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Evi5 promotes collective cell migration through its

Rab-GAP activity
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embrane trafficking has well-defined roles dur-
ing cell migration. However, its regulation is
poorly characterized. In this paper, we describe
the first screen for putative Rab-GTPase-activating pro-
teins (GAPs) during collective cell migration of Drosophila
melanogaster border cells (BCs), identify the uncharacter-
ized Drosophila protein Evi5 as an essential membrane
trafficking regulator, and describe the molecular mechanism

Introduction

Small GTPases from the Rab family are important regulators of
vesicular trafficking (Zerial and McBride, 2001). They control
many cellular and developmental processes, such as prolifera-
tion, differentiation, and cell migration. In particular, they play
a fundamental role in regulating cell signaling because they
control the compartmentalization of signaling molecules (Scita
and Di Fiore, 2010).

Like every GTPase, Rab proteins cycle between a GTP-
bound active state and a GDP-bound inactive state. In the active
state, they recruit specific effectors necessary for their function.
Guanine nucleotide exchange factor (GEF) proteins are respon-
sible for the exchange of GDP to GTP by catalyzing GDP re-
lease, whereas GTPase-activating proteins (GAPs) catalyze GTP
hydrolysis. Diverse Rab-GEF domains have been identified
(Barr and Lambright, 2010). In contrast, the Tre-2, Bub2, and
Cdc16 (TBC) domain is the only Rab-GAP domain identified
(Fukuda, 2011). The TBC domain supplies a catalytic arginine
finger characterized by the consensus sequence IXXDXXR
responsible for GAP activity (Pan et al., 2006).

Many questions about the regulators of Rab proteins are
still unanswered. In particular, very few GAPs and GEFs have
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by which Evi5 regulates BC migration. Evi5 requires its
Rab-GAP activity to fulfill its functions during migration
and acts as a GAP protein for Rab11. Both loss and gain
of Evi5 function blocked BC migration by disrupting the
Rab11-dependent polarization of active guidance recep-
tors. Altogether, our findings deepen our understanding
of the molecular machinery regulating endocytosis and
subsequently cell signaling during migration.

been attributed to specific Rab proteins. Furthermore, most of
the work performed so far was performed in cultured cells or
in vitro. Although this approach is efficient to demonstrate a GAP/
GEF activity and to measure catalytic activity, the specificity of
the interaction between a Rab and its regulator might be lost
in vitro, as well as the compartmentalization of the interaction
and possible posttranslational regulations. Hence, it is fundamental
to study in vivo the regulation of Rab proteins (Frasa et al.,
2012). Recent work in Drosophila melanogaster and in Cae-
norhabditis elegans has provided the first descriptions of
in vivo regulation of Rab proteins by GAPs (Chotard et al.,
2010; Houalla et al., 2010; Uytterhoeven et al., 2011). But no
systematic analysis of all the GAPs has been performed so far.

In this study, we examined the implication of Rab-GAP
proteins during border cell (BC) migration in the Drosophila
ovary. Because membrane trafficking has been shown to be an
essential regulator of BC migration (Fig. 1 A, schematic repre-
sentation; Assaker et al., 2010; Janssens et al., 2010), it is a po-
tent model to study the in vivo regulation of vesicular trafficking.
BCs allow the combination of in vivo cell biology techniques,
high resolution imaging, and Drosophila genetics, such as gene
knockdown and overexpression. Thus, we screened for GAP
proteins necessary for normal BC migration and identified Evi5
as an essential regulator of cell migration.

© 2012 Loflamme et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a
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Figure 1.

Rescue experiments demonstrate that CG11727 requires its GAP activity in vivo. (A) Schematic representation of Drosophila egg chambers of

stage 9 and 10. Red represents the actin staining, blue represents the nucleus, and green represents the BCs. BCs migrate from the anterior tip toward the
posterior oocyte, left to the right in all images. Arrows point the BC clusters. Asterisks mark the oocytes. (B) Schematic representation of the Evi5 gene and
its human orthologues EVI5 and EVI5-like. The sequence similarity in the TBC domain between Evi5 and its human orthologue and the proposed targets of
EVI5 and EVI5-like are depicted. The position of the catalytic arginine residue in Evi5 mutated for an alanine is illustrated. (C-F) Representative examples
of BC migration in a stage 10 egg chamber under the indicated conditions using the C306-Gal4 driver. Control (C) or RNAI(Evi5) (D) is represented.
Representative examples of BCs expressing RNAI(Evi5) and in which Evi5 was reintroduced by expression of Evi5-mcherry (E) or Evi5*-mcherry (F). BCs
are stained with phalloidin (red) and DAPI (blue). Arrows point fo BC clusters. Bar, 20 pm. (G) The percentage of migration is expressed as the migration
index (M..) and completion index (C.1.) for the indicated conditions above (35 < n < 161). Error bars are standard error of the mean.

