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P38 mitogen-activated protein kinase (p38) has been extensively studied as a stress-responsive kinase, but
its role in development remains unknown. The fruit fly, Drosophila melanogaster, has two p38 genes, D-p38a and
D-p38b. To elucidate the developmental function of the Drosophila p38’s, we used various genetic and phar-
macological manipulations to interfere with their functions: expression of a dominant-negative form of D-p38b,
expression of antisense D-p38b RNA, reduction of the D-p38 gene dosage, and treatment with the p38 inhibitor
SB203580. Expression of a dominant-negative D-p38b in the wing imaginal disc caused a decapentaplegic
(dpp)-like phenotype and enhanced the phenotype of a dpp mutant. Dpp is a secretory ligand belonging to the
transforming growth factor (3 superfamily which triggers various morphogenetic processes through interaction
with the receptor Thick veins (Tkv). Inhibition of D-p38b function also caused the suppression of the wing
phenotype induced by constitutively active Tkv (Tkv“*). Mosaic analysis revealed that D-p38b regulates the
Tkv-dependent transcription of the optomotor-blind (omb) gene in non-Dpp-producing cells, indicating that the
site of D-p38b action is downstream of Tkv. Furthermore, forced expression of Tkv®* induced an increase in
the phosphorylated active form(s) of D-p38(s). These results demonstrate that p38, in addition to its role as

a transducer of emergency stress signaling, may function to modulate Dpp signaling.

The mitogen-activated protein kinase (MAPK) is a con-
served eukaryotic factor which is integral to various signal
transduction pathways. Three subgroups of the MAPK super-
family have been identified (5, 12, 33, 41): the extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK,
also referred to as stress-activated protein kinase [SAPK]), and
p38 (also called Mpk2). MAPKs are activated through phos-
phorylation by specific MAPK kinases (MAPKKSs), which are
themselves phosphorylated and activated by specific MAPKK
kinases (MAPKKKSs), thus comprising a series of separate
MAPK cascades. The ERK cascade plays a central role in the
transduction of mitogenic signals and regulation of develop-
ment, while the JNK and p38 cascades have been implicated in
the responses to stresses and inflammation. To elucidate the
developmental functions of MAPK cascades, we have used the
fruit fly, Drosophila melanogaster, an excellent organism for the
study of cell signaling pathways through genetic analysis (2).
All three types of MAPK have been identified in Drosophila:
an ERK homolog, Rolled (RI [4, 10]), a Drosophila homolog of
JNK (DJNK [46, 50]), and Drosophila homologs of p38 (D-
p38a and D-p38b [23, 24]).

The pleiotropic functions of Rl in development have been
extensively characterized (4, 10, 16, 17). Rl is expressed in most
tissues and mediates various receptor tyrosine kinase (RTK)-
initiated morphogenetic and mitogenic signaling events through-

* Corresponding author. Mailing address: Laboratory of Develop-
mental Biology, Division of Biological Science, Graduate School of
Science, Nagoya University, Chikusa-ku, Nagoya 464-8602, Japan.
Phone: 81-52-789-5039. Fax: 81-52-789-2511. E-mail: adachi@bio
.nagoya-u.ac.jp.

2322

out development. At least five RTKs, Btl (Breathless, a Dro-
sophila homolog of fibroblast growth factor [FGF] receptor),
DER (Drosophila homolog of epidermal growth factor [EGF]
receptor), Htl (Heartless, another Drosophila homolog of FGF
receptor), Sev (Sevenless, a Drosophila homolog of c-ros), and
Tor (Torso), are known to activate the Rl cascade in the
processes of tracheal elaboration, cell proliferation, meso-
dermal patterning, R7 photoreceptor cell differentiation, and
differentiation of embryonic terminal structures, respectively.
Furthermore, immunohistochemical experiments using an an-
tibody against the phosphorylated form of Rl (16, 17) revealed
an unexpected spatiotemporal pattern of distribution, which
could not be accounted for by known RTK pathways.

Recent studies on DJNK have demonstrated its role in cell
morphogenesis during dorsal closure in the embryo (18, 19, 27,
46, 47, 50). An unknown trigger activates DJNK cascade in the
leading-edge cell of the epithelial cell sheet, which in turn
induces cell shape changes and maintenance of production of
Decapentaplegic (Dpp [43]), a secretory ligand belonging to
the transforming growth factor B (TGF-B) superfamily. Both
responses, i.e., cell shape changes and maintenance of Dpp
production, are required for cell sheet movement prior to
dorsal closure. As has been well investigated for mammalian
JNK, DINK is also activated by stress-inducing and inflamma-
tory stimuli, such as UV irradiation and lipopolysaccharide
(LPS).

