BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 252, 195-201 (1998)

ARTICLE NO. RC989562

Identification of a Novel Drosophila SMAD

on the X Chromosome

Katya D. Henderson and Deborah J. Andrew?

Department of Cell Biology and Anatomy, The Johns Hopkins University School of Medicine,

Baltimore, Maryland 21205-2196

Received September 22, 1998

TGF-B signaling from the cell surface to the nucleus is
mediated by the SMAD family of proteins, which have
been grouped into three classes based upon sequence
identity and function. Receptor-regulated, or pathway-
restricted, SMADs (R-SMADs) are phosphorylated by
ligand-specific serine/threonine kinase receptors. Phos-
phorylated R-SMADs oligomerize with the coactivating,
or shared, SMAD (Co-SMAD) mediator and translocate
to the nucleus where the complex directs transcription
of downstream target genes. Inhibitory SMADs (I-
SMADSs) block receptor-mediated phosphorylation of
R-SMADs. In Drosophila, one member of each class of
SMAD has been reported: MAD, an R-SMAD, MEDEA, a
Co-SMAD, and DAD, an I-SMAD. Here, we report the first
identification of a novel Drosophila R-SMAD, which we
have named Smox for Smad on X. We have localized the
Smox gene to a specific interval on the X chromosome
and shown that Smox is transcribed throughout
development. © 1998 Academic Press
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The transforming growth factor-g (TGF-B) family of
cytokines play important roles in development, including
regulation of cell growth, and various patterning events
(reviewed in [1-3]). Signaling from TGF-B family mem-
bers is mediated through a family of serine/threonine
kinase receptors. This receptor family consists of two
classes of receptors, type | and type Il. TGF-B family
members bind to the type Il receptor, which then recruits
the type | receptor into a complex. The formation of this
complex leads to phosphorylation and activation of the
type | receptor by the type Il receptor. In Drosophila, the
receptors for the TGF-8 famly member Decapentaplegic
(DPP) are encoded by thick veins (tkv), saxophone (sax)
and punt (put) [4-8]. As is seen in other systems, upon
activation of these receptors, the R-SMAD encoded by the

1 To whom correspondence should be addressed. Fax: (410) 955-
4129. E-mail: debbie_andrew@gmail.bs.jhu.edu.

195

Mothers against DPP (Mad) gene is phosophorylated and
forms a complex with the Co-SMAD encoded by the Me-
dea (Med) gene [9-14]. The MH1 domain of the R-SMAD
physically contacts DNA through site-specific interac-
tions [15, 16]. In vertebrates, different R-SMADs couple
with different receptors to mediate signaling from specific
TGF-B family members. SMAD1, SMAD5 and SMADS8
are phosphorylated in response to BMP-2 or BMP-4 sig-
naling, while SMAD2 and SMAD3 are phosphorylated in
response to activin signaling (review in [17, 18]). Here we
report on the identification of a fourth Drosophila SMAD
family member, Smad on X (Smox), which encodes a
protein most closely related to human SMAD3.

MATERIALS AND METHODS

Fly stocks. The wild type flies used in all experiments were Can-
ton S or Oregon R. The deficiencies used in this study, which include
Df(1)hl-a, Df(1)RA2, Df(1)C128, Df(1)GE202, and Df(1)Desi-3, are
described in Flybase.

Chromosome in situ hybridizations. Chromosome in situ hybrid-
izations were done by hybridizing biotin-labelled Smox cDNAs to fixed
larval salivary gland polytene chromosomes from either wild-type Can-
ton S larvae or larvae heterozygous for a deficiency chromosome and a
wild-type X-chromosome. We followed the procedure of [19] omitting the
RNase treatment and acetylation steps, and using the Vectastain Kit
(Vector Laboratories) for HRP signal detection.

Whole mount in situ hybridization. Whole mount in situ hybrid-
ization to embryos was carried out as described in [20] with both
antisense and sense Smox RNA probes.

