mRNA are normal in Jic
mutant oocytes. However, immunostaining of egg cham-
bers using an anti-Grk antibody showed reduction (15%
at stage 10) or mislocalization ([(56%) of grk protein (Fig.

Figure 5. Iic is required for the maintenance of osk
mRNA posterior localization in the oocyte. In situ hybrid-
ization of wild-type (A,B) and lic mutant (C-E) oocytes at
stages 9 (A,C,D) and 12 (B,D) of oogenesis. (A,B) In wild
type, osk mRNA is localized posteriorly in the oocyte un-
til the end of oogenesis. (C) In lic mutant egg chambers,
osk mRNA normally localizes at the posterior pole of the
oocyte but is not properly maintained and diffuse toward
more anterior regions. (Arrowhead in D) In some cases,
osk mRNA also accumulates centrally. (Arrowhead in E)
osk transcripts are barely detectable in stage 12 oocytes,
indicating that diffusion of osk proceeds continuously
throughout oogenesis. Anterior is on the left.
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Figure 6. lic controls grk activity in mid-oo-
genesis. Immunostaining of wild-type (A) and
lic (D,G) stage 9 oocytes using an anti-grk an-

tibody (lateral views; dorsal is up). (D) In mu- [A
tant oocytes, grk protein is mislocalized. The
egg chamber in G represents the most extreme
localization defect that we have observed.
B-Galactosidase staining of wild type (B) and lic
(E,H) stage 10 egg chambers shows kek expres-

sion in the dorsal region of the follicle cells
(45%; n =49). Note that in lic mutants, kek
expression is affected, both in terms of levels
and shape of the expression domain. In rare
cases, kek expression is expanded laterally and
ventrally, suggesting a dorsalization of the fu-
ture egg chorion (I; <5%). (C,F,I) The chorion
phenotypes corresponding to grk and kek ex-
pression patterns in wild-type (C) and lic egg
chambers (F,I; 50% and <1%, respectively;
n=219). B, C, E, F, and I are dorsal views. H is
a lateral view, with dorsal up. For all panels,
anterior is on the left.

6D,G). To further characterize a loss of grk activity in lic
oocytes, wild-type and mutant ovaries were stained us-
ing a kekon (kek)-lacZ reporter construct. The kek gene
is a target of the EGFR in the follicle cells and thus
serves as an indirect and sensitive assay to measure grk
activity in the oocyte. In wild-type egg chambers, kek is
expressed in dorsal follicle cells in a characteristic graded
pattern reflecting both the intensity and localization of
the underlying grk signal (Fig. 6C; Musacchio and Perri-
mon 1996; Sapir et al. 1998). In (0% stage 10 lic mutant
egg chambers, kek expression is reduced dramatically, as
shown by a reduction in the number of responding fol-
licle cells and a change in the shape of the kek expression
domain (Fig. 6E). In rare cases (<5%), we also observed an
expansion of the kek signal in more lateral and ventral
positions, an observation that might suggest a partial
delocalization of grk activity in the oocyte. Consistent
with this result, dorsalization of the chorion was ob-
served in very rare cases (<1%; Fig. 6I).

Thus, lic loss of function in the germ line reduces
EGFR activity in the dorsal follicle cells, most likely as
a result of a reduction of grk activity in the oocyte.

Discussion

We report here the isolation and genetic analysis of Iic, a
Drosophila member of the family of p38 MAPKKs. Our
data show that a novel, germ-line-specific MAPK path-
way is required during oogenesis in several processes,
including having an important role in the patterning of
the egg. This is the first genetic demonstration of an
essential function for a p38 MAPK pathway in develop-
ment.

p38 MAPK pathway in Drosophila

The discovery of several related MAPK pathways in eu-
karyotes raises the important question of their respec-
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tive role during development. To address this question
genetically, we have identified members of the MAPKK
family in Drosophila (Glise et al. 1995; this study). Here,
we show that a novel MAPKK gene, lic/DMKKS3, en-
codes p38 MAPKK most homologous to the human
MKK3 and MKK6 genes. Using heterologous comple-
mentation in yeast, we show that lic is a p38 MAPKK
capable of activating vertebrate p38 substrates. In addi-
tion, other experiments conducted in vitro and in cell
cultures have shown that DMKK3/LIC can phosphory-
late the two Drosophila Dp38a and Dp38b proteins. Al-
together, these experiments show that a p38 pathway
exists in Drosophila (Han et al. 1998a,b). In addition,
these data indicate that, as in mammals, at least three
different MAPK pathways exist in Drosophila (ERK,
JNK, and p38), making this organism unique for studying
MAPK signaling by genetic means.