The role of D-p38’s in inhibiting antimicrobial peptide pro-
duction in cultured cells has been reported recently (24). Like
mammalian p38 and the yeast homolog HOG1, D-p38’s are
also activated by stress-inducing and inflammatory stimuli,
such as UV irradiation, high osmolarity, heat, serum starva-
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tion, H,O,, and LPS (23, 24). D-p38a and D-p38b function
redundantly in these responses. However, the possible role of
D-p38’s in development has remained unknown. Here we show
that D-p38b functions in mediating Dpp signaling in wing mor-
phogenesis. Expression of a dominant-negative mutant of D-
p38b resulted in a dpp-like wing aberration in wild-type flies
and enhanced the aberrant wing phenotype of a dpp mutant.
Moreover, inhibition of D-p38b function by various means
resulted in the suppression of the phenotype caused by expres-
sion of a constitutively active Dpp receptor. D-p38b was also
found to be involved in controlling Dpp-dependent transcrip-
tion and was activated by signaling from constitutively active
Dpp receptor.

MATERIALS AND METHODS

Complementation of the yeast MAPK hogl A mutant. A Saccharomyces cerevi-
siae hogl A::LEU2 strain (7) was transformed with various plasmids. Transfor-
mants were streaked onto yeast extract-peptone-dextrose (YPD) plates contain-
ing 0.9 M sorbitol and were incubated at 30°C (see Fig. 1).

Establishment of transgenic flies. The UAS-D-p38b“"s¢"s¢ construct was
made by inserting the full-length D-p38b cDNA inverted in the P element vector
pPUAST (6). UAS-tkv“* and UAS-tkv* constructs were made by using the cDNA
encoding the short isoform of Tkv (42). Transformation was carried out as
described elsewhere (2).

Clonal analysis of omb expression in the AyGAL4 system. AyGAL4 designates
a transgene consisting of Actin5C promoter-yeast FLP recombinase target
(FRT)-transcriptional termination signal-yellow "-FRT-GAL4 (28). Larvae car-
rying both the AyGAL4 and hsFlp (yeast FLP recombinase gene driven by the
heat shock promoter) transgenes were produced. GAL4-expressing clones were
induced by heat treatment (at 37°C for 30 min) 48 to 72 h after egg laying, and
omb expression was observed 48 h later (see also the legend to Fig. 6B).

Immunoprecipitation by anti-p-Tyr antibody. Drosophila extract preparation
and immunoprecipitation methods were essentially as described previously (29).
Three volumes of extraction buffer were added to flies pulverized in liquid N,.
Anti-phosphotyrosine (anti-p-Tyr) antibody (4G10) was purchased from Upstate
Biotechnology Incorporated. Immunoprecipitates from extracts equivalent to 25
individuals were loaded in each lane for electrophoresis.

Western blot analysis of Drosophila extracts. Extracts were prepared in the
presence of 4% sodium dodecyl sulfate (SDS) as described elsewhere (4). Extract
from the equivalent of 0.2 individual per lane was loaded for electrophoresis and
then subjected to Western blotting. Anti-D-p38b antibody was prepared by
immunization of a rabbit with recombinant glutathione S-transferase (GST)-D-
p38b fusion protein.

Nucleotide sequence accession number. The DDBJ accession no. for D-p38b
cDNA is AB006364.

RESULTS

Identification and characterization of D-p38b. Mammalian
p38 has been shown to complement the high-osmolarity-sen-
sitive growth phenotype of the budding yeast #0gl A mutant (7,
22). To isolate the cDNA for the Drosophila homolog of p38,
we conducted genetic screens to isolate suppressors of the
hogl A mutation (36). A total of 16 positive clones were ob-
tained and assigned to two classes (Fig. 1). The cDNAs from
one class were identical to DINK (46, 50). cDNAs from the
other class were identical to D-p38b, recently reported to be
the Drosophila homolog of p38 (24) based on the genomic
sequence deposited by the Berkeley Drosophila Genome
Project. We subsequently carried out hybridization screening
with another ¢cDNA library (8) to obtain a longer D-p38b
cDNA clone. Comparison of the cDNA and genomic se-
quences revealed that the D-p38b gene is organized into two
exons, although its coding region is continuous within a single
exon (Fig. 2A). The D-p38b locus was mapped to the 34D
region on the second chromosome by in situ chromosomal
hybridization (Fig. 2B), whereas the D-p38a locus was reported
to map to the 95E4-t0-95F1 region on the third chromosome
(24). Expression of D-p38b is known to occur in most of the
tissues throughout the Drosophila life span (1, 24).

