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Abstract

Follistatin (FS) is one of several secreted proteins that modulate the activity of TGF-$ family
members during development. The structural and functional analysis of Drosophila Follistatin (dFS)
reveals important differences between dFS and its vertebrate orthologues: it is larger, more positively
charged, and proteolytically processed. dFS primarily inhibits signaling of Drosophila Activin
(dACT) but can also inhibit other ligands like Decapentaplegic (DPP). In contrast, the presence of
dFS enhances signaling of the Activin-like protein Dawdle (DAW), indicating that dFS exhibits a
dual function in facilitating and inhibiting signaling of TGF-p ligands. In addition, FS proteins may
also function in facilitating ligand diffusion. We find that mutants of daw are rescued in significant
numbers by expression of vertebrate FS proteins. Since two PiggyBac insertions in dfs are not lethal,
it appears that the function of dFS is non-essential or functionally redundant.
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1. Introduction

Polypeptide cytokines of the transforming growth factor g (TGF-3) family control a wide range
of developmental and physiological functions in higher eukaryotes (Massague et al., 2000;
Yasuo and Lemaire, 2001). This diverse group of signaling molecules provides positional
information required for axis formation and tissue specification, controls various processes
such as tissue growth, cell death, and pathfinding of axons in the nervous system, and prevents
differentiation of embryonic stem cells (Beattie et al., 2005; Colavita et al., 1998; Ho et al.,
2000; James et al., 2005). Many components of this pathway have been linked to tumor
formation in humans (Rooke and Crosier, 2001). The highest degree of sequence conservation
between various family members is found within the C-terminal domains, which are released
as dimers by proteolytic processing. Similarities in sequence and biological activities allow
these factors to be divided into at least two distinct subgroups: Bone Morphogenetic Proteins
(BMPs) and Activins/Inhibins/TGF-Bs (Newfeld et al., 1999). The latter group exhibits an
additional intramolecular disulfide bond at the N-terminus after processing. In Drosophila,
there are four Activins/TGF-Bs, Drosophila Activin (AACT), Dawdle (DAW, also known as
Activin-like protein at 23, ALP23, and Anti-Activin, AACT), Myoglianin (MYO), and
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Maverick (MAV), and three BMP-type ligands, Decapentaplegic (DPP), Screw (SCW), and
Glass Bottom Boat (GBB). Each ligand dimer forms a complex with two type 1l and two type
| receptor serine/threonine kinases that phosphorylate SMAD transcription factors. BMP-type
ligands signal primarily through the type I receptors Thick veins (TKV) and Saxophone (SAX)
and activate Mothers against DPP (MAD) (McCabe et al., 2003; Shimmi et al., 2005). Activins/
TGF-B-type ligands are believed to signal through the type | receptor Baboon (BABO), which
in turn activates primarily dSSMAD?2 but to a minor extent also MAD (unpublished data).

TGF-B signaling is regulated by various extracellular proteins. Antagonists like Follistatin
(FS), Noggin, Chordin/Short Gastrulation, and DAN/Cerberus bind ligands and prevent
interactions with receptors and signaling. In some species, they exhibit overlapping and
redundant functions. Recently, it was shown that the simultaneous depletion of FS, Noggin,
and Chordin in Xenopus tropicalis results in transformation of ventral into dorsal tissue during
embryogenesis (Khokha et al., 2005).

Follistatin was first identified as an inhibitor of Activin in vertebrates. Subsequent studies
showed that it also binds other ligands with lower affinities including BMP 2, 4, 6, 7, and
Myostatin (Abe et al., 2004; Canalis et al., 2003). Knockout mice of fs die shortly after birth.
They are smaller and exhibit defects in skeletal and muscle development (Matzuk et al.,
1995). Recently, the crystal structure of the human FS:Activin complex was resolved
(Thompson et al., 2005). It provides valuable insight into the function of the different FS
domains and a basis to explain the mechanism of ligand inhibition.

In this study, we analyze the function of Drosophila Follistatin (dFS). Like vertebrate FS
proteins, dFS is subdivided into a N-terminal domain (N) and three FS domains (FS1-3) (Fig.
1). However, dFS is substantially larger than its vertebrate homologues due to a large basic
insertion into FS1. Interestingly, dFS is proteolytically processed, and we find that small
processed forms of dFS are able to bind to ligands like dACT. This result suggests a possible
different inhibitory mechanism: ligands bound to processed dFS can bind to type Il receptors
but cannot recruit type | receptors. Consequently, processed dFS might not only sequester
ligands but also prevent unbound ligands from interacting with receptor complexes. Among
the seven Drosophila TGF-p ligands, we show that dFS primarily inhibits dACT but can also
inhibit signaling of other ligands like DPP. In contrast, we find that dFS can augment signaling
of the TGF- member DAW. Our results suggest that dFS might exhibit dual functions in
facilitating and inhibiting TGF-f signaling. Analysis of two PiggyBac insertions in dFS reveals
that they affect dfs expression. Since homozygous animals of these lines are viable and
phenotypically wild type, we have to assume that the function of dFS is non-essential or
functionally redundant. Taken together, this study reveals interesting differences between the
mechanisms of modulating TGF-f signaling by dFS and its vertebrate orthologues.

