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ABSTRACT

Merlin, the Drosophila homologue of the human tumor suppressor gene Neurofibromatosis 2 (NF2), is
required for the regulation of cell proliferation and differentiation. To better understand the cellular
functions of the NF2 gene product, Merlin, recent work has concentrated on identifying proteins with
which it interacts either physically or functionally. In this article, we describe genetic screens designed
to isolate second-site modifiers of Merlin phenotypes from which we have identified five multiallelic
complementation groups that modify both loss-of-function and dominant-negative Merlin phenotypes.
Three of these groups, Group Ila/scribbler (also known as brakeless), Group Ilc/blistered, and Group Ild/net,
are known genes, while two appear to be novel. In addition, two genes, Group Ila/scribbler and Growp Ilc/
blistered, alter Merlin subcellular localization in epithelial and neuronal tissues, suggesting that they regulate
Merlin trafficking or function. Furthermore, we show that mutations in scribbler and blistered display second-
site noncomplementation with one another. These results suggest that Merlin, blistered, and scribblerfunction
together in a common pathway to regulate Drosophila wing epithelial development.

EUROFIBROMATOSIS type 2 (NF2) is a domi-
nant autosomal disorder characterized by benign

slow growing tumors associated with the glial cells of
the eighth cranial nerve and other glial cells throughout
the central nervous system (MarTUZA and ELDRIDGE
1988). The product of the NF2 tumor-suppressor gene
is a protein called Merlin (RoOULEAU et al. 1993; TROFAT-
TER et al. 1993). Merlin is a novel member of the 4.1
superfamily and has the greatest similarity to the Ezrin,
Radixin, and Moesin (ERM) proteins. ERM proteins are
membrane/ cytoskeletal adapters that link a variety of
transmembrane proteins to the underlying actin cyto-
skeleton (ALGRAIN et al. 1993). ERM proteins have two
functional domains: the N-terminal FERM domain
(CHisHTI et al. 1998) interacts with transmembrane pro-
teins, and the C-terminal domain binds filamentous ac-
tin. ERM proteins are believed to regulate processes
such as signal transduction by organizing the plasma
membrane into distinct functional domains (HELANDER
et al. 1996). Consistent with this notion, ERM proteins
have been shown to directly or indirectly regulate the
localization and/or activity of several transmembrane
proteins such as CD44, ICAM-2, and the B-adrenergic
receptor (Tsukita ef al. 1994; HELANDER et al. 1996;
HeisxkA et al. 1998). Interestingly, Merlin has been dem-
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onstrated to interact physically with CD44 (SAINIO ef al.
1997) and a recent study indicates that this interaction
may play an important role in growth regulation (HERR-
LICH et al. 2000).

The activity of ERM proteins is tightly regulated by
binding PIP, and via a C-terminal phosphorylation event
(MaTsut el al. 1999). Likewise, Merlin exists at the
plasma membrane in at least two forms, transiting from
an inactive to an active state by an unknown mechanism
(LAJEUNESSE el al. 1998). Merlin expression level and
phosphorylation are responsive to changes in cell adhe-
sion, cell confluency, and growth factor stimulation,
suggesting that Merlin activity is precisely regulated,
perhaps through intercellular signaling mechanisms
(SHAW et al. 1998). Merlin has been shown to form
homotypic dimers and heterotypic dimers with other
ERM proteins (GRONHOLM et al. 1999). In addition, it
has been shown to bind actin filaments (Xu and GurT-
MAN 1998), BII spectrin (ScOLES et al. 1998), and the
EBP50/ Na®/H* exchanger regulatory factor that also
binds ERM proteins (RECZEK et al. 1997; MURTHY et al.
1998). Recently, another Drosophila protein 4.1 family
member, expanded, was shown to interact genetically and
physically with Merlin to regulate cellular proliferation
and differentiation of imaginal disc tissue (MCCARTNEY
et al. 2000). However, the significance of these interac-
tions is unclear and the mechanisms by which Merlin
function is regulated remain unknown.