Inhibition of D-p38 function leads to induction of a dpp-
related wing phenotype. The chromosomal region around the

p38 FUNCTION IN Dpp SIGNALING 2323

0.9 M sorbitol

FIG. 1. Complementation of the S. cerevisisee MAPK hogl A mutant by Dro-
sophila members of the MAPK superfamily. The D-p38b* clone clearly comple-
ments the high-osmolarity (0.9 M sorbitol)-sensitive growth phenotype of the
hogl A mutant, while the DJNK™ clone does so only weakly. The RI™ clone fails
to complement this phenotype. When the TGY sequence of D-p38b, a putative
MAPKK phosphorylation site, was mutated (T183A and Y185F), complemen-
tation was abolished.

D-p38b locus has been well characterized genetically (53).
However, the D-p38b™ transgene was unable to rescue any of
the known mutations mapping to this region [/(2)34Da (kuz),
[(2)34Db, and [(2)34Dc]. Likewise, attempts to isolate a mutant
of D-p38b from 3,000 chromosomes mutagenized by ethyl
methanesulfonate were unsuccessful. These failures were pos-
sibly due to the functional redundancy of the two p38
homologs. We therefore used methods to interfere with en-
dogenous D-p38(s) in order to investigate its function. A dom-
inant-negative allele of D-p38b, designated D-p38b™Y, was gen-
erated by replacing the Thr-183 of the MAPKK target site with
Ala, analogous to the change in ERK2 which produces a dom-
inant-negative allele (44). This recombinant mutant protein
lost its ability to suppress the yeast 7og/A mutant phenotype
(Fig. 1).

Expression of D-p38 was induced in a wild-type back-
ground by using the GAL4-upstream activation sequence
(UAS) system (6). We isolated two lines which express
D-p38bPN at different levels: D-p38b°NS (Strong), which ex-
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FIG. 2. Exon organization and mapping of the D-p38b gene. (A) Exon or-
ganization of the D-p38b gene. Two exons are indicated by boxes. The coding
region is filled. Nucleotide 1 is assigned to the 5’ end of the longest D-p38b
c¢DNA. (B) In situ chromosomal hybridization. Salivary gland polytene chromo-
somes were derived from the hemizygote of Df(2L)b82a2 which had lost the
region from 34D1 to -2 through 34E1 to -2 (37). The hybridization signal (arrow)
was observed at the 34D region. This region expands somewhat owing to the
compression caused by pairing of the wild-type chromosome with the deficiency
chromosome. The method used for digoxigenin-labelled in situ hybridizations
has been described previously (2).
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FIG. 3. Effect of D-p38bPN on wing phenotype. (A) Wild-type Canton-S. L2, L3, L4, and L5 indicate the four longitudinal veins. (B) An individual expressing high
levels of D-p38bPN. The distance between L4 and LS5 (double-headed arrow) is reduced, similar to what is seen in the dpp mutant (panel C). Ectopic veins around distal
L2 (arrow) are reminiscent of those in various tkv mutants (see panel D) (13, 37, 45). A notched wing margin is occasionally observed with other dpp alleles (see panel
F). (C) An example of a very hypomorphic dpp allele (dpp®/dpp™>”) (37). (D) An example of a hypomorphic tkv allele (tkv7/tkv*?”). (E) A dpp mutant expressing

moderate levels of D-p38bPN

(9) (see panel F). (F) An example of a severe dpp allele (dpp®/dpp"°) (37).