2.1. Structure and function of dFS

The primary structure of dFS shows both similarities and differences compared to its vertebrate
orthologues (Haerry and O'Connor, 2002). dFS is divided into a N-terminal domain (N) and
three FS domains (FS1-3) that can be further subdivided into EGF-like and Kazal protease
inhibitor-like domains (Fig. 1). Compared to its vertebrate orthologues, dFS is substantially
larger due to an insertion of 260 amino acids. The insertion contains 55 positively charged
amino acids (pl >10) and is located after the heparin binding site in FS1 (Inouye et al., 1992).
In contrast to Drosophila, vertebrates produce a second, long isoform of FS by alternative
splicing (FS-315). This form contains a C-terminal extension with many negatively charged
amino acids that reduce adhesion to sulfates of proteoglycans at the cell surface. It was found
that FS-315 is the major circulating form (Schneyer et al., 2004).
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To analyze the function of dFS, we cloned our previously isolated dfs cDNA (AF454393) into
expression vectors for tissue culture cells and transgenic flies (Haerry and O'Connor, 2002).
From comparison to vertebrate orthologues, we assumed the start site to be at nucleotide 577.
At this position, the SignalP server website predicts a signal sequence
(MALLIGLLLLNFRLTAA-GTCW) that is cleaved equivalently to the vertebrate FS
proteins. However, we find expression of a construct that contains this predicted signal
sequence but lacks the first 279 nucleotides does not result in a translated protein in culture
cells and growth inhibition in transgenic flies. In contrast, the complete cDNA is translated in
tissue culture cells and inhibits growth in vivo. There are three potential start codons upstream
of the predicted signal peptide sequence. Based on the consensus for Drosophila start sites
(Cavener, 1987), the most likely start codon is at nucleotide 181-183 (CAACA-ATG). We
note that there is a full-length dfs cDNA that is 671 nucleotides longer, GH04473
(NM_144119). This cDNA extends the coding sequence by 62 additional amino acids (Fig.
1). Although conserved between different Drosophila species, the absence of this additional
sequence in our shorter cONA does not prevent translation and secretion of a growth inhibitory
protein. Interestingly, the full-length cDNA does not encode an N-terminal signal peptide
sequence either. Instead, several protein analysis programs predict three potential
transmembrane domains within the 211 amino acid leader (Fig.1). Thus, in contrast to
vertebrate FS proteins, the secretion of dFS might involve an initial membrane-anchoring step.

To investigate where cleavage occurs, we expressed dFS in S2 cells. To monitor dFS fragments,
we replace the sequence REQQQHQRQ in the second half of the signal leader with an RGS-6H
tag (dFS-HisL). In addition, we introduced HA-epitopes (VYDYPDYASL) in the large
insertion domain (dFS-HA-I) or at the C-terminus (dFS-HA-C). When expressing a double-
labeled dFS-HisL-HA-I in S2 cells, we detect an 18 kD His-tagged fragment in the cell extract
(Fig. 2C). This result is consistent with a single processing event at the equivalent location of
vertebrate FS proteins, which is expected to produce a 16 kD fragment (Fig. 1). In the
supernatant, we are able to detect a secreted protein via the internal HA-tag but not the N-
terminal His tag (Fig. 2A, lane 9 and 13). Thus, the N-terminal leader is not secreted.

On western blots, the internally tagged dFS-HA-I obtained from supernatant migrates as two
major bands of approximately 75 kD and 45 kD (Fig. 2A, lanes 2 and 3). The molecular size
of both bands differs from the expected 62 kD of a processed form without the signal leader
(Fig. 1). Thus, we speculate that the larger form is modified, most likely by glycosylation,
while the smaller band represents a proteolytically cleaved protein. Two additional minor bands
migrate at about 55 kD. In contrast to dFS, the C-terminally tagged human FS (hFS-HA-C) is
not processed and migrates as a single band of approximately 40 kD, about 10 kD larger than
expected (Fig. 2A, lane 4). Surprisingly, an identically C-terminally tagged dFS cannot be
detected on western blots (Fig. 2A, lane 7). Similarly, the C-terminal RGS-6H tag of a double-
tagged dFS (dFS-HA-I-HisC) is barely detectable (Fig. 2A, lane 14). In contrast, the signal of
the internal HA tag is very robust (lane 10). Compared to dFS-HA-I (Fig. 2, lane 11), we only
detect small amounts of the 45 kD form (lane 10). It appears that the C-terminal His-tag
stabilizes the large 75 kD form and prevents further processing. Taken together, our results
indicate that dFS is processed at the N-terminus similar to vertebrate proteins. However, unlike
vertebrate forms, additional processing steps occur that remove a C-terminal portion of dFS.

It is possible that normal degradation products of dFS can be detected on western blots, since
they are more stable compared to those of hFS. To investigate whether processing occurs within
the cell or in the supernatant, we separated dFS-HA-I supernatant from cells and incubated
samples over five days at 25°C. We do not see any change in the proportions of the processed
forms over time (data not shown). The absence of processing in the supernatant suggests that
the processed forms are not products of normal degradation.
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To assess the function of the processed forms of dFS, we performed co-immunoprecipitation
experiments with FLAG-tagged constructs of dACT and two of the other ligands, DPP and
GBB. We find that dFS-HA-I precipitates only in the presence of FLAG-tagged dACT (Fig.
2B, lane 4). Interestingly, we can detect all major and minor processing forms, indicating that
they all can bind to dACT. We do not see any dFS in the presence of DPP or GBB. These
results suggest that the affinity of dFS is higher for JACT than for DPP or GBB.

Next, we performed SMAD phosphorylation signaling assays with the BMP-type ligands DPP
and GBB (Fig. 2D) and the Activin/TGF-p-type ligands dACT and DAW and (Fig. 2E). Since
SCW, MYO, and MAYV do not result in the phosphorylation of SMAD:s in this assay (data not
shown), we cannot test interaction of dFS with these ligands. Using antibodies against
phosphorylated SMADs, we find that incubation of supernatant from cells expressing DPP,
GBB, dACT, and DAW with cells transfected with MAD and dSMAD2 results in robust
SMAD phosphorylation in cell extracts (Fig. 2D and E) (McCabe et al., 2003). We find that
the amounts of dFS used in this experiment do not reduce SMAD activation by DPP or GBB
(Fig. 2D). However, signaling of dACT is reduced in the presence of dFS or dFS-HA-I (Fig.
2E). With the same amounts of dFS, we note that signaling of DAW is enhanced rather than
reduced. Thus, our results show that dFS exhibits opposite effects on JACT and DAW signaling
and that processing of dFS does not abolish the binding to dACT.

2.2. dFS inhibits dACT-mediated wing growth

To analyze the function of dFS in vivo, we over-expressed transgenic lines of dFS, dFS-HA-
I, and dFS-HA-C with A9-GAL4. We previously used this driver line to analyze signaling of
DPP and GBB in wing imaginal discs (Haerry et al., 1998). A9-GALA4 is located on the X
chromosome. This line expresses high levels of GAL4 in wing discs but low levels in other
tissues as well. We find that animals of most UAS-dFS lines die in combination with A9-GAL4
during pupation. We hypothesize that death most likely occurs due to reduction of signaling
by one or several endogenous TGF-B-type ligands. Out of many UAS-dFS lines tested, we
identified two that were not lethal when combined with A9-GAL4. Animals from these non-
lethal dFS lines exhibit small wings (Fig. 3B). To compare the size, wings of dFS expressing
females were mounted on top of A9/+. To determine the size of wings quantitatively, we
measured the number of pixels in pictures of five individual female wings. Compared to A9-
GAL4 /+, we find that expression of dFS results in a 23% reduction in size (Table 1). This
phenotype is similar to that produced by expression of four transgenes encoding dominant
negative isoforms of the Activin type I receptor BABO (Fig. 3E). In contrast, expression of
dACT with A9-GALA4 results in a 30% increase of wing size (Fig. 3C, Table 1). When two
copies of dFS are co-expressed with dACT, the size is reduced by 31% when compared to
dACT alone and by 10% when compared to A9/+ (Fig. 3D, Table 1). Again, this resultis similar
to co-expression of dominant negative BABO isoforms with dACT (Fig. 3F). We would like
to note that expression of two copies of dFS is lethal. These animals are only rescued because
of co-expression of dACT (Table 2). Taken together, these results show that dFS can inhibit
dACT signaling similar to dominant negative dACT type | receptors.