To identify genes involved in Merlin function, we
performed a genetic screen designed to identify domi-
nant second-site modifiers of Drosophila Merlin pheno-
types. Second-site modifier screens are powerful tools
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for dissecting pathways associated with specific cellular
and developmental processes, and have been successful
in identifying genes that interact functionally as well as
physically with the target (SIMON et al. 1991; REBAY et
al. 2000). Furthermore, the identification of genetic
modifiers should be useful for understanding the NF2
disorder, as several studies have suggested a role for
second-site genetic modifiers in the expressivity and
penetrance of NI2related phenotypes (McCLATCHEY
et al. 1998; BRUDER et al. 1999a,b). Through our genetic
screens, we identified 29 modifying mutations out of
100,000 progeny derived from mutagenized parents, 23
of which fall into five multiallelic complementation
groups. Three of the complementation groups contain
new alleles of previously characterized loci: blistered, the
Drosophila homologue of serum response factor (Gurr-
LEMIN et al. 1996; MONTAGNE et al. 1996), the extra vein
gene net, and a newly identified gene called scribbler (sbb)
or brakeless, which encodes a novel nuclear protein of
unknown function (Rao et al. 2000; SENTTI et al. 2000;
YANG et al. 2000). The remaining two multiallelic groups
and the five single-allele groups are novel. Mutations in
all five groups dominantly modified phenotypes caused
by ectopic expression of a dominant negative Merlin
allele and phenotypes associated with a recessive hypo-
morphic Merlin allele. In addition, alteration of Merlin
subcellular localization was observed in tissues from lar-
vae homozygous for two of the modifying loci. These
results together with observations of second-site non-
complementation between some of the groups suggest
that all function together with Merlin to regulate cell
proliferation. Thus, characterization of all of these
genes will provide further insight into mechanisms of
Merlin function and the NF2 disorder.

MATERIALS AND METHODS

Drosophila cultures and stocks used: All Drosophila cultures
were maintained on standard cornmeal, yeast, molasses, agar
medium and all crosses were performed at 25° unless otherwise
specified. Meiotic mapping of the complementation groups
was based on lethality and used the following P-element inser-
tion stocks: second chromosome mapping stocks, P{w" "¢ =
lacW}1(2) 10424"%0 at [2-18]/26B1-2; P{w' " = lacW} Pen"*""! at
[2-40.51/31A; P{w*™" = GawB}ap"’* at [2-55.2]/41F9-10;
P{w™™" = GawB}559.1 at [2-59]/44D2-5; P{w""“lacW} AA48
at [2-87]/56A1-2; and P{w™™"" = GawB}DU"? at [2-107]/
60E1-2; third chromosome mapping stocks, P{w" "= lacW}l
(3)L1170""7 at [3-0]/61C7-8; P{w" "= lacW}1(3)j2B9™ at [3-
28]/67B4-5; P{w" "= lacW} Tr1*” at [3-36]/70F1-4; 5P{w" "=
lacW} (3)jIE6/"™ at [3-46]/82A3-5; and P{w™ "= lacW}dco™ at
[3-102] /100B2-4. The Gal4/UAS system (BRAND and PERRIMON
1993) was used to overexpress Mer®*®. A second chromosome
insert of UASMer*® (LAJEUNESSE et al. 1998) was recombined
with either engrailed::Gal4 or apterous::Gal4 enhancer traps
lines to generate the enABBand apABB chromosomes, respec-
tively. Mer’ was previously described (FEHON et al. 1997; La-
JEUNESSE et al. 1998; MCCARTNEY et al. 2000) All deficiencies
were from the Bloomington deficiency kit collection (Fly-
Base).

