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interactions with Moesin

Amanda L. Neisch®?*, Etienne Formstecher<, and Richard G. Fehon?®

ARTICLE

aDepartment of Molecular Genetics and Cell Biology and ®Committee on Development, Regeneration and Stem Cell

Biology, University of Chicago, Chicago, IL 60637; Hybrigenics SA, 75014 Paris, France

ABSTRACT RhoA, a small GTPase, regulates epithelial integrity and morphogenesis by con-
trolling filamentous actin assembly and actomyosin contractility. Another important cytoskel-
etal regulator, Moesin (Moe), an ezrin, radixin, and moesin (ERM) protein, has the ability to
bind to and organize cortical F-actin, as well as the ability to regulate RhoA activity. ERM
proteins have previously been shown to interact with both RhoGEF (guanine nucleotide ex-
change factors) and RhoGAP (GTPase activating proteins), proteins that control the activation
state of RhoA, but the functions of these interactions remain unclear. We demonstrate that
Moe interacts with an unusual RhoGAP, Conundrum (Conu), and recruits it to the cell cortex
to negatively regulate RhoA activity. In addition, we show that cortically localized Conu can
promote cell proliferation and that this function requires RhoGAP activity. Surprisingly, Conu’s
ability to promote growth also appears dependent on increased Rac activity. Our results re-
veal a molecular mechanism by which ERM proteins control RhoA activity and suggest a
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novel linkage between the small GTPases RhoA and Rac in growth control.

INTRODUCTION

One hallmark of polarized epithelial cells is a dense band of actin
filaments localized to the apical cortex that is tightly associated with
the apical membrane and adherens junctions. The integrity of this
apical cytoskeleton is required for junctional organization, apical/
basal polarity and epithelial integrity. Ezrin, radixin, and moesin,
collectively called the ERM proteins, are among the most exten-
sively studied of the many proteins that regulate interactions be-
tween the apical membrane and the cortical cytoskeleton. ERM
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proteins, through their N-terminal FERM (Four-point-one, Ezrin,
Radixin, Moesin) domain, have the ability to associate with the cyto-
plasmic face of the plasma membrane via interactions with phos-
pholipids and the cytoplasmic tails of transmembrane proteins.
ERMs also interact with the cytoskeleton through a C-terminal
F-actin binding domain. Together these interactions are thought to
organize cortical actin filaments and physically link them to the over-
lying plasma membrane.

In addition to their role in mediating membrane—cytoskeletal in-
teractions, there is an increasing body of evidence that ERM pro-
teins regulate the cell cortex through effects on activity of the Rho
family GTPases, in particular RhoA. In their GTP-bound or active
state, Rho family GTPases can activate downstream effectors that in
turn regulate the actin cytoskeleton in order to carry out diverse cel-
lular functions (reviewed in Johndrow et al., 2004; Jaffe and Hall,
2005). In Drosophila imaginal epithelia, phenotypes caused by loss
of the sole ERM gene, Moesin (Moe), are strongly suppressed by
reduction in the dosage of the Rho1 gene (homologous to RhoA),
suggesting that Moe negatively regulates Rho1 activity (Speck et al.,
2003). Studies in mammalian cells have revealed interactions
between ERM proteins and RhoA regulatory proteins, including
both positive (RNoGEFs [Rho guanine nucleotide exchange factors])
and negative (RhoGAPs [Rho GTPase activating proteins]) regulators
of GTPase activity (Takahashi et al., 1998; Hatzoglou et al., 2007).
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FIGURE 1: Conu forms a complex with Moe. (A) Schematic diagram of Conu'’s structure with
amino acid coordinates indicated above the diagram. The Moe interaction domain (MID) and the
GAP domain with a predicted arginine finger required for GAP activity at amino acid 402, are
indicated. The MID is defined by the overlap of five unique Conu clones that interacted with
Moe in the yeast two-hybrid screen, as indicated above the Conu diagram. Conu fragments
used for co-IP experiments with Moe are indicated below the schematic. (B-F) S2 cells were
cotransfected with expression constructs for the indicated forms of Moe and Conu. (B) Conu
coimmunoprecipitates with wild-type Moe, and more strongly with a form of Moe lacking the
F-actin binding domain (AACT). (C) Moe* €T can coimmunoprecipitate N-terminal fragments of
Conu (Conu 1-355 and Conu 185-294) that contain the MID, but not the C-terminal GAP
domain of Conu (aa 313-577). (D) Endogenous Conu protein (E, endogenous) in S2 cells can be
coimmunoprecipitated with Moe*A¢T. Epitope-tagged Conu was used as a positive control (T,
tagged). (E) Specificity of the Conu antibody is demonstrated by dsRNA-mediated knockdown
against two nonoverlapping regions of Conu. GFP dsRNA serves as a negative control. (F) The
Moe FERM domain, but not the coiled-coil region, is sufficient to coimmunoprecipitate Conu.

The functional significance of these interactions has not always been
clear, and ERMs have been proposed to both positively and
negatively regulate RhoA activity through these interactions
(Bretscher et al., 2002; Fehon et al., 2010). In addition, recently there
has been evidence for ERM regulation of Rac1 activity, which has
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been suggested to lead to increased meta-
static activity in tumor cells (Valderrama
et al, 2012). Although the exact mecha-
nisms by which ERM proteins control the
activity of Rho family GTPases remain
unclear, there is compelling evidence that
the ERM function in organizing the cortical
cytoskeleton is mediated both through its
ability to bind actin and its ability to regu-
lated Rho family GTPases.

To better understand the role of Moesin
in regulating Rho1 activity in Drosophila, we
have sought to identify Moe-binding pro-
teins that might be involved in this process.
In this study, we present evidence that Moe
interacts with and promotes the activity of a
previously uncharacterized RhoGAP that we
call Conundrum (Conu, CG17082) due to its
unexpected phenotypes. We show that
Conu has GAP activity toward Rho1, Moe
recruits Conu to the cell cortex, and cortical
localization activates Conu’s function in neg-
atively regulating Rho1. Surprisingly, we also
have found that expression of Conu at the
cell cortex leads to overproliferation of the
epithelium, and that this phenotype is de-
pendent on its GAP activity. In addition, we
have found that cortical Conu increases
Rac1 activity independent of its GAP activ-
ity. These findings suggest that through
their ability to regulate Rho1 and Rac1 activ-
ity Moe and Conu function together to con-
trol proliferation in developing epithelia.

RESULTS

Conu interacts with and is regulated
by Moe

The RhoGAP domain-containing protein,
Conu, was identified as a Moe-interacting
protein in a yeast two-hybrid screen
(Formstecher et al., 2005). A form of Moe
that lacks the C-terminal actin-binding do-
main (Moe®AT) interacted with five unique
cloned fragments of Conu (Figure 1A). Based
on the smallest region of overlap between
the clones, the minimal interaction domain
of Conu sufficient to bind to Moe maps to
residues 185-294, a region with no known
domain structure (Figure 1A). A BLAST
search identified Rho GTPase-activating
protein 18, ARHGAP18, also known as Mac-
GAP (Li et al., 2008; Maeda et al., 2011), to
be the closest human homologue to Conu.
A pairwise alignment of the two proteins
showed that Conu shares 26% identity and
40% similarity to ARHGAP18 (unpublished
data).