The lic/Dp38K and hep/DJNKK genes are clustered in
the same locus, suggesting that these related genes may
have a common ancestral origin. Studies in mammalian
cells have shown that p38 and JNK pathways can be
activated by identical stress stimuli (for review, see
Kyriakis and Avruch 1996), indicating that these related
pathways might also work together in some develop-
mental processes. However, our functional analysis of
hep and {hep, lic} mutants show that each JNKK and p38
MAPKK gene has derived specific functions, leading to
specific loss-of-function phenotypes. hep controls mor-
phogenesis of the lateral ectoderm during dorsal closure
of the embryo, without affecting AP patterning (Glise et
al. 1995; Glise and Noselli 1997). As shown here, Iic loss
of function mutations affect asymmetric development
during oogenesis, with phenotypic consequences on DV
and AP patterning of the eggshell and the embryo. Be-
cause lic and hep are involved in different processes and
the double mutant leads to additive phenotypes, it thus
appears that in Drosophila the JNK and p38 MAPK path-
ways act independently during embryonic development.



However, it is still possible that, as in vertebrates, stress-
ful stimuli may be able to activate both Drosophila p38
and JNK pathways, an issue that can now be addressed
genetically using lic and hep mutations.

The requirement for Jic function in the oocyte raises
the question of how p38 is activated. lic phenotypes are
observed in a peculiar cell, the oocyte, whose nucleus is
mostly transcriptionally silent (Spradling 1993). So far,
all MAPK pathways have been shown to modulate gene
activity in response to several stimuli. If Jic does regulate
transcription in the germ line, then a likely possibility is
that these nuclear events take place in the nurse cells
and that newly expressed gene products are transmitted
to the oocyte through the ring canals. This may repre-
sent a unique and novel mechanism of MAPK signaling.

One puzzling observation is that the polarity defects
associated with lic mutations are not fully penetrant
(80% of embryos show vasa localization defects; 50% of
egg chorions show a ventralization phenotype), despite
the fact that the lic mutants described here are likely to
be null alleles. Although variable phenotypes are com-
monly observed among oogenesis genes, their origin is
not well understood. In the case of Iic, which belongs to
the stress-activated family of MAPK pathways (Xia et al.
1995; Raingeaud et al. 1995, 1996; Kyriakis and Avruch
1996; Kawasaki et al. 1997; Kummer et al. 1997), it is
possible that its loss of function will become more dra-
matic in stressful conditions, a view that is in part sup-
ported by the fact that lic phenotypes are cold sensitive
(data not shown). Another, nonexclusive possibility is
that partial redundancy may occur. This is supported by
the fact that two different Drosophila p38-encoding
genes have been identified, Dp38a and Dp38b (Han et al.
1998a,b), a situation that is unique in flies, as only one
MAPK was identified that functions in the other ERK
and JNK pathways. Given that only one p38 activator
gene has been cloned so far (lic/DMKK3), we cannot ex-
clude the existence of another related function, and/or
the possibility that lic may only activate one Dp38
MAPK in vivo. A way to address these issues will be to
compare Dp38a and Dp38b single and double mutant
phenotypes, once these will be available.