2.3. Interactions between dFS and Drosophila TGF-beta ligands

In vertebrates, FS proteins can inhibit various members of the TGF- family. We used the
lethality of most dFS lines when expressed with A9-GAL4 as a genetic assay to investigate
interactions of dFS with individual Drosophila ligands. If A9-GAL4 males are crossed to UAS-
dFsS, all the daughters die (Table 2; No ligand; 0 offspring). In contrast, the male progeny do
not inherit the X-chromosomal A9-GALA4. Males are used to calculate the expected number of
female offspring (Table 2; No ligand; 213 expected; 0/213=0%). As a control, we crossed the
combination of A9- GAL4 and two copies of UAS-nLacZ to UAS-dFS to analyze whether the
number of UAS transgenes affects expression levels. We find that all females die in the
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presence of the additional UAS transgenes, indicating that GAL4 is not limiting (data not
shown). In our assay, co-expression of a ligand that can bind to dFS is expected to reduce the
interaction of dFS with endogenous ligands and thus rescue the lethality. Since the amount of
secreted protein can vary between insertion lines, we tested several transgenic lines. As shown
in Table 2, we find that co-expression of different transgenic lines of GBB and DAW with dFS
cannot rescue female lethality. In fact, we find that co-expression of DAW with a non-lethal
dFS line reduces the survival from 54.5% to 33.3%. In contrast, lines of dACT can rescue up
to 75% of the otherwise lethal dFS expressing females (Table 2). While more than half of the
expected females can be rescued by DPP, about one in four is rescued by MAV, one in five by
MY O, and one in seven by SCW (Table 2). When individual ligands are co-expressed with
two copies of dFS, we find that only dACT significantly rescues the lethality of higher dFS
expression (Table 2; 38%). Only about 3% of the expected females survive in the presence of
DPP and MYO, and none survive with MAV or SCW. We would like to point out that, aside
from different amounts of protein synthesized in each transgenic line, the rescue ability likely
depends on different binding affinities between dFS and ligands and not on the signaling
strength of the individual ligand. For instance, the dFS lethality can be rescued by co-expression
of SCW but not GBB, which is a more potent activator of signaling than SCW (Haerry et al.,
1998;Nguyen et al., 1998). Since we use animals of lines that contain both A9-GAL4 and
individual ligands in this assay, the lack of rescue is not due to lethality caused by the expression
of ligands. In summary, these results indicate that dFS primarily inhibits dACT and to a lesser
extent DPP and MYO. Our results are similar to findings in vertebrates showing that FS
strongly interacts with Activin (K4~45 pM) but binds with a significant lower affinity to other
ligands like the DPP orthologues BMP2/4 and the MY O orthologue Myostatin. In contrast to
vertebrates, we do not see an interaction between dFS and GBB, the orthologue of BMP 5/6/7.
Unlike the other ligands, we find that the presence of DAW reduces the viability of animals
that over-express dFS. As discussed later, this result indicates that dFS expression may cause
lethality by not only decreasing but also increasing TGF-f signaling.

2.4. dFS inhibits DPP and affects DPP target genes in wing discs

In tissue culture experiments, we can only detect dFS binding to dACT. In rescue assays,
however, dFS also interacts with DPP and MYO (Table 2). When over-expressed with A9-
GAL4, MYO slightly increases the size of wings by 7% (Table 1). Like dACT, it does not
generate any major pattern defects (data not shown). Animals that survive excess dFS by co-
expressing two copies of MY O exhibit 13% smaller wings compared to those expressing MYO
alone (Table 1). These results indicate that dFS can mitigate over-growth mediated by MYO.

Unlike MYO, expression of DPP in wing imaginal discs results in smaller wings due to cell
death and transformation of intervein tissue into dense pigmented vein tissue (Fig. 4C). In
contrast, expression of viable dFS lines in wings does not result in pattern defects (Fig. 4B).
Animals of lethal dFS lines that are rescued by co-expression of DPP often exhibit almost
normal wing patterning (Fig. 4D), suggesting that dFS can inhibit excess DPP signaling. In
imaginal discs, DPP signaling via MAD represses the target gene brinker (brk) and results in
the activation of the downstream gene spalt (sal) in a stripe close to the source of DPP
expression (de Celis et al., 1996;Haerry et al., 1998;Jazwinska et al., 1999;Muller et al.,
2003). We find that expression of DPP with A9-GALA4 results in increased growth, repression
of brk and expansion of the SAL domain to the entire wing pouch (Fig. 4G and K). In
comparison, high-level expression of dFS from two transgenes results in smaller discs, de-
repression of brk, and a slight reduction of the area and levels of SAL (Fig. 4F and J). If DPP
and dFsS are co-expressed, brk and sal expression is restored to almost wild type levels (Fig.
4H and L). These results show that high concentrations of dFS can inhibit DPP and affect the
expression of DPP target genes.
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2.5. Expression of FS proteins can rescue daw mutants

