mom identities a receptor tor the
Drosophila JAK/STAT signal
transduction pathway and encodes

a protein distantly related to the
mammalian cytokine receptor tamily

Hua-Wei Chen,'? Xiu Chen,”®> Su-Wan Oh,' Maria J. Marinissen,? J. Silvio Gutkind,?

and Steven X. Hou'"*

'The Laboratory of Immunobiology, National Institutes of Health, National Cancer Institute at Frederick, Frederick,
Maryland 21702, USA; 2Oral and Pharyngeal Cancer Branch, National Institute of Dental and Craniofacial Research,

National Institutes of Health, Bethesda, Maryland 20892, USA

The JAK/STAT signal transduction pathway controls numerous events in Drosophila melanogaster
development. Receptors for the pathway have yet to be identified. Here we have identified a Drosophila gene
that shows embryonic mutant phenotypes identical to those in the hopscotch (hop)/JAK kinase and marelle
(mrl)/Stat92e mutations. We named this gene master of marelle (mom). Genetic analyses place mom’s
function between upd (the ligand) and hop. We further show that cultured cells transfected with the mom
gene bind UPD and activate the HOP/STAT92E signal transduction pathway. mom encodes a protein distantly
related to the mammalian cytokine receptor family. These data show that mom functions as a receptor of the

Drosophila JAK/STAT signal transduction pathway.
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The JAK/STAT signal transduction pathway was identi-
fied through studies of the transcriptional activation re-
sponse to a variety of cytokines and growth factors
(Decker 1999; Levy 1999; Mui 1999; Yeh and Pellegrini
1999; Chatterjee-Kishore et al. 2000; Imada and Leonard
2000). Cytokines, including interferons (IFNs) and inter-
leukins (ILs), are a broad group of mostly soluble factors
that exert diverse effects on several biological processes
such as immunity, hematopoiesis, and inflammation, as
well as neural and embryonic development (Smith et al.
1992; Blalock 1994; Williams 2000).

A Drosophila melanogaster JAK/STAT signal trans-
duction pathway has been identified (Hou and Perrimon
1997; Dearolf 1999; Zeidler et al. 2000). The Drosophila
JAK is encoded by the hopscotch (hop) gene (Binari and
Perrimon 1994), and the Drosophila STAT is encoded by
the marelle/stat92E gene (marelle is the French word for
hopscotch; Hou et al. 1996; Yan et al. 1996). An unpaired
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(upd) secreted glycoprotein identifies an in vivo ligand
activating the HOP/STAT92E pathway (Harrison et al.
1998). Mutations in all three genes were first identified
by virtue of their distinctive embryonic phenotypes.
When the function of any one of the three genes is re-
moved from the embryo, a partial loss of expression of
several pair-rule genes occurs; and consequently, some
abdominal segments are lost or fused together. In addi-
tion to its role in embryonic segmentation, the HOP/
STATO92E pathway is also involved in several other de-
velopmental events, including sex determination, polar-
ity determination in the eye, and imaginal tissue
formation (Hou and Perrimon 1997; Dearolf 1999; Jinks
et al. 2000; Sefton et al. 2000; Zeidler and Perrimon 2000;
Zeidler et al. 2000). Hyperactivation of the HOP/
STAT92E pathway results in melanonic or leukemia-
like tumor formation in larvaes and adult flies (Dearolf
1998). Yet the receptor for the HOP/STAT92E pathway
is still missing.

In this study we have identified a novel Drosophila
gene encoding a protein distantly related to the mamma-
lian cytokine receptor family. Our genetic analysis and
results from cultured cells show that this gene functions
as a receptor for the HOP/STAT92E pathway.
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Results

Mutations in the mom loci suppress the eye phenotype
of overexpression of upd

Our recent results show that overexpression of upd using
a UAS-upd and GMR-Gal4 driver (Freeman 1996) causes
compound eye dramatic overgrowth in the adult eye be-
cause of an increase in the number of ommatidia (Fig. 1,
cf. B with A). The average number of ommatidia in the
compound eye of UAS-upd/GMR-Gal4 female flies is
978 + 10 compared with 745 + 7 in wild-type flies. His-
tological sections through the overgrown eyes revealed
that most ommatidia have normal photoreceptor cells
and regular cell size (Fig. 1, cf. F with E), indicating that
UPD activity mainly regulates cell proliferation in the
compound eye. However, the ommatidia look more
crowded and have irregular space and arrangement, and
several big vacuoles are integrated into the ommatidia
lattice (Fig. 1F). The severity of eye morphology appears
proportional to the strength of the HOP/STAT92E-me-
diated signaling, because removing one copy of hop par-
tially suppresses the big eye phenotype (Fig. 1C,G; the
average number of ommatidia is 854 + 9). We took ad-
vantage of this sensitized system to conduct a screen for
mutations that reduce (suppressors) or increase (enhanc-
ers) the degree of eye size. We reasoned that a twofold
reduction in the dose of a gene (by mutating one of its
two copies) that functions downstream of upd should
dominantly alter signaling strength, which, in turn,
should visibly modify the eye size. Based on this assump-
tion, we first screened available X-chromosome P-ele-
ment insertion mutations and identified one comple-
mentation group of suppressors with four alleles at the
cytological location 18E (Fig. 1D,H; the average number
of ommatidia is 813 = 10). Based on its presumed role in
the HOP/STAT92E signal transduction pathway de-

Drosophila JAK/STAT signal transduction pathway

scribed below, we have named this novel gene master of
marelle (mom). The relative strength of four mom alleles
in suppressing the UAS-upd/GMR-Gal4 fly big eye phe-
notype is mom?* > mom? > mom?® = mom?®, and mom is
the strongest allele.

