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arrow). These cells were Bam negative, indicating that they are
GSCs. Counting revealed that /gd germaria contained one additional
GSC (Fig. 8), suggesting an increase of the range of the Dpp signal.

The Tkv receptor accumulates in MEs of Igd cells

The above data indicate that ectopic activation of the Dpp pathway
in [gd mutant GCs is dependent on Tkv and show that the cells are
defective in degradation of transmembrane proteins. Thus, we asked
whether the degradation of Tkv is defective in /gd mutant GCs. In
order to monitor the expression of Tkv, we used a gene trap where
YFP is inserted in the N-terminus of Tkv (YFP-Tkv) (Kyoto Stock
Center). This variant is fully functional. Given that expression of
Tkv during oogenesis has not been described, we provide a detailed
description in supplementary material Fig. S3. In short, Tkv is
expressed in all cells of the germarium at different levels during
normal oogenesis. The loss of /gd function results in a strong
accumulation of YFP-Tkv in the NECD-positive enlarged vesicles
of GCs (Fig. 9A-H, arrowheads in F-H). The majority of these
vesicles were Rab7 positive, identifying them as MEs (Fig. 91-L).
We found a similar accumulation in Notch-positive MEs of /gd
mutant FCs (Fig. 9M-P, arrow). Taken together, the results suggest
that the degradation defect also causes the accumulation of Tkv in
mutant MEs.

To find further evidence that the degradation defect causes ectopic
activation of the Dpp pathway, we prevented degradation in the
lysosome completely. Loss of Dmonl function prevents fusion of the
ME with the lysosome (Yousefian et al., 2013). Hence, the lifetime of
MEs is dramatically increased and degradation of cargo prevented.
We found that loss of Dmon 1 function in the germline fails to activate
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Fig. 4. Loss of Igd function in the
germline causes an endosomal
degradation defect. (A-E) An ovariole
bearing /gd germline clones next to a wild-
type (wt) ovariole. The mutant GCs have
endosomes that are positive for NECD,
Rab5 and Rab7 (arrowheads).

(F-J) Magnification of an EC with a mutant
germline, shown at higher magnification.
The arrowhead points to an enlarged ME.
(K-M) Expression of YFP-Notch in
comparison to NICD. The arrowhead
points to the YFP-Notch-positive
endosomes of GCs. NICD is absent.
(N-Q) Egg chamber with Igd GCs. YFP-
Notch accumulates at high levels in the
enlarged endosomes of mutant GCs
(arrowhead). NICD is absent.

the Dpp pathway (supplementary material Fig. S4A-D). However,
concomitant loss of Dmonl and Igd function resulted in enhanced
activation of the Dpp pathway, which manifests itself through
expression of dad-lacZ in most GCs of the germarium (Fig. 9Q-T).
Moreover, we observed that all GCs in the germaria contained a
spectrosome, which is a hallmark of GSCs (Fig. 9Q-T, arrowheads in
S,T). This tumorous germarium phenotype is also observed upon
ectopic activation of the Dpp pathway (Xie and Spradling, 2000). We
also observed weak dad-lacZ expression in double heterozygous
Dmonl and Igd mutant FCs, indicating that further delaying the
degradation of Tkv in /gd GCs increases the activation of the Dpp
pathway (arrow in Fig. 9Q-T). Given that loss of Dmonl function
alone does not activate the pathway, the /gd mutant cells must have an
additional defect in trafficking of Tkv that is required for the activation
of the pathway besides delaying degradation.

