














DISCUSSION
Although Delta/Notch signalling uses a very simple signal
transduction pathway, its activity can be regulated at several levels
to control the timing and direction of signalling in a context-
dependent manner. Factors controlling the endocytosis of Notch,
such as Numb, can determine the direction of signalling, whereas
the ubiquitin ligases that induce Delta endocytosis, Neuralized
and Mind bomb, determine where and when signalling occurs
(Deblandre et al., 2001; Itoh et al., 2003; Lai et al., 2001, 2005; Le
Borgne et al., 2005; Pavlopoulos et al., 2001). Whether cells
respond to a particular DSL ligand can also be regulated by the
glycosylation of the NECD by the Fringe family of proteins, making
Drosophila Notch more responsive to Delta and less responsive to
Serrate (Brückner et al., 2000; Goto et al., 2001; Moloney et al.,
2000). Indeed, the modification of Notch by Fringe in the polar/
stalk follicle cell precursors renders these cells more responsive to
Delta than the other follicle cells, thereby restricting polar cell fate to
the ends of the early egg chamber (Grammont and Irvine, 2001).
Finally, signalling can be modified by cis-inhibition by DSL
ligands, which impede Notch interactions with activating ligands in
trans. This mechanism plays a role in controlling the timing of
follicle cell differentiation until Delta is downregulated in the
follicle cells by the microRNA pathway (Poulton et al., 2011). Here,

we present evidence for a new mechanism that regulates the activity
of the Notch pathway through the localisation of the ADAM
metalloprotease Kuzbanian.

Our results show that mutants in the RNA-binding protein IMP
have impaired Delta/Notch signalling in mid-oogenesis, which
results in one extra round of follicle cell division. This leads to a
delay in follicle cell differentiation that is likely to be the cause of
some of the later imp mutant phenotypes, which include impaired
border cell delamination, a delay in the formation of the columnar
epithelium around the oocyte and delayed migration of the
centripetal follicle cells. Continuing Delta-Notch signalling has
also been found to be required for border cell migration after the
cells have been specified, and this correlates with higher levels of
Kuzbanian expression (Wang et al., 2007). Thus IMP may also play
a role in the later Notch signalling that is needed for normal border
cell migration.

Mutants in the microRNA pathway give a very similar phenotype
to imp because of a failure to repress Delta translation, but our
results show that IMP functions in parallel to this pathway. Firstly,
double mutants between imp and belle or Dicer-1 show an additive
delay in follicle cell differentiation. Secondly, imp mutants are
epistatic to Delta mutants, indicating that IMP does not function by
relieving cis-inhibition. Instead, we find that the delay in Notch

Fig. 7. Loss of IMPdisrupts Kuzbanian localisation.
(A-D′) Live egg chambers from females carrying
two copies of a Kuz-GFP BAC transgene.
(A,A′) Kuzbanian-GFP localises to the apical
membrane of the follicle cells and to intracellular
punctae (n=68). (B-D′) imp7 mutant cells marked by
the loss of RFP (magenta) show a decrease in the
amount of Kuz-GFP at the apical membrane
(B,B′; n=38) and an increase in the Kuz-GFP found
in bright intracellular foci (C-D′; n=27). (E-F″) The large
intracellular Kuz-GFP foci colocalise with Rab7
(white in E,E″,F,F″; n=35), a marker for late
endosomes, but do not colocalise with the Golgi
marker, GM130 (white in G,G″; n=20). Dashed lines
indicate imp mutant cells. Scale bars: 10 �m.
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signalling can be efficiently rescued by overexpression of
Kuzbanian. Furthermore, loss of IMP disrupts the enrichment of
Kuzbanian at the apical plasma membrane, which is where Notch
must be cleaved for signalling to occur. Thus, IMP is required in
some way for the localisation of Kuzbanian to the site where
germline Delta binds to Notch in trans to trigger the first cleavage,
identifying a new regulatory step in the Notch pathway.
The loss of IMP does not disrupt other Delta/Notch signalling