The maternal effect phenotypes of mom, hop,
and stat92E are identical

mom is required for zygotic viability because mutant
animals homozygous for the mom allele die as early lar-
vae. The dead larvae showed a posterior spiracle defect
(see Fig. 3B, below). In addition to its zygotic function,
mom is required maternally for normal embryonic seg-
mentation because mom embryos derived from females
lacking germ-line mom? activity die with segmentation
defects that resemble the phenotype of hop and stat92E
embryos (Fig. 2; Perrimon and Mahowald 1986; Hou et
al. 1996). As is the case with hop and stat92E embryos,
the severity of the defects observed in mom embryos is
dependent on the paternal contribution. Both paternally
rescued and unrescued mom embryos show a consistent
deletion of the fifth abdominal segment and the posterior
midventral portion of the fourth abdominal segment
(Fig. 2D,G). Additional defects in the thoracic segments
and the head and tail regions are observed in unrescued
mom embryos (Fig. 2G). The maternal phenotypes asso-
ciated with the mom’ mutation are identical to those
observed with complete loss of hop and stat92E gene
activities (Fig. 2B,C,E,F; Perrimon and Mahowald 1986;
Hou et al. 1996).

mom is epistatic to hop

We further analyzed whether mom operates upstream or
downstream of hop by testing genetic interaction be-

Figure 1. mom suppresses UAS-upd/GMR-
Gal4 eye phenotype. (A-D) Scanning electron
micrographs (SEMs| of adult eyes of the fol-
lowing genotypes: (A) wild type (w'?®), (B)
UAS-upd/GMR-Gald, (C) hop®'/+; UAS-
upd/GMR-Gald, (D) mom'/+; UAS-upd/
GMR-Gal4. Note that the UAS-upd/GMR-
Gal4 deformed eye phenotype is partially sup-
pressed by reducing hop or mom activity by
half (cf. C and D with B). (E-H) Tangential sec-
tions of eyes of (E) wild-type, (F) UAS-upd/
GMR-Gal4, (G) hop®1/+; UAS-upd/GMR-
Gal4, (H) mom'/+; UAS-upd/GMR-Gal4.
Note that most ommatidia in the deformed
eye of UAS-upd/GMR-Gal4 flies have normal
photoreceptor cells and regular cell size (cf. F
with E), and a few ommatidia have one extra
R7 photoreceptor (arrow). However, the om-
matidia look more crowded and have irregular
space and arrangement; several big vacuoles
are integrated into the ommatidia lattice in F.
The UAS-upd/GMR-Gal4 eye phenotype is
significantly suppressed by hop/+ or mom/+
(cf. G and H with F).
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Figure 2. Abdominal defects associated with mom, stat92E,
and hop embryos. (A) Dark-field micrograph of a wild-type em-
bryo showing eight abdominal dentical belts. Paternally rescued
(B) hop, (C) stat92E, and (D) mom GLC embryos are missing
abdominal segment 5 and part of segment 4. (E) hop, (F) stat92E,
and (G) mom null embryos have additional defects in the tho-
racic segments and the head and tail regions. (H) UAS-mom-N/
matad-GAL-VP16-Gal4d embryo. Expression of the dominant-
negative form of mom generates the similar mutant phenotype
to mom (cf. H with G). A3 and A6 indicate the respective posi-
tion of the abdominal 3 and 6 segments.

tween the mom loss-of-function mutation and a hyper-
active hop allele. Hemizygous mom?! zygotic mutant lar-
vaes show defects of the posterior spiracle (Fig. 3B), an
organ that is connected to the tracheal system and used
by the young larvae for gas exchange (Hu and Castelli-
Gair 1999). If mom is required to transduce the HOP
signal, then a hop gain-of-function mutation should have
no effect on the posterior spiracle phenotype of the mom
mutation. We used the dominant temperature-sensitive
hop allele hop™™ for this experiment. When grown
above 25°C, flies heterozygous for hop™™™! have in-
creased tyrosine kinase activity (Harrison et al. 1995).
Hemizygous mom? and hop”™™! mutant larvae forms
wild-type posterior spiracles (Fig. 3C), suggesting that
the hop gain-of-function mutation rescues the mom®
mutant phenotype. This result further suggests that
mom is a member of the HOP/STAT92E signal trans-
duction pathway and functions upstream of the HOP
tyrosine kinase.

UPD, MOM, and HOP regulate STAT92E
protein expression

In the mammalian cell culture system, the JAK/STAT
pathway becomes activated when a ligand binds to its
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receptor, inducing tyrosine phosphorylation of the mo-
nomeric STAT molecule. Tyrosine phosphorylation
causes the STAT protein to dimerize with another STAT
molecule via reciprocal SH2 domain-phophotyrosine in-
teractions, and the dimer translocates to the nucleus
(Decker and Kovarik 1999).

To explore the function of mom in activating the
HOP/STAT92E signal transduction pathway, we com-
pared protein levels and distributions of STAT92E in
wild-type embryos and mutant embryos of upd, mom,
and hop genes. We stained embryos using affinity-puri-
fied anti-STAT92E antibodies (Fig. 4A). Although strong
STATOI2E expressions are detected as 15 clear stripes
during stage 9 in the wild-type embryo, STAT92E ex-
pression is dramatically reduced in upd, mom, and hop
mutant embryos (Fig. 4A). As in wild-type embryos, the
remaining STAT92E protein in mutant embryos is local-
ized in both the nucleus and cytoplasm (data not shown).
These data suggest that MOM and the UPD/MOM/HOP
signaling pathway regulate STAT92E protein expression.