To determine whether Conu and Moe proteins interact in vivo, we
performed coimmunoprecipitation (co-IP) experiments in cultured
Drosophila S2 cells. We found that epitope-tagged Conu coimmu-
noprecipitates robustly with Moe® T and less strongly with the wild-
type Moe (Figure 1B). In addition, an N-terminal construct of Conu

Conundrum and Moesin regulate Rho1 | 1421



ap>Flag-conu,
UAS-Myc-Moe™%

ap>Flag-conu,
ap>Flag-conu

N 5

E-Cadherin

en>Flag-conu,
UAS-MoeRNAi

E-Cadherin

FIGURE 2: Moe recruits Conu to the cortex, and cortical localization of Conu is dependent on
Moe. (A) An epitope-tagged version of Conu has a primarily cortical localization in the wing
imaginal epithelium when expressed under the apGal4 driver. (B) An unphosphorylatable form
(T559A) of Moe coexpressed with Conu has no obvious effect on its localization. (C) Coexpres-
sion of wild-type Moe resulted in more cortically localized Conu. (D) Coexpression of a
phosphomimetic form (T559D) of Moe resulted in a strikingly stronger cortical localization of
Conu. (E) Under the enGal4 driver, epitope-tagged Conu has a primarily cortical localization,
while depletion of Moe by RNAI disrupted this localization (F). E-cadherin, an adherens junction
protein, is shown for all images to show that the plane of section cuts through the junctional

region (A" -F’). Scale bar in (A) represents 5 pm in all panels.

lacking the GAP domain (residues 1-355), and the minimal interac-
tion domain of Conu (residues 185-294) strongly coimmunoprecipi-
tated with Moe® T when expressed in S2 cells. However, a C-termi-
nal construct comprising the GAP domain (residues 313-577) did
not, confirming that the minimal interaction domain in the N-termi-
nus of Conu mediates interactions with Moe (Figure 1C). Addition-
ally, we made a Conu-specific antibody and used it to show that en-
dogenous Conu from cultured cells coimmunoprecipitates with
Moe®CT (Figure 1D). The specificity of the antibody was validated by
double-stranded RNA (dsRNA) knockdown of Conu (Figure 1E).
Moe*ACT is composed of the N-terminal FERM domain and two
predicted coiled-coil domains (Li et al., 2007). Because coiled coils
are structural motifs that mediate protein—protein interactions, and
because the Moe FERM domain alone did not identify any Conu
clones in the two-hybrid screen (Formstecher et al., 2005), we asked
whether the coiled-coil domain of Moe is sufficient to mediate inter-
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actions with Conu in co-IP experiments. We
found that Conu coimmunoprecipitated
with the FERM domain of Moe but not with
the coiled-coil domain (Figure 1F), suggest-
ing the FERM domain mediates interactions
with Conu.

Conu localizes to the cell cortex

in a Moe-dependent manner

We next asked whether Conu colocalizes
with Moe. Moe is enriched apically at the
cell cortex, particularly in the apical junc-
tional region of imaginal disk cells (Speck
et al., 2003; Hughes and Fehon, 2006). To
investigate the subcellular localization of
Conu, we generated a 3x Flag N-terminally
tagged conu transgene. Protein expressed
by this transgene under the apGal4 driver
was found throughout the cytoplasm and
was junctionally enhanced in the apical do-
main (only apical sections shown, Figure
2A). The N-terminal tag did not appear to
affect the localization of the protein, as un-
tagged Conu expressed transgenically had
a similar localization when stained with a
Conu-specific antibody (unpublished data).

Conu localization was examined when
Conu was coexpressed with previously char-
acterized Moe mutations that affect its acti-
vation state (Speck et al., 2003). All of these
transgenes expressed at similar levels
(unpublished data). Conu’s localization was
unchanged when coexpressed with the non-
phosphorylatable, inactive Moe™%4 mutant,
but appeared more junctional when ex-
pressed with a wild-type Moe transgene
(Figure 2, B and C). Consistent with Conu
interacting with active Moe, we found that
when coexpressed with phosphomimetic
Moe (Moe™>5), Conu displayed more de-
fined junctional staining in the apical cell
cortex (Figure 2D). Furthermore, Conu lost
its junctional localization when Moe was
strongly depleted using a previously pub-
lished RNA interference (RNAI) transgene
(Figure 2, E and F, and Supplemental Figure
S1; Karagiosis and Ready, 2004; Hughes and Fehon, 2006). Taken
together, these results suggest Moe can recruit Conu to the cell
cortex.

Using the Conu antibody, we next examined the localization of
the endogenous Conu protein. To confirm antibody specificity in
tissues, we expressed a conu RNAI transgene in the wing disk under
the enGal4 driver. This allowed us to visualize the subcellular local-
ization of Conu in wild-type cells compared with Conu-depleted
cells. Antibody staining in conu RNAi-expressing cells was markedly
diminished, confirming specificity of the antibody for endogenous
Conu in tissues (Figure 3, A and B). Conu appeared to be expressed
uniformly in all tissues examined, including the imaginal epithelia
and the follicular epithelium (unpublished data). Cross-sectional
views of the epithelium indicated that endogenous Conu is prefer-
entially localized at the apical cortex (Figure 3A). Tangential views
through the apical surface of imaginal epithelium showed that, while

Molecular Biology of the Cell
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FIGURE 3: Moe stabilizes Conu at the cell cortex. (A-B”). Depletion
of Conu by expression of conuRNAi under the enGal4 driver (small
arrows indicate the boundary of enGal4 expression), shows that the
Conu antibody is specific and the conuRNAI transgene effectively
knocks down Conu expression. Arrowheads in (A) indicate increased
Conu staining at two opposed apical surfaces in an epithelial fold. A
slight constriction in the epithelium is also apparent at the boundary
of Conu knockdown (B” and B”). (C-E”) Tangential sections through
the apical domain of wing disks showing the relationship between
Conu and Moe. In wild-type cells (C-C”) endogenous Conu displays a
punctate appearance that is slightly enriched at the apical junctions
(arrowheads), while endogenous Moe is primarily localized junctionally
(C"). Expression of activated Moe (myc Moe™>P) results in increased
endogenous Conu staining and a more obvious colocalization with
Moe in the junctional region (D and D’). Expression of myc Moe®A¢T
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Moe is preferentially junctionally localized, Conu staining is more
broadly spread throughout the apical cortex, though some junc-
tional association was observed (Figure 3, C and C”). Expression of
Moe™>P caused mildly increased Conu staining and enhanced
junctional association (Figure 3, D and D”), while expression of
Moe*CT induced a dramatic relocalization of endogenous Conu to
the apical junctional region (Figure 3, E and E”), consistent with the
strong co-IP we observed between these proteins. Expression of
Moe? T also resulted in a marked increase in Conu staining (Figure
3, Fand G), suggesting that interaction with Moe stabilizes Conu in
imaginal epithelia. We did not observe an obvious effect of Moe
depletion by RNAi on Conu localization (unpublished data), sug-
gesting that Moe is not the only means by which Conu can associate
with the apical cell cortex.

Moe activates Conu by recruiting it to the plasma
membrane

To examine the functional consequences of Moe's ability to recruit
Conu to the apical cortex, we examined the effects of expression or
depletion of Conu in the presence of Moe® T, Because Conu is a
putative RhoGAP, we expected coexpression of Moe*<T and Conu
to result in phenotypes consistent with a decrease in Rho1 activity.
Surprisingly, we found that their coexpression led to overgrowth and
convoluted folding of the epithelium (Figure 4A), phenotypes not
observed for reduced Rhol levels or expression of a different
RhoGAP, Cv-c, tethered to the membrane (Figure S2, A and B). In
contrast, Conu expression on its own has no effect on the epithe-
lium (Figure 4, B and G), while Moe* T expression results in ectopic
folding of the epithelium that is similar to, but not as severe as, that
seen when Moe*€T and Conu are coexpressed (Figure 4C). To test
whether the Moe®<T phenotype is dependent on endogenously
expressed Conu, we coexpressed Moe*T and conu RNAI trans-
genes. We found that reducing Conu expression suppressed the
Moe®ACT phenotype (Figure 4D), again suggesting that Moe recruits
Conu to the cell cortex.

Taken together, these results suggest that stably maintaining
high levels of Conu at the plasma membrane leads to overgrowth.
To test this hypothesis, we made a membrane-tethered version of
Conu using the myristoylation (myr) sequence tag from Src. Expres-
sion of myr-Conu alone caused overgrowth and folding of the epi-
thelium (Figure 4, E and H) similar to that seen when Moe* T and
untethered Conu were coexpressed. These phenotypes required
the GAP activity of the protein, because expression of a myr-Conu
protein that carries a mutation in the arginine finger of the GAP
domain (R402A, the predicted catalytic residue) had no phenotype
(Figure 4F). Interestingly, expression of the GAP domain alone (resi-
dues 313-577) tethered to the membrane was not sufficient to in-
duce overproliferation of the epithelium, but did result in a furrow at
the expression boundary and increased apical cell size, both pheno-
types that could be associated with reduced Rho1 activity (Figure
S2, C and D). Together these results indicate that Conu GAP activity
at the cell cortex is necessary but not sufficient for overgrowth.