Here, we demonstrate that Evi5 acts as a Rabl1-GAP
because it fulfills various predictions that can be attributed to a
GAP: (a) Evi5 physically and genetically interacts with Rab11,
(b) overexpressing Evi5 increases the fraction of the GDP-
bound Rab11 and mimics the expression of a Rabl1 dominant-
negative (DN) form both in vivo and in vitro, and (c) knocking
down Evi5 increases the fraction of the GTP-bound Rab11 and
mimics the expression of a Rab11 constitutive active (CA) form
in vivo. We found that Evi5 is the critical Rab11-GAP essential
for BC migration by maintaining active receptor tyrosine kinases
(RTKs) at the leading edge of the BC cluster.

In Drosophila, there are 227 potential Rab-GAP proteins: 26 con-
taining a TBC domain and the orthologue of human RAB3GAP2

(CG7061), a Rab-GAP devoid of a TBC domain (Nagano
et al., 1998). To identify Rab-GAP proteins regulating BC migra-
tion, we depleted by RNAIi each of the 27 putative Rab-GAP
proteins specifically in BCs and determined the consequence on
BC migration (Table 1). We then calculated the migration index
(M.L.) and the completion index (C.I.; see Material and methods
for details) to compare migration phenotypes. The strongest hit
was CG11727 (Table 1 and Fig. 1, C and D). Also, we observed
that RNAI lines against other candidates (RN-tre, CG4552,
CG7061, and CG8155) induce BC migration defects (Table 1).
Although we did not pursue their characterization, it is interest-
ing to note that mammalian RN-fre acts as a GAP for Rab5
(Lanzetti et al., 2000), which is also involved in BC migration
(Assaker et al., 2010).

CG11727 encodes a protein with a predicted size of 89—
93 kD containing a TBC and a coiled-coil domain. BLAST
(Basic Local Alignment Search Tool) analysis reveals two
well-conserved CG11727 orthologues in humans: EVIS and



Table 1. M.l and C.I. resulting from knockdown of every potential Rab-GAP protein during BC migration

Drosophila identifier Common dsRNA M.l Cl. n Human orthologue
name (VDRC no.)
CG1093 Pollux 27335 N/A N/A N/A TBC1D1 and TBC1D4
106969 0.98 0.95 20
CG1695 CG1695 20340 0.88 0.69 29 SGSM1-2
48062 0.98 0.95 22
106947 0.875 0.74 34
CG4041 CG4041 34780 0.83 0.67 3 TBCK
108887 0.98 0.95 55
CG4552 CG4552 40538 0.51 0.30 41 TBC1D23
110700 0.98 0.96 47
CG5337 CG5337 22070 0.99 0.94 17 TBCID16
22069 0.96 0.90 20
110067 1.00 1.00 20
CG5344 Whacked 22081 0.96 0.92 24 TBC1D10A-B-C
22082 0.88 0.75 44
CG5745 CG5745 35034 0.97 0.93 45 TBC1D22AB
35036 0.94 0.84 32
108659 1.00 1.00 21
CG5916 CG5916 110561 0.95 0.90 20 TBC1D6
CG5978 CG5978 21000 0.98 0.94 72 TBCID13
21001 0.97 0.92 38
110396 0.97 0.93 28
CG6182 CG6182 14705 0.88 0.78 32 TBC1D7
14706 0.97 0.93 15
106667 0.98 0.94 34
CG7061° CG7061 27823 0.97 0.94 17 RAB3GAP2
27824 0.88 0.79 39
106905 0.54 0.41 39
CG7112 GapcenAP 35174 0.92 0.82 91 RAB-GAP1(GAPCENA) and TBC1D18
103588 0.97 0.93 61
CG7324 CG7324 329294 0.96 0.89 232 TBC1D8B-9B
CG7742 CG7742 25535 1.00 1.00 16 TBC1D19
25536 0.99 0.97 32
100125 0.99 0.96 28
CG8085 RN-tre 28192 0.56 0.36 96 RNTRE (USP6NL), TBC1D28, USP6,
TBC1D3F-G-H
28194 0.65 0.42 73
108670 0.87 0.75 60
CG8155 CG8155 24218 0.85 0.75 28 TBC1D25
24221 0.58 0.42 31
108444 0.99 0.95 22
CG8449 CG8449 24102 1.00 1.00 17 TBC1D5
CG9339 CG9339 44655 0.99 0.98 42 TBC1D24
108736 0.99 0.96 23
CG11490 Tbc1d15-17° 20040 0.95 0.90 66 TBC1D15-17
1096668 0.94 0.84 51
CG11727 Evi5P 17548 0.76 0.61 85 EVI5 and EVI5L
17549 0.32 0.14 161
105146 0.88 0.73 49
CG12241 CG12241 337294 0.95 0.90 201 SGSM3
CG16896 CG16896 20315 0.82 0.76 17 WDR67
20316 0.97 0.88 18
107134 0.91 0.81 43
CG17883 CG17883 30277 0.94 0.83 30 TBC1D20
CG32506 CG32506 287764 0.96 0.89 232 SGSM1-2
CG32580 CG32580 105591 0.99 0.96 24 MUC16
CG33715 Msp-300 25906 0.97 0.92 83 SYNE1-2 and CLMN
40143 1.00 1.00 12
40145 0.98 0.95 42