MOM and other components of the HOP/STAT92E
pathway regulate tracheal formation

The posterior spiracle defects of the mom mutation lead
us to further examine functions of the HOP/STAT92E
pathway in tracheal formation.

The tracheal forms from 10 tracheal pits, 1 per
hemisegment. The trachealess gene selects the tracheal
primordia in the embryonic ectoderm and drives the con-
version of these planar epithelial regions into tracheal
pits (Metzger and Krasnow 1999). The tracheal pits then
sprout successively finer branches and fuse together,
forming the tracheal network. The trachea is further
connected to the posterior spiracle, forming a functional
tracheal system (Hu and Castelli-Gair 1999; Metzger

Tum-1

Figure 3. hop suppresses the mom posterior spiracle phe-
notype. Dark-field cuticle pattern of (A) wild-type embryo, (B)
mom?'/Y embryo, and (C) hop™™! mom'/Y embryo. Arrows
point to the posterior spiracle structures. A gain-of-function
mutation of hop (hop™™) rescues the mom? posterior spiracle
defect. mom® mutant embryos show the strongest posterior spi-
racle defect; mom?® mutant embryos have mild posterior spi-
racle defect, and mom?® and mom? mutant embryos have wild-
type posterior spiracles.



Figure 4. (A) upd, mom, and hop regulate STAT92E protein

expression. Stage 9 wild-type, upd¥“**/Y, mom?, and hop©!!!

null embryos are stained with the affinity-purified anti-
STAT92E antibodies. All embryos are oriented anterior left and
dorsal up. (a) Whereas strong STAT92E expressions (brown) are
detected as 15 stripes in the stage 9 wild-type embryo, STAT92E
expression is dramatically reduced in (b) upd, (c) mom, and (d)
hop mutant embryos. (B) mom and other components of the
HOP/STAT92E pathway regulate tracheal formation. (b) In pa-
ternal rescued hop“??? embryos, a defective tracheal system was
formed, which generally has several disruptions in the main
trunk and several branches. (a) Tracheal structure in a wild-type
embryo revealed by mAb2A12 staining. (c) mAb2A12 stainings
of paternal rescued stat92E%*%¢ and (d) mom? embryos revealed
tracheal defects similar to that of hop©??? embryos (cf. ¢ and d
with b). These data suggest that MOM and the HOP/STAT92E
signal transduction pathway play an indispensable role in tra-
cheal formation.

and Krasnow 1999). We examined tracheal formation in
mom, hop, and stat92F mutants by using an enhancer
trap line in the trachealess gene (1-eve-1; Perrimon et al.
1991) and an antibody [(mADb)2A12] that stains tracheal
branches and trunks (Sutherland et al. 1996). In hop null
embryos, trachealess expressions are completely abol-
ished and tracheal formation is completely blocked (data
not shown). In paternal rescued embryos, a defective tra-
cheal system forms (Fig. 4B, cf. b with a), generally with
several disruptions in the main trunk and several
branches (Fig. 4Bb). Because all of our mom and stat92E
mutants are enhancer trap lines, we cannot directly look
at trachealess gene expression by using the 1-eve-1 en-
hancer trap line. However, in the paternal rescued
stat92E and mom embryos, similar to the hop embryos,
a defective tracheal system formed (Fig. 4B, cf. ¢ and d

Drosophila JAK/STAT signal transduction pathway

with a), generally with several disruptions in the main
trunk and several branches (Fig. 4Bc,d). These data sug-
gest that MOM and the HOP/STAT92E signal transduc-
tion pathway play an indispensable role in tracheal for-
mation.

Molecular cloning of the mom gene

To identify the gene product encoded by mom, we
cloned the genomic sequences flanking the P-element
insertion associated with mom?, following plasmid res-
cue. Subfragments of the rescued genomic DNA were
then used to screen various cDNAs and search Dro-
sophila genomic databases (for details, see Materials and
Methods). The largest cDNA recovered was a full-length
4.8-kb clone, which encodes a conceptual protein of 1282
amino acids (Fig. 5B). The sequence context of the puta-
tive initiation codon is in good agreement with the con-
sensus sequence for translation initiation.

The following lines of evidence support the argument
that the cDNA we isolated (Fig. 5B) corresponds to mom
function. First, high and uniformly distributed levels of
maternal mom RNA are detected during the syncytial
blastoderm stage, a pattern very similar to the one ob-
served for hop and stat92E transcripts (data not shown).
Second, in the four mom alleles, all the P elements are
inserted in the 5’ untranslated region of the cDNA (Fig.
5A). Third, expression of the cDNA under the control of
a heat-shock promoter in transgenic flies fully rescued
the lethality of mom mutant flies. Finally, expression of
a dominant-negative form of the cDNA generated the
same phenotype as mom mutations (Fig. 2H).

mom encodes a protein distantly related
to the mammalian cytokine receptor family

The amino acid sequence analysis identified two hydro-
phobic segments: the first one near the N terminus (Fig.
5B, shaded with orange) is a probable signal peptide; the
second one in the middle (Fig. 5B, shaded with green)
may identify the transmembrane domain. In the extra-
cellular domain, the most remarkable feature is the pres-
ence of four fibronectin type III (FN3) repeats of [P0
amino acids each (Fig. 5B, shaded with blue). Fibronectin
type III repeats are typically 90-100 amino acids long
with the location of aromatic amino acids and nearby
hydrophobic residues being conserved (Norton et al.
1990; Patthy 1990). Many cytokine receptors have FN3
repeats in their extracellular domains (Taga and Kishi-
moto 1997).