Screen protocol: Three-day-old white-eyed males from an
isogenized second and third chromosome (marked with ebony,
¢') stock were treated either with 25 mm EMS or 4000 rads of
y-ray radiation and mated to virgin enABB/CyO w" females.
In the F, generation, male flies having a modified phenotype
were collected and backcrossed to enABB/CyO w' females for
two further generations to eliminate any somatic mosaics that
arise during mutagenesis. In the F; generation mutations that
still modified enABB phenotypes were mapped to a chromo-
some via the segregation of modification. Stocks were gener-
ated at this step by crossing mutations that mapped to the
second chromosome to Sco/SMé6a and those that mapped to
the third to MRKS/TMé6a. We established complementation
groups by taking mutations that mapped to the same chromo-
some and testing for lethal noncomplementation.

Wing measurements: All crosses for flies used in wing mea-
surements were maintained in the same incubator at 25° and
collected simultaneously to eliminate phenotypic variation
due to environmental factors. Flies of the appropriate geno-
type were incubated in 70% ethanol for at least 24 hr. We
have found that this makes the cuticles easier to manipulate.
Wings were removed in a drop of water on a siliconized slide
and mounted in a drop of Aquamount on a glass slide. Only
wings that had been flattened during the mounting process
were used for further analysis. Images were captured using a
Zeiss (Thornwood, NY) Axioplan microscope equipped with
a Sony DCX-760MD camera and imported into Adobe Pho-
toshop. Using the free draw tool the area to be calculated was
outlined, filled in, and analyzed using the MEASURE tool of
NIH Image. For the enABB experiments, the area between
wing vein II and the posterior margin was calculated, and
for the Mer’ experiments the area of the entire wing was
measured.

Sequencing and molecular characterization of brakeless al-
leles: Homozygous third instar larvae from Group ITa/sbb”° and
Group Ila/sbb’™* were collected and their genomic DNA were
extracted using a standard protocol (Berkeley Drosophila Ge-
nome Project). The genomic region containing the entire sbb
coding sequence (~8 kb) was amplified using intronic primers
in four separate PCR reactions. These reaction products were
sequenced using nested internal primers and the ABI-Prism
Big Dye protocol. Sequences were then assembled and ana-
lyzed using the Sequencher program (Gene Codes Corpora-
tion, Ann Arbor, MI).

RESULTS

Deficiency kit screen results: To approximate the
number of loci that modify Merlin phenotypes in a dose-
sensitive fashion we initially screened a collection of
deficiencies, the so-called “deficiency kit” (FLYBASE
1999), that represent ~70% of the genome in haploids.
Deficiencies were tested for dominant effects on pheno-
types displayed by a hypomorphic allele of Merlin, Mer’,
and by ectopic expression of a dominant-negative form
of Merlin, Mer®t® (LAJEUNESSE et al. 1998; MCCARTNEY
et al. 2000).

Mer’ flies are semiviable and display a variety of phe-
notypes in the head, eye, wings, and legs (MCCARTNEY
et al. 2000). Wings from Mer’ hemizygous male flies are
broadened and have a low penetrance of disruptions of
the posterior cross vein (data not shown). In the head,
Mer® flies express slightly rough, smaller eyes (Figure
1B) and ~10% have ectopic growths and vibrissae al-
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FicUre 1.—Deficiencies that modify Mer’ phenotypes. (A)
Scanning electron micrograph (SEM) of a wild-type adult male
eye. (B) SEM of a Mer’/Y eye. Note the slightly smaller and
rougher appearance compared to the wild-type eye. (C and
D) Adult eyes from Mer/Y; In(2R)bw™?" CyR/+ and Mer’/Y;
Df(2L)C144/+ flies, respectively. In both cases, the presence of
the deficiency results in an enhancement of Mer’ phenotypes
including reduction in the size of the eye and formation of
aberrant head cuticle, bristles, and outgrowths. Histological
examination of sections taken through these eyes reveals very
minor perturbation of ommatidial organization similar to
those seen in Mer’/Y eyes alone (data not shown).