Northern analysis. Approximately 5 ug of poly-A*-selected RNA
from staged embryos, larvae, pupae, sexed adults or Schneider 2 cells
was run in each track of a 1% agarose, 6 % formaldehyde gel. The
size-fractionated RNA was then transferred to nitrocellulose and
probed with a random-primed Smox cDNA probe. As a control for the
amount of poly-A* RNA in each track, the Northern blot was also
hybridized with a random-primed ribosomal protein probe, rp49 [21]

Standard molecular techniques. cDNA library screening, plas-
mid, phage and genomic DNA isolation, and labeling of radioactive
probes were performed as described in [22]. Sequence alignments
were done using the CLUSTAL X alignment program [23]. Genbank
accession No. for Smox is AF078529.
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FIG. 1. Drosophila SMOX is most similar to vertebrate SMAD2 and SMAD3. The conceptual open reading frame of SMOX compared
to human SMAD3, human SMAD2 and Drosophila MAD. Black indicates identical residues. Grey indicates conservative replacements.
The dashed bar above the sequences indicates MAD homology domain 1 (MH1) and the solid bar above the sequences indicates MAD
homology domain 2 (MH2). The asterisks indicate the C-terminal consensus phosphorylation motif SSXS found in all class | SMADs
characterized to date.

RESULTS transduce signals from the BMP2/BMP4 receptor (for
review see [17, 24]. R-SMADs are directly phosphory-

In both vertebrates and invertebrates, SMAD pro- lated by the activated type | receptors and form a
teins transduce the signals from the activated TGF-g phosphorylation-dependent complex with the only
family of receptors to the nucleus. In vertebrates, three  known co-SMAD, SMAD4/DPC4 [16, 25-30]. This het-
general classes of SMAD proteins have been described. eromeric complex of R-SMADs and Co-SMADs trans-
R-SMADs respond to signaling by specific classes of locates to the nucleus where it functions as a transcrip-
TGF-B molecules. Examples of R-SMADs are SMADs 2 tion partner to regulate gene expression. Finally,
and 3 which transduce signals from the TGF-g/Activin  I-SMADs, such as SMAD 6 and SMAD7, function to
and Vegl receptors, and SMADs 1, 5 and 8 which attenuate signaling by competing with the R-SMADs
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TABLE 1
Percentage Identities among the MH1 and MH2 Domains of SMOX, MAD and the Vertebrate Class 1 SMADs

SMOX MAD Smad?2 Smad3 Smadl Smad5
Drosophila class |
protein domain MH1 MH2 MH1 MH2 MH1 MH2 MH1 MH2 MH1 MH2 MH1 MH2
SMOX MH1 100 — 53.6 — 48.9 — 59.0 — 53.6 — 54.3 —
SMOX MH2 — 100 — 76.8 92.9 — 92.9 — 79.0 — 79.0
MAD MH1 53.6 — 100 — 54.3 — 68.1 — 92.1 — 88.9 —
MAD MH2 — 76.8 — 100 77.9 — 77.4 — 88.7 — 87.7

for interactions with the activated receptors [31].
I-SMADs form stable associations with the receptor
complex but, unlike the R-SMADSs, are not phosphory-
lated by the activated receptor.

There are two known R-SMAD family members in
the nematode C. elegans [32] suggesting the existence
of another R-SMAD in Drosophila in addition to the
well-characterized Mad gene [9, 10, 33-35]. To deter-
mine if a second R-SMAD existed in Drosophila, we
searched the Berkeley Drosophila Genome Project
(BDGP) sequence databases with the MAD protein se-
quence. This search identified two cDNAs whose con-
ceptual open reading frames were homologous to either
MAD-homology domain 1 (MH1), cDNA clone LD07433
(Genome Systems, Inc), or MAD-homology domain 2
(MH2), cDNA clone CK01082 (C. Kopczynski, Acces-
sion #AA141008, submitted 11/16/96). To test whether
either of the cDNAs corresponded to known Drosophila
SMAD family members, we mapped each of the two