In tissue culture cells, dFS reduces dACT signaling through dSSMAD2 and MAD. However,
we observe that dFS increases rather than decreases SMAD phosphorylation in the presence
of DAW. On the other hand, DAW exacerbates rather than suppresses the lethal effect of dFS
when co-expressed in vivo (Table 2). Taken together, these results suggest that co-expression
of DAW with dFS reduces viability by increasing signaling of DAW. This raises the question
of whether over-expression of dFS causes lethality by increasing rather than decreasing TGF-
B signaling. To answer this question, we examined the effects of dFS expression in daw
mutants. Occasionally, small numbers of daw null mutants survive to adulthood (0-6%, Table
3). These animals are fertile, but most of the progeny die and exhibit daw mutant phenotypes.
We find that expression of a DAW transgene in most tissues (daugtherless-GAL4, da-GAL4)
or in neurosecretory cells (386Y-GALA4) can efficiently rescue daw mutants (Table 3; 66% and
89%). Compared to other ligands like dACT, it appears that DAW can be expressed in any
tissue without causing major pattern defects or lethality. Like A9-GAL4, expression of dFS
with 386Y-GALA is late pupal lethal. Similarly, we find that 85% of larvae that express dFS
with 386Y-GAL4 in a daw mutant background pupate but do not survive to adulthood. Since
these animals lack DAW, this result indicates that increased signaling of this ligand cannot
solely be responsible for lethality caused by over-expression of dFS. However, we noticed that
under optimal food conditions, only approximately 32% of daw mutants pupate compared to
85% that also express dFS (Table 2). This finding indicates that expression of dFS can partially
compensate for the lack of DAW. To further test this idea, we examined whether human and
Xenopus FS (hFS, XFS) proteins exhibit similar effects when expressed in daw mutants. When
expressed with the same GAL4 drivers, xXFS exhibits weaker growth inhibitory phenotypes
than dFS and is not lethal. In comparison, no noticeable growth reduction is observed in animals
that express multiple copies of hFS. Interestingly, we find that expression of XFS with 386Y-
GALA4 can rescue 23% of daw mutants to adulthood (Table 3). In comparison, 9% of daw
mutants are rescued by ubiquitous expression of xFS. We also find that ubiquitous expression
of hFS rescues 28% of the expected daw mutants, while no mutants survive with 386Y-GALA4.
These results indicate that FS proteins can partially compensate for the lack of DAW. However,
since DAW is an active signaling molecule, the mechanism of this interaction is likely indirect
and involves other ligands.

2.6. RNA expression of dfs during development

To investigate possible interactions between dFS and various ligands during development, we
performed RNA in situ hybridizations of dfs at various stages and tissues (Fig. 5). We find that
dfs is expressed broadly during development. In the embryo, dfs RNA is provided maternally
(Fig. 5A) and is present at low levels throughout embryonic development. At the beginning of
germ band extension, dfs transcripts accumulate in a stripe at the dorsal side of the embryo that
corresponds with the peak levels of DPP signaling (Fig. 5B and C). We note that dfs expression
is quite robust along the path of migrating germ cells (Fig. 5B). A possible target of dFS in
this area is MYO. As previously reported, myo is expressed in the pole cells (Lo and Frasch,
1999), which exhibit robust staining for phosphorylated MAD (P-MAD, unpublished
observation). In contrast to dfs, dact is not transcribed in early embryos, indicating that JACT
cannot be the target for early dFS expression (Kutty et al., 1998). In late stage embryos, we
notice that dfs MRNA is detected in somatic cells of male but not female gonads (Fig. 5D). At
the third instar larval stage, the dfs mMRNA accumulates in the brain with little staining in other
parts of the CNS (Fig. 5E). Relatively robust staining is seen in all imaginal discs (Fig. 5F-H).
In the male germ line, dfs expression is found in primary spermatocytes in larval and adult
testes (Fig. 51 and J). In females, low levels of dfs expression are seen at all stages of oogenesis
(Fig. 5K). In summary, the expression pattern of dfs overlaps with the reported expression of
TGF-beta family members in various tissues indicating that dFS can interact with multiple
ligands during development.
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2.7. dfs loss-of-function phenotype

Since dFS is expressed in many tissues and likely interacts with various ligands during
development, we were curious to analyze the dfs mutant phenotype. Database searches for
possible transposon insertions in dfs reveal that the closest P-element is located approximately
7 kb upstream of dfs between the two promoters of the neighboring gene scab, which encodes
an a-Integrin. They all are semi-lethal, and excision deletions would likely generate double
mutants in dfs and scab. However, there are two PiggyBac insertions in the Exelixis collection
at Harvard, f00897 and e03941, which were mapped within the dfs transcriptional unit. Using
PiggyBac and flanking primers, we confirmed by PCR that f00897 is inserted in the second
intron 2.9 kb upstream of the translation start site (data not shown). Similarly, the location of
e03941 was corroborated to be 6.2 kb downstream of the transcription start site within intron
seven upstream of the last two coding exons. While f00897 is homozygous viable, the original
€03941 stock is lethal. However, we found that the lethality can be separated from the
transposon. After recombination of heterozygous e03941 females, ten white* males were
selected and isogenized. Out of the ten lines established, we identified five homozygous viable
lines. Therefore, we conclude that both f00897 and e03941 are homozygous viable. Both lines
are healthy and do not display any noticeable pattern defect or other phenotypes. To examine
whether the transposons actually disrupt dfs transcription, we isolated RNA from both lines
and performed RT-PCR reactions. As controls, we used the PiggyBac line f04779, which is
inserted 6kb downstream of dfs, and heterozygous animals of the Df(2R)Exel7135, which
deletes dfs. To avoid amplification from genomic DNA contamination, we used two primers
that flank the 8 kb intron where e03941 is inserted. We find that approximately equal amounts
of the expected 539 bp cDNA fragments are amplified from the heterozygous deletion and
from the f04779 control line (Fig. 6A, lane 1 and 4, arrow). In contrast, the corresponding
fragment is approximately four-fold reduced in f00897 flies and missing in 03941 flies (Fig.
6A, lane 2 and 3, arrow). Since the PCR reaction also produced non-specific bands, we digested
the reactions with Sacll. This restriction digest generates the expected bands of 372bp and 167
bp in the control samples (Fig. 6A, arrows). Again, the amounts of fragments are reduced or
missing in the f00897 and e03941 samples. This result indicates that f00897 is a hypomorphic
dfs allele. If e03941 prevents transcription past the insertion, it likely generates a mutant dfs
mRNA that potentially replaces the conserved third FS domain with a novel C-terminus. To
test whether a mutated RNA is actually made, we used two primers upstream of e03941 that
spanintrons 5 and 6 to amplify an expected 1,228 bp cDNA fragment. Again, we obtain reduced
levels for {00897 (Fig. 6B, lane 2) compared to the cDNA levels of Df(2R)Exel7135 and
f04779 (lane 1 and 4). However, we see normal levels in e03941 flies (lane 3), indicating that
transcription is only inhibited downstream of the insertion. As a control, we find that all fly
lines produce approximately equal amounts of a 490 bp cg6584 cDNA fragment.