To verify that cells expressing myr-Conu protein were indeed
overproliferating, we examined bromodeoxyuridine (BrdU) incorpo-
ration in posterior compartment cells expressing myr-conu under

(E-E”) results in even more obvious colocalization in the apical
junctional region. Conu staining is also increased throughout en>Moe
Moe*ACT cells (F and G: expression boundary is indicated by
arrowheads). Scale bars: (A-E) 10 ym; (F-G): 20 pm. Transgenically
expressed Moe is detected using anti-Myc in (D and E).
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Overgrowth and disruption of the epithelium is a consequence of increased Conu at
the cell cortex. (A) Coexpression of Moe*ACT and epitope-tagged conu under the apGal4 driver
in the dorsal portion of the disk (region above arrowheads) results in overproliferation and
misfolding of the epithelium. (B) Expression of conu alone under apGal4 has no effect on the
epithelium, and expression of Moe*“¢T alone under apGal4 results in a slight disruption of the
epithelium (C). (D) Depletion of Conu protein by RNAI in cells expressing Moe*AT under apGal4
suppresses overproliferation of the epithelium, suggesting the overproliferation is due to
stabilized Conu protein at the cell cortex. (E) Tethering Conu to the membrane using a myr
sequence results in overgrowth and overproliferation similar to that seen for coexpression of
Moe*<T and conu. (F) The overproliferation caused by membrane-tethered Conu is dependent
on its GAP activity, because expression of myr-conuf*%?A, which carries a mutation in the GAP
domain, has no effect on the epithelium. (G-G”) Expression of a Flag-tagged wild-type version
of conu under the enGal4 driver in the posterior half of the disk has no effect on the epithelium,
while expression of Flag-tagged myr-conu results in overgrowth (H-H"). Scale bar in (D)
corresponds to (E) and (F); scale bar in (G) corresponds to (H).

the enGal4 driver. In enGal4; myr-conu disks we observed increased
numbers of BrdU-positive cells in the posterior compartment com-
pared with the anterior compartment, as well as compared with
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enGal4/+ control disks (Figure 5, A and A”
compared with B and B’). Careful examina-
tion of these tissues revealed additionally
that cells on the peripodial side of the epi-
thelium were abnormal in shape. In control
disks, the proximal cells at the edge of the
wing disk, called the peripodial and disk
margin cells, are cuboidal in shape (McClure
and Schubiger, 2005), while peripodial cells
over the wing blade are more squamous.
Expression of UAS-myr-conu down the mid-
dle of the wing epithelium under the
dppP™Gal4 driver resulted in a shortening
of the disk epithelium and apical extrusion
of some cells that became trapped between
the disk proper and peripodial layers
(arrowhead in Figure 5, C" and C”). When
the enGal4 driver was used, both the disk
proper and peripodial cells were more
cuboidal in shape, and a similar but weaker
extrusion phenotype was observed (arrow-
heads in Figure 5, D and D).

conu is not essential for viability but
does affect epithelial morphology

The conundrum gene is located on chro-
mosome 2R at cytological position 41C1.
No mutant alleles of conu have been previ-
ously identified, probably due to its close
proximity to the centromere. A transpos-
able Minos element, conuMB%74? s in-
serted intronically between the third and
fourth coding exons (Figure 6A), but this
line is homozygous viable (unpublished
data), and immunoblots showed similar
protein levels in conuMB%74? and wild-type
tissue lysates (Figure 6B), suggesting that
the insertion does not affect Conu func-
tion. To generate conu mutations, we per-
formed a Minos element imprecise exci-
sion screen. Two molecularly defined
deficiencies of the region, M(2)41A2 and
Nipped-D, that completely uncover conu
(Myster et al., 2004) and are adult-lethal
were used for complementation tests over
the conu excision lines. We tested 405 in-
dividual excision lines, but found none to
be lethal over one of these deficiencies,
suggesting that conu is not essential for vi-
ability. However, one semiviable but fe-
male sterile excision line, Df(2R)conu?, was
found to contain an approximately 200-
kbp deletion that removes the 3" end of
conu, leaving the N-terminal portion,
amino acids 1-118, intact. This excision
also deletes three other genes, CG12547,
CG17528, CG14464, as well as the first
exon containing the start codon of the
gene lonotropic receptor 41a (Ir41a)

(Figure 6A). No Conu protein was detectable in Df(2R)conu® fe-
male ovaries (Figure 6B) or in wing disks from transheterozygous
Df(2R)conué/Df(2R)Nipped-D animals (Figure 6C).

Molecular Biology of the Cell
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Although we did not detect phenotypes
when all cells lacked conu function, we did
detect a subtle epithelial phenotype in mo-
saic animals. When the conu RNAI trans-
gene was expressed in a portion of the ima-
ginal epithelium, we commonly observed a
subtle constriction of the epithelium in the
mutant tissue adjacent to wild-type cells
(Figure 3B). We also observed that the api-
cal ends of mutant cells, as indicated by
E-cadherin staining, were reduced in size
relative to adjacent wild-type cells (Figure
2B’). This phenotype would be expected if
loss of Conu resulted in increased apical
Rho1 activity and concomitant increased
myosin-based contractility in the apical do-
main. We were not able to confirm this phe-
notype by somatic mosaic analysis using our
mutant alleles, because conu is located
proximal to the 42D FRT available for mi-
totic recombination analysis on chromo-
some 2R.

Conu functions as a GAP for Rho1

The Drosophila genome encodes 8 Rho
family GTPases (Figure 7A). Of these, RhoT,
Cdc42, and Rac1, as well as two additional
Rac proteins, Rac2 and Mtl, have been well
characterized. In addition, there are two
GTPases, Rhol and RhoBTB, that are more
divergent and have approximately equal
similarity to Rho, Rac, and Cdc42 (Johndrow
et al., 2004). There is also an uncharacter-
ized GTPase, CG34104, which is most simi-

Tethering Conu to the membrane results in increased proliferation and influences cell
shape. (A and A’) BrdU incorporation in disks expressing myr-conu under the enGal4 driver in
the posterior half of the disk (right of the arrowhead) is increased in the expressing cells
compared with wild-type anterior cells. (B-B”) enGal4/+ was used as a control. Proximal wing
cells (indicated by arrowheads in B) normally have high BrdU incorporation, while peripodial cells
that overlay the wing blade do not (B), but in disks expressing myr-conu in the posterior
compartment (to the right of the arrowheads in A and A’), there is increased BrdU incorporation
in both layers (A). (C) Wing imaginal disk cells expressing myr-conu under the dppGal4 driver
shorten in height and are extruded apically (arrowhead in C’ and C”’). Coexpression of GFPNS
was used to mark the expressing cells. (D) Peripodial and disk-proper cells expressing myr-conu
under enGal4 are more cuboidal in shape, and some cells are extruded apically from the
epithelium and found between the two cell layers (indicated by arrowheads in D and D””).

lar to human RhoU/Wrch1 (19% identity,
23% similarity by pairwise alignment, un-
published data). CG34104 will hereafter be
referred to as RhoU.