Computer-assisted homology searches in the GenBank
and EMBL databases identified several receptor-linked
protein tyrosine phosphotases (PTPs; Streuli et al. 1990)
and cytokine receptors (Taga and Kishimoto 1997). How-
ever, the homology between MOM and PTPs is only lim-
ited to the FN3 repeats; MOM does not have the protein
tyrosine phosphatase (PTPase) domains. MOM is dis-
tantly related to the cytokine receptor family, particu-
larly the gp130-subfamily proteins (Taga and Kishimoto
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Figure 5. (A) Intron/exon structure of the mom gene. Comparison of a 4.8-kb mom cDNA (flybase gene number CG14226) and
genomic DNA from the locus reveals that the mom transcript is made up of 3 exons. The first, a 1617-bp exon, is separated from the
second, 1067-bp, exon by 2501 bp. The third, 2121-bp, exon is separated from the second exon by 82 bp. In the four mom alleles, all
the P elements (arrows) are inserted in the 5’ untranslated region of the cDNA. (B) Deduced amino acid sequence of the MOM protein.
The conserved domains are highlighted using different colors. The probable signal peptide is shaded with orange; the potential
transmembrane domain is shaded with green; the four fibronectin type III (FN3) repeats are shaded with blue; the consensus motifs
for STAT binding are shaded with pink; and the cysteine residues and WSEPM sequence conserved in the cytokine receptor family are

shown as red letters.

1997). All these receptors contain, in their extracellular
region, a domain of (200 amino acid residues, which is
conserved in the family. This domain is characterized by
four positionally conserved cysteine residues in its N-
terminal half and a WSXWS motif in the C-terminal end.
It is suggested that this domain consists of seven

392 GENES & DEVELOPMENT

B-strands positioned antiparallel to form a barrel-like
shape so that a trough formed between two barrel-like
modules functions as a ligand-binding pocket. The pre-
dicted primary sequence of MOM includes a cytokine
receptor family domain containing four conserved cyste-
ine residues (red letters in Fig. 5B) and a WSEPM (red



letters in Fig. 5B) sequence that resembles the WSXWS
motif in the cytokine receptor domain of the gp130-sub-
family receptors, followed by four fibronectin type III
(FN3) repeats. The MOM cytoplasmic domain is more
diversified from the gp130-subfamily receptors. The po-
tential box 1 and 2 motifs are less visible in the MOM
sequence. Nevertheless, MOM has one tyrosine residue
(Y966) fitting a YXXQ consensus motif (shaded with
pink in Fig. 5B) for STAT binding in the gp130 protein
and may bind STAT92E protein.

In conclusion, MOM and the gp130-subfamily recep-
tors have certain homology in domain structures rather
than in primary amino acid sequence. MOM may be a
distantly related member of the gp130-subfamily recep-
tors.

MOM binds UPD through its extracellular domain

The results described above suggest that MOM is a re-
ceptor for UPD. To further study the interaction be-
tween these molecules without specific antibodies, we
subcloned their cDNAs in epitope-tagged mammalian
expression vectors. Then we cotransfected 293T cells
with V5-tagged UPD and HA-tagged MOM and detected
the expression by immunofluorescence and Western blot
with specific mouse monoclonal anti-tag antibodies
(data not shown). To examine the direct binding of UPD
to MOM, we transfected 293T cells with UPD-V5. The
ligand was released to the medium by treating the cells
with heparin as described in Materials and Methods.
Subsequently, the concentrated conditioned medium
was applied to 293T cells nontransfected and transfected
with HA-MOM and with a truncated form containing
the N-terminal domain, MOM-N. Of note, given that we
do not have specific antibodies for MOM and both anti-
HA and anti-V5 antibodies have the same animal origin,
prohibiting double staining, we used an indirect ap-
proach to evidence their presences in transfected cells.
As it is known that cells transfected with two DNAs will
incorporate both at the same time, we transfected 293T
cells with HA-MOM along with STAT92E. Therefore,
cells stained with rabbit anti-STAT antibody should be
those also expressing MOM. As expected, we detected
V5 staining in cells containing STAT92E and transfected
with MOM or MOM-N (Fig. 6, left and middle panels),
whereas we did not observed the presence of the ligand
in control cells transfected only with STAT92E (Fig. 6,
right panel). These data show that UPD can be detected
in 293T cells only when MOM is present, which indi-
cates a physical interaction between these two mol-
ecules.

Activated MOM binds STAT92E

The gp130-subfamily of receptors has no intrinsic tyro-
sine kinase domain, but is constitutively associated with
tyrosine kinase JAKs. A tyrosine residue fitting a YXXQ
consensus motif at the C terminus of the receptors pro-
vides a binding site for STAT (Hirano et al. 1997). A

Drosophila JAK/STAT signal transduction pathway

Treatment UPD-VS UPD-VS UPD-VS
HA-MOM HA-MOM-N
Transfection STATI2E STAT92E STAT92E

. . . .
o . ..

N . . .