most exclusively in the anterior ventral portion of the
eyes. Twenty-three deficiencies were found to modify
Mer’ phenotypes (Table 1). Two of these deficiencies
were strong interactors, Df(2L)CI144 and In(2R)bw'*.
Mer’ flies heterozygous for Df(2L)C144 or In(2R)buw'™*"
had head defects and small rough eyes (Figure 1,C and
D). The chromosomal region encompassing Df(2L) C144
has been saturated for lethal mutations (LITTLETON and
BELLEN 1994) but none of the lethal complementation
groups uncovered by this deficiency modify the Mer’
phenotype (data not shown). This result suggests that
more than a single mutation within this deficiency may
be responsible for the dose-sensitive modification phe-
notype. Alternatively, the gene responsible for this effect
is not mutable to lethality, or the Df(2L)CI44 chromo-
some carries an independent mutation that interacts
genetically with Mer’.

Expression of dominant-negative Mer®® in the devel-

oping wing results in overproliferation of the wing blade
(LAJEUNESSE et al. 1998). This dominant-negative form
of Merlin has seven conserved amino acids within the
FERM domain removed, and it interferes with the activa-
tion of wild-type Merlin (LAJEUNESSE et al. 1998). A
chromosome carrying both the UAS::Mer®” transgene
and the engrailed::Gal4 driver (denoted enABB) displays
a phenotype that is sensitive to gene dose (Figure 2),
an essential feature for screens designed to identify ex-
tragenic dose-sensitive modifiers (SIMON et al. 1991;
REBAY et al. 2000). Flies heterozygous for enABB have
moderately overgrown posterior wing compartments
with no disruption in venation (Figure 2B). Homozygos-
ity for enABB results in enlargement of the posterior
wing compartment with disruptions in venation, particu-
larly along vein V and the posterior cross vein (Figure
2C). Flies homozygous for enABB also hold their wings
out from the body axis (data not shown).

Using the deficiency kit, we identified 20 interacting
deficiencies that enhance the phenotype caused by het-
erozygosity for the enABB chromosome (Table 1). The
degree of enhancement ranged from slight (30-50%
of wings showing ectopic vein material) to very strong
(100% of wings showing ectopic vein material with some
wing blistering). The strongest interacting deficiency,
Df(2R)Px2, expressed a dominant extra vein phenotype
in awild-type Merlin background. However, heterozygos-
ity for both Df{2R)Px2 and enABB resulted in a blistered
wing phenotype not observed with either alone, sug-
gesting the presence of an interaction. For all deficien-
cies except Df(3R)Anipl7 and Df(3R)awd", the observed
interacting cytological regions were substantiated and
defined by overlapping deficiencies that displayed the
same enhancement phenotype. However, this does not
exclude the possibility of multiple interacting genes
within these regions or the presence of additional modi-
fying loci on deficiency-bearing chromosomes.

In summary, between the two screens we identified
eight deficiencies that modified both Mer’ and Mer*%.
However, neither analysis of lethal P-element insertions
nor analysis of previously characterized genes uncov-
ered by these deficiencies revealed the individual loci
responsible for the modification of either Merlin pheno-
type (data not shown).

F, second-site modifier screen results: As a comple-
ment to the deficiency kit screen, we performed a ge-
netic screen looking for dose-sensitive modification of
the phenotypes expressed by flies carrying the enABB
chromosome. The design of this screen is shown in
Figure 2D. To identify modifiers of the enABB pheno-
type, ~~100,000 F, male flies expressing the enABB trans-
gene (~75,000 from EMS-mutagenized flies and ~25,000
from X-ray-mutagenized flies) and carrying potential
modifiers were examined for ectopic venation along
the vein V/posterior cross vein intersection and/or the
presence of outheld wings. From this screen, we identi-
fied 29 enhancer mutations and no suppressor muta-
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TABLE 1