To investigate whether Conu can func-
tion as a Rho family GAP and to determine
its GAP specificity, we used a biochemical
trapping assay that relies on the ability of a
GAP to bind to its cognate GTPase due to
the ability of fluoride and magnesium ions to

A second insertion allele of conundrum (conutt%#815) was previ-
ously created using a modified piggyBac element designed to dis-
rupt splicing and therefore to be highly mutagenic when inserted
intronically (Schuldiner et al., 2008). This conu insertion is located in
an intron 5’ to the start of translation (Figure 6A). This line is homozy-
gous viable and fertile with no obvious defects, suggesting that the
fertility defect in the Df(2R)conu® line is due to one of the other
genes deleted. Ovary and imaginal disk lysates from homozygous
conutto4815 females showed significant reduction of Conu protein
(Figure 6, D and E). Likewise, two independent RNAI lines that
strongly deplete Conu protein in the wing disk did not cause loss of
epithelial integrity or apoptosis (unpublished data), phenotypes
characteristic of Moe mutations (Speck et al., 2003; Molnar and de
Celis, 2006; Neisch et al., 2010). Together these results suggest that
Conu is not the sole protein involved in Moe's regulation of Rho'
activity.
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stabilize the GTPase transition state (Vincent
et al., 1998). This technique has been used
to show that RhoA forms a high-affinity complex with p190 GAP and
that Ras interacts with its GAP, NF1 (Vincent et al., 1998; Graham
etal., 1999). We developed a variant of this assay in which full-length
Conu was expressed together with epitope-tagged constructs of
each of the eight GTPases in Drosophila S2 cells; this was followed
by co-IP assays in either the presence or absence of NaF. We found
that Conu coimmunoprecipitated with Rho1 specifically in the pres-
ence of NaF, but not in its absence (Figure 7, B-F). In contrast, Conu
did not coimmunoprecipitate any of the seven other GTPases in a
fluoride-specific manner, suggesting that, of the Rho family GTPases,
Conu has GAP activity specifically for Rho1 (Figure 7, B-F). We found
that Conu also coimmunoprecipitated RhoBTB; however, this was
not specific to the presence of fluoride (Figure 7F), and we do not
know its biological significance. Two additional RhnoGAPs with known
GTPase specificity, Cv-c and dRich, were used as positive controls to
verify the specificity of the NaF assay. In GAP activity assays, Cv-c has
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FIGURE 6: Conu is not required for viability. (A) A schematic of the
predicted conu gene transcript RA is shown in gray, with boxes
representing exons and lines representing introns. The schematic is
not to scale, but relative distances are shown. The coding region is
shown underneath in blue. A piggyBac element (LL0O4815) is inserted
in an intron 5’ to the start of translation, while a Minos element
(MB06749) is inserted in an intron between coding exons 3 and 4, as
indicated by the red triangles. The two deficiencies used to screen the
Minos element excision lines (Df(2R)Nipped-D and Df(2R)M(2)41A2)
are indicated, along with the small deletion (Df(2R)conu®) produced by
excision of the Minos element, with the genes uncovered by each
indicated above as reported by Myster et al. (2004) and this study.
The dot represents the centromere, and genes are shown in order on
the chromosome, but distances between genes are not drawn to
scale. (B) Ovary lysates from w'"'8, conuMB%74?, and Df(2R)conu®
homozygous adult females showed that while Conu is expressed at
similar levels in conuMB%74% and w'"'® ovaries, little or no protein is
present in Df(2R)conu® ovary lysates. (C) Wing disk protein lysates
from w'"8 and transheterozygous Df(2R)conu®/Df(2R)Nipped-D
animals revealed little or no Conu present in transheterozygous
animals. (D and E) Little or no Conu is present in ovary or wing disk
lysates from animals with a piggyBac insertion (LL04815), inserted 5
to the conu translation start site. o-tubulin was used as a loading
control for all samples analyzed.

been shown to have activity for Rho1 and, to a much lesser extent,
Cdc42 (Sato et al., 2010). In the NaF assay, we observed similar re-
sults; Cv-c strongly coimmunoprecipitated Rhol and, to a much
lesser extent, Cdc42 in the presence of fluoride but not in its ab-
sence (Figure 7G). In contrast, dRich, which has GTPase specificity
for Cdc42 (Nahm et al., 2010), strongly coimmunoprecipitated
Cdc42 and weakly interacted with Rho1 and Rac1 in a NaF-depen-
dent manner (Figure 7H).

To determine whether Conu functions as a RhoGAP in vivo, we
tested its ability to suppress Rho1 overexpression phenotypes in the
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Drosophila eye. Expression of Rho1 under the GMR promoter re-
sults in a rough-eye phenotype in adults due to defects in the om-
matidial architecture (Hariharan et al., 1995; Figure 7, A and B). This
phenotype has been shown to be suppressible by coexpression of
the exotoxin ExoS GAP domain (Avet-Rochex et al., 2005), suggest-
ing that ectopic RhoGAP activity can suppress this phenotype.
Expression of a wild-type conu transgene under GMRGal4, which
had no phenotype on its own (Figure S3A), caused little if any sup-
pression of the GMR>Rho1 rough-eye phenotype (Figure S3, B and
C). In contrast, coexpression of a membrane-tethered version of
Conu (myr-conu), which displayed a slight rough-eye phenotype on
its own (Figure 8C), strongly suppressed GMR>Rho1 (Figure 8D).
Inactivation of the GAP domain (conuf0?4) prevented this suppres-
sion, as expected if Conu negatively regulates Rho1 activity (Figure
8F). These results suggest that membrane association activates
Conu GAP activity and that Conu functions antagonistically to Rho'
in this system.

We also tested genetic interactions between myr-conu and Rac1
or Cdc42 when coexpressed in the eye under the GMR promoter to
determine whether Conu GAP activity in this assay was specific to
Rho1. Surprisingly, we found that myr-conu did not suppress, but
rather mildly enhanced, the GMR-Rac1 eye phenotype (Figure 8, G
and H). In contrast, the combined GMR-Cdc42; myr-conu eye phe-
notype (Figure S3, D and E) appeared similar to GMR>myr-conu
alone (Figure 8C), suggesting that Conu does not functionally inter-
act with Cdc42.

It is possible that the observed interactions between Conu and
Rho1 and Rac1 reflect Rho/Rac1 cross-talk. To address this possibil-
ity, we first asked whether the GAP-deficient myr-conuf*%?A trans-
gene could enhance the GMR-RacT phenotype. Expression of
GMR>myr-conuf9?4 alone led to a slight rough-eye phenotype simi-
lar to GMR>myr-conu, in which bristles were misorganized (Figure
8E). Coexpression of GMR>myr-conu®4?* with GMR-Rac1 enhanced
the rough-eye phenotype (Figure 8I) but had no obvious effect on
the phenotype of GMR-Cdc42 (Figure S3F).

We next examined the functions of the isolated Conu GAP do-
main. Expression of the membrane-tethered GAP domain alone
(GMR>myr-conu®#) results in ommatidial fusions (Figure 8J). Con-
sistent with the idea that this transgene has RhoGAP activity, it
strongly suppressed the GMR>Rho1 eye phenotype when coex-
pressed under the GMRGal4 driver (Figure 8K). We also observed
decreased Rho staining in cells expressing this construct (unpub-
lished data). In contrast, coexpression of GMR>myr-conu®*” with
GMR-Rac1 resulted in a phenotype similar, but not quite identical,
to GMR>myr-conu®* alone (Figure 8L). We do not currently under-
stand the origin of this phenotypic interaction, but think it could re-
sult from neomorphic activity of the isolated GAP domain. Taken
together, these results suggest that Conu independently negatively
regulates Rho1 activity and positively regulates Rac1 activity.

Conu and Arf6 act synergistically in growth control

To better determine the functional specificity of Conu, we examined
genetic interactions between conu and small GTPases other than
Rho1. Specifically, we asked whether coexpression of myr-conu with
other Drosophila small GTPases results in enhancement or suppres-
sion of the myr-Conu overgrowth phenotype. We started with RacT,
due to the enhancement we observed in the eye, but unfortunately
expression of Rac1 under wing-specific drivers resulted in lethality.
Parallel experiments gave negative results with Cdc42 and Rac2 (un-
published data), but we observed a strong enhancement with Arfé.
Arf6 is an Arf family GTPase that functions to regulate Rac1 activity,
phosphatidylinositol 4,5-bisphosphate (PIP,) levels at the plasma

Molecular Biology of the Cell



A B Flag vector Flag Conu (Figures 9, A and D, and S4A), it strongly
Rhol{I™> 192 aa HA-Rhol + + + + enhanced the myr-Conu overproliferation
2:32:— igi a :ﬁgggtz ++ + 4 + + 4+ phenotype (Figure 9, B and C). However, ex-
Rac2 [I>=— 193 aa NaF + =4 -+ = 4 = 4+ - 4 - pression of a dominant-negative Arf6 trans-
Mtl [ 195 aa P gene had no effect on the en>myr-conu

RhoRB}]I'OBLB 190.a3 745 28 |B:HAg phenotype (unpublished data), suggesting
——— (- — : .