Rab11-GAP Evi5 promotes border cell migration ¢ Laflamme et al.
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Table 1. M.l and C.I. resulting from knockdown of every potential Rab-GAP protein during BC migration (continued)
Drosophila identifier Common dsRNA M.l C.l. n Human orthologue
name (VDRC no.)
50192 0.71 0.58 19
107183 0.99 0.98 56
109023 0.97 0.93 29
CG42795 CG42795 17314 0.95 0.90 73 TBC1D30
108779 0.98 0.93 29

N/A, not applicable: this dsRNA line affects drastically the morphology of the egg chamber. VDRC, Vienna Drosophila RNAi Center.

This Rab-GAP protein does not have a TBC domain.

bThese common names have been introduced in this study.

“Crosses were performed at 25°C to minimize morphological phenotypes.
dLines obtained from TRiP at Harvard Medical School.

°This RNAi fly line is used subsequently is this study.

EVI5-like (Fig. 1 B). Therefore, we refer to CG11727 as Evi5.
In humans, the functions of EVI5 and EVI5-like are contro-
versial because they were shown to target in vitro either Rab11
(Dabbeekeh et al., 2007) or Rab35 (Fuchs et al., 2007) and ei-
ther Rab10 (Itoh et al., 2006) or Rab23 (Yoshimura et al., 2007),
respectively (Fig. 1 B).

To demonstrate that the observed phenotypes induced by
Evi5 knockdown are not caused by artifacts such as off-target
effects, we performed rescue experiments. We observed that
Evi5-depleted BCs expressing an Evi5-mcherry transgene
migrated in a similar fashion as the control (Fig. 1, E and G),
indicating that the RNAi(Evi5) targets endogenous Evi5 and
that the Evi5-tagged transgene used is functional. However,
we could not rescue the Evi5 knockdown phenotype by express-
ing a catalytically dead form of Evi5 (Evi5®; see Material and
methods; Fig. 1, F and G), indicating that the Rab-GAP activity
of Evi5 is required for its function during BC migration. We
next aimed at identifying the molecular target of Evi5 during
BC migration.

Evi5 is recruited to the recycling endosome
by the active form of Rab11

To narrow down the potential substrates of Evi5, we screened
for Rab proteins, which colocalize with Evi5. We coexpressed
Evi5-mCherry with candidate GFP- or YFP-tagged Rabs in
Drosophila S2 cells. The distribution of Evi5-mCherry is cyto-
plasmic and vesicular (Fig. 2 A). We tested whether Evi5 co-
localizes in these vesicular structures with endocytic Rab proteins
or with Rabs previously proposed to be targets of its ortho-
logues. We expressed Rab5, 7, 10, 11, 23, and 35 in their GTP-
locked forms (CA), which should increase their interaction
with their GAP. The expression of Rab11 drastically changed
Evi5 distribution, as Evi5 was recruited to RabllCA—positive
vesicles and disappeared from the cytoplasm (Fig. 2 E). Evi5
was not recruited to Rab5“* or Rab7%-enlarged endosomes
(Fig. 2, B and C). Rab10“* formed vesicles that are often
closely juxtaposed to Evi5 punctae, without overlapping (Fig. 2 D).
In accordance, we saw a partial colocalization between Rab11
and Rabl10 in S2 cells (unpublished data). Rab23“* was
mainly cytoplasmic and did not colocalize with Evi5 (Fig. 2 F).
Finally, Rab35% formed vesicles that rarely localized with
Evi5 (Fig. 2 G).