clones to polytene chromosomes. LD07433 mapped to
cytological region 100C, the known position of the Med
gene [9], suggesting that it was a Med cDNA. Compar-
ison of the LD07433 sequence with the subsequently
published Med sequence confirmed this identity [12-
14]. CK01082 mapped to cytological region 7D7-16 sug-
gesting that the cDNA corresponded to a novel Dro-
sophila SMAD family member since no known SMAD
gene maps to this region. Since the CK01082 clone was
not full length, we screened a 9-12 hr embryonic cDNA
library to isolate and characterize additional cDNAs. A
comparison of the conceptual open reading frame of the
gene, which we have named Smad on X (Smox), to
other SMAD family members reveals that it is most
closely related to vertebrate SMAD2 and SMAD3 (Fig.
1; Table 1). SMOX has 60% overall identity to human
SMADS, 57.1% identity to human SMAD?2, and 51.8%
identity to Drosophila MAD. SMAD proteins have two
highly conserved domains, known as MH1 and MH2,

02 24 48 8121224 1st 2nd 3d P _d 9 s
4.4 kb — e mee
meo | ([ -

FIG. 2. Drosophila SMOX encodes two transcripts expressed throughout development. 0-2, 2-4, 4-8, 8-12, 12-24 refer to hours of
embryogenesis, 1st, 2nd and 3rd refer to the three larval stages, P refers to pupae, S refers to Drosophila Schneider 2 cells. The slower
migrating form is the most abundant form in adult females and 0-2 hr embryos, suggesting that this transcript is provided maternally. The
same Northern is shown hybridized to rp49 probes as a control for loading.
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FIG. 3. Smox maps to cytological region 7D10, a region containing only a single known complementation group, 1(1)7Dg. Hybrid-
ization of a Smox cDNA clone to polytene chromosomes of either wild-type larvae or larvae heterozygous for deficiencies in the 7D
interval of the X chromosome: wild-type chromosomes (A); Df(1)hl-a/+ chromosomes (B); Df(1)RA2/+ (C); Df(1)Desi-S3/+ (D);
Df(1)C128/+ (E); Df(1)GE202/ + (F). The arrowheads indicate the hybridization signals. The position of Smox in the genome relative
to genes mapping to the 7D-E region (G). The chromosomal region deleted in the deficiency is indicated by a break in the dark horizontal
lines. The only extant allele 1(1)7Dg complemented Df(1)RA2 but not Df(1)C128, suggesting that the original mutation in the 1(1)7Dg
stock has been lost.
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TABLE 2
Components of the ACTIVIN and BMP Signaling Pathways in Vertebrate and Drosophila Development

ACTIVIN pathway

BMP pathway

Vertebrate protein

Drosophila protein

Vertebrate protein Drosophila protein

Ligand ACTIVIN ACTIVINBg BMP-2/BMP-4 DPP
BMP-5/BMP-6/BMP-7 60A/SCREW
Type 11 receptor ACTR-I11 ACTRII
ACTR-11B PUNT? ACTRIIB PUNT
BMPR2
Type | receptor ACTR-I ATR-1 BMPR-IA TKV
ACTR-1B BMPR-IB
ACT-RI SAX
Class | Smad SMAD2 SMOX? SMAD1 MAD
SMAD3 SMAD5
SMADS8
Class Il Smad SMADA4/Dpc4 MED? SMADA4/Dpc4 MED
Class Il Smad SMAD6 SMADG6
SMAD7 DAD? SMAD7 DAD
Inductive event(s) Dorsal mesoderm Ventral mesoderm Early dorsal patterning
Erythroid differentiation ? Cartilage and bone Midgut morphogenesis
FSH release Apoptosis Imaginal disc patterning