We also attempted to generate FRT-mediated deletions using two additional PiggyBac
insertion lines inserted upstream (f06320) and downstream (f04779) of dfs. Using a Flipase
source induced either by heat-shock or under the control of the germ line specific nanos-
enhancer, we performed complementation tests of potentially FRT-recombined deletion
mutations with the dfs deficiency line Df(2R)Exel7135. Out of several hundred of progeny
screened, we only recovered chromosomes that complemented the deficiency and were
homozygous viable. Therefore, we have to conclude that similar to many vertebrate species
dFS is functionally redundant or not essential and for viability.

3. Discussion

3.1. Structural differences between Drosophila and vertebrate Follistatin

Our analysis shows that there are several differences in the structure of dFS and its vertebrate
orthologues. One unique characteristic of dFS is the unusual signal trailer that contains three
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potential transmembrane domains. Our results suggest that cleavage likely occurs after the
third transmembrane domain at the equivalent position of vertebrate FS proteins. We did not
obtain any evidence that this feature affects secretion or alters the function of dFS.

A major difference between dFS and its vertebrate homologues is the large basic insertion (Fig.
7). This modification is likely consequential and may alter the activity of dFS. Based on protein
folding prediction and the structure of the human FS:Activin complex (Thompson et al.,
2005), the insertion is not well structured and is located after the heparin binding site within
the EGF sub-domain of FS1 (Innis and Hyvonen, 2003;Inouye et al., 1992). Since this area
projects away from Activin, the positively charged amino acids likely increase the affinity of
dFS to heparin sulfate proteoglycans on the cell surface and do not contribute to Activin
binding. It is conceivable that this feature leads to a reduction of diffusion and an increase in
local concentration of dFS. In addition, it may also reduce diffusion of ligands and enhance
the stability of ligand-receptor complexes (Fig. 7C). As mentioned earlier, vertebrates have
adopted an opposite strategy. They generate a long form of FS by alternative splicing, which
contains a negatively charged C-terminal tail that reduces interactions with heparin sulfate.
The long form is the major endocrine form in humans. Since it does not efficiently interact
with the cell surface, it is not clear whether this form primarily inhibits Activin signaling or
actually enhances Activin circulation by preventing unwanted interactions with neighboring
cells.

3.2. Interaction of dFS with ligands

The FS:Activin complex shows that the N domain binds to the wrist region of Activin blocking
interaction with the type I receptor (Fig. 7B). The FS2 domain binds to the type Il receptor
binding site of Activin. In humans, two FS proteins can encircle an Activin dimer preventing
interactions with both types of receptors (Fig. 7B). It was found experimentally that Activin
bound to FS still could interact with the type 11 receptor. This result is explained if only one
molecule of FS is bound to an Activin dimer leaving the second Activin monomer free to bind
to receptors. Unlike vertebrate FS proteins, we found that dFS is proteolytically processed at
the C-terminus into two major forms. Based on the migration of epitope tagged forms of dFS
on Western blots, the small form contains at least the N and FS1 domains and lacks FS3 and
probably part of FS2. Since the small form is immunoprecipitated by dACT, it appears that it
can bind to dACT (Fig. 1B). What is the possible role of this small processed form? The
following model suggests that the small form could potentially be a stronger inhibitor: if two
small processed dFS proteins without FS2 bind to JACT monomers, they prevent interactions
with type | but not type Il receptors (Fig. 7C). A dFS:dACT:PUT complex is inactive, since
dACT cannot recruit the type | receptor BABO. In this scenario, the small dFS forms would
not only inactivate bound dACT but also reduce interactions of unbound dACT with type Il
receptors. If type Il receptors were limiting, the small dFS forms would be able to reduce dACT
signaling more efficiently than the full-length protein. This hypothesis can be tested by
expressing transgenes that encode the small form of dFS. To perform these experiments, we
are in the process of determining the structures of the small and large forms of dFS.

In most experiments, we have seen that dFS functions as an inhibitor of TGF-f signaling. As
a major exception, dFS enhances rather than inhibits DAW signaling in tissue culture assays.
Interestingly, unlike other ligands, DAW does not increase but reduces the viability of animals
that over-express dFS. This observation suggests that over-expression of dFS may not only be
lethal due to reducing the activities of various TGF- family members but also due to increased
signaling of ligands like DAW. If DAW and dFS physically interact, the question arises how
dFS can increase ligand signaling. In the early embryo, it has been shown that Short
Gastrulation (SOG), the Drosophila orthologues of the vertebrate Chordin protein, not only
inhibits signaling of DPP but also facilitates diffusion, which is necessary for the formation of
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the peak levels of the DPP gradient (Shimmi et al., 2005). The formation of the DPP gradient
depends on the equilibrium between bound and unbound DPP by SOG. Similarly, it is
conceivable that ligand binding by the positively charged dFS can reduce ligand diffusion. If
the concentration or the affinity of dFS for a ligand is high, the ligand is not released or bound
again, and signaling is inhibited. Alternatively, if the concentration of dFS or its affinity for a
ligand is low, dFS binding can locally increase ligand concentration, while subsequent ligand
release will enhance signal transduction. Consistent with such a model, we see that in tissue
culture assays dFS rather increases than decreases the level of MAD activation by DPP (Fig.
2D), while presumably higher levels of dFS inhibit DPP signaling in the wing (Fig. 3D, H, and
L). Such a dual function could probably be at work during dorsal-ventral axis formation. While
dact is not expressed in the early embryo, dfs is present in a dorsal stripe (Fig. 5B and C). This
pattern corresponds with the highest levels of DPP signaling. Expression of dfs is rather late
in the formation of the DPP gradient and is potentially regulated by DPP. It is conceivable that
initial low levels of dFS could, like SOG, function to increase the local concentration of DPP
and contribute to the formation and maintenance of the dorsal peak activity of DPP signaling.
In contrast, higher levels of dFS protein that accumulate by the end of the dorsal-ventral axis
formation process may inhibit DPP and contribute to terminating the dorsal DPP signal.
Recently, a computational model that described ligand distribution and signaling in the
presence of a cell surface BMP-binding protein was developed that supports this idea (Umulis
et al., 2006). A dual function of FS proteins in facilitating and inhibiting TGF-p signaling is
also supported by the finding that fs mutants in mice exhibit overlapping phenotypes with
activin knock out animals (Matzuk et al., 1995). Consequently, FS was originally described as
enhancer of Activin signaling. Finally, facilitating diffusion and redistribution of dJACT and
potentially other ligands is probably the best mechanism to explain why dFS and vertebrate
FS proteins from frogs and humans can partially compensate for the lack of DAW (Table 3).
We can speculate that the vertebrate FS proteins exhibit lower affinities for Drosophila ligands
like dACT and diffuse better since they lack the basic insertion of dFS. Most likely, these
differences could explain why expression of the vertebrate but not dFS can rescue small but
significant numbers of daw mutant animals. Taken together, it is possible that distinct affinities
for dFS account for the different interactions seen with various ligands. Further studies are
necessary to investigate such a possible dual function of dfs in early embryos and during
development.