presses high levels, and D-p38bP™W (Weak), which expresses
low levels. When two copies of the D-p38b”"S transgene were
expressed in the wing by using two copies of the 32B-GAL4
enhancer trap transgene (6), a certain fraction of adult flies
that escaped death exhibited ectopic vein fragments around
the end of the longitudinal vein L2 and a reduction in the
distance between L4 and L5 (Fig. 3B). Both of these features
were also observed with some mutant alleles of dpp (Fig. 3C)
and tkv (thick veins [Fig. 3D]), a gene encoding a type I recep-
tor for Dpp (9, 39, 42, 45). This wing phenotype was rescued
by coexpression of the D-p38b™ transgene but not by coex-
pression of a DJNK™ transgene (1), indicating that the effect
of D-p38bP" expression is specific. When two copies of the
D-p38bPN-S transgene were weakly expressed in the wing of a
dpp mutant by using one copy of the 32B-GAL4 transgene, the
vein phenotype of dpp was strongly enhanced (Fig. 3E). These
phenotypes suggest the involvement of D-p38(s) in Dpp func-
tion in the early and late stages of wing pattern development.
Dpp is known to play a dual role during wing development,
acting as a morphogen (34, 40) and mitogen (14) in the early
stage, while activating vein differentiation in the late stage (13).

Involvement of D-p38b in a Dpp-Tkv signaling pathway
leading to vein formation. To examine whether D-p38(s) func-
tions in the Dpp signaling pathway, we tested the genetic in-
teraction between D-p38(s) and a constitutively active mutant
of Tkv (Tkv“?), in which a Gln in the GS domain has been
replaced by an acidic residue (34, 40, 52). Two classes of tkv*
insertions, tkv“*S (Strong) and thv“*" (Weak), were used.
When tkv©*-S was driven by 71B-GAL4 (6), normal wing ve-
nation was severely distorted and extensive production of frag-
ments of vein material was observed (Fig. 4A) (13). The ab-
dominal-cuticle pattern also appeared irregular (1). This wing
phenotype suggested that Tkv® may influence Dpp action
during vein formation. Ectopic coexpression of dpp ™ and thkv*
under the control of 7/B-GAL4 caused similar phenotypes (1),
indicating that these Tkv“*-induced aberrations were indeed
the result of an increase in Dpp signaling. We thus expected
that reducing the levels of downstream components would
suppress tkv“?. In fact, reducing the gene dosage of Mothers
against dpp (Mad), a well-documented Dpp-signaling factor
(25, 49), by one-half significantly suppressed the tkv™! wing
phenotype (Fig. 4B and G). Similar phenomena have been
reported previously (11, 26).

We first tested the effect of the imidazole compound

. L4 and L5 were partially fused, and the distance between L2 and L3 was also reduced, similar to that seen with the severe dpp alleles
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FIG. 4. Effects of reduced Mad gene dosage, the p38 inhibitor SB03580, and
reduced D-p38 gene dosage on the adult wing phenotype induced by constitu-
tively active Tkv (TkvE™). (A through F) Adult wing phenotypes. All these wings
are from individuals carrying one copy each of UAS-tkv©*S and 71B-GAL4. (A)
Wild-type background for other genes. Incision of wing margins was frequently
observed. (B) Hemizygote for Df(2L)C28 (49) that uncovers the Mad locus.
Reduction of the Mad gene dosage suppresses the tkv©! wing phenotype. (C) An
individual fed a standard diet supplemented by 120 nM SB203580 (a p38 inhib-
itor; Calbiochem/Novabiochem). SB203580 suppresses the tkv! wing pheno-
type. (D) Hemizygote of Df(3R)crb-F89-4 that uncovers the D-p38a locus. Re-
duction of D-p38a gene dosage does not suppress the tkv! wing phenotype. (E)
Hemizygote of Df(2L)b82a2 that uncovers the D-p38b locus. Reduction of
D-p38b gene dosage suppresses the kv wing phenotype. (F) Hemizygote of
Df(2L)b82a2 carrying one copy of UAS-D-p38b™. Suppression by reduced
D-p38b gene dosage was abrogated by reintroducing the D-p38b™ transgene. (G)
Quantitative representation. Histograms represent percentages of wings in which
L5 is detached from the wing margin.
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FIG. 5. Effects of altering D-p38b function and reducing DJNK, Dpp, and Tkv functions on the wing phenotypes caused by either UAS-tkv“A"" (W) or UAS-tkv4-S
(S) driven by 71B-GALA4. (A through F) Adult wing phenotypes. All these wings are from individuals carrying one copy each of UAS-tkv“1"S and 71B-GALA4. (A)
Wild-type background for other genes. (B) An individual carrying one copy of UAS-D-p38b®sense D-p38heniisense suppresses the tkv™* wing phenotype. (C and D)
Individuals carrying one copy (C) or two copies (D) of UAS-D-p38bPN". D-p38bPN suppresses the tkv“! wing phenotype in a dose-response manner. (E) An individual
carrying two copies of UAS-D-p38bPN" together with one copy of UAS-D-p38b™. Suppression by D-p38b°N was abrogated by coexpression of D-p38b™. (F)
Heterozygote of dpp® (37). Reduction of the dpp gene dosage does not suppress the kv wing phenotype. (G) Quantitative representation. Histograms represent
percentages of wings in which LS5 is detached from the wing margin. ++, two introduced copies of the transgenes. Df(DJNK), Df(2L)flpI147E (46, 50).