RhoU myr-Conu does not promote growth via ef-

O e 584 22 Lysates | i A o
IB:HA - fects on Arfé. Consistent with this idea, we
c found that Arf6 did not bind to Conu in the
Flag vector Flag Conu D Flag vector Flag Conu NaF GAP assay (Figure 7D). To confirm that
HA-Rho1 + + + + HA-Rho1 + + + + this synergy was not unique to the mem-
:2':: " + + + + :ﬁiggz ++ & & + + & & brane-tethered Conu, we examined interac-
N:F G m fm I t + -+ - 1 f “NaF 4 -4 = 4 - + = 4 = 4 - tions between untethered Conu and Arf6,
PE - - BT neither of which alone had an overgrowth
IB:HZQE - e IS o | IB;HAg phenotype (Figure 9, D and E). Coexpres-
sion of these proteins resulted, however, in

Lysates

————— T R ™" | Lysates '
1B:HA IB:HA [

-1 overproliferation and epithelial folding that

was similar to myr-Conu, albeit weaker

(Figure 9F), suggesting that Arf6 and Conu

F
E Flag vector Flag Conu Elag vector Flag Conu can act synergistically to promote prolifera-
HA-Rhol + + + + HA-Rho1 + + + + tion. To rule out effects of Arfé6 on either Moe
HA-RhoU + + + + FAFNgBIB = ¥ or Conu, we examined phospho-Moe and
RhoU-HA s i & RhoBTB-HA + + + + P We e phosp

NaF = # = & = & = + = + = NaF + -+ - 4+ -+ - + - + - Conu staining in cells expressing Arf6 but

did not observe differences (Figure S4, B
and C).

:g::'f\g :EEIZQ Previous work has shown that Arf6 affects

’ the function of Rho family small GTPases.

For example, Arf6 activity can reduce the

level of active RhoA in mammalian cells and

Lysates & - - SESS| Lysates e v in an in vitro assay (Boshans et al., 2000).

1B:HA = BHA [ 4 However, Arf6 coexpression did not sup-

——— e .-‘ _—— press the GMR>Rho1 adult rough-eye phe-

' notype (Figure 9, G-J), suggesting that it

G Flag vector Flag Cu-c Flag vector dRich-Flag does not regulate Rho1 in Drosophila. Aﬁé

HA-Rhol + + + & HA-Rhot1 + + + + also has been shown to promote Rac1 activ-

HA-Rac1 + + + + HA-Rac1 + + + + ity (D'Souza-Schorey and Chavrier, 2006;

HA_C»?C42 + + + + HA'C'S:§2+ - - I 'f oo I 'r Koo et al., 2007; Bach et al.,, 2010; Ding

aF’ +_ - .+ ol Rl i = et al., 2010). Consistent with this idea, we
IP:Flag i -— b IP:Flag

IB:HA ————— o — IB:HA

found that Arfé6 expression strongly en-

hanced GMR-Rac1, resulting in an eye phe-
notype that was similar to expression of two

Lysates
Lysates W !
A IB:HA [ e

IB:HA

copies of GMR-Rac1 (Figure 9, K-M). In con-

FIGURE 7: Conu has GAP activity for Rho1. (A) Schematic diagrams of the eight Rho family
GTPases in the Drosophila genome. Elongated arrowheads represent the GTPase domains,
while boxes represent the BTB (Bric-a-Brac, Tramtrack, Broad-Complex) domains found in

trast, the GMR-Cdc42 phenotype was unaf-
fected by coexpression with Arfé (Figure S4,
D and E). These results suggest that the abil-

RhoBTB. (B-H) S2 cells were transfected with the indicated epitope-tagged DNA constructs, ity of Arfé to promote Racl activity is re-
lysed in the presence or absence of NaF, and immunoprecipitated with anti-Flag. (B-F) Conu has sponsible for the synergism between Conu
GAP activity for Rho1, but not Rac1, Cdc42, Mtl, Rhol, Rac2, RhoU or Arf6, another GTPase that and Arfé, consistent with our observation
does not belong to the Rho family. In each panel, Rho1 shows greater binding to Conu in the that Rac1 also enhances the effect of myr-
presence of NaF, as expected for the target of its GAP activity. RhoBTB coimmunoprecipitates Conu in the eye (Figure 8, E and F).

with Conu (F), but this interaction is not NaF-dependent, indicating that it is not related to

Conu’s GAP activity. (G and H) Cv-c, a RhoGAP that has specificity for Rho1 and to a much lesser DISCUSSION

extent Cdc42, and dRich, a RhoGAP that has specificity for Cdc42, were used as positive
controls for the specificity of the NaF trapping assay. Each showed the expected GTPase
specificity. Protein molecular weights are as follows: HA-Rho1 (35 kDa), HA-Rac1 (32 kDa),

Although previous studies have implicated
ERM proteins in the regulation of RhoA ac-

HA-Cdc42 (32 kDa), HA-Mtl (34.5 kDa), HA-RholL (38 kDa), HA-Rac2 (33 kDa), HA-Arf6 (33 kDa),  tvity (Takahashi et al., 1997, 1998; Speck
HA-RhoU (81 kDa), RhoU-HA (81 kDa), HA-RhoBTB (97 kDa), RhoBTB-HA (97 kDa). et al., 2003; Hatzoglou et al., 2007; Carreno

membrane, and endocytic membrane trafficking (Chen et al., 2003;
Donaldson, 2005; D'Souza-Schorey and Chavrier, 2006; Koo et al.,
2007; Bach et al., 2010). While expression of Arfé6 alone had very
little effect on the epithelium besides slightly altering cell shape
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et al., 2008; Neisch et al., 2010), the mole-
cular mechanisms underlying this function
have remained unclear. In this work, we have shown that a previ-
ously uncharacterized RhoGAP, Conu, physically and functionally
interacts with Moe. Consistent with its sequence similarity to other
RhoGAP proteins, we found that Conu has GAP activity for Rho1 in
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FIGURE 8: Conu negatively regulates Rho1 and positively regulates Rac1. (A) In adult eyes,
expression of GMRGal4 has no visible ommatidial phenotype, while expression of Rho1 under the
GMRGal4 driver results in a rough eye (B). (C) Expression of membrane-tethered Conu, myr-conu,
under the GMRGal4 driver results in a slightly rough-eye phenotype, but strongly suppresses the
rough-eye phenotype of GMR>Rho1 (D), suggesting that activated Conu functions antagonistically
to Rho1. (E and F) This function requires GAP activity, because inactivation of the Conu GAP
domain (ConuR¥%24) strongly inhibits the ability of Conu to suppress Rhol. (G) GMR-Rac1 expression
together with GMRGal4 results in a subtle rough-eye phenotype that is enhanced by coexpression
of myr-conu (H), suggesting that Conu increases Rac1 activity. (I) A similar enhancement of Rac1 is
seen with Conuf*?, indicating that the enhancement is not dependent on GAP activity.

(J) Expression of the GAP domain of Conu alone results in a glossy, rough-eye phenotype and
fused ommatidia. (K) Coexpression of the GAP domain together with Rho1 under the GMRGal4
driver results in a nearly normal eye, as expected if Conu is a GAP for Rho1. (L) GMR-Rac1
expression together with GMR>myr-conu®? results in a glossy eye with fused ommatidia.
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vitro and negatively regulates Rho1 in vivo.
Our data further suggest that Moe promotes
Conu’s RhoGAP activity, and therefore neg-
atively regulates Rho by recruiting Conu to
the plasma membrane.