processes, such as the formation of the dorsal ventral boundary in
the wing, indicating that it is not a general component of the
pathway. This raises the question of why IMP is specifically
required in the follicle cells. One possibility is that this relates to the
different geometry of the Delta/Notch interaction in the follicle cells
compared with other signalling events. Most examples of Delta/
Notch signalling occur between adjacent cells in epithelial tissues,
where Delta and Notch can only interact at the lateral membrane,
usually at the level of the adherens junctions (Andersson et al.,
2011; Bray, 2016; de Celis et al., 1996; Kidd et al., 1989; Micchelli
and Blair, 1999; Woods and Bryant, 1993). By contrast, the germ
cells of the egg chamber, which produce the activating Delta signal,
contact the apical side of the follicle cells, and both Notch and
Kuzbanian therefore need to be localised apically for signalling to
occur. Notch localisation is not affected in impmutants, however, as
it accumulates at high levels at the apical side of mutant cells. Thus,
IMP appears to disrupt Kuzbanian localisation specifically rather
affecting apical trafficking more generally.
As IMP is a cytoplasmic RNA-binding protein, it presumably acts

by regulating the stability, translation or localisation of specific
mRNAs. One possibility is that IMP acts on kuz mRNA directly.
Indeed, we have observed by qPCR that kuz RNA is enriched in
immunoprecipitations of IMP (data not shown), although we cannot
detect the mRNA by fluorescent in situ hybridisation, presumably
because it is present at very low levels. It seems unlikely that IMP
regulates the translation of kuz mRNA, as Kuzbanian protein levels
do not appear to change in imp mutants. There is also no evidence
for a role of IMP in the localisation of kuz mRNA, as IMP itself is
not localised and Kuzbanian is a secreted transmembrane protein
that must be translated at the endoplasmic reticulum and trafficked
to the cell surface through the Golgi complex. One possibility is that
IMP controls Kuzbanian localisation through 3′UTR-dependent
protein localisation in a similar way to that in which human HuR
(ELAVL1) binds to the long 3′UTR of CD47 mRNA to recruit SET
protein, which then facilitates CD47 protein trafficking to the cell
surface (Berkovits and Mayr, 2015). In this scenario, IMP binding
to the 3′UTR of kuz mRNA would recruit a co-factor, which then
associates with the cytoplasmic domain of Kuzbanian protein to
direct its trafficking to the apical plasma membrane.
It seems more likely that IMP enhances the translation or stability

of another mRNA that encodes a factor that either directs the apical
trafficking of Kuzbanian or anchors it in the apical plasma
membrane. Possible candidates include the TspC8 Tetraspanins,
Tsp86D and Tsp3A, which have been shown to enhance the
trafficking of Kuzbanian to the cell surface in S2 cells and in
the migrating border cells (Dornier et al., 2012). However, the
accumulation of Kuzbanian protein in Rab7-positive late endosomes
in imp mutant cells suggests that Kuzbanian is being endocytosed
from the apical membrane in the absence of IMP, arguing that the
phenotype results from the loss of a factor that stabilises Kuzbanian at
the membrane and prevents its endocytosis, rather than a factor that
facilitates its delivery there. Various cross-linking approaches, such
as RIPseq, i-CLIP, PAR-iCLIP and eCLIP have shown that IMPs
bind to hundreds to thousands of mRNAs, predominantly in their 3′

UTRs (Conway et al., 2016; Hansen et al., 2015). IMP-binding sites
are particularly enriched in mRNAs encoding cytoskeletal
components and trafficking factors, many of which are plausible
candidates for the relevant target of IMP in regulating Kuzbanian
localisation and Notch signalling in the follicle cells.

MATERIALS AND METHODS
Drosophila mutant stocks and transgenic lines
We used the following mutant alleles and transgenic constructs: imp7 and
imp8 (Munro et al., 2006), GFP-IMP trap line 126.1 (a gift from Alain
Debec, University Paris Diderot, Paris, France; Morin et al., 2001), UAS-
NICD (Go et al., 1998; a gift from S. Bray, University of Cambridge,
Cambridge, UK), bel47110 and Dl-3′UTR sensor (Poulton et al., 2011),
DeltarevF10 and DeltaM1 (Sun and Deng, 2005; a gift from S. Bray), Dicer-
1Q1147X (Lee et al., 2004; a gift from A. Brand, The Gurdon Institute,
Cambridge, UK), Kuz-GFP and kuze29-4 (Dornier et al., 2012; Rooke et al.,
1996), UAS-kuz (Sotillos et al., 1997; Kyoto Stock Center 108440),
E(spl)M7-lac (a gift from Sarah Bray; Assa-Kunik et al., 2007) and NRE-
GFP (a gift from Sarah Bray; Housden et al., 2012). The following stocks
were used to generate mitotic clones: ubiRFP-nls, hsflp, FRT19A (BDSC
31418), FRT40A ubiRFP-nls (BDSC 34500), FRT82B, ubiRFP-nls (BDSC
30555) and FRT82B ubiGFP (BDSC 5188). MARCM, following the
method of Lee and Luo (2001), was carried out using UAS-GFP-mCD8
(Lee and Luo, 1999) as the marker.