p38 and ERK MAPK pathways interact
during oogenesis

A series of elegant genetic studies have demonstrated a
clear link between AP and DV axis establishment and
the activation of the EGFR in specific follicle cells.
These patterning activities rely on cell communication
between two different cell populations in the egg cham-
ber, the germ-line cyst and the surrounding somatic fol-
licle cells (Gonzalez-Reyes et al. 1995; Roth et al. 1995;
for review, see Ray and Schiipbach 1996). EGFR activa-
tion in the follicle cells is triggered by the activity of grk
in the underlying oocyte, and farther downstream signal
transduction is mediated by the well-characterized ras/
raf/ERK MAPK pathway (Wasserman and Freeman 1998;
for review, see by Ray and Schiipbach 1996). Here, we
show that the p38 MAPK pathway also participates in
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asymmetric development of the egg chamber. Interest-
ingly, ERK and p38 signaling are not active in the same
cells, as Iic function is restricted to the germ line,
whereas ERK is only active in the follicle cells. The loss
of function of Iic or ERK lead to similar DV phenotypes,
suggesting an interaction between these two MAPK
pathways (see below). This view is well supported by the
observation that grk activity and localization are affected
in lic mutants (Fig. 6). Altogether, our results indicate
that patterning of the egg relies on the activation of both
the p38 and ERK pathways, representing the first ex-
ample of cell communication based on activation of two
different MAPK pathways in two distinct and apposing
cell types (Fig. 7).

The observation that both axes are affected in lic mu-
tants and that the phenotypes resemble in part those of
weak grk mutants is very suggestive of a common origin
for these defects, that is, a reduced grk activity not only
on the dorsal side, as reported here, but also at the pos-
terior pole. osk mislocalization in Iic mutants is remi-
niscent of what can be observed in a weak allele of the
gene encoding the grk receptor (EGFR; Gonzalez-Reyes
et al. 1995; Roth et al. 1995; T. Schiipbach, pers. comm.).
Although grk mRNA localization appears normal in lic
egg chambers, we observed changes in grk protein local-
ization and levels that correlate well with reduced kek
activity in the dorsal follicle cells (Fig. 6). These results
indicate that lic is required for correct GRK post-tran-
scriptional regulation, at least on the dorsal side of the
oocyte. We propose that lic also affects grk activity at the
posterior pole of the oocyte, with consequences on the
maintenance of osk mRNA localization (Fig. 5). Interest-
ingly, several genes have been shown to be involved in
the control of grk mRNA or protein localization and grk
translation [aubergine (aub); cornichon (cni); encore;
K10; maelstom; okra; orb; spinB; spinD; vasa; Roth et al.
1995; Neuman-Silberberg and Schiipbach 1996; Wilson
et al. 1996; Clegg et al. 1997; Hawkins et al. 1997; Ghab-
rial et al. 1998; Styhler et al. 1998; Tomancak et al.
1998), thus defining a pathway that is important for post-
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Figure 7. Model of p38 MAPK pathway function during oogen-
esis. The germ line (nurse cells and the oocyte), the site of lic/
p38 activity, is shaded; dots show the sites of EGFR activity in
the follicle cells (posterior and dorsal). (See Discussion for de-
tails.)
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transcriptional regulation of grk and subsequent EGFR
signaling. In these mutants, aspects of grk function are
altered, leading to AP and DV defects reminiscent of
those observed in lic. However, in contrast to grk, EGER,
and the upstream grk regulators mentioned above, lic
mutations appear not to affect DV patterning of the em-
bryos as assayed using the mesodermal marker twist
(data not shown). This might argue for a more specific
role of Iic in DV patterning. Alternatively, it might re-
flect the partial redundancy discussed above and the
weaker effect of lic on grk activity and patterning. For
example, posterior osk mislocalization defects can be
classified as weak as compared to strong grk, EGFR, cni,
encore alleles: in lic, osk mRNA showed diffusion and
central localization (Fig. 5), but osk transcripts are local-
ized correctly at the posterior pole at stage 9, indicative
of a weak polarization phenotype. Also, bcd and a Kin-
ezin-LacZ fusion protein were localized correctly in Iic,
whereas in strong EGFR pathway mutants, bcd mRNA
can be found at the posterior pole and the Kinezin-LacZ
fusion at the center of the oocyte, like osk. Altogether
our data thus argue for a role of lic in a post-transcrip-
tional pathway regulating grk activity in the entire oo-
cyte. However, and although Iic does not affect osk
translation (data not shown), we cannot rule out the pos-
sibility that lic may also affect anchoring of the osk
mRNA at the posterior pole independently of the grk
signal.