Loss of function shrub causes activation of the Dpp pathway
Lgd is required for the full function of Shrub (Troost et al., 2012).
Moreover, loss of shrub function causes also ectopic activation of
the Notch pathway in FCs (Vaccari et al., 2009). Therefore, we were
curious whether the loss of shrub function causes the activation of
the Dpp pathway during oogenesis. We found that dad-lacZ was
also activated ectopically and cell-autonomously in shrub FC
clones, suggesting that the Dpp pathway is activated (Fig. 10A,B).
shrub germline clones survived poorly and could not be analysed
properly. However, we found that the reduction of shrub function by
50%, achieved through heterozygosity of a null allele (shrub®'/+),
caused ectopic activation of dad-lacZ (Fig. 10C,D). Furthermore,
we observed that 30% of the ECs contained 32 GCs (Fig. 6). Hence,
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Fig. 5. Igd mutant cysts undergo an extra mitotic division. (A-C) Wild-type
(wt) ovariole. (D-F) A comparable ovariole bearing Igd germline clones. The
arrows highlight two ECs with 32 GCs. (G-L) Magnification of the ECs
highlighted with the arrows in B and E. The nuclei of mutant GCs are smaller
(arrowhead in H,K). The arrow in (K) points to the small oocyte nucleus. (M) A
mutant EC with 32 GCs (arrow). (N,O) A magnification of the EC highlighted
with the arrow in M. One Orb-positive oocyte is present (arrowhead).

(P-R) YFP-Tkv expression in an Igd EC with 32 GCs (arrow). One cell
accumulates Tkv (arrowhead). (S-X) Expression of CycA in wt and Igd
germaria. The arrowhead points to late cyst stages which are devoid of CycA
expression in the wild type (S-U). In a fraction of Igd germaria the expression is
maintained in old cyst stages (arrowhead in V-X).

the reduction of shrub activity in GCs causes defects similar to that
of loss of Igd function.

We further found that the shrub/+ germaria contained more
dad-lacZ GSCs than the wild-type, indicating that the range of the
Dpp signal had increased (4.9 cells versus 2.6 cells; Fig. 8§ and

Fig. 10C-F, arrowhead). Likewise, expression of Bam-GFP varied
in shrub/+ germaria. We found clearly abnormal expression of
Bam-GFP in some germaria, where some of the cells in the Bam-
GFP domain still expressed dad-lacZ but not Bam-GFP (Fig. 10E,F,
arrows). In contrast the expression was close to normal in other
germaria (Fig. 10C,D).

Despite the similarity in phenotype of lgd and shrub mutants, the
fraction of egg chambers with 32 GCs decreased from 30% to 7% in
shrub Igd double heterozygous flies (shrub Igd/++; Fig. 6). This
suggests that the two genes have an antagonistic relationship.
However, the double heterozygous germaria exhibited abnormal
Bam-GFP expression and contained as many additional dad-lacZ-
positive GSCs as described for shrub heterozygous flies (Fig. 10G,H,
arrows and arrowheads, Fig. 8).

Functional interactions with Fu during germline

development

The phenotype of /gd in the germline resembles that of fir mutants
(Narbonne-Reveau et al., 2006). Therefore, we tested whether lgd
and shrub have a functional relationship with fi. Indeed, we found
that this is the case: loss of one copy of fu increased the number of
GSCs by two (4.5), whereas loss of /gd function results in an
increase by one (3.6; Fig. 8). However, the loss of one copy of fir in
an [gd mutant germline increased the number of GSCs to 7 (Fig. 8).
This suggests a further increase in the effective range of the Dpp
pathway. Surprisingly, we detected a decrease in the number of ECs
with 32 GCs in this genotype instead of the expected increase
(Fig. 6). Nevertheless, both results indicate an existing functional
relationship between both loci that might be more complicated than
anticipated.

Similarly, loss of one copy of fir also enhanced the shrub
heterozygous phenotype in the germline: the number of GSCs
increased from 4.9 (shrub/+) to 6.7 (fu/+; shrub/+; Fig. 8).
Moreover, the percentage of ECs containing 32 GCs increased from
29% (shrub/+) to 52% in fu/+; shrub/+ animals (Fig. §). Note, that
the loss of one copy of fir alone failed to produce egg chambers with
32 GCs. These findings reveal a strong synergistic functional
relationship between shrub and fis.