Figure 6. UPD protein binds MOM. Transfected 293T cells
were incubated with concentrated conditioned medium from
293T cells, producing UPD-V5. Following incubation with con-
ditioned medium, the cells were washed, fixed in paraformal-
dehyde/PBS, and incubated with mouse anti-V5 and rabbit anti-
STAT92E antibodies. Only 293T cells expressing STAT92E/
HA-MOM and STAT92E/HA-MOM-N show strong staining
when incubated with UPD and anti-V5 antibody (left and
middle panels). Cells transfected with HA-STAT92E alone
show a background staining when incubated with UPD-con-
taining conditioned medium (right panel). These results suggest
that UPD specifically binds to 293T cells expressing MOM.

C-terminal YXXQ sequence was found in MOM, sug-
gesting that MOM may bind STAT92E.

We directly examined the physical interactions be-
tween MOM and STAT92E in cotransfection experi-
ments. We prepared cell lysates from S2 cell lines ex-
pressing V5-epitope-tagged MOM, HOP, and STAT92E
with either UPD-V5 or vector alone. The lysates were
immunoprecipitated using anti-STAT92E antibodies and
then probed using anti-V5 antibodies. MOM only coim-
munoprecipitated with STAT92E in the upd-V5 and
mom-V5 transfected cells (Fig. 7A, lane 2). These data
suggest that STAT92E binds to the activated MOM re-
ceptor.

UPD activates the HOP/STAT92E pathway
through MOM

In the mammalian system, JAK proteins are bound to
monomeric cytokine receptors through the membrane-
proximal domain (Hirano et al. 1997; Taga and Kishi-
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Figure 7. (A) MOM binds STAT92E. S2 cells were transfected with V5-epitope-tagged upd, mom, hop, and stat92F in different
combinations as indicated. Cellular lysates were immunoprecipitated (IP) with anti-STAT92E antibodies and blotted (IB) with an
anti-V5 antibody (top panel). MOM only coimmunoprecipitated with STAT92E in the upd-V5-transfected cells (lane 2). These data
suggest that STAT92E binds to the activated MOM receptor. Expression of UPD, MOM, HOP, and STAT92E was assessed in
whole-cell extracts by immunoblot analysis (lower panel). UPD appears as three bands because of partially glycosylated intermediates
(Harrison et al. 1998). (B) MOM mediates activation of the HOP/STAT92E signal transduction pathway. We cotransfected S2 cells with
V5-epitope-tagged upd, mom, hop, and stat92E in different combinations as indicated. Anti-STAT92E immunoprecipitates were
prepared and tested for reactivity with the anti-phosphotyrosine antibody 4G10. Whereas UPD, MOM, HOP, and STAT92E proteins
are detectable in the transfected samples (lower panel), increased tyrosine phosphorylation of MOM, HOP, and STAT92E is detected
in immunoprecipitates prepared from mom-V5- and upd-V5-transfected cells (top panel).

moto 1997). Signaling is triggered when cytokine binding
induces receptor dimerization. This brings the receptor-
associated JAK kinases into apposition, enabling them to
transphosphorylate each other. The JAK kinases, now
activated, phosphorylate a distal tyrosine on the recep-
tor. This receptor phosphotyrosyl residue is subse-
quently recognized by the SH2 domain of the STAT pro-
teins, drawing them into the receptor complex, where
they are activated through phosphorylation on the tyro-
sine residue by JAKs. (Schindler and Darnell 1995; Wen
et al. 1995).

To show MOM-dependent activation of the HOP/
STAT92E pathway, we analyzed the tyrosine phosphory-
lation of MOM, HOP, and STAT92E. We cotransfected
S2 cells with V5-epitope-tagged MOM, HOP, and
STAT92E with either UPD-V5 or vector alone. Anti-
STAT92E immunoprecipitates were prepared and tested
for reactivity with the anti-phosphotyrosine antibody
4G10. As shown in Figure 7B, whereas UPD, MOM,
HOP, and STAT92E proteins are detectable in the trans-
fected samples (Fig. 7B, lower panel), increased tyrosine
phosphorylation of MOM, HOP, and STAT92E is de-
tected in immunoprecipitates prepared from UPD-V5-
and MOM-V5-transfected cells (Fig. 7B, top panel).
These data are consistent with our hypothesis that
MOM is a receptor of UPD to activate the HOP/
STATOI2E signal transduction pathway.

Discussion

In this report we identified a novel Drosophila gene,
mom, that encodes a protein distantly related to the
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mammalian gp130 subfamily and likely functions as a
receptor for the HOP/STAT92E signal transduction
pathway. mom shows embryonic mutant phenotypes
identical to those in the hopscotch (hop)/JAK kinase and
marelle (mrl)/STAT92E mutations: mom, hop, and
stat92E have identical embryo mutant cuticle pheno-
types; they also show similar tracheal defects. Like upd
and hop, mom controls STAT92E protein expression.
Genetic analyses place mom’s function between upd
(the ligand) and hop. We further show that cultured cells
transfected with the mom gene bind UPD and activate
the HOP/STAT92E signal transduction pathway. The
experiments reported here provide a new point of entry
for examining the biochemistry of the HOP/STAT92E
signal transduction pathway.

Is MOM the only receptor of the HOP/STAT92E signal
transduction pathway?

It is important to note that our data do not rule out the
possibility that additional molecules in the conditioned
medium might associate with UPD and participate in its
binding to the receptor. They also do not rule out the
possibility that MOM is part of a larger complex at the
cell surface; in such a complex MOM would be necessary
but might not be sufficient for binding and/or signal
transduction, especially because MOM belongs to the
gp130 subfamily of receptors.