3.3. dfs loss-of-function mutations

We have shown that the two PiggyBac insertions affect dfs transcription. Interestingly, both
lines are homozygous viable and do not show any obvious pattern defects. These results suggest
that dFS function not essential for viability. In mice, a mutation in fs results in various defects
with lethal consequences. In contrast, FS, Chordin, and Noggin exhibit overlapping functions
in Xenopus tropicalis. It is necessary to reduce all three inhibitors to transform ventral into
dorsal tissue during embryogenesis of this species (Khokha et al., 2005). Although there is no
Noggin-like protein in Drosophila, it is possible that dFS also shares overlapping functions
with SOG. sog overlaps with dfs in many tissues, and it is possible that SOG can substitute for
dFS in its absence.

The analysis of dfs RNA levels in homozygous f00897 flies shows that they are substantially
reduced. Thus, this insertion can be regarded as a hypomorphic allele. It is conceivable that
the amount of protein synthesized in this mutant is sufficient for normal development.
However, further reduction of dFS by combining f00897 with the deficiency Df(2R)
Exel7135 that entirely removes dfs does not affect viability either. In contrast to f00897, the
PiggyBac insertion in e03941 clearly disrupts transcription of a full-length mRNA. Based on
the location of the insertion, the truncated mRNA likely encodes an altered protein that still
contains the N, FS1, and FS2 domains. It lacks the entire FS3 domain and likely contains
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additional C-terminal amino acids due to altered or absence of splicing. Since the small form
is still able to bind dACT (Fig. 2B), a partially functional dFS protein could still be present in
e03941 flies, if proper processing would occur. However, it is unlikely that such an altered
protein is processed correctly into the small form of dFS. Since we did not obtain homozygous
lethal lines in our FRT-mediated deletion screen, it appears that dfs is not lethal. Taken together,
the lack of any obvious phenotypes in homozygous f00897 and e03941 lines suggest that dFS
is not essential for normal development or is redundant like in some vertebrate species.

4. Materials and methods

4.1. Constructs and generation of transgenic lines

For tissue culture assays, cDNAs were cloned into pAcpA, which contains the Actin 5C
promoter and polyA regions (McCabe et al., 2003). For expression in vivo, we cloned cDNAs
into pUAST (Brand and Perrimon, 1993) and pUAST2 that contains the unique restriction sites
Nhel, Nael, Xhol, Asp718, Sacll, Notl, EcoRI, Xbal, and Bglll. In this study, we used
expression vectors for dACT, DAW (GH14433), DPP, SCW, MYO (BG00784), MAV, dFS,
dFS-HA-I, dFS-HA-C, hFS, MAD, FLAG-MAD, dSMAD2, FLAG-dSMAD?2, and nuclear
LacZ. To obtain higher protein levels in S2 cells, the dACT cDNA was fused with the signal
peptide sequence of TKV2. UAS-MAD flies were obtained from S. Newfeld. UAS-XFS lines
were generated by P-element mobilization using a line from K. Yu and E. Bier. All other
pUAST constructs were injected at a concentration of 1.5 pug/ul and 0.5 pg/ul of A2-3 helper
plasmid. Some of our constructs have been used in previous studies in collaboration with other
groups. Details about individual constructs are available upon request.

4.2. Fly strains and size comparison of wings

daw mutations were obtained by P-element excision deleting 2.5 kb including the second
promoter, the start codon, and most of the coding sequence (unpublished results). In this study,
we used GALA4 lines under the control of A9 (Haerry et al., 1998), 386Y (Taghert et al.,
2001), and daughterless (da) (Wodarz et al., 1995). Flies were raised at 25°C using food
prepared according to the Bloomington recipe. To obtain higher expression levels, single
transgenes on the same chromosome were recombined.

To compare the size of discs and wings, pictures were taken at identical magnification. We
used the lasso and histogram tools in Adobe Photoshop to determine the number of pixels of
wings and discs. For statistical analysis, we measured for each sample the size of five female
wings or of three male discs (SAL). The significance of different sizes was determined by
unpaired t-test analysis assuming equal variances between individual wing and disc samples.

The PiggyBac lines f00897, 03941, f04779, and f06320 were obtained from the Exelixis
collection at Harvard. The location of all insertion lines was confirmed by PCR with PiggyBac
and location specific primers. f00897 (WH plus) is a homozygous viable insertion 2.9 kb
upstream of the translation start site in intron 2. €03941 (RB plus), is inserted 6.2 kb downstream
of the start site in intron 7 before the last two coding exons. It was originally homozygous
lethal, but we find that the lethality can be segregated away from the e03941 insertion by
recombination. f06320 (WH minus) is inserted upstream of dfs between the two promoters of
scab (cg8096). It is homozygous viable but semi-lethal over Df(2R)Exel7135. f04779 (WH
plus) is located downstream of dfs between cg8079 and cg12954. The FRT sites of f00897 and
f04779 are in the same orientation and can be used to generate deletions. Similarly, the FRT
sites of e03941 and f06320 are compatible for recombination. To generate deletions, females
of the genotypes (1) hs-Flp/+; f00897/f04779, and hs-Flp/+; f06320/e03941 were heat shocked
twice for two hours with 24 hours recovery time and crossed to white males. In addition, females
of the genotype f00897/f04779; nos-GAL4, UAS-FLP/+, and f06320/e03941; nos-GAL4, UAS-
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FLP/+ were crossed to white males. Approximately one hundred males with the unique
gradient-shaped eye color of {00897 and e03941 were selected from each scheme and mated
with Df(2R)Exel7135/CyO females. If a deletion occurs, the weakly expressed white*
transgenes of {04779 and f06320 will be lost but the stronger gradient-shaped eye color
phenotypes of f00897 and e03941 should remain. Since the eye color might change if a deletion
occurs, we also selected 75 (f04779/f00897) and 40 (f06320/e03941) animals with lighter eye
colors from the two schemes for complementation tests. Since all of the chromosomes
complemented Df(2R)Exel7135, 40-60 lines from each of the four classes were selected to
establish homozygous stocks. We found that all of the lines obtained were homozygous viable
and did not show any obvious defects.