Surprisingly, our data suggest that Conu
also functions to positively regulate Rac1 ac-
tivity. Although Conu’s ability to promote
proliferation is dependent on its RhoGAP
activity, this alone is not sufficient to cause
overproliferation. Two lines of evidence indi-
cate that this additional function involves
positively regulating Rac1. First, coexpres-
sion of Conu enhances a rough-eye pheno-
type associated with Rac expression in the
eye. This effect is not dependent on Conu
GAP activity, indicating that it is not the re-
sult of cross-talk between different Rho fam-
ily small GTPases. Second, Conu acts syner-
gistically with the small GTPase Arfé in
causing overproliferation. Previous studies
have shown that Arfé promotes activation of
Rac1 at the plasma membrane (Chen et al.,
2003; D'Souza-Schorey and Chavrier, 2006;
Koo et al., 2007; Bach et al., 2010). Consis-
tent with the idea that Arfé promotes Rac’
activity, coexpression of Arf6 strongly en-
hances the Rac1 eye phenotype. These re-
sults suggest that Conu functions to nega-
tively regulate Rho1 activity and positively
regulate Rac1l activity, and that the combi-
nation of these two effects promotes over-
proliferation when Conu is activated.

Conu’s closest orthologue in the mam-
malian genome is ARHGAP18, also known
as MacGAP, with which it shares 40% se-
quence similarity. ARHGAP18 has been
shown to have GAP activity for the Rho1
homologue RhoA (Maeda et al., 2011).
ARHGAP18 was also recently found to pro-
mote tumor formation and cell proliferation
when ectopically expressed in mammary
epithelia (Kim et al., 2011), consistent with
our observation that Conu promotes prolif-
eration in Drosophila epithelial tissues. Little
is currently known about the details of
ARHGAP18 function in mammalian cells,
but it is interesting to note that ARHGAP18
is also required for cell spreading (Maeda
et al.,, 2011), a function that is associated
with Rac1 activation in many cells. It is also
notable that Conu and ARHGAP18 share a
region of homology near the N-terminus (aa
45-90) that is separate from the GAP do-
main and has similarity to the SAM (sterile
alpha motif) kazrin repeat 2 domain (unpub-
lished data). SAM domains serve as oli-
gomerization or protein—protein interaction
motifs, so it is possible that this domain me-
diates interactions with one or more Rac1
regulatory proteins. However, our prelimi-
nary results indicate that this domain alone
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FIGURE 9: Arfé6 functions synergistically with Conu and positively regulates Rac1. (A) Expression
of Arf6 in the posterior half of the wing disks under enGal4 (to the right of the arrowheads) has
no obvious effect on the epithelium, while expression of epitope-tagged myr-conu in the
posterior half results in overgrowth of the epithelium (B). (C) Coexpression of Arfé with
myr-conu results in increased overgrowth, (D and E) Expression of either Arf6 or epitope-tagged
wild-type conu alone has no effect on the epithelium, but coexpression of the two results in
overgrowth of the epithelium (F). (G and H) In adult eyes, GMRGal4/+ has no apparent
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does not enhance Racl in the eye. It will be
interesting to determine whether ARH-
GAP18 also regulates Rac1 activity, and
whether both functions are also involved in
growth control in mammals.

Despite the overproliferation phenotypes
we have observed from activated Conu,
loss-of-function conu mutations are viable
and lack obvious imaginal disk phenotypes.
Functional redundancy with another RhnoGAP
seems a likely explanation for this result,
because the Drosophila genome encodes
21 RhoGAP proteins in addition to Conu
(Greenberg and Hatini, 2011). Thus the loss
of a single RhoGAP, such as Conu, may have
only a very minor effect on overall Rho1 ac-
tivity in the imaginal epithelium. In addition,
the phenotypes exhibited by Moe mutants,
which are much more severe, are probably
due to Moe's ability to negatively regulate
Rho1 activity via Conu, together with its abil-
ity to stabilize the apical cell cortex through
interactions with F-actin (Carreno et al,,
2008; Kunda et al., 2008). Indeed, we specu-
late that the severe epithelial defects ob-
served in Moe mutants are the combined
result of increased apical actomyosin con-
tractility caused by increased RhoA activity
and decreased cortical stability caused by
the loss of Moe's membrane—cytoskeletal
cross-linking function. In this model, loss of
either function alone would have relatively
minor effects, but the combined defect
would result in the severe cortical disorgani-
zation that has been described for Moe mu-
tants. A critical future line of investigation is
to identify other Rho1 regulatory proteins
that function with Moe to regulate the activ-
ity of Rho1 in the apical domain.

A remaining question is how does Conu
contribute to growth control in the imaginal
disks? The answer to this important question
is unclear, but our data suggest that de-
creased Rho1 activity functions synergistically
with Rac? in this process. Recent studies in
Drosophila suggest that Jun N-terminal
kinase (JNK) activation downstream of Rac1
activity can promote increased proliferation
and metastatic activity in the presence of
activated Ras (Brumby et al., 2011). Although

phenotype, while GMR>Arfé produces a
mildly rough-eye phenotype. (I and J)
Coexpression of Arfé does not appear to
enhance the GMR>Rho1 eye phenotype.
(K) GMR-Rac1 together with GMRGal4
produces a mildly rough-eye phenotype that
is strongly enhanced by coexpression with
GMR>Arf6 (L), resulting in an eye that looks
similar to two copies of GMR-Rac1 (M) and
suggesting that Arfé increases Rac1 activity.
Scale bar in (A) corresponds to (B) and (C);
scale bar in (D) corresponds to (E) and (F).
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attempts to suppress Conu-mediated overgrowth by inhibiting the
JNK pathway gave ambiguous results (unpublished data), we ob-
served increased expression of the puc-lacZ reporter for JNK activity
in cells expressing activated Conu, consistent with a role of JNK path-
way activation in Conu-mediated proliferation. In contrast, other sig-
naling pathways involved in growth control (Notch, TGFB, Whnt,
Hippo, and Hedgehog) were unaffected (Figure S5). Ras activation is
thought to protect cells from the proapoptotic effects of JNK pathway
activation (Igaki et al., 2006; Wu et al., 2009), and it is possible that
decreased Rho1 activity caused by Conu activation has similar effects,
especially given that we have previously shown that Rho1 is proapop-
totic in these tissues (Neisch et al., 2010). While further studies will be
required to more firmly establish the mechanistic basis of Conu func-
tion in tissue growth, our findings of a role for Moe and Conu in this
process highlight the importance of precise regulation of the apical
cell cortex and Rho family small GTPases in growth control.

MATERIALS AND METHODS

Drosophila stocks and crosses

All crosses were carried out at 25°C. The following lines were
obtained from the Bloomington stock center: P{en2.4-Gal4}e16E,
P{Galdlap™®>44/Cyo,  P{Gald-ninaE.GMR}12, w; noc>°/SMéa,
P{hsILMiT.w+}, Df(2RIM(2)41A2/SM5, Df(2R)Nipped-D/CyO,
P{GAL4-Kr.C}, P{UAS-GFP. S65T}, MI{ET1}CG17082MB%749 (Minos
insertion in conu). An enGal4, UAS-MoeRNAI recombinant line was
used to deplete Moe levels. The MoeRNAi transgene was described
previously (Karagiosis and Ready, 2004). All experiments using the
dppGal4 driver were done using a dpp®"Gal4, UAS-GFPN-S/TMéB
recombinant line. The Moe transgenic lines used were as follows:
UAS-Myc-Moe*, UAS-Myc-Moe™>A,  UAS-Myc-Moe™>?P, which
were previously described (Speck et al., 2003); UAS-Myc-Moe?AcT
removes the last 34 amino acids from the C-terminus of Moe (Speck,
2005). Other lines used include UAS-Rho1* 2. 1A (M. Mlodzik, Mount
Sinai School of Medicine), UAS-Arf6 and UAS-ArféPN (E. Chen, Johns
Hopkins University), GMR-Rac1*/CyO and GMR-Cdc42* (J. Settle-
man, Massachusetts General Hospital), UAS-RhoTRNAI (G. Long-
more, Washington University), and E(Spl)Mb-LacZ (D. Bilder, Univer-
sity of California—Berkley). The PiggyBac line conupBAC ([d@sRed+) LL04815cpy
bw/CyO cn bw was obtained from the National Institute of Genetics
(NIG), Japan.