Summary of deficiency kit screens

Interaction Interaction
Deficiency Breakpoints with Mer®®® with Mer’ Genes
Df(2L)net-PMF 21A1;21B8 ok — Group IId/net
Df(2L)al 21B8;21D1 Yes expanded
Df(2L)ast2 Yes
Df(2L)C144 23A1;23CH Yes, strong
Df(2L)]S32 Yes
Df(2L)c1-h3 Yes
Df(3L)30A-C Yes
Df(2L)Mdh 30D;31F — Group 1Ib
Df(2L)]39 Yes
Df(2L)cact-256 35F;36D —
Df(2L)H20 36A8;36E2 —
DF(2R)M41A 41A ook Yes
In(2R) bw'" 41A;42A Yes, strong
Df(2R)napl 41D1;42D2 Yes
Df(2R)pk78S 42C1;43F8 Yes
Df(2R)44CE Yes
Df(2R)cn88b —
Df(2R)en-A 47D3;48B5 Yes
Df(2R)en-30 48A3;48C8 —
Df(2R)PC4 55A;55F Lethal Group Ila/scribbler
Df(2R)or-BR6 Yes
Df(2R)Px2 60C5;60D10 ol ND Group Ilc/blistered
Df(3L)HRI119 63C2;63F7 Yes
DF(3L)ZN47 Yes
Df(3L)ACI 67A5;67D13
DF(3L)brml11 Yes
Df(3L)vw3 Yes
Df(3R)Antpl7 84B1;84D12 —
Df(3R)TE32 86E2;87C7 Yes
Df(3R)ry615 Yes
Df(3R)P14 Yes
Df(3R)Cha7 Yes
Df(3R)e-N19 Yes
Df(3R)TI-P 97A;98A2 —
Df(3R)awd"" 100C;100D —

—, no interaction observed; ND, not determined; *, 30-50% of wings have ectopic material along posterior
cross vein (PCV) and vein V; **, 50-74% of wings have ectopic material along PCV and vein V; ***, 75-100%
of wings have ectopic vein material and defects in anterior cross vein (ACV) and PCV; #**** 100% ectopic

wing material and >10% of wings blistered.

“Deficiency has a dominant Plexate phenotype—wing blistering observed.

tions. Twenty-three of the enhancer mutations fell into
five allelic complementation groups on the basis of le-
thality (Table 2). Four of these complementation groups
were on the second chromosome and one was on the
third chromosome.

Examples of the modified enABB phenotypes that we
observed in the screen are shown in Figure 3 (middle
column). In all cases, an increase in ectopic venation
at the vein V/posterior cross vein intersection was ob-
served, although the amount of material varied between
groups and within each group depending on allele
strength. We kept only those mutations in which at least
50% of the wings expressed a modification of ¢nABB
phenotypes. Mutations that displayed dominant pheno-

types in the absence of the enABB chromosome were
discarded. To show that these mutations also affect over-
growth, we compared the area in the posterior compart-
ment (between vein III and the posterior margin) of
enA BB/modifier wings to enA BB/+ wings (Table 3). Sev-
eral members of each complementation group were
analyzed and in each case there was an increase in size of
enA BB wings with the presence of a modifying mutation
when compared to outcrossed enABB wings.

Genetic tests to identify relevant modifiers: To fur-
ther characterize these modifying mutations, several
tests were designed to distinguish between mutations
relevant for understanding the mechanisms of Merlin
function and those mutations that are uninformative or
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misleading. For instance, mutations that affected the
expression of the engrailed::GAL4 driver would indirectly
influence the dominant Mer®® phenotype and would
be of little interest. To eliminate mutations that have
dominant transcriptional effect on engrailed expression
and to demonstrate the direct effect of a modifier on
Mer®*® activity, we tested each candidate’s ability to mod-
ify phenotypes displayed by apABB flies. In apABB flies,
the apterous::Gal4 driver expresses UAS::Mer*® at high
levels throughout the dorsal surface of the developing
wing blade (Figure 3C), resulting in phenotypes that
are more severe than those expressed by enABB. Wings
from apABB flies are outheld, overgrown, and have
ectopic venation primarily along veins II and V
(LAJEUNESSE et al. 1998). Group Ilc and Group Ila muta-
tions produced a significant blistered wing phenotype
in combination with apterous Mer** (data not shown).
Mutations in all five complementation groups display
modification of the apABB phenotype (Figure 3, third
column) indicating that the modification is due to an
effect on Mer®® activity and not the engrailed::Gal4 driver.