JCB « VOLUME 198 « NUMBER 1 « 2012

Because Evi5 colocalizes preferentially with Rab11, we
tested whether Evi5 colocalizes with Rab11™" and found them
on the same vesicles (Fig. 2 H). Altogether, our data show that
Evi5 colocalizes with Rab11 and is recruited to vesicles by
active Rabl11.

Evi5 interacts with and inactivates Rab11
We tested whether Evi5 binds to GTP-bound Rabl1 by co-
expressing GST-Rab11 with other GFP-tagged proteins in S2
cells. GST pulled down experiments were performed on lysates
followed by Western blotting. We expressed wild-type, GDP-
locked (DN), or CA mutant forms of Rab11. As a positive con-
trol, we expressed a GFP fusion of the Rabl1 effector Ripl1
known to interact preferentially with Rab11-GTP (Li et al.,
2007). As expected, GFP-Rip11 can be pulled down efficiently
with Rab11%* and to a lesser extent with Rabl11™" (Fig. 2 I,
left). As a negative control, we expressed RN-tre together with
GST-Rab11 because RN-tre should not bind Rab11 (Haas et al.,
2005). Indeed, RN-tre was not pulled down by any form of
Rabl11 (Fig. 2 I, middle left). In contrast, Evi5 was pulled down
with Rab11¢* (Fig. 2 I, middle right). The catalytic dead mutant
form of Evi5, Evi5®*, colocalizes (Fig. 2 J) and interacts with
Rab11¢* to the same extent as Evi5™" (Fig. 2 I, right). The
interaction between Rab11 and Evi5 is thus independent of the
catalytic arginine finger.

Next, to test whether Evi5 provides GAP activity to
Rabl11, we developed an effector pull-down assay based on the
preferential binding of Ripl1 to active Rab11 (Fig. 2 I). Here,
GST-Rabl1 is coexpressed in S2 cells together with GFP-
Ripl1, in the presence or in the absence of HA-Evi5. The
activity of Rabl1 is determined by measuring the amount of
Rip11 that can be coprecipitated with GST-Rab11 from S2 cell
lysates. If Evi5 is a Rab11-GAP, overexpressing Evi5™ T should
decrease the amount of Ripl1 coprecipitated with Rabl1, as
the Rab11-GTP pool will decrease. Accordingly, the amount
of GFP-Rip11 bound to Rab11 dropped when Evi5™" was ex-
pressed compared with the situation in which Evi5 was not ex-
pressed (Fig. 2, K [left] and ). As expected, expressing Evis®*
did not inactivate Rab11 (Fig. 2, K [left] and L), as the amount
of Ripl1 coprecipitated was similar to the control. Moreover,
expressing Evi5™T did not affect the general binding profile of
Ripl1 bound to Rab11°* (Fig. 2, K [right] and L). This last
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Figure 2. Evi5 acts as a Rab11-GAP in vitro. (A-H) Representative images of S2 cells transfected with Evi5-mcherry and the indicated GFP-or YFP-tagged
form of Rab. Rab proteins are either expressed in their wild-type (WT) or CA form. A grayscale image of both the green and red channel is shown for every
image. The insets show higher magnifications of the regions marked by dashed line squares. Arrows point to structures where Evi5 and Rab11 colocalize.
(I) S2 cells were cotransfected with the wild-type, DN, or CA forms of GST-Rab 11 together with the indicated GFP constructs. Pull-downs (Pd) using glutathi-
one beads were performed on lysates. Proteins bound to GST-Rab11 were detected by Western blotting (WB). (J) YFP-Rab 1 14 was coexpressed with Evi5*-
mcherry in S2 cells. Insets show higher magnification. (K) Effector pull-down assays performed with lysates from S2 cells cotransfected with GST-Rab 11"
(left) or GST-Rab 11 (right) together with GFPRip11 with or without HA-Evi5. Pull-down of GST-Rab11 and protein analysis were performed as in I.
(L) Quantification of the total pulled down GFPRip11 normalized to the control on three (GST-Rab114) or four (GST-Rab11%7) independent experiments.
(***, P < 0.05; ttest). Ctl, control. Error bars are standard error of the mean. Bars, 5 pm.
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Figure 3. Evi5 genetically interacts with Rab11. (A-C) Representative examples of egg chambers expressing Evi5-mcherry (A), Evi5*-mcherry (B), and
Rab 11 using the slbo-Gal4 driver (the arrowheads indicate BCs). (D) M.I. and C.I. for the indicated conditions (51 < n < 161). The dotted line serves as a
visual separator between conditions in which Rab11 should be preferential in an inactive (leff) and active (right) conformation. (E-G) Representative images
of c306-Gal4, Rab11%/+ (E), c306-Gal4, Evi5-mcherry/+ (F), and c306-Gal4, Rab11%'/ +, Evi5-mcherry (G) egg chambers. (H) M.1. for the indicated
conditions. The red bar represents the difference between the expected indexes if the phenotype were only additive (46 < n < 188). (l) Percentage of BCs
presented in H having completed 0, 25, 50, 75, and 100% (standard errors of the mean < 4.3). Error bars are standard error of the mean.