Yeast two-hybrid methods

The coding sequence for amino acids 1-544 of Moesin (GenBank gi:
386764061) was PCR-amplified, cloned into pB27 as a C-terminal
fusion to LexA, and checked by sequencing the entire insert. The
library was screened as previously described (Formstecher et al.,
2005), except as noted. Sixty-five million clones (sixfold the com-
plexity of the library) were screened, and 227 His* colonies were
selected on a medium lacking tryptophan, leucine, and histidine,
supplemented with 5 mM 3-aminotriazole. Sequences of positive
clones were used to identify the corresponding interacting proteins
in the GenBank database (National Center for Biotechnology Infor-
mation) using a fully automated procedure.

conu RNAI constructs

Two UAS-conu RNAI transgenes were generated against separate
regions of the conu gene. The transgene UAS-conu RNAI-1 was
generated by PCR-amplifying the reverse complement of nucle-
otides 50-800 with primers incorporating a 5" BamHI and 3" EcoRV
site. The transgene UAS-conu RNAI-2 was generated by PCR-
amplifying the reverse complement of nucleotides 1300-1890 with
primers to incorporate a 5* BamHI| and 3" EcoRV. These fragments
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were then cloned into the pENTR3C vector (Invitrogen, Carlsbad,
CA). The subsequent clones were verified by sequencing and then
transferred into the pRISE destination vector using a Gateway LR
clonase reaction (Invitrogen, Grand Island, NY). The resulting clones
were then checked to verify proper recombination. P-element trans-
formation was used to generate transgenic lines (Duke University
Model Systems Genomics, Durham, NC). Multiple lines were tested
and found to knock down Conu protein levels.

Expression constructs

conu was PCR-amplified from the cDNA clone LD04957 (Drosophila
Genomics Resource Center [DGRC], Indiana University, Blooming-
ton, IN) with primers incorporating a 5 BamHl site but lacking the
start codon, and a 3’ Xhol site lacking the stop codon. This PCR frag-
ment was then subcloned into the gateway entry vector pENTR3C
(Invitrogen) and verified by sequencing. Site-directed mutagenesis
was performed on this clone to make the arginine finger mutant,
conuf4924 Wild-type and mutant forms of conu were then trans-
ferred to epitope-tagged destination vectors for expression as de-
scribed below. For making an untagged version of the Conu pro-
tein, conu was PCR-amplified from the cDNA clone LD04957 using
primers to incorporate a Kozak sequence and a BamHI restriction
site at the 5" end and a stop codon and a Xhol site at the 3" end. This
PCR product was then subcloned into the pENTR3C vector and veri-
fied by sequence analysis.

The minimal portion of Conu that interacted with Moe in the
yeast two-hybrid screen (nucleotides 553-882), an N-terminal por-
tion of Conu before the GAP domain (nucleotides 1-1065), and a
C-terminal portion encompassing the GAP domain (nucleotides
939-1731) were PCR-amplified with primers to incorporate a 5
BamHlI restriction site and a stop codon and a Xhol restriction site at
the 3’ end. These PCR fragments were then subcloned into the
PENTR3C and verified by sequence analysis.

LR clonase reactions were performed to transfer the conu con-
structs into the following expression vectors (all obtained from the
DGRC): pAFW (actin promoter, 3x N-terminal Flag tag), pAHW (ac-
tin promoter, 3x N-terminal hemagglutinin [HA] tag), pTFW (derived
from pUAST, 3x N-terminal Flag tag), and pTW (derived from pUAST,
untagged).

Moe, Moe™>P, and Moe™A constructs were made by trans-
ferring the coding sequence from previously described constructs
(Speck et al., 2003) into pENTR3C, using BamHI and EcoRlI sites.
Moe?ACT (aa 1-544), Moe FERM (aa 1-311), and Moe Coiled-coil (aa
299-544) fragments were PCR-amplified with primers incorporating
a 5" BamHl site, a 3" EcoRl site, and a stop codon. These clones were
verified by sequencing, and LR clonase reactions were performed to
put all of the Moe constructs into pAFW.

The Rho1, Rac1, and Cdc42 constructs used were described pre-
viously (Neisch et al., 2010). Mtl and RholL were PCR-amplified from
a phage cDNA library using gene-specific primers to incorporate 5
BamHI| and 3’ EcoRl sites. RhoU was PCR-amplified from a phage
cDNA library with primers to incorporate 5" Xbal and 3" EcoRl sites.
Rac2 was PCR-amplified from isolated fly DNA of UAS-Rac2.AR
(Bloomington Drosophila Stock Center, Indiana University, Blooming-
ton, IN) using pUAST-specific primers followed by ampilification with
Rac2-specific primers to incorporate 5 BamHI and 3" EcoRI sites.
RhoBTB was PCR-amplified from the cDNA clone LD24835 (obtained
from DGRC) using primers to incorporate 5 BamHI and 3" EcoRl
sites. Arf6 was PCR-amplified from isolated fly DNA of UAS-Arfé
(E. Chen) using pUAST-specific primers followed by amplification
with Arfé-specific primers to incorporate 5" BamHI and 3" Xhol sites.
The resulting PCR products were then digested and cloned into the

Molecular Biology of the Cell



PENTR3c vector cut with the same enzymes, and clones were verified
by sequencing. LR clonase reactions were performed to transfer the
GTPase constructs into the pAHW or pAWH.

The N-terminal fragment of dRich was subcloned from a
pAc-dRich-green fluorescent protein (GFP) construct (provided by
S. Lee, Nahm et al., 2010) by an EcoRl/Sall restriction digest. The
C-terminal portion (~200 base pairs) was amplified with primers to
incorporate 5" Sall and 3" EcoRV restriction sites. The N- and C-ter-
minal fragments were then subcloned into the pENTR3c vector di-
gested with EcoRIl and EcoRV. The C-terminal portion of the result-
ing clone was verified by sequencing, and an LR clonase
recombination reaction was performed to put dRich into the pAWF
vector. Cv-c was PCR-amplified with primers to incorporate 5" Sall
and 3’ EcoRl restriction sites from the cDNA clone RE02250 (ob-
tained from the DGRC). The PCR product was subcloned into the
PENTR3c vector cut with the same restriction enzymes. A quick-
change reaction was performed on the subsequent clone to change
a mutation at base pair 2909 of the coding sequence that resulted in
an amino acid substitution and was contained in the original clone.
The corrected clone was then used for an LR clonase recombination
reaction to put Cv-c into the pAFW and pTFW-myr vectors.

P-element transformation was used to generate transgenic lines
(Duke University Model Systems Genomics). Multiple lines of each
were tested for expression.

pTFW myr vector

The pTFW myr-tagged vector was generated by cloning the EcoRl
fragment of the pTFW vector, which contains the start codon and 3x
Flag tag, into pENTR3c. Site-directed mutagenesis was then used
to insert the myr sequence directly after the start codon and in front
of the 3x Flag tag. The resulting clone was then sequence-verified,
and the EcoRI fragment was cloned back into the pTFW vector. Veri-
fication of the final pTFW-myr clone was made by digestion.

Immunoprecipitation

S2 cell transfection and Flag immunoprecipitation experiments were
carried out as described previously (Neisch et al., 2010). For immu-
noblotting, 7.5 and 12% SDS-PAGE gels were used and transferred
onto nitrocellulose. Antibodies were used at the following concen-
trations: mouse anti-Flag M2 at 1:20,000 (Sigma-Aldrich, St. Louis,
MO), mouse anti—a-tubulin at 1:1000 (Sigma-Aldrich), rabbit anti-
HA at 1:5000 (Rockland, Gilbertsville, PA), guinea pig anti-Conu
2151 at 1:5000. Fluorescently labeled IRdye800 (Rockland) and Al-
exa Fluor 680 (Molecular Probes, Eugene, OR) secondary antibod-
ies were used at 1:5000. Images of the blots were obtained using
LI-COR Odyssey with version 2.1 software (Lincoln, NE).