Modification of Mer’ phenotypes: The second genetic
test avoided overexpression of Mer®™ altogether and
instead examined the ability of the interactor to modify
phenotypes expressed by a hypomorphic Merlin mutant
allele, Mer’. Mer’ hemizygous males are semiviable with
visible phenotypes expressed in the wings, legs, and

EMS or X-rays

P . €
%, ?C?C?X

mapping and testing

* denotes mutagenized chromosome

FiGUre 2.—The enABB pheno-
type is dose sensitive. (A) Wild-
type female wing; (B) wing from
female heterozygous for enABB/+.
Note the folds in the posterior
compartment (arrows) and the
slight disruption of the anterior
cross vein. (C) Wing from a female
homozygous for enABB. Note the
increase in posterior wing com-
partment in comparison to the
heterozygous enABBflies in B, the
disruption of the posterior cross
vein, and the ectopic material
along vein V and the loss of ante-
rior cross vein. (D) Screen proto-
+ .enABB col: males carrying isogenized sec-
- T QQ ond and third chromosomes were
+ Y treated with mutagen (either EMS
or vy rays) and mated to virgin
J/ enABB/CyO w' females. In the F,

4+ .¢nABB
+ 7 Cyo QQ

generation, male flies having a mod-

ified phenotype were collected

and backcrossed to enA BB/CyO w*
\l/ females for two further gener-

ations to eliminate any somatic
mosaics that arise during muta-
genesis. Flies that displayed modi-
fication phenotypes in the F; gen-
eration were established as stocks
and the chromosomal location
of the modifying mutation was
mapped.

head already described in results (MCCARTNEY et al.
2000). Under normal conditions ~50% of the expected
number of Mer’ male flies eclose. Mutations in three
complementation groups, Group Ila, Group IIb, and
Group Illa, dominantly enhanced Mer’ to lethality or
reduced eclosion of Mer’ males to <1% (Table 2).

The other two groups, Group Ilc and Group IId, also
modified Mer’ phenotypes, but in a qualitatively differ-
ent manner. The modification was restricted to the wing
and we observed neither alteration of viability nor head
or leg defects (Table 2). The Mer’ wing phenotype is
characterized by increase in the size of the wing blade
with mild disruptions in venation, particularly the poste-
rior cross vein (Figure 4B, Table 4). Hemizygous Mer’
flies that are also heterozygous for a mutation in Group
IIc had significantly smaller wings when compared to
Mer’ wings alone, but had a significant increase in the
number of posterior cross vein disruptions (Figure 4C,
Table 4). Mutations in Group IId also significantly re-
duced the size of the wing. Unlike the Group IIc modifi-
cation, however, Group Ild dominantly reduced the dis-
ruptions in venation (Figure 4D, Table 4).

Disruption of Merlin subcellular localization: As a
further test of the relevance of the interacting comple-
mentation groups, we examined the subcellular localiza-
tion of Merlin in cells that were homozygous for muta-
tions in each group. In previous work, we showed that
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TABLE 2

Summary of F; second-site modifier screen

Interactions with

Complementation Chromosomal Merlin
groups Mutagen location Mer®#? Mer’ distribution Lethal period
Group Ia/sbb” EMS 55C1-2/2-82.2 o <1% Altered Viable”
1la/sbb"! EMS o lethal — Pupal
Ila/sbb*"® EMS Hok <1% — Viable®
1la/sbb”* EMS Hok lethal Altered Pupal
Ilia/sbb”’ EMS sk lethal Altered Pupal
1a/sbb?” EMS ok <1% Altered Pupal
1a/sbb? EMS wok <1% — Pupal
Group IID'® EMS 30A1-F/2-33 o <1% Normal Viable’
' EMS e <1% Normal Viable
1 EMS ook <1% Normal Viable
Group Ilc/bs”” EMS 60C1-2 woE — Altered Viable*
bs*!! EMS sk — — Viable
bs*’ EMS * MWP — Pupal/viable
bs*? EMS e MWP Altered Larval
bs** EMS ok — Altered Viable
bs*! X ray ok — — Larval
bs™! EMS sk — — Late larval
Group I1d/net'” EMS 21B8 Hik MWP Normal Viable®
net’” X ray sk MWP Normal Viable
Group Ila*”* EMS 66E-F/3-26 * — Normal Pupal’
nia? EMS ok <1% Normal* Embryonic/larval
e EMS ok <1% Normal Larval/pupal
Hla?® EMS * — Normal Larval/pupal