DISCUSSION

The previously conducted analysis of the function of /gd was largely
restricted to imaginal discs. It suggested that loss of lgd function
specifically activates the Notch pathway. Moreover, we showed that
the loss of /gd function in FCs results in activation of the Notch
pathway in the same manner as in imaginal disc cells. The devotion
of Lgd to the Notch pathway was puzzling, given that it also controls
trafficking of components of several signalling pathways, such as
Tkv (Jaekel and Klein, 2006). Lgd functionally interacts with
Shrub, whose loss of function affects several signalling pathways in
imaginal disc cells. Thus, it would be conceivable that these
pathways are also activated in /gd mutant cells. Here, we show that
the Dpp pathway is ectopically activated upon loss of function of /gd
in the ovary. This activation occurs in FCs as well as GCs. Only the
Dpp, and not the Notch, pathway is activated in /gd mutant GCs.
Our observation is different from what has been reported for
mutants of the ESCRT-II component Vps25, where Dpp signalling
was enhanced, but the pathway not ectopically activated (Thompson
et al., 2005).

We failed to detect any phenotype that could be attributed to the
observed ectopic activation of the Dpp pathway in /gd mutant FCs, but
found that its ectopic activation in the mutant germline causes an extra
round of cell division. Moreover, more GSCs were observed and
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expression of Bam-GFP was suppressed in a fraction of germaria.
These findings suggest that the range of the Dpp signal is extended
and, thus, maintains the GSC fate in more distantly located cells.

It has been recently shown that the Dpp-activated form of the Tkv
receptor is specifically degraded in cyst cells to suppress the ectopic
activation of the pathway (Xia et al., 2010). This degradation
through the endosomal pathway is mediated by a complex
consisting of the E3 ligase Smurf and Fu, and restricts the activity
of the pathway to GSCs in the cap cell niche. The loss of fis function
causes a loss of degradation of the activated receptor in progenies of
the GSCs and, thus, increases the range of the pathway in GCs.
Hence, ectopic activation occurs cell autonomously, but is induced

by the Dpp ligand. The ectopic activity induced by loss of fi
function causes a variety of phenotypes, including egg chambers
that contain 32 GCs, as we have observed upon loss of /gd function
here (Narbonne-Reveau et al., 2006). We have previously shown
that loss of function of /gd results in a defect in the degradation of
Tkv and other cargo proteins, such as Notch and DI, in FCs and GCs
(Jaekel and Klein, 2006). We also found that the range of the Dpp
pathway is increased in the absence of Igd function. It is therefore
likely that the activation of the pathway is caused by a general failure
of degradation that also affects the degradation of the activated form
of Tkv. In further support of this notion, we discovered genetic
interactions between fit, Igd and shrub.

Ilgd®” germline clones
y wi

Fig. 7. Loss of Igd function in GCs results in activation of Dpp signalling. (A,B) An ovariole with an /gd germline (RFP negative). Expression of dad-lacZ is
activated in GCs up to stage 6 (arrowhead). The white arrow highlights an egg chamber that emerges from the germarium and expresses dad-lacZ. The red arrow
highlights a stage 2 EC where the dad-lacZ expression peaks. This EC contains 32 GCs. The yellow arrow highlights an EC with 16 GCs. (C,E) A stage 2 EC with
a lgd tkv germline (arrow). (F-H) A wild-type (wt) germarium next to one with an Igd germline (RFP negative). Expression of Bam-GFP is upregulated in the
mitotic cyst stages in the wild type, whereas it is strongly reduced in the mutant germarium (arrowheads). (I-L) A germarium with an /gd germline where

the expression of Bam-GFP is unaffected and the upregulation of expression in mitotic cyst stages is clearly recognisable (arrowhead, compare with the wild-type
germarium in F-H). Note, that the mutant germarium contains four dad-lacZ-expressing Bam-GFP-negative GSCs (arrow in J,L). The yellow arrow points to a

single GC of an abutting egg chamber that expresses dad-lacZ.
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We have proposed that in /gd cells, transmembrane proteins
destined to become degraded in the lysosome are not completely
incorporated in ILVs of MEs (Schneider et al., 2013). This
hypothesis has been strongly supported by recent work of the
Schweisguth laboratory (Couturier et al., 2014). Consequently, a
fraction of Notch and Tkv remains at the LM and their
intracellular domains stay in contact with the cytosol.
Activated Tkv in this fraction continues to signal as long as
the ME exists. We therefore propose that it is the defect in
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Fig. 8. Number of GSCs in wt, Igd mutant and shrub and
fu heterozygous germlines. *P<0.05, compared with wt;
**P<0.05, Igd compared with fu/+;Igd; t-test, normal
distribution.