Mesoderm patterning
Oogenesis
Salivary gland limits

separated by a linker region which is less conserved.
SMOX MH1 has 59.0 % identity to the MH1 domain of
SMADS3 and 48.9 % identity to the MH1 domain of
SMAD2 (sequence below dashed line in Fig. 1 and
Table 1). SMOX MH2 has 92.9 % identity to the MH2
domains of both SMADs2 and 3 (sequence below solid
line in Fig. 1 and Table 1). Like SMAD3, SMOX does
not have the two insertions of nine and thirty residues
found in the MH1 domain of SMAD2. SMOX has an
SSXS motif at the C-terminus which has been found in
all receptor-regulated SMADs characterized thus far
(indicated by asterisks in Fig. 1). The two most
C-terminal Ser residues of this motif in other class |
SMADs are phosphorylated by activated type | recep-
tors [36-39].

To determine where Smox may be functioning, we
determined the expression of Smox both by Northerns
and by in situ hybridization to whole mount embryos.
The Northern analysis revealed two Smox transcripts,
both approximately 4.5 kb (Fig. 2). The larger of the
two transcripts is abundant in adult females and in 0-2
hr embryos suggesting that the larger Smox transcript
is provided maternally. To determine the spatial ex-
pression pattern of Smox, we hybridized embryos with
both sense and antisense Smox RNA probes. We de-
tected global expression throughout embryogenesis
with the antisense probe but not with the negative
control sense probe, suggesting that Smox is expressed
to equivalent levels in all cells of the embryo (data not
shown).

As a first step toward identifying mutations in Madr-
7D, we obtained deficiencies that spanned cytological
region 7D. These deficiencies were used to map Smox
relative to complementation groups in the region by
hybridizing a Smox cDNA to polytene chromosomes
from salivary glands of larvae heterozygous for each
deficiency (Fig. 3A-F). Df(1)hl-a deleted Smox (Fig.
3B,C), whereas Df(1)Desi-3, Df(1)C128, and Df(1)GE202
did not (Fig. 3D-F). We consistently detected a dimin-
ished signal on the Df(1)RA2 chromosome relative
to the signal on the wild-type chromosome in trans
(Fig. 3C). The mapping of Smox relative to these defi-
ciencies places the Smox gene at the proximal break-
point of Df(1)RA2 in a genomic interval containing
only a single known gene, 1(1)7Dg, of which there is
one reported allele, VA334 (Fig. 3G) [40]. However,
VA334 complemented Df(1)RA2, suggesting that the
existing VA334 chromosome contains a functional
allele of 1(1)7Dg.

DISCUSSION

In this work, we have discovered a second R-SMAD
in Drosophila, Smox. SMOX is most similar to SMADs
2 and 3 whereas MAD is most similar to SMADs 1 and
5 (Table 1). In vertebrates, SMADs 2 and 3 function in
signaling pathways distinct from the pathways in
which SMADs 1 and 5 function, although several com-
ponents from each pathway are shared. Based on its
homology to the vertebrate proteins, SMOX may func-
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tion in a related TGF-B signaling pathway, termed the
“activin” pathway. A Drosophila activin Bg-like ligand
has been described [41] and two Drosophila activin-like
type | receptors have been identified, ATR-1 and SAX
[4, 7, 33, 42]. However, many of the phenotypes de-
scribed for mutations in SAX suggest a role for this
receptor in the DPP (BMP) signaling pathway, so it is
not always obvious from sequence comparisons which
components function in which pathway. Table 2 com-
pares the proposed activin- and BMP- signaling path-
ways in vertebrates and Drosophila (modified from
[17]). “?”s indicate that the protein has been proposed
to act within a particular biochemical pathway but the
function of that pathway and the specific involvement
of a given protein has not been established genetically.
Mutations in neither the Drosophila activin Bg-like
ligand nor ATR-I receptor have been described. Thus,
the function of the Drosophila activin pathway, in
which SMOX may participate, remains largely un-
known.
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