experiment demonstrates that the decrease of Ripl1 coprecipi-
tated with Rab11%VT in the presence of Evi5 is not caused by a
steric effect. Overall, the data presented thus far demonstrate Overexpression of a specific Rab-GAP protein is expected to in-
that Evi5 is a GAP for Rabl11. hibit a particular membrane trafficking step because it increases



the rate of inactivation of its Rab target, thus mimicking the ex-
pression of a DN form of the Rab (Fukuda, 2011). As the ex-
pression of Rab11”N leads to a strong migration block (Fig. 3 D;
Assaker et al., 2010), we asked whether overexpressing Evi5
phenocopies Rab11”". We observed a strong migration block in
BCs expressing Evi5 (Fig. 3, A and D). Expression of Evi5®
did not affect BC migration, confirming that Evi5 requires its
Rab-GAP activity to fulfill its function (Fig. 3, B and D). Then,
we performed the converse experiment and showed that knock-
ing down Evi5 mimics the phenotype induced by expressing
Rab11“* (Fig. 3, C and D).

To further explore the relationship between Evi5 and
Rabl1, we tested for a potential genetic interaction between the
two genes by measuring normalized M.I. (nM.I.) as in Assaker
et al. (2010). Flies heterozygous for the null allele Rabl1°
(Dollar et al., 2002) show no significant BC migration defect
(nMLL of 0.98; Fig. 3, E and H). Although expression of Evi5
using ¢306-Gal4 slightly affected migration in a control back-
ground (nMLL. of 0.79; Fig. 3, F and H), the Rabl1 exl heterozy-
gous background enhanced the phenotype (nM.I. of 0.57; Fig. 3,
G and H). Also, the number of clusters unable to initiate migra-
tion is strongly increased when Evi5 is expressed and a copy of
Rabl1 is removed (Fig. 3 I). Collectively, these results show a
synergistic interaction between Rabl1 and Evi5, suggesting that
Evi5 collaborates with Rabl1 during BC migration.

Evi5 acts as a Rab11-GAP during
BC migration
We next wanted to demonstrate that Evi5 acts as a Rab11-GAP
during BC migration. Secl5 is an effector of Rabll in Dro-
sophila (Wu et al., 2005), which forms vesicular-like structures
at the leading edge of BCs (Figs. S1 and 4 A). We previously
observed that expression of RablI”" affects these structures
(Assaker et al., 2010). We rationalize that quantifying the Secl5
structure volume could serve as a readout for Rab11 activity.

To determine the volume of GFP-Secl5 structures, we
used high resolution imaging combined with computational
image analysis. To this end, we developed an algorithm that
segmented GFP-Secl5 structures from three-dimensionally re-
constituted BC cluster images and quantified their volume. To
confirm that our method could be used to monitor Rab11 activ-
ity, we expressed DN forms of various endocytic Rabs and cal-
culated the volume of GFP-Secl5 structures. Expression of
Rab4” and Rab5"" did not affect significantly the volume dis-
tribution of Secl5 structures, whereas Rab7”" slightly reduces
their volume but to a lesser extent than RablI”N (Fig. S1).
Rab11”N reduced GFP-Secl5 structures to a volume <2 pm?®
and causes a cytoplasmic distribution of GFP-Secl5 (Fig. 4,
C and G). To demonstrate that we can also detect gain of Rab11
activity, we expressed Rab11“* and found that it increases the
size of Secl5 structures (Figs. 4, B and G; and S1 G). These
differences were significant both when comparing the volume
distribution (Kolmogorov—Smirnov [KS] test) or the median
volume (rank sum test). Thus, our method is highly sensitive to
changes of Rab11 activity.