In mammals, the gpl30 subfamily of receptors in-
cludes gp130, leukemia inhibitory factor receptor (LIFR),
oncostatin M receptor (OSMR), ciliary neurotrophic fac-



tor receptor (CTNFR), cardiotrophin-1 receptor (CT-1R),
granulocyte colony-stimulating factor receptor (G-
CSFR), and the obesity/leptin gene receptor (OBR) (Hi-
rano et al. 1997; Taga and Kishimoto 1997; Grant and
Begley 1999). The functional gp130 subfamily of recep-
tors generally comprises multiple components of mem-
brane proteins, and these multichain receptor complexes
often share the common signal gp130 as a component
critical for signal transduction (Hirano et al. 1997; Taga
and Kishimoto 1997; Grant and Begley 1999). Cytokines
in the IL-6 family initiate intracellular signaling by bind-
ing to a specific ligand-binding subunit and then subse-
quently form a complex with the signal-transducing re-
ceptor component, gpl30. IL-6 binds to IL-6R, and the
IL-6/IL-6R complex then associates with gp130, allowing
it to homodimerize. However, OSMR and G-CSFR are
unique among the gpl30 subfamily of receptors. In the
case of OSMR, OSM binds directly to gp130 with low
affinity. Upon binding by OSM, gp130 generates a high-
affinity receptor complex by forming a heterodimer with
either the LIFR- or the OSM-specific receptor subunit
(LIFRB and OSMRp, respectively). The G-CSFR shows
high homology with gp130; G-CSFR forms homodimers
by itself in response to G-CSF.

UPD has a very limited similarity to the IL-6 family of
cytokines. It is difficult to predict whether UPD signal-
ing is more like IL-6 or G-CSF. If it is more like IL-6,
there should be another receptor subunit that would be
functionally similar to IL-6R. UPD may first bind to the
missing receptor and then form a functional complex
with MOM. On the other hand, if UPD is more like
G-CSF, MOM may be the only receptor. UPD binding
should promote MOM to form a homodimer and start
the signal transduction process. However, UPD may in-
teract with its receptor in a different way. UPD structure
is less consistent with a cytokine-type molecule. The
UPD protein is extremely basic, with a predicted pI of
nearly 12. In contrast to many soluble cytokines, UPD is
associated with ECM (extracellular matrix), which may
help it bind to the receptor and limit the range of activity
of the ligand.

MOM-mediated signal transduction

The gpl130 subfamily of receptors has no intrinsic tyro-
sine kinase domain, but constitutively associates with
tyrosine kinase JAKs. The family members possess con-
served motifs in the cytoplasmic region, such as box 1,
box 2, and box 3 in the membrane proximal-to-distal
order. These conserved boxes are important for receptor-
mediated signal transduction (Hirano et al. 1997; Taga
and Kishimoto 1997; Grant and Begley 1999). The box 1
motif in the cytoplasmic region of gp130 is important for
the association with JAK kinases; the box 3 motif pro-
vides a docking site for the SH2 domain of STAT3 pro-
tein, which recruited to gp130 now serves as a substrate
for JAKs. The activation of STAT3 is dependent on the
phosphorylation of any one of the four tyrosines (Y767,
Y814, Y905, Y915) in the C terminus of the gp130 that
have a glutamine residue at the third position behind
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tyrosine (Y-X-X-QJ. MOM has no visible box 1 and 2
motifs but has one tyrosine residue (Y966) fitting a
YXXQ consensus motif. MOM binds HOP and STAT92E
in biochemical experiments (Fig. 7B).

In addition to the JAK/STAT pathway, multiple sig-
naling molecules are tyrosine-phosphorylated in re-
sponse to the IL-6 family of cytokines. CNTF, LIF, OSM,
and IL-6 induce tyrosine phosphorylation of phospholi-
pase Cvy and SHP-2 (a phosphotyrosine phosphatase, also
called PTP1-D, SHPTP-2, PTP2C, and Syp), which is a
mammalian homolog of Drosophila corkscrew (csw).
The Ras-MAPK pathway is activated by the IL-6 cyto-
kine family. The activation of the Ras-MAPK pathway is
possibly mediated by SHP-2 and/or She, which bind a
Grb2-SOS complex (Hirano et al. 1997; Taga and Kishi-
moto 1997). Tyrosine 759 of gpl30 is required for the
tyrosine phosphorylation of SHP-2 and its binding to
gp130, the association between SHP-2 and Grb2, and the
full activation of MAPK.

In flies, the phenotypes caused by loss of function of
the HOP/STAT92E pathway and of the Ras-MAPK path-
way are very distinct. In the embryo, loss-of-function
mutations in the HOP/STAT92E pathway cause seg-
mentation defects. The absence of additional pheno-
types, such as terminal defects or poorly differentiated
cuticle in germ-line clone-derived embryos, indicates
that this pathway does not cross-talk with the Ras-
MAPK pathway in either the TORSO or DER/EGFR
RTK signaling pathways. In the eye, the Ras-MAPK
pathway regulates photoreceptor formation. Changing
the activity of the HOP/STAT92E pathway does not af-
fect photoreceptor fate rather than affect cell prolifera-
tion.