SB203580, a p38 inhibitor (35), on the kv wing phenotype. ~ Tkv*S, the tkv™"* phenotype was markedly suppressed (Fig.
SB203580 has been reported to inhibit both D-p38a and 5B and G). Four of five independently established D-p38b“"**<"*>
D-p38b (24), and penetration of various imidazole compounds lines showed significant suppression (1). Suppression affected

through the insect epidermis is well known (32). Consequently, the various pleiotropic phenotypes associated with the thkv
exposure of growing larvae to SB203580 resulted in suppres- allele, including wing blade morphology, abdominal-cuticle
sion of the phenotype (Fig. 4C and G). We further tested morphology, and wing posture. Similar suppression of the
whether endogenous D-p38 genes are involved in the thkv“* tkv©* phenotype was also achieved by coexpression of D-

wing phenotype by reducing endogenous gene dosage using p38bPNW in a dose-dependent manner (Fig. 5C, D, and G).
chromosomal hemizygosity. Interestingly, reduction of D-p38b This suppression was greater when D-p38bP™S was coex-
suppressed the tkv“? wing phenotype (Fig. 4E and G), while pressed (Fig. 5G). Furthermore, this suppression was abro-
reduction of D-p38a was not effective (Fig. 4D and G). Sup- gated by simultaneous coexpression of D-p38h™ (Fig. 5E and
pression by reduction of the D-p38b gene dosage was abro- G), demonstrating that D-p38b°™ and D-p38b* competitively
gated by the introduction of a transgene for D-p38b™ (Fig. 4F sequester endogenous factors essential to signaling. These re-
and G). Thus, the gene within the deficiency that suppresses sults suggest either that D-p38b functions downstream of Tkv
thv©* is indeed D-p38b. These results suggest that D-p38b plays or that inhibition of D-p38b causes a reduction in endogenous
a major role in this morphogenetic process, and we focused on dpp activity. Since the expression pattern of dpp in the devel-
this gene in further analyses. oping wing of the D-p38b”"% producer was found to be indis-

When antisense D-p386 RNA was coexpressed with tinguishable from that of the wild type (1), and reduction in the
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FIG. 6. D-p38b regulates early Dpp-Tkv signaling-dependent omb expression in the wing disc. (A) The omb expression pattern visualized by a lacZ reporter, omb"’
(51). Anterior is to the top and dorsal to the left. (a) omb®/+; 69B-GAL4/+ (control). (b) omb*/+; 69B-GAL4/UAS-tkv=*S. Tkv“* induces ectopic expression of omb
(arrow) and overgrowth. This photograph is reduced to 75% the size of the others. (c) omb*?/UAS-D-p38bPN"; 69B-GAL4/UAS-tkv<-S. (d) omb" [UAS-D-p38btiserse,
69B-GAL4/UAS-tkv=*-S. Expression of either D-p38bPN or D-p38b® ¢ reduced Tkv““-induced ectopic omb expression (arrows) and overgrowth (c or d, respec-
tively). (B) D-p38b™N-expressing clones generated outside the domain in which dpp is expressed display reduced sensitivity of omb induction to Tkv©“. Note that dpp
expression at this stage in the wing disc lies in a narrow belt just anterior to the anteroposterior boundary (20, 24). Clones of cells that expressed various UAS-transgenes
under the control of Actin5C-GAL4 were generated by the flp-out technique and marked by the presence of green fluorescent protein (GFP) (28) (a and d, green).
omb expression was revealed by staining with an antibody raised against B-galactosidase (Promega) (b and e, red). (a through c¢) Wing disc-carrying clones expressing
both D-p38h* and thv“! as controls (hsFlp/omb"™ UAS-D-p38b*; AyGAL4 UAS-GFP/+; UAS-tkv©*S/+). (d through f) Wing disc-carrying clones expressing both
D-p38bPN and thv* (hsFlp/omb®" UAS-D-p38bPN-5; AyGAL4 UAS-GFP/+; UAS-tkv©*5/+). (c and f) Superimposed images.