GTPase trapping assays

S2 cells (8.0 x 10%) were transfected with the indicated constructs
using dimethyldioctadecyl-ammonium bromide (DDAB) at
250 pg/ml (Sigma-Aldrich). Immunoprecipitations were done 2 d
posttransfection. Cells were harvested and split into two samples;
one sample was lysed in buffer containing 50 mM HEPES, 150 mM
NaCl, 5 mM MgCl,, 5 mM EGTA, 10% glycerol, 0.5 mM dithiothre-
itol, 1% Triton-X 100, and EDTA-free Complete protease inhibitor
cocktail (Roche, Indianapolis, IN), and the other was lysed in the
same buffer containing 25 mM NaF. Flag IPs were done using anti-
Flag M2 agarose beads (Sigma-Aldrich). IP reactions were carried
out at 4°C for 1 h. For immunoblotting, 4-20% SDS-PAGE gels
were used and transferred onto nitrocellulose. Antibodies were
used at the following concentrations: rabbit anti-HA 1:5000
(Rockland) and mouse anti-Flag M2 1:20,000 (Sigma-Aldrich).
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Conu antibody production

Polyclonal antibodies recognizing Conu were raised in guinea pigs
(Pocono Rabbit Farm and Laboratory, Canadensis, PA) against a glu-
tathione S-transferase (GST) full-length fusion protein. Full-length
conu was PCR-amplified with a 5° BamHI site (lacking the start
codon) and a 3’ Xhol site that included the stop codon and was
cloned into the pGEX-KText vector. The final clone was confirmed
by sequencing. The GST fusion protein was then expressed and pu-
rified from BL21 cells.

Tissue lysates

Ovary pairs from eight w'"'8, w; MI{ET 1}conuMB%74?, w; conu®, and
w; conutt®¥15> females were homogenized in 50 pl of buffer con-
taining 1 mM NaVQy, 50 mM NaF, 180 mM KCI, 10 mM Tris-HCI
(pH 6.8), 10 mM glycerol-2-phosphate, 1% Triton-100, 0.1%
Tween-20, and Complete protease inhibitor cocktail (Roche).
Approximately two ovary equivalents were loaded on a 7.5% low-
Bis PAGE gel. Wing disks (35-40) from w'"'8, w; conu®/Df(2R)
Nipped-D, and w; conutt%'> were homogenized in 30 pl of the
buffer used for ovaries. Approximately 25 wing disk equivalents
were loaded on a 7.5% low-Bis PAGE gel.

S2 cell lysates

S2 cells (2.7 x 109 in 2 ml of Schneider’s insect medium were trans-
fected with the indicated constructs using DDAB at 250 pg/ml
(Sigma-Aldrich; Han, 1996). At 2 d posttransfection, 0.5 ml of cells
was harvested and boiled in 100 pl of 2X SDS sample buffer. Five
microliters of the boiled sample was then loaded on a 7.5% low-Bis
PAGE gel.

Immunostaining

Wandering third instar wing disks were dissected in Schneider’s me-
dium containing serum and fixed in 2% paraformaldehyde solution
for 20 min. BrdU labeling was performed as previously described
(Asano et al., 1996). Antibodies were used at the following concen-
trations: preabsorbed guinea pig anti-Conu 2152 at 1:2000, mouse
anti-Flag at 1:20,000 (Sigma-Aldrich), 9B11 mouse anti-Myc at
1:10,000 (Cell Signaling Technology, Danvers, MA), rat anti-cadherin
(DCAD2) at 1:250 (Developmental Studies Hybridoma Bank), rabbit
anti-cleaved-caspase-3 (Cell Signaling Technology) at 1:1000,
guinea pig anti-Coracle at 1:10,000 (Fehon et al., 1994), mouse anti-
BrdU at 1:1000 (Invitrogen), rabbit anti-PKC{ 1:1000 (Santa Cruz
Biotechnology, Santa Cruz, CA), mouse anti—f-galactosidase at
1:1000 (Promega, Madison, WI), guinea pig anti-pMad at 1:500
(E. Laufer, Columbia University), guinea pig anti-Sens at 1:1000
(H. Bellen,Baylor College of Medicine), rat anti-Ci at 1:2 (R. Holmgren,
Northwestern University), mouse anti-DIl at 1:500 (D. Duncan,
Washington University), and guinea pig anti-Ex at 1:5000 (Maitra
et al., 2006). Fluorescent secondary antibodies (Jackson Immuno-
Research, West Grove, PA) were used at 1:1000. Tissues were
mounted in ProLong Antifade (Molecular Probes). Confocal images
were taken on a Zeiss LSM510 laser-scanning confocal microscope
using the LSM acquisition software (Carl Zeiss Microlmaging,
Jena, Germany) and either a 40x EC Plan-NeoFluar (numerical
aperture [NA] 1.3) objective or a 20x Plan-Apochromat (NA 0.8)
objective. Images were then compiled in Adobe Photoshop 7.0
(San Jose, CA).

conuB%74? Minos element excision screen

The w; MI{ETT}conuMB%74? line was isogenized before excision
screening occurred. conuMB%74? males were crossed to w; noc*®/
SMéa, PthsILMiT.w+}females expressing transposase. Two-day-long
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collections were heat-shocked every day until pupariation, using the
following regimen: 1 h at 37°C, 1 h at 25°C, 1 h at 37°C. Single w;
MI{ET 1}conuMBO749/SMéa, PthsILMiT.w+} adult males were crossed
to w; Sco/CyO females, and excision events were scored from this
cross by the lack of GFP in the adult eye of non-w* flies (the Minos
element expresses GFP in the adult eye). Four hundred and five
such individuals were recovered. For tests for lethality, these indi-
viduals were crossed to one of the deficiencies of the conu region,
DA2RIM(2)41A2/SM5  or  Df(2R)Nipped-D/CyO,  P{GAL4-Kr.C},
P{UAS-GFP.S65T].

Single-fly genomic preps and PCR analysis

Single homozygous males were collected from w'''8, w; MH{ETT}
conuMBo74? - and conu® lines. Flies were ground in 25 pl of buffer
containing 10 mM Tris-HCl (pH 8.2), 1 mM EDTA (pH 8.0), 25 mM
NaCl, and 200 pg/ml proteinase K and then incubated at 65°C for
20 min; this was followed by a 2-min incubation at 95°C to inactivate
the proteinase K. Long-range PCRs (to amplify >2 kilobases) were
performed using Platinum PCR SuperMix High Fidelity (Invitrogen),
according to the manufacturer's instructions.

Inverse PCR analysis of conu®

DNA was extracted from homozygous conu® flies and inverse PCR
was performed (http://flypush.imgen.bcm.tmc.edu/pscreen). Se-
quencing of products was done using the Ml.seq primer. Only a 5’
PCR product was recovered from the conu® line, and sequencing
revealed that this end remained intact, while the 3’ end of the ele-
ment was deleted.

Conu dsRNA

dsRNA against nucleotides 50-800 (conu dsRNA-1) or nucleotides
1300-1890 (conu dsRNA-2), using PCR products as a template,
was prepared using the MEGASCRIPT T7 transcription kit (Ambion,
Austin, TX). Primers used were

dsRNA-1 For: 5-TAATACGACTCACTATAGGGAGAAATTTCT-
CAATGAGTATTATC-3"

dsRNA-1  Rev:  5-TAATACGACTCACTATAGGGAGATCAT-
TCTCTGAGGCTACAGC-3’

dsRNA-2  For:  5-TAATACGACTCACTATAGGGAGAACAGC-
TACTGTTCATGAACTT-3

dsRNA-2 Rev: 5-TAATACGACTCACTATAGGGAGATTAAATAA-
CAAATGGATGTAA-3’

Adult eye images

Eyes from adult males (females were utilized for animals expressing
myr-conu®f) were imaged on a Leica MZFIIl dissecting microscope
with a Canon Rebel T2i camera. A through-focus series of images
was captured of each eye and compiled into an extended focus im-
age using iSolution Lite (iMTechnology, Vancouver, BC, Canada).
Images were then processed using Adobe Photoshop 7.0.
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