*
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incorporation of activated Tkv into ILVs that causes the ectopic
activation of the Dpp pathway. In this scenario, defects that
increase the lifetime of the /gd mutant ME, such as loss of
Dmonl function, enhances and prolongs the activity of the Dpp
pathway. This is what we have observed. The incorporation of
transmembrane proteins into ILVs requires their previous
ubiquitylation by E3 ligases. Hence, the loss of the function of
the E3 ligase Fu, which normally ubiquitylates activated Tkv,
also prevents incorporation of activated Tkv in ILVs.

Fig. 9. Loss of Igd function causes
accumulation of YFP-Tkv in FCs and
GCs. Clones are labelled by the absence
of RFP. (A,B) Awild-type (wt) ovariole next
to an ovariole with /gd mutant GCs. The
mutant GCs contain enlarged YFP-Tkv-
positive vesicles (arrowhead).

(C-E) Magnification of the mutant ECs
highlighted in A,B with an arrowhead.
(F-H) EC with an Igd mutant germline. The
Tkv-containing vesicles also contain
NECD (arrowheads). (I-L) The enlarged
vesicles are positive for Rab7.

(M-P) Accumulation of YFP-Tkv in
endosomes of Igd FCs. (P) Surface view
on the egg chamber shown in M-O.

(Q-T) A germarium with an Igd Dmon1
germline (arrowhead). Different optical
planes of the germarium shown in Q

and R. The arrowheads point to the
spectrosomes. The arrow in Q-T points to
the double heterozygous FCs that weakly
express dad-lacZ.

| lga® germline cloryg
{ X

k

1333



RESEARCH ARTICLE

Development (2015) 142, 1325-1335 doi:10.1242/dev.112961

shrub*’- follicle clones

shrub*'- follicle clones
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Fig. 10. Loss of shrub function causes ectopic activation of the Dpp pathway. (A,B) dad-lacZ expression in shrub FC clones (arrows) in two adjacent ECs.
(C-E) Ectopic activation of dad-lacZ in shrub/+ heterozygous GCs. The expression of Bam-GFP is close to normal. The arrow in C,D points to an EC with ectopic
expression of dad-lacZ in the GCs. The arrow in E,F points to cysts with cells that have ectopically activated dad-lacZ and have already switched off Bam-GFP in
the germarium. Note, the expression of dad-lacZ in more than the usual 2-3 GSCs in the anterior tip of the germaria (arrowheads in C-F). (G,H) Igd shrub

double heterozygous ovariole. Ectopic dad-lacZ expression is still observed in cyst in the germaria and early egg chambers (arrows). The arrowhead points to the

dad-lacZ-positive GSCs.

We found that loss of shrub function causes a similar defect to
that of /gd. Shrub is the central element of the ESCRT-III
complex, which is required for ILV scission and interacts
physically with Lgd (Troost et al., 2012). Loss of shrub function
is expected to result in all Tkv remaining on the LM. Thus, it was
no surprise to see that loss of its function in the FCs also causes
the activation of the Dpp pathway. More surprising was the
finding that reduction of Shrub activity by only 50% is sufficient
to initiate the activation of the Dpp pathway in the germline.
Given that that phenotypes of shrub/+ cells are stronger than
those of /gd mutant cells, it is likely that reduction of the activity
of shrub by 50% causes a larger fraction of Tkv to remain on the
LM than in /gd mutant cells. The phenotypes of shrub/+ cells are
strongly enhanced by heterozygousity of fu, indicating that there
is an intimate functional relationship and that, as in the case of
lgd, a defect in Tkv degradation causes the activation of the Dpp
pathway.