gene dosage of dpp was not effective in suppressing the tkv?
phenotype (Fig. SF and G), we conclude that D-p38b does not
affect Dpp production per se but rather acts as a downstream
component of the Dpp-Tkv signaling pathway, operating late
in wing development. The fact that the weak phenotype of
thv“*" was significantly enhanced by D-p38b™ (Fig. 5G) is
also consistent with this conclusion. In contrast, attempts to
interfere with the function of DJNK, such as by coexpression of
DINKPYN (T181A nonactivatable mutant) or generation of
chromosomal hemizygosity, did not result in suppression of the
tkv™* phenotype (Fig. 5G). Thus, the role of D-p38b in Dpp
signaling appears to be specific. Moreover, expression of
D-p38b"N did not have any significant effect on the wing phe-
notypes caused by expression of other dominant active recep-
tors such as DER (EIlp®’ [37]) or Notch (4x’ [37]) (1), further
indicating the specificity of D-p38b function for Dpp signaling.

Effect of D-p38b on Tkv-dependent omb transcription. To
examine the involvement of D-p38b in the Dpp signaling path-
way, we tested the effect of D-p38b on omb transcription. The
omb (optomotor-blind) gene encodes a T-box family transcrip-
tion factor, and its expression in the wing imaginal disc is
dependent on early Dpp-Tkv signaling (20, 34, 40). In the wing
discs of UAS-tkv“*S/69B-GAL4 (6) individuals, omb expres-
sion domain is greatly expanded and overgrowth of the disc is
evident (Fig. 6A, panel b), as previously reported (40). Expres-

sion of D-p38b™"N or D-p38b****** markedly suppressed both
omb expression and disc overgrowth (Fig. 6A, panel ¢ or d,
respectively). Induction of omb in the thv“*-expressing clones
in regions outside those where dpp is expressed was also in-
hibited by coexpression of D-p38b”" (Fig. 6B), consistent with
the possibility that D-p38b functions downstream of Tkv. Fur-
thermore, while D-p38b®N slightly affected omb expression in
a thkv* genetic background (1), the wing phenotype of a hypo-
morphic omb allele was clearly enhanced by expression of
D-p38bPN or D-p38b“"“es¢ (Fig. 7), as observed in the wing
phenotype of the severe omb alleles such as omb’’?® and
omb?®*? (20, 34). These results suggest that D-p38b is also
involved in early Dpp-Tkv signaling in wing development to
activate omb transcription.

D-p38 is activated by Tkv signaling in vive. To investigate
whether D-p38b is activated by Tkv signaling, we conducted a
preliminary biochemical characterization of D-p38b. Immedi-
ately after heat treatment of flies, the amount of D-p38b im-
munoprecipitated by anti-p-Tyr antibody was found to increase
considerably (Fig. 8A), demonstrating that D-p38b is tyrosine
phosphorylated following heat shock, like mammalian p38 (12,
33). The site of tyrosine phosphorylation was expected to be in
the “activation loop” region recognized by MAPKK, as is the
case in mammalian p38 (12, 33). Thus, we tested whether an
anti-phospho-p38 (anti-p-p38) antibody (New England Bio-
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FIG. 7. Enhancement of omb®” by D-p38b®N or by D-p38b™*<"s_(A) A wing
of an omb”/Y male. Arrows indicate the aberrations typically observed: fusion of
veins at the base of the wing and small notching at the wing tip. (B) A wing of
an omb” individual expressing D-p38b“""s¢ (omb?'[Y ; UAS-D-p38b*" "5 /69B-
GAL4). (C and D) Wings of omb” individuals expressing D-p38bPN weakly
(omb” UAS-D-p38bPN"Y; 69B-GAL4/+) (C) or strongly (omb® UAS-D-
P38bPNSIY; 69B-GAL4/+) (D). Arrows point to the omb® phenotypes.