We next modulated Evi5 expression and tested its ef-
fects on endogenous Rab11 activity in BCs. We expected that

overexpressing Evi5 would mimic a Rabll loss-of-function
phenotype and that knocking down Evi5 would mimic a Rabl1
gain of function. Accordingly, we observed that overexpress-
ing Evi5 increases the cytoplasmic distribution of GFP-Secl5,
whereas depleting Evi5 increases the size of GFP-Secl5 structures
(Fig. 4, D-F). Measured Secl5 structure volumes changed accord-
ingly after modulating Evi5 expression (Figs. 4 H and S1 G).

To confirm the data obtained with Sec15, we performed a
similar analysis with Rip11, a specific Rab11 effector (Horgan
and McCaffrey, 2009). We expressed the Rabl1-binding do-
main of Ripll tagged to GFP (Li et al., 2007) in BC clusters
and performed the same analysis as for Secl5. Similarly, we
found that expressing Evi5 reduces the size of Rip11-GFP struc-
tures, whereas depleting Evi5 had the converse effect (Fig. S2).
Overall, these results demonstrate that Evi5 acts as a Rab11-
GAP during BC migration.

Orthologues of other Rab11-GAPs do not
regulate Rab11 during BC migration

Two other Rab-GAPs have been demonstrated to accelerate the
GTP hydrolysis of human Rabl11 in vitro: GAPCENA (Fuchs
et al., 2007) and TBC1D15 (Zhang et al., 2005). Accordingly,
both CG7112 and CG11490, the orthologues of mammalian
GAPCENA and TBC1D15, respectively (thereafter called
GapcenA and Tbc1d15-17) colocalize with Rab1 14 in S2 cells,
although Tbc1d15-17 colocalizes to a lesser degree (Fig. S3 A).
However, the RNAI screen results indicate that both GapcenA
and Tbc1d15-17 knockdown did not affect BC migration (Table 1).
To further confirm that these two GAPs do not act on Rabl1
during BC migration, we expressed GapcenA and Tbcldl5-17
in BCs and did not observe any migration block (Fig. S3, B and C).
These results suggest that Evi5 is the critical Rab11-GAP in-
volved in BC migration.

Evi5 is essential to restrict locally the RTK
activity at the leading edge of BCs
To achieve their directed collective cell migration toward the
oocyte, BCs need to polarize their guidance receptors, which
consist of RTKs, at their leading edge (Jékely et al., 2005). We
have recently demonstrated that Rab11 is involved in restricting
the activation of the RTKs at the front of the cell cluster (Assaker
et al., 2010). Thus, we hypothesize that Evi5 might also be im-
portant for the polarization of active RTKs. To test this, we as-
sessed the distribution of pTyr (phosphorylated tyrosine), which
was previously used as a marker of RTK activity in BCs (Jékely
et al., 2005; Assaker et al., 2010). As previously published, we
observed a strong polarization of the pTyr signal at the leading
edge of control BCs, particularly within membrane protrusions
(Fig. 5, A and C). Either overexpression or depletion of Evi5
abolishes the enrichment of the pTyr signal at the leading edge
(Fig. 5, B and D), as shown by the ratio of posterior over ante-
rior pTyr signal in BCs (Fig. 5 E). These data demonstrate that
a strict regulation of the recycling endosome is necessary for
the proper spatial restriction of RTK activity.

Most of the previous studies focusing on GAP proteins
were performed in cell culture or in vitro (Fukuda, 2011). Fur-
thermore, only fragments of the proteins, such as the TBC domain,
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were used in most cases because GAP proteins are frequently
large and insoluble. To circumvent these limitations, we have
combined in vitro and in vivo approaches to demonstrate that
the Rab-GAP Evi5 regulates Rabl1 in Drosophila. Further-
more, our work identifies Evi5 as a new regulator of collective
cell migration, necessary for the maintenance of active RTK at
the leading edge.

Plasmid constructs
Copper-inducible pMET vectors were used for the GST pull-down assay in
S2 cells. GST-Rab1 1%, GST-Rab 11PN, and GST-Rab 11 were cloned in

pMet-picoblast-GFP (gift from V. Archambault laboratory, Université de
Montréal, Montréal, Québec, Canada), and S2 stable cell lines expressing
these constructs were generated.