Because of the similarity in the phenotype and their intimate
relationship, it is puzzling to find an antagonistic relationship
between shrub and lgd. However, we observed this antagonism
only in respect to the formation of supernumerary GCs, but not
in respect to formation of supernumerary dad-lacZ-positive
GSCs. A similar complex situation was found for the relationship
of shrub and Igd in imaginal discs, where the reduction of shrub
activity suppressed the activation of the Notch pathway, but
enhanced the morphological defect of endosomes in Igd cells
(Troost et al., 2012). Finding explanation for this complex
relationship will be key to understanding the function of Lgd.
One possibility is that the function of the ME is disturbed more
severely in the double mutants than in each single mutant. In
agreement with this is our observation in the imaginal disc,
where the MEs lost their association with Rab7 in shrub lgd/Igd+
cells (Schneider et al., 2013).

MATERIALS AND METHODS

Drosophila genetics

The fly stocks used were as follows: tub rab5-CFP tub rab7-YFP (Marois
et al., 2006), Gbe+Su(H)-nlsGFP (de Navascués et al., 2012), bam-GFP
(kindly provided by Masahiko Takemura, Department of Biology, Graduate
School of Science, Kobe, Japan), N-YFP (Rees et al., 2011), dad-lacZ
(Casanueva and Ferguson, 2004) and /gdP-Igd-RFP (Troost et al., 2012).
Mutant stocks were as follows: shrub*! FRTG13 (Sweeney et al., 2006),
Igd"” aph-1P*° FRT40A (Schneider et al., 2013), hrs”?® FRT40A (Lloyd
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et al., 2002), tkv*’?> FRT40A (Terracol and Lengyel, 1994), lgd?” thkv*'?
FRTA40A (this study), aph-173° FRT40A (Hu et al., 2002), DI'*"/° FRT82B
(Micchelli et al., 1997), Igd”” FRT40A, lgd™*73¢ FRT40A and Igd?” hrs”?¢
FRT40A (Jaekel and Klein, 2006), Dmonl™** FRT40A (Yousefian et al.,
2013), lgd”” DmonI1™" FRT40A (this study), Igd”” thv-YFP FRT40A (this
study), fir! (Niisslein-Volhard and Wieschaus, 1980) and lgd?” shrub*’
FRT40A (Nadja Ohlenhard, diploma thesis, Heinrich-Heine-Universitit,
Disseldorf). Other lines were: Tkv-YFP (Kyoto Stock Center), dad-GFP
(Ninov et al., 2010) and PCNA-GFP (Thacker et al., 2003).

Clonal analysis

Follicle cell clones were generated with the Flp/FRT system (Xu and Rubin,
1993) and induced in adult females by applying a 2-h heat shock (37°C) on
two consecutive days. Flies were kept at 25°C and ovaries were dissected
2 days after heat shock. Germline clones were induced in the first-instar
larvae (24-48 h after egg laying) by applying a 90-min heat shock (37°C).
Larvae were kept at 25°C and ovaries were dissected 2 days after eclosion.

Immunostaining and microscopy

Antibody staining was performed according to standard protocols. Ovaries
were additionally stained with the nuclear marker Hoechst 33258. Antibodies
used were: the mouse anti-Notch antibody against the extracellular domain
(C458.2H), mouse anti-Notch antibody against the intracellular domain, and
anti-DI, anti-Orb, anti-CycA and anti-Hnt antibodies (169) (all obtained from
DSHB lowa). Further antibodies used in this work were: rabbit anti-B-Gal
(Cappel), anti-Rab7 (abcam), anti-Spectrin (DSHB) antibodies. Fluorochrome-
conjugated secondary antibodies were purchased from Invitrogen, Molecular
Probes. Images were obtained with a Zeiss Axiolmager Z1 Microscope
equipped with a Zeiss Apotome.
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