labs, Inc.) raised against a phosphorylated peptide from the
activation loop of mammalian p38 could cross-react with
D-p38b (Fig. 8B). This anti-p-p38 antibody detected a protein
with a calculated size of 42 kDa whose amount increased
immediately after heat shock (Fig. 8B, left half). This protein
was also more abundant in the flies overproducing D-p38b
regardless of heat treatment (Fig. 8B, right half). Therefore,
we concluded that anti-p-p38 can cross-react with the phos-
phorylated from of D-p38b and can be used to assay recombi-
nant D-p38b phosphorylation in vitro (Fig. 8C). Treatment of
D-p38b with recombinant human MKK6 (38), a MAPKK
which activates p38, caused a marked increase in the level of
D-p38b, as detected with anti-p-Tyr and anti-p-p38 antibodies,
and a drastic increase in the level of D-p38-dependent phos-
phorylation of recombinant human activating transcription fac-
tor 2 (ATF2; Santa Cruz Biotechnology), a physiological sub-
strate for mammalian p38 (21). The correlation between the
phosphorylation state and kinase activity of D-p38b indicates
that the anti-p-p38 antibody recognizes the active form of
D-p38b. This allowed activation of D-p38b by Tkv"* to be
examined in vivo. The amount of active D-p38b was found to
be slightly but significantly higher in larvae carrying UAS-tkv“*
and 71B-GAL4 relative to that in wild-type Canton-S larvae
(Fig. 8D). However, it has been reported that D-p38a protein
expressed in yeast, which was presumed to have the same
molecular mass as D-p38b, is also recognized by anti-p-p38
antibody (23). It is therefore possible that D-p38b, or both
D-p38’s, may be activated by Tkv signaling in vivo.

DISCUSSION

To investigate the role of the D-p38b gene in development,
we used reverse genetic techniques. Our genetic analyses
showed that D-p38b is integrally involved in Dpp signaling in
the process of wing morphogenesis. Various manipulations
which interfere with D-p38b function enhanced or suppressed
the phenotypes caused by decreased or increased Dpp signal-
ing, respectively. However, the present study did not elucidate
any function of D-p38b in normal Dpp signaling; rather, its
effects were apparent only when Dpp signaling was enhanced
or inhibited. For example, D-p38b°™ slightly affected omb
expression in a tkv* background but clearly suppressed it in a
tkv“* background. Thus, it is possible that D-p38 is involved in
unusual Dpp signaling events, consistent with the known role
of mammalian p38 as an emergency signaling factor.
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FIG. 8. Phosphorylation and activation of D-p38b. (A) D-p38b is tyrosine
phosphorylated after heat shock. Extracts from adult flies left untreated or
treated with heat (37°C for 1 h) were immunoprecipitated (IP) with anti-p-Tyr
antibody (a-p-Tyr) and immunoblotted with anti-D-p38b antibody after separa-
tion by SDS-polyacrylamide agarose gel electrophoresis (PAGE) (upper panel).
Total extracts were also immunoblotted with anti-D-p38b antibody (lower pan-
el). In this experiment, flies carrying one copy each of UAS-D-p38b* and hs-
GAL4 (6) were used to facilitate detection. The total amount of D-p38b did not
change immediately after heat shock. The basal activity of the heat shock pro-
moter was sufficient to achieve constitutive expression of GAL4; thus, D-p38 was
overexpressed even in the absence of heat treatment. (B) Anti-p-p38 antibody
recognizes phosphorylated D-p38b in fly extract. Flies harboring both UAS-D-
p38b™ and hs-GAL4 (right half) or only hs-GAL4 (left half) were heat shocked
as described above, and extracts were immunoblotted with either anti-p-p38 or
anti-D-p38b antibody after separation by SDS-PAGE. The intensities of bands
recognized by anti-p-p38 increased as a result of either heat treatment or D-p38b
overexpression. (C) The phosphorylation level of D-p38b correlates with its
enzymatic activity. Recombinant D-p38b protein was pretreated with recombi-
nant MKKG6 in the presence of cold ATP. Then ATF2 and [y->’P]ATP were
added to aliquots of reaction mixtures, and incubation was continued. The
resulting mixtures were resolved by SDS-PAGE and subjected to autoradiogra-
phy for detection of kinase activities (top panel) or to immunoblotting with
anti-p-Tyr and anti-p-p38 antibodies (two middle panels). The bottom panel
represents the gel stained with Coomassie brilliant blue (CBB). The kinase assay
method used has been described elsewhere (30). (D) Activation of D-p38(s) by
Tkv©A. Extracts from larvae of Canton-S (wild type) or from larvae carrying two
copies each of UAS-tkv©"S and 71B-GAL4 were resolved by SDS-PAGE and
immunoblotted with anti-p-p38 or anti-D-p38b antibody.