The different Rab-GAP proteins were cloned in pUASHDest29 (Wirtz-
Peitz et al., 2008) to be expressed in flies and in S2 cells. Evi5(CG11727)
(EST: GH14362), GapcenA(CG7112) (EST: RE63030), and Theld15-
17(CG11490) (EST: LD27216) were first cloned in pDonor221 and trans-
ferred in pUASt-Dest29 using the Gateway system (Invitrogen).

To generate the constitutively active Rab proteins the following muta-
tions were generated by mutagenesis (QuikChange; Agilent Technologies;
Zhang et al., 2007): of Rab5 (EST: GH24702) GIn88 to Leu; Rab” (EST:
GHO03685) GInb7 to Leu; Rab10 (EST: LD39986) GIn68 to Leu; Rabl11
(EST: LD14551) GIn70 to leu; Rab23 (RH23273) GIn96 to Leu; and
Rab35 (LD21953) GIné7 to Leu. Using the Gateway system, Rab proteins
were cloned in pAGW (EGFP in N terminal), except Rab11, which was
cloned in pAVW (Venus in N terminal). Evi5 Arg160 to Ala (Evi5®) was
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generated the same way. Evi5"" and Evi5* were cloned in pDest29,
PAWG (EGFP in C terminal) and pAWH (HA tag in C terminal). RipT1
(EST: GHO5001) was cloned in pAGW. ESTs were obtained from the Dro-
sophila Genomics Resource Center (Bloomington, IN).

Fly genetics

Expression of proteins was driven specifically in the BCs using slbo-Gal4,
UAS-CD8-GFP (Assaker et al., 2010) at 29°C. Double-stranded RNA
(dsRNA) fly lines were obtained from the Vienna Drosophila RNAi Center
(Dietzl et al., 2007) or, when none were available for a certain gene, from
the TRiP (Transgenic RNAI Project) consortium at Harvard Medical School
(obtained from the Bloomington Stock Collection) and were expressed
using c306-Gal4, UAS-GFP-Sec15 (Assaker et al., 2010) at the indicated
temperature. Both CD8-GFP and GFP-Sec15 were expressed to facilitate
the identification of the BCs inside the egg chamber. Evi5 rescue experi-
ments were performed using c306-Gal4. Also, slbo-Gal4, UAS-GFP-Sec15
was used for GFP-Sec15 analysis upon changes in Rab11 activity. Other
stocks used include UAS-Rab11°N (Assaker et al., 2010), UAS-Rab114
(Emery et al., 2005), UASRip 1 1-GFP (gift from D.F. Ready, Purdue Univer-
sity, West Lafayette, IN; Li et al., 2007), and Rab11% (Dollar et al.,
2002). Evi5, GapcenA, and Tbc1d15-17 in the pDest29 vector were in-
jected into Drosophila, and insertion strains containing a single copy of
each fransgene were generated using standard methods. Transgenic flies
expressing Evi5™ were generated by BestGene Inc.

Indexes

The M.I. represents the mean distance migrated by the BCs, whereas the C.I.
represents the percentage of clusters having completed migration, and both
are calculated as previously described (Assaker et al., 2010). In brief, the
M.I. was calculated with the formula M.I. = (1 x n(100%) + 0.75 x n(75%) +
0.5 x n(50%) + 0.25 x n(25%) + O x n(0%) + 0.5 x n(split clusters))/n(total),
in which n(100%) corresponds to the number of BCs that reached the oocyte
at stage 10, and n(75%) corresponds to the number of BCs that reached
75% of the total distance, etc. The C.I. was calculated as follows: C.I. =
n(100%)/n(total).

Rab-GAP screen

Identification of potential Rab-GAP proteins was performed based on the
presence of a TBC domain: FlyMine Software (Cambridge Systems Biology
Centre, Cambridge University) was used to identify genes containing the TBC
domain and orthologues of previously described Rab-GAP proteins, reveal-
ing 27 proteins. Females were kept at 29°C for 2 d before ovaries were dis-
sected. Variation in the penetrance of the phenotype between RNA fly lines
targeting the same gene can be explained by the strength of the dsRNA ex-
pression, the sequence of the dsRNA used, and possible off-target effects.