Reagents
The following antibodies were used: mouse anti-Cut [Blochlinger et al., 1990;
Developmental Studies Hybridoma Bank (DSHB), 2B10], mouse anti-Hnt
(Yip et al., 1997; DSHB, 1G9), mouse anti-NICD (Fehon et al., 1990; DSHB,
C17.9C6), mouse anti-NECD (Diederich et al., 1994; DSHB, C458.2H). All
primary antibodies fromDSHBwere used at a dilution of 1:100. Anti-GM130
was purchased from Abcam (Sinka et al., 2008; ab30637) and used at 1:500.
Anti-Rab7 (rabbit) was kindly provided by the Nakamura lab and used at
1:1000 (Tanaka and Nakamura, 2008). AlexaFluor 488- and AlexaFluor
647-conjugated secondary antibodies were purchased from Jackson
ImmunoResearch and used at a dilution of 1:1000 (115-545-003, 711-545-
152, 115-607-020 and 111-605-003). F-actin was stained with Alexa Fluor
568 or Alexa Fluor 647 phalloidin (Invitrogen) at 1:1000. Ovaries were
mounted in Vectashield with DAPI (Vector Laboratories). The cell
membranes were labelled with CellMask Orange Plasma Membrane Stain
or CellMask Deep Red Plasma Membrane Stain (Thermo Fisher Scientific).

Immunostaining
Ovaries from adult flies or imaginal wing discs from third instar larvae were
dissected in PBS and fixed for 20 min in 4% paraformaldehyde and 0.2%
Tween 20 in PBS. The tissues were then incubated in 10% bovine serum
albumin (BSA) in PBS to block for 1 h at room temperature. The incubation
with primary antibody was performed at 4°C overnight in PBS, 0.2% Tween
20 and 1% BSA.

Immunostaining on pupal eye discs was performed as described by
Richard et al. (2006).

Imaging
Fixed preparations were imaged using an Olympus IX81 (40×/1.3UPlan
FLNOil or 60×/1.35 UPlanSApo Oil). Live imaging was performed using a
Leica SP8 (63×/1.4 HCX PLApo CSOil) or Olympus IX81 (40×/1.3 UPlan
FLNOil or 60×/1.35 UPlanSApo Oil) inverted confocal microscope. For
live observations, ovaries were dissected and imaged in 10S Voltalef oil
(VWR Chemicals).

Drosophila genetics
Follicle cell clones of imp,Dl, bel,Dcr-1 and kuzwere induced by incubating
larvae or pupae at 37°C for 2 h every 12 h over a period of at least 3 days.
Adult females were dissected at least 2 days after the last heat shock. Wing
imaginal disc clones and eye imaginal disc clones of imp were induced by
heat shocking first and second instar larvae for 30 min per day over a period of
2 days. Larvae were dissected at least 1 day after the last heat shock.

9

RESEARCH ARTICLE Development (2019) 146, dev168963. doi:10.1242/dev.168963

D
E
V
E
LO

P
M

E
N
T



Acknowledgements
We thank Sarah Bray, Francois Schweisguth, Wu-Min Deng, Alain Debec and
Andrea Brand and their labs for fly stocks and Akira Nakamura for antibodies;
the Developmental Studies Hybridoma Bank, Kyoto Stock Center (DGRC) and
Bloomington Drosophila Stock Center (BDSC) for antibodies and fly stocks; and
members of the D.St J. lab for technical assistance, helpful comments and criticism.

Competing interests
The authors declare no competing or financial interests.

Author contributions
Conceptualization: W.F., D.S.J.; Methodology: W.F.; Validation: W.F.; Formal
analysis: W.F., C.F.; Investigation: W.F., C.F.; Data curation: W.F.; Writing - original
draft: W.F.; Writing - review & editing: D.S.J.; Supervision: D.S.J.; Project
administration: D.S.J.; Funding acquisition: D.S.J.

Funding
This work was supported by a Wellcome Trust Principal Fellowship to D.S.J.
(080007, 207496) and by centre grant support from the Wellcome Trust (092096,
203144) and Cancer Research UK (A14492, A24823). C.F. was supported by a
Wellcome Trust 4 year PhD studentship (078630). Deposited in PMC for immediate
release.

Supplementary information
Supplementary information available online at
http://dev.biologists.org/lookup/doi/10.1242/dev.168963.supplemental

References
Andersson, E. R., Sandberg, R. and Lendahl, U. (2011). Notch signaling:
simplicity in design, versatility in function. Development 138, 3593-3612.