However, there are some similarities in phenotypes
between the HOP/STAT92E pathway and the Dro-
sophila Ras-MAPK pathway. For example, overexpres-
sion of hop in the wing disc results in vein phenotypes
similar to those seen in animals that express activated
forms of D-raf (Harrison et al. 1995). Loss-of-function
D-raf mutations result in larval/pupal lethality with un-
derproliferation of diploid tissues (Perrimon et al. 1985),
similar to hop mutations (Perrimon and Mahowald
1986). However, these similarities are based on overex-
pression phenotypes as well as most of the mammalian
evidence for cross-talk. These results should be taken
with caution just in case an artifactual phenomenon was
created by these overexpressions.

Other potential functions of MOM and the
HOP/STAT92E signal transduction pathway

The mammalian gp130 subfamily of receptors interacts
with the receptors’ respective ligands and has pleiotropic
functions. G-CSF is the principal hematopoietic growth
factor regulating the production of neutrophils, and it is
widely used to treat neutropenia in a variety of clinical
settings (Welte et al. 1996). The mouse obesity gene en-
codes a soluble protein (OB or leptin; Zhang et al. 1994)
that produces weight-reducing effects in mice when ad-
ministrated in vivo. The structure of the receptor for this
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factor (OBR or leptin-R) is highly homologous to that of
gpl130. The IL-6 family of cytokines shares gpl30 as a
component critical for signal transduction in the cyto-
kine receptor complexes and has redundant functions
(Taga and Kishimoto 1997). Some of these biological ac-
tivities of IL-6 are also often exerted by other cytokines,
namely, IL-11, LIF, OSM, CNTE, and CT-1. The biologi-
cal activity by which each cytokine was initially identi-
fied was growth promotion of myeloma and plasmacy-
toma for IL-11, growth inhibition of a mouse myeloid
leukemia cell line for LIF, growth inhibition of a human
melanoma cell line for OSM, promotion of survival of
rat-cultured ciliary neurons for CNTF, and induction of
cardiac hypertrophy in vitro for CT-1. These cytokines
show structural similarity and, more importantly, have
biological functions that overlap with those of IL-6.
MOM is the only member of this family of receptors so
far identified in Drosophila. The fly has also only one
JAK (HOP) and one STAT (STAT92E). It remains to be
seen whether this simple MOM/HOP/STAT92E path-
way has the pleiotropic functions that are accomplished
by a great complex of a homologous receptor family.
This simple genetic model system will greatly enhance
our understanding of the gp130 subfamily of receptors’
biological functions and mediated signal transductions.

Materials and methods

Drosophila stocks

mom?, 1(1)G0441; mom?, 1(1)G0264; mom?®, 1(1)G0367; and
mom?, 1(1)G0405 were identified from the collection of X-chro-
mosome lethal mutations generated by Ulrich Schaefer in the
laboratory of Herbert Jackle (http://flybase.bio.indiana.edu).

Two hop alleles were used in this study: C111, a null allele
(Perrimon and Mahowald 1986); and Tum-I, a dominant tem-
perature-sensitive allele (Corwin and Hanratty 1976).
Stat92E%3% was described in Hou et al. (1996). upd¥“* was
described in Harrison et al. (1998).

Transgenic lines of HS-mom, UAS-mom, and UAS-upd were
produced by inserting corresponding cDNA into the pCasper-hs
and pUAST vectors (Thummel et al. 1988; Brand and Perrimon
1993) and injecting the constructs into flies. UAS-mom-Nwas
constructed by inserting a C-terminal truncated mom cDNA
(amino acids 1-671) into a pUAST vector. The matad-GAL-
VP16 line contains a construct consisting of the DNA-binding
domain (amino acids 1-144) of GAL4 fused to the VP16 tran-
scriptional activation domain expressed from the a4-tubulin
promoter and was a gift of D. St. Johnston through the N. Per-
rimon lab. GMR-Gal4 was from the Bloomington stock center.

Flies were raised on standard Drosophila media at 25°C un-
less otherwise indicated. Chromosomes and mutations that are
not described in the text can be found in Lindsley and Zimm
(1990.

Germe-line clones (GLCs)

Females carrying GLCs of mom were induced according to the
dominant female sterile technique that uses the mutation
Fs(1)K1237 (or OvoP?; Perrimon et al. 1989). Flies were irradi-
ated with a dose of 1000 rads using a Torrex 120D X-ray ma-
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chine at the end of the first instar larval stage. Such conditions
generate [7% mosaic females.

At emergence, irradiated mom/OvoP? females were distrib-
uted in lots of 10 per vial with 5-10 w’?’® males and checked
each day for the presence of eggs. When eggs were found, the
clone-containing female was then isolated and studied individu-
ally. The females that laid eggs with segmentation defects were
pooled together and used for studying mom functions. Ovarioles
containing the germ-line clone (+/+) are easily distinguished
from the others (+/OvoP?) by the presence of vitellogenic egg
chambers.

Rescue of mom lethality

A 2-chromosome HS-mom transgene line was used for rescuing
mom lethality. Heat shock at 37°C was administered for 30 min
to mom?/FM7;+/+ X +/Y; HS-mom/+ flies every 12 h from the
second instar larval stage; more than 20 FM7™ male flies were
obtained from each vial.

Tum-1

Genetic interaction between hop and mom

To test for interaction between hop and mom, the cuticle phe-
notype of hemizygous embryos derived from heterozygous fe-
males for mom? and hop™ ™! was compared with that of hemi-
zygous embryos derived from heterozygous females for mom’!
only.