4.3. Tissue culture assays

The procedure of the signaling assay was previously described (McCabe et al., 2003). For co-
immunoprecipitation experiments, supernatant of 2x108 cells from four dishes transfected with
20 pg of pAcPA-dFS-HA-I DNA was collected after three days and mixed with supernatant
from 4x107 cells transfected with 5 pg of pAcpA, pAcpA-FLAG-DPP, FLAG-GBB, or FLAG-
dACT. After one hour, the mixture was incubated with 10 pl of Anti-FLAG beads (Sigma
A2220). The beads were collected in spin columns, washed six times with TTBS, and the bound
material was released from the beads with 1x SDS loading buffer. The samples were run using
PAGE and analyzed on Western blots using anti-HA-biotin antibodies from Roche
(11666851001) and the ABC kit from Vector (PK-6102).

4.4. RNA in situ hybridizations and immunohistochemistry

Antisense RNA probes for dact, dfs, myo and DAW were prepared using a Digoxigenin-labeling
kit from Roche (1175025). In situ hybridizations were performed for one night and washed
over three nights according to a previously described protocol (Mason et al., 1994). The labeled
RNA was detected with an anti-Digoxigenin-AP-Fab antibody (Roche 1093274). As positive
controls, we stained discs of animals expressing transgenes under the control of ptc-GALA4.

LacZ expression was monitored using anti-y-GAL monoclonal antibodies (1:1000) from
Promega (Z3781). Anti-SAL antibodies (rabbit, 1:30) were obtained from R. Schuh. y-GAL
and SAL were detected using AP-coupled secondary antibodies from Promega (S3721 and
S3731) and an AP-substrate kit from Vector (SK-5400).

4.5. RT-PCR reactions

RNA from homozygous PiggyBac adult flies and from heterozygous Df(2R)Exel7135
(51E2-11) was isolated using the Trizol reagent from Invitrogen. We generated cDNA using
random hexamer primers and M-MLV Reverse Transcripase from Promega. The 539 bp dfs
fragment was amplified in 35 cycles using the primers CGGGGCCACTGCAAGAG and
CTAGGCCGATGTGGTCG. The two primers GAGAGCTGCAAGGGCTTC and
CCACGGCGATGGAACGTC were used to amplify the 1,228 bp dfs fragment. We used two
primers specific for the transcript of cg6584,
CCAGGAATTCTTATGGATAACAAGAGCGAGAAG and
GATCCTCGAGATCACTGCTGGGCAATGGGC, as an internal control.
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Fig. 1. Structure of Drosophila Follistatin

Like vertebrate FS proteins, dFS is subdivided into a N-terminal domain (N) and three FS
domains (FS1-3). In contrast to its vertebrate orthologues, dFS encodes an unusually long
signal peptide trailer, which contains three potential transmembrane domains (84-104,
161-180, 194-211), and a 260 amino acid insertion in FS1, which adds to the overall positive
charge of the protein. In this study, we use a truncated cDNA that encodes a shorter signal
leader that starts after amino acid 62. The location of the HA and RGS-6His tags in the
constructs used in this study are indicated on top. In the absence of protein modifications, the
predicted sizes of the signal leader and the processed full-length secreted form are 16 kD and
62 kD respectively.
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Fig. 2. Functional analysis of dFS in S2 cells

The molecular markers (126, 81, and 40 kD) are used to determine the size of proteins in (A)
and (B). (A) Lanes 1-4, 5-7, 8-11, and 12-14 are independent experiments. (A, lanes 1, 6, 8,
and 12) Supernatant from mock-transfected S2 cells. Unlike hFS (A, lane 4), dFS is processed
(lanes 2, 3, 5, 11). On western blots, internally tagged dFS-HA-1 is detected in the supernatant
as two major bands of approximately 75 kD and 45 kD. The upper band is larger than 62 kD,
the expected size of the processed form without the signal peptide. Differences in size are likely
due to glycosylation. Two minor additional processed forms migrate at about 55 kD. (Lane 4)
The C-terminally tagged human FS migrates at approximately 40 kD, about 10 kD higher than
expected. (Lane 7) In contrast to hFS-HA-C, a C-terminally tagged dFS cannot be detected on
western blots. (Lane 14) Similarly, a C-terminally His/internally HA-double-tagged dFS shows
a robust signal with anti-HA but only a weak signal with anti-His antibodies. These results
indicate that the C-terminus is removed. (B) In co-immunoprecipitation experiments with
FLAG tagged DPP, GBB, and dACT, we can detect all processed forms of dFS-HA-I in the
presence of dACT. However, none of the forms co-immunoprecipitates in the presence of DPP
or GBB. (C) To study N-terminal processing of dFS, amino acids 132-141 (70-78 in our shorter
construct) in dFS-HA-1 were replaced by a His-epitope. The His-tag is recognized in cell
extracts as an 18 kD protein (lane 2). In the supernatant, this protein is detected by anti-HA
but not anti-His antibodies (A, lanes 9 and 13). (D and E) Ligand signaling and phosphorylation
of SMADs: Supernatants of dFS or internally tagged dFS-HA-1 expressing cells were pooled,
divided, and mixed with supernatant of mock or ligand transfected cells and added to cells that
over-express FLAG-MAD and dSMAD?2. (D) dFS levels that can inhibit JACT do not inhibit
DPP and GBB signaling. (E, row 1 and 3) dFS and dFS-HA-I inhibits dACT-mediated
activation of dSMAD2 and MAD. (Row 2 and 4) dFS increases rather than decreases
phosphorylation mediated by DAW.
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A9 > BABOa-d.n. (4x) // A9-GAL4/+ A9 > BABOb-d.n. (4x) > dACT // A9/+