D-p38b and upstream kinases can be involved in the Dpp
signaling pathway. Both D-p38a and D-p38b were reported to
be activated by D-MKK3, a MAPKK (24). Thus, it is likely that
D-p38 is part of a kinase cascade similar to the mammalian p38
cascade. In fact, genetic manipulation of D-MKK3 function
has revealed an interaction with Dpp signaling similar to that
found here for D-p38b (1). However, a corresponding MAP
KKK functioning in the D-p38 cascade has yet to be identified.
A mammalian member of the MAPKKK family, TAK1 (TGF-
B-activated kinase 1), has been reported to mediate signals
elicited by TGF-B superfamily members through activation of
MKK3 (a MAPKK), MKK®6, and p38 (38, 54). The activation
of D-p38b by Tkv“* correlates with that of p38 by TGF-8
stimulus (38). Thus, we currently hypothesize that a D-p38b
cascade exists which can be involved in Dpp signaling and
which includes D-MKK3 and a homolog of TAKI.

The signaling hierarchy involving D-p38b in wing disc mor-
phogenesis is different from that of DJNK in embryonic dorsal
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closure. p38 is known to share many characteristics with JNK
(12, 33), such as activation by various stress-inducing and in-
flammatory stimuli. In Drosophila, mutations in DINK (46, 50)
and its activator MAPKK Hemipterous (Hep [18]) cause a
“dorsal open phenotype,” reminiscent of that observed in dpp
and tkv mutants. It is also known that the DJNK signal regu-
lates dpp expression in the leading-edge cells during embryonic
dorsal closure (19, 27, 47). However, our mosaic analysis shows
that the suppression of tkv™* by D-p38b°™ occurs even in cells
which do not produce Dpp (Fig. 6B). This indicates that, in
contrast to the case of dorsal closure, the MAPK functioning in
the wing disc morphogenetic pathway, i.e., D-p38b, acts down-
stream of Tkv. The role of D-p38b proposed here may be more
analogous to that of mammalian JNK, which also functions as
a downstream component of the TGF-8 and Smad (mamma-
lian homolog of Mad) signaling pathways in the mammalian
cultured cell line MDCK (3).

Possible relationship of the D-p38b cascade and other sig-
naling factors. A Dpp-signaling factor, Mad, is known to be
directly phosphorylated by Tkv and then migrates into the
nucleus, where it functions as a DNA-binding transcriptional
factor (25). It is unclear at present if there is any functional
interaction between Mad and D-p38b. While Mad is directly
phosphorylated by Tkv (25), the activation of D-p38 by Tkv*
may be indirect. Alternatively, it is possible that one or more
transcription factors functioning in the Dpp response require
prior phosphorylation mediated by the D-p38 cascade, a pro-
cess which is regulated independently of Tkv. In fact, one of
the mammalian MAPKs, ERK, which is regulated indepen-
dently of the BMP (a mammalian homolog of Dpp) signaling
pathway and activated by the EGF signaling pathway, is known
to phosphorylate Smad1l and prevent its nuclear localization
(31). One class of transcription factors which might function
downstream of D-p38 is the ATF-cyclic AMP responsive ele-
ment binding protein (CREB) family, members of which are
known to be targets for the p38 cascade (21). For example,
Mad and ATF-CREB might interact as components in a tran-
scriptional activator complex which induce expression of Dpp
signaling target genes. Correspondingly, a CREB binding site
has been reported to mediate the response to Dpp signaling
during Drosophila endoderm induction (15). Although we have
not yet determined whether D-p38(s) is involved in Dpp-reg-
ulated endoderm induction, we know that the function of
D-p38b in the Dpp response is not restricted to the wing
because we have observed that forced (by use of a constitutive
GALA4 driver) expression of Tkv“* throughout the body leads
to D-p38b activation in regions outside the wing (1). In addi-
tion, interfering with D-p38b also suppresses the abdominal
phenotype induced by Tkv“®, as mentioned above. Further
examination of the extent of the functional relationship be-
tween D-p38 and Dpp signaling in various aspects of Drosoph-
ila development should be useful in identifying targets of D-
p38 in Dpp signaling.
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