Molecular cloning

Genomic DNA flanking the 1(1)G0441 P element was recovered
by plasmid rescue and used to screen a 0-4-h embryonic cDNA
library (Brown and Kafatos 1988) and to search the Drosophila
EST database. One full-length 4.8-kb clone and several shorter
c¢DNA clones corresponding to one open reading frame were
identified. The longest, 4.8-kb clone was selected for further
analysis. DNA sequencing was carried out on both strands on an
ABI model 310 DNA sequencer using consecutive oligonucleo-
tide primers synthesized to extend the sequences. The mom
genomic organization and the P-element insertion site were de-
duced from a BDGP database (http://www.fruitfly.org). Rese-
quencing confirmed the P-element insertion point and the ex-
on-intron joints. The mom gene is encoded by three exons, and
the four P elements are inserted into a 5’ untranslated sequence
in the first exon (Fig. 5A).

In situ hybridization and antibody staining

In situ hybridizations to whole-mount embryos by using digoxi-
genin-labeled antisense mom DNA probe were performed as
described (Hou et al. 1996).

Peptides corresponding to the C terminals of STAT92E were
used to produce antibodies in rabbits. Antiserum was purified
using the peptides as affinity reagents. STAT92E staining was
performed using the purified antisera at 1:1000 dilution. Addi-
tional antibodies used for immunohistochemistry include anti-
tracheal lumen mAb2A12 (Developmental Study Hybridoma
Bank). Biotin-conjugated secondary antibodies and the vec-
tastain Elite kit were from Vector.

DNA constructs and cell transfection

mom cDNA was amplified by the PCR technique using its
cDNA as the template. The amplified DNA was subcloned into
pCEFL, a modified pcDNA3 expression vector containing the
elongation factor 1 promoter driving the expression of an in-



frame N-terminal tag of nine amino acids derived from the in-
fluenza virus hemagglutinin HA1 protein (HA; Wilson et al.
1984). To obtain a C-terminal tagged upd-V5 construct, the
PCR-amplified upd cDNA was subcloned into the pcDNA3.1/
V5-His A vector (Invitrogen). For S2 cell expression, upd-V5,
mom-V5, hop-V5, and stat92E-V5 in pMT/V5-His A vectors
(Invitrogen) were constructed.

Transient transfections of S2 cells were performed by using a
FuGENE 6 transfection reagent (Boehringer Mannheim No.
1814443) as described in Wei et al. (2000). After 24 h, copper
sulfate was added to the medium to a final concentration of 500
1M to modulate expression of transfected genes from the metal-
lothionein promoter according to the manufacturer’s instruc-
tions (Invitrogen). After another 24 h, cells were collected and
the lysates were used for coimmunoprecipitation experiments.

Extracts from cells transfected with epitope-tagged HOP,
STAT92E, or MOM were immunoprecipitated with anti-
STAT92E antibodies, and the immunocomplexes were recov-
ered with Protein G-sepharose (Pharmacia). Beads were washed
three times with PBS containing 1% NP-40 and 2 mM vanadate
and loaded in 10% polyacrylamide gels. The presence of MOM
in the complexes was analyzed by Western blot using an anti-V5
specific antibody (1:5000). Proteins were visualized by enhanced
chemiluminescence detection (Amersham) using goat anti-
mouse and anti-rabbit IgGs coupled to horseradish peroxidase as
the secondary antibody (Cappel).

To detect tyrosine phosphorylation of MOM, HOP, and
STAT92E, extracts from S2 cells transfected with V5-tagged
mom, hop, and stat92E with upd-V5 or vector alone were im-
munoprecipitated with anti-STAT92E antibodies; the tyrosine
phosphorylation of MOM, HOP, and STAT92E in the com-
plexes was detected with monoclonal antiphosphotyrosine an-
tibody 4G10 (UBL; 1:10,000).

UPD protein binds to cells transfected with MOM
and MOM-N

293T cells were transfected with pcDNA3-upd-V5 by use of
lipofectamine (Life Technologies) according to the manufac-
ture’s instructions. After transfection, 50 pg/mL of heparin
(Sigma H-9399) was added to cells to release UPD to the me-
dium from the extracellular matrix. A day later, the medium
was collected and concentrated in Centriprep 10,000 MWCO
ultrafiltration devices (Amicon).

Separately, 293T cells were seeded on glass coverslips and
transfected with expression vectors for HA-MOM or HA-
MOM-N with HA-STAT92E by Lipofectamine Plus Reagents
(Life Technologies) as described (Marinissen 2001). After 24 h,
the transfected 293T cells were washed twice in PBS and incu-
bated with 1.5 mL of concentrated conditioned medium at 37°C
for 3 h. After three 10-min washes with PBS, the cells were fixed
and permeabilized with 4% formaldehyde and 0.5% Triton
X-100 in 1x PBS for 20 min. After washing with PBS, cells were
blocked with 1% bovine serum albumin and incubated with the
indicated primary antibodies for 1 h. Mouse anti-V5 and rabbit
anti-STAT92E antibodies (1:200) were used to detect V5-tagged
or STAT92E molecules. Following incubation, cells were
washed three times with 1x PBS and then incubated with the
corresponding secondary antibodies (1:200) conjugated with ei-
ther Fluorescein (FITC) or tetramethylrhodamine B isothiocya-
nate (TRITC; Jackson ImmunoResearch Laboratories). Cover-
slips were washed three times and mounted in Vectashield
mounting medium with DAPI (Vector Laboratories) and viewed
using a Zeiss Axiophot photomicroscope equipped with epifluo-
rescence. Immunofluorescence was photographed using Kodak
TMAX 3200 film.
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