Details of image acquisition and quantitative analysis

Images were acquired using an inverted confocal microscope (LSM 510
META; Carl Zeiss), using either a Plan Apochromat 63x, NA 1.4 differential
interference contrast objective or an EC Plan Neofluar 40x, NA 1.3. Images
used for subsequent Sec15 or Rip11 vesicle analysis were acquired using the
63x objective by sequential scans of 0.5 ym in multiple channels. For figure
assembly, images were processed with Photoshop (Adobe) by using the
Gaussian blur and the level functions. For a better rendering of the blue chan-
nel, a posttreatment with the selective color function was performed.

The enrichment of pTyr intensity at the leading edge (F(P)/F(A)) was
determined as follows: mean pTyr fluorescence intensities were quantified in
an area following the leading edge (posterior fluorescence or F(P)) and in an
area at the trailing edge (anterior fluorescence or F(A)) of BC clusters in three
consecutive frames from a z scan separated by 1 pm using original images
and the Image) software (National Institutes of Health). Only images with a
signal in the linear range were considered for quantification. We used as a
central plan the one containing the two polar cells, which do not express up-
stream activation sequence constructs with the same intensity as the other
cells of the cluster. Furthermore, only clusters detached from the epithelium
but still at the onset of migration were considered. GFP was used to defer-
mine the periphery of the cluster. The background, determined outside the
egg chamber, was systematically subtracted to the fluorescence intensities
determined. The ratio between the posterior and the anterior mean fluores-
cence (F(P)/F(A)) is shown in Fig. 5 E.

Reagents

Glutathione-Sepharose beads were obtained from GE Healthcare. The trans-
fection reagent used in S2 cells is TransIT-L1 obtained from Mirus Bio LLC.
Antibodies used for immunostaining or immunoblotting were supplied from
Cell Signaling Technology (GST), USBiological (GFP), the laboratory of
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G. Rubin (Howard Hughes Medical Institute, Ashburn, VA; HA), and mouse
monoclonal anti-pTyr (4G10). Secondary antibodies were purchased from
Invitrogen and coupled to Alexa Fluor 555 or 647 dyes. Alexa Fluor 555-
and 647-labeled phalloidin were used to visualize F-actin. DAPI (Sigma-
Aldrich) was used fo stain nuclei. Egg chambers were mounted in Mowiol
4-88 (Sigma-Aldrich). Concanavalin A (Sigma-Aldrich) and 96 wells were
purchased from PerkinElmer.

GST pull-down analysis

S2 cells were cultured in Schneider’s medium supplemented with 10% FBS
and transfected with TransIT-LT1 on day 1. Protein expression was induced
with 0.8 mM CuSOy on day 2. On day 4, cells were lysed in Nonidet P-40
lysis buffer (20 mM Tris, pH 8.0, 137 mM NaCl, 1% Nonidet P-40, 10%
glycerol, and 1 mM EDTA) with protease inhibitors. For GST pull-down
assays, 50 pl of 50% slurry of glutathione-Sepharose beads equilibrated in
lysis buffer was added to protein lysates and rocked for 4 h at 4°C. Beads
were then washed three times with 1 ml lysis buffer. Total protein lysates or
eluted proteins were resolved on an 8-10% SDS-PAGE, transferred to nitro-
cellulose membranes, and immune detected using specific antibodies.

Imaging of 52 cells

For fluorescence analysis, Rab and Rab-GAP proteins were cotransfected
for 3 d, transferred for 1 h on concanavalin A-coated 96-well plates, and
fixed in 4% formaldehyde for 30 min.

Vesicle analysis

Fluorescent images were analyzed using semiautomated software cus-
tom written in MATLAB (MathWorks). Image analysis was performed
in two steps: (1) BCs were identified by automated thresholding of the
GFP-Sec15 channel. (2) Within the region of the BCs, fluorescent signals
were detected in 3D by identifying connected groups of voxels that were
significantly brighter than the local noise. Where nearby vesicles were
close enough to one another so that their signals overlapped, the voxel
groups were split into as many parts, as they contained local maxima
of intensity.

Online supplemental material

Fig. S1 shows that expression of other DN Rabs did not affect Sec15-GFP
distribution to the same extent as Rab11%Y, demonstrating that monitoring
the distribution of Sec15-GFP can be used to estimate the activity of Rab11
in vivo. Fig. S2 confirms that Evi5 is a Rab11-GAP during BC migration by
monitoring the distribution of a second effector of Rab11, Rip11. Fig. S3
shows that orthologues of mammalian GAPs proposed to target Rab11 do
not affect BC migration, suggesting that Evi5 is the critical Rab11-GAP in
this process. Online supplemental material is available at http://www.jcb
.org/cgi/content/full /jcb.201112114/DC1.
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