In vertebrates, few members of the p38 MAPK path-
way have been identified, including the transcription
factors ATF-2 (Dérijard et al. 1995; Rainjeaud et al. 1995)
and MEF2 (Han et al. 1997), the MAPK/AP2 protein ki-
nases and the Hsp25/Hsp27 proteins (Freshney et al.
1994; Rouse et al. 1994). The finding that p38 phosphory-
lates the small heat shock protein Hsp27 in rat ovarian
granulosa cells for their rounding/aggregation (Maizels
et al. 1998) provides a link between granulosa cells and
Drosophila oogenesis development that will be interest-
ing to investigate. Interestingly, Drosophila Hsp27 is ex-
pressed in nurse cells and the oocyte in a dynamic pat-
tern, suggesting that regulatory events occur to modu-
late Hsp27 localization in the absence of heat shock
(Marin and Tanguay 1996).

In conclusion, understanding how grk is activated to-
gether with the isolation of additional new members of
the p38 pathway will provide a way to address specific
models and gain access to the mechanisms whereby the
p38 MAPK cascade regulates localized determinants dur-
ing oogenesis.

Materials and methods

Genetics

A description of genetic markers and chromosome balancers
can be found in Lindsley and Zimm (1992). The P-element hep1
insertion was mobilized using a stable source of P transposase,
as described previously (Glise et al. 1995). A total of 348 inde-
pendent excision events were selected and tested for X-linked
lethality. Seventy-five lethal lines were recovered, and genetic
rescue experiments were performed using UBhep, UBlic, or a
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combination of UBhep and UBIlic transgenes. This approach
allowed the identification of three different lethal groups: 63
corresponded to novel hep mutations, as expected of a starting
P element located within the 5" UTR of hep; 10 corresponded to
double {hep, lic} mutations, as indicated by their unique require-
ment of both UBhep and UBIlic transgenes to be rescued; 2
corresponded to lethal mutations that are not rescued by any
combination of UBhep and UBIic transgenes, and thus repre-
sent deletions that may remove additional gene(s).

Homozygous germ-line clones for {hep, lic} were induced us-
ing the FLP-DFS technique (Chou and Perrimon 1992), as de-
scribed previously (Glise et al. 1995). For maternal rescue of
{hep, lic} double mutant germ-line clones were induced in fe-
males carrying either UBhep (y w hep lic FRT101/y w ovoD1
FRT101; UBhep/MKRS, HS-flp), UBlic (y w hep lic FRT101/y
w ovoD1 FRT101; UBlic/MKRS, HS-flp) or a combination of
UBhep and UBlic transgenes (y w hep lic FRT101/y w ovoD1
FRT101; UBhep, UBlic/MKRS, HS—flp).

Immunohistochemistry and in situ hybridization

Staining of embryos and egg chambers were performed as in
Lasko et al. (1990) and Glise and Noselli (1997).

Molecular biology and yeast expression

Screening of Drosophila genes in yeast Yeast strains TM334
(MATa pbs2::HIS3 ura3 leu2 trp1 his3) expressing mammalian
p38 was transformed with a Drosophila ¢cDNA library con-
structed in the yeast expression vector pDB20, in which expres-
sion of the cDNA is under the control of the ADHI promoter.
Osmoresistant transformants were selected by growing on YPD
plates containing 1 M sorbitol.

Construction of HA-lic The yeast expression vector for HA
epitope-tagged lic was constructed by inserting a 1.0-kb BamHI-
EcoRV fragment containing the full-length lic cDNA into the
BamHI-Smal sites of pRS316-GAL-HA. The HA epitope rec-
ognized by the monoclonal antibody 12CA5 was attached in-
frame to the DNA encoding the amino terminus of lic. The
HA-lic construct was expressed from the GAL1 promoter.

Assays for kinase activity in yeast cells Yeast cell extracts
were prepared with a lysis buffer solution as described in Irie et
al. (1994) and centrifuged for 30 min at 100,000g. The superna-
tant was subjected to immunoprecipitation with antibody to
HA and the immune complexes were assayed for kinase activ-
ity. The activities of immunoprecipitated lic were assayed by its
ability to phosphorylate recombinant GST-tagged catalytically
inactive (KN) p38 (GST-p38-KN).

The UBhep construct has been already described (Glise et al.
1995). The UBIlic construct was made by introducing a 4.5-kb
Notl fragment containing UBlic cDNA-Hsp70 3’ UTR into the
Notl site of the pCaSpeR4 transformation vector. Several inde-
pendent UBlic transgenic lines were tested and showed rescue
of lic zygotic lethality.
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