Assa-Kunik, E., Torres, I. L., Schejter, E. D., St Johnston, D. and Shilo, B.-Z.
(2007). Drosophila follicle cells are patterned by multiple levels of Notch signaling
and antagonism between the Notch and JAK/STAT pathways. Development 134,
1161-1169.

Berkovits, B. D. and Mayr, C. (2015). Alternative 3′ UTRs act as scaffolds to
regulate membrane protein localization. Nature 522, 363-367.

Blochlinger, K., Bodmer, R., Jan, L. Y. and Jan, Y. N. (1990). Patterns of
expression of cut, a protein required for external sensory organ development in
wild-type and cut mutant Drosophila embryos. Genes Dev. 4, 1322-1331.

Boylan, K. L. M., Mische, S., Li, M., Marqués, G., Morin, X., Chia, W. and Hays,
T. S. (2008). Motility screen identifies Drosophila IGF-II mRNA-binding protein–
zipcode-binding protein acting in oogenesis and synaptogenesis. PLoS Genet.
4, e36.

Bray, S. J. (2016). Notch signalling in context.Nat. Rev. Mol. Cell Biol. 17, 722-735.
Brückner, K., Perez, L., Clausen, H. and Cohen, S. (2000). Glycosyltransferase
activity of Fringe modulates Notch-Delta interactions. Nature 406, 411-415.

Conway, A. E., Van Nostrand, E. L., Pratt, G. A., Aigner, S., Wilbert, M. L.,
Sundararaman, B., Freese, P., Lambert, N. J., Sathe, S., Liang, T. Y. et al.
(2016). Enhanced CLIP uncovers IMP protein-RNA targets in human pluripotent
stem cells important for cell adhesion and survival. Cell Rep. 15, 666-679.

Cordle, J., Johnson, S., Tay, J. Z. Y., Roversi, P., Wilkin, M. B., de Madrid, B. H.,
Shimizu, H., Jensen, S., Whiteman, P., Jin, B. et al. (2008). A conserved face
of the Jagged/Serrate DSL domain is involved in Notch trans-activation and
cis-inhibition. Nat. Struct. Mol. Biol. 15, 849-857.

de Celis, J. F. and Bray, S. (1997). Feed-back mechanisms affecting Notch
activation at the dorsoventral boundary in the Drosophila wing. Development 124,
3241-3251.

de Celis, J. F., Garcia-Bellido, A. and Bray, S. J. (1996). Activation and function of
Notch at the dorsal-ventral boundary of the wing imaginal disc. Development 122,
359-369.

De Strooper, B., Annaert, W., Cupers, P., Saftig, P., Craessaerts, K., Mumm,
J. S., Schroeter, E. H., Schrijvers, V., Wolfe, M. S., Ray, W. J. et al. (1999). A
presenilin-1-dependent gamma-secretase-like protease mediates release of
Notch intracellular domain. Nature 398, 518-522.

Deblandre, G. A., Lai, E. C. and Kintner, C. (2001). Xenopus neuralized is a
ubiquitin ligase that interacts with XDelta1 and regulates Notch signaling. Dev.
Cell 1, 795-806.

Degrauwe, N., Suva,̀ M.-L., Janiszewska, M., Riggi, N. and Stamenkovic, I.
(2016). IMPs: an RNA-binding protein family that provides a link between stem cell
maintenance in normal development and cancer. Genes Dev. 30, 2459-2474.

Deng, W. M., Althauser, C. and Ruohola-Baker, H. (2001). Notch-Delta signaling
induces a transition from mitotic cell cycle to endocycle in Drosophila follicle cells.
Development 128, 4737-4746.

Deshler, J. O., Highett, M. I. and Schnapp, B. J. (1997). Localization of Xenopus
Vg1 mRNA by Vera protein and the endoplasmic reticulum. Science 276,
1128-1131.

Diederich, R. J., Matsuno, K., Hing, H. and Artavanis-Tsakonas, S. (1994).
Cytosolic interaction between deltex and Notch ankyrin repeats implicates deltex
in the Notch signaling pathway. Development 120, 473-481.

Dornier, E., Coumailleau, F., Ottavi, J.-F., Moretti, J., Boucheix, C., Mauduit, P.,
Schweisguth, F. and Rubinstein, E. (2012). TspanC8 tetraspanins regulate
ADAM10/Kuzbanian trafficking and promote Notch activation in flies and
mammals. J. Cell Biol. 199, 481-496.
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