Fig. 3. dFS inhibits JACT mediated growth

(A-D) Wings of females were mounted on top of each other (top // bottom). The statistical
analysis of wing size comparisons is shown in Table 1. (A) Comparison of wild type (y, w)
and A9-GAL4/+ wings show no significant difference in size. (B) On average, females of dFS
lines that are viable with A9-GAL4 exhibit 23% smaller wings (Table 1). (C) Females that
express dACT under the control of A9-GALA4 exhibit 30% larger wings. (D) Co-expression of
dACT with two copies of dFS rescues lethality. Wing over-growth is reduced by 31% compared
to animals that express dACT alone (Table 1). (E) Expression of dFS is similar to four copies
of dominant negative BABO transgenes. (F) Like dFS, co-expression of dominant negative
isoforms of BABO with dACT reduces of dACT-induced over-growth. We note that no major
patterning defects were obtained in all these experiments.
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Fig. 4. dFS inhibits DPP signaling

(A-D) Wings of adult females. (A) Wild type wing. (B) Expression of dFS with A9-GALA4 (if
not lethal) results in smaller wings without patterning defects. (C) Ectopic expression of DPP
with A9-GALA4 results in smaller wings due to apoptosis and vein pattern defects due to
transformation of intervein into vein tissue. (D) Co-expression of dFS with DPP restores
intervein tissue and the formation of veins. (E-H) brk-LacZ stainings; (I-L) SAL antibody
stainings. Compared to wild type discs (E and 1), increased levels of dFS results in significantly
smaller discs with an expanded area of brk-LacZ staining (F) and reduced levels of SAL (J).
Ubiquitous DPP expression results in over-growth, repression of brk (G), and expansion of
SAL (K). In comparison to DPP alone, co-expression of dFS with DPP decreases over-growth,
partially restores brk-LacZ staining (H), and reduces SAL expression to almost normal levels

(L).
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Fig. 5. Expression of dfs during development

(A) dfs is expressed maternally. (B and C) While low levels of expression are found throughout
embryogenesis, first robust zygotic expression is restricted to a dorsal stripe, which surrounds
the migrating germ cells. (D) Strong expression is also seen in male but not female gonads.
(E-H) In larvae, dfs is broadly expressed in the brain (E) and in imaginal discs (F-H). (I and J)
dfs is found in primary spermatocytes of larval and adult testes. (K) It is also ubiquitously
expressed in somatic and germ cells during oogenesis.
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Fig. 6. Expression of dfs in PiggyBac insertion lines

(Lanes 1-4) RT-PCR reactions were performed from RNA of heterozygous adults of Df(2R)
Exel7135 (51E2-11) that deletes dfs (lane 1), homozygous f00897 (lane 2), which is inserted
in intron 2, homozygous e03941 (lane 3), which is inserted in intron 7, and as a control
f04779, which is inserted 6 kb downstream of dfs. (A) Primers that span intron 7 are used to
amplify an expected 539 bp fragment. Density comparison indicates that there is approximately
the same amount of the expected cDNA fragment in lane 1 as in lane 4 (arrow), although lane
1 is from heterozygous animals. In contrast, there is approximately four times less cDNA in
lane 2 (f00897) and no band in lane 3 (e03941). Digestion of the 539 bp fragment with Sacll
produces two fragments of 372 and 167 bp (arrows). The corresponding bands are reduced in
lane 2 and missing in lane 3. (B) Primers upstream of e03941 that span introns 5 and 6 are
expected to produce a 1,228 bp cDNA fragment. Lane 0 is a control without cDNA. Compared
to the cDNA levels of Df(2R)Exel7135 and f04779 (lane 1 and 4), reduced levels are seen in
f00897 and normal levels for 03941 flies (lane 2 and 3). All fly lines produce approximately
equal amounts of a 490 bp cg6584 cDNA fragment.
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Fig. 7. Interactions of Activins with FS proteins and receptors

(A) TGF-p-type ligands like dACT form dimers and bind to two type | and two type Il receptors
(I'and 1I). (B) If two vertebrate FS proteins bind to a ligand dimer, the binding sites of both
type I and 1l receptors are blocked. (C) Proposed model of a complex of processed dFS with
ligand and receptor: two processed dFS proteins interact with dACT and block the type |
receptor binding sites. Binding of the dFS:dACT complex to type Il receptors prevents free
ligands from interacting with type Il receptors. Thus, shorter forms could be potentially
stronger inhibitors than longer forms. The stability of the complex is enhanced through
interactions of the additional positively charged amino acids to heparin sulfate proteoglycans
at the cell surface.
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Table 3

Rescue of daw mutants

(Row 1) daw mutants with or without daughterless-GAL4 (da-GAL4) or 386Y-GAL4 GAL4 are crossed to
daw lines combined with various UAS-transgenes (Column 1). In these crosses, if all mutants were to survive,
they would account for half the number of the heterozygous animals. (Row 2) daw mutants rarely survive to
adulthood (2/(77—-2)x2=5% of the expected number). Similarly, very few daw animals combined with da-GAL4
and 386Y-GAL4 reach adulthood (6% and 0%). (Row 3) 66% and 89% of daw mutants are rescued by ubiquitous
expression of DAW with da-GAL4 or expression in neurosecretory cells with 386Y-GAL4. (Row 4) In the
absence of dFS expression, 32% of daw mutants pupate under optimal food condition. Expression of dFS with
386Y-GAL4 increases survival to the pupal stage from 32% to 85%. Expression of dFS with 386Y-GALA4 is late
pupal lethal in both wild type and daw mutant background. (Row 5) In contrast to dFS, expression of XFS with
da-GAL4 or 386Y-GALA4 is not lethal. While 23% of daw mutants survive to adulthood with 386Y-GAL4, only
9% are rescued by ubiquitously expressed xFS. (Row 6) Ubiquitous expression of hFS rescues 28% of the
expected daw mutants. No surviving mutants are observed with 386Y-GALA4.

* surviving pupael C\%B dgv\\;(;) ({a-}(,'\;AAGIéA' davcv\;o38_6_?_('—v(l3 6%L4
gf:/VcV)'_‘}M - 2077; 5% 4/129; 6% 0/109; 0%
W 0/97; 0% 28/113; 66% 37/120; 89%
(é%;% 10%173; 3204 NA 20%/67; 85%*
W 0/108; 0% 4/90; 9% 42/406; 23%
W 0/80; 0% 32/262; 28% 0/121; 0%
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