MWP, modified wing phenotype; —, not tested; *, 30-50% of wings have ectopic material along PCV and
vein V; #*, 50-74% of wings have ectopic material along PCV and vein V; *#* 75-100% of wings have ectopic
material and defects in ACV and PCV; **## 100% ectopic wing material and >10% of wings blistered.

“Determined as hemizygous over deficiency.

"Viable over deficiency but lethal in trans with one another.

‘Determined as transheterozygotes.

the proper subcellular distribution of Merlin is impor-
tant for its function (LAJEUNESSE ef al. 1998). Mutations
in two of the modifying loci resulted in altered Merlin
subcellular distribution. Within the cells of the imaginal
epithelium, Merlin is found associated with the apical
plasma membrane in the region of the adherens junc-
tion and throughout the apical cytoplasm associated
with discrete punctate structures (MCCARTNEY and FEHON
1996). In Group Ila or Group Ilc mutant backgrounds,
Merlin is mislocalized to large vesicular bodies basal to
the adherensjunction (Figure 5). These vesicular bodies
are not present in every cell within the imaginal epithe-
lium and can be found to a greater extent within the
central nervous system, particularly the ventral ganglion
(data not shown). We have tested for the presence of
actin, a-spectrin, two adherens junctions components
(Armadillo and Moesin), Notch, and the septate junc-
tion protein Coracle, and none co-localized with Merlin
within these bodies (data not shown). The identity of
these structures is currently unknown. Regardless, the
observed alteration of the subcellular localization of

Merlin is consistent with the idea that these modifiers
function with Merlin to regulate proliferation and dif-
ferentiation.

Characterization of the complementation groups:

Group IIb: Group IIb mapped to the left arm of the
second chromosome at 2-[33], between P{w" "¢ = lacW}
(210424 at 2-[18]/26B1-2 and P{w™ = lacW}
Pen!"at 2-[36] /31A and has been placed in the cyto-
logical region 30D;31F on the basis of noncomplemen-
tation of a recessive wing phenotype with Df(2L)Mdh
(Figure 6B). All Group IIh mutations complement all
previously described mutations (see MATERIALS AND
METHODS) that map to this region. All transallelic com-
binations of the three Group IIb alleles identified in this
screen have an early larval lethality with no distinct
phenotypes. The allele strengths of the three alleles
based on interaction with enABB are as follows: 110",
'™ > I15°"”.

Group Ilc/blistered: Group Ilc mapped to the end of
the right arm of the second chromosome and failed to
complement the lethality of Df(2R)Px2, a deletion of
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FiGUure 3.—Examples of mod-
ifier wing phenotypes. (A) Wild-
type wing. First column (D, G, ],
M, and P), female wings heterozy-
gous for mutations identified in
the screen. Note that all mutations
are recessive except for P, which
has an abrupt vein V (arrow). Sec-
ond column, modification of enABB
heterozygous phenotype (B) by
modifiers (E, H, K, N, and Q). Third
column, modification of apABB (C)
phenotypes showing that the modi-
fications are not promoter specific.
All wings are from female flies. The
genotypes are as follows: (A) wild
type; (B) enABB/+; (C) apABB/+;
(D) Group Ic-bs*?/+; (E) enABB/
Group IIc-bs’™; (F) apABB/Group
b5 (G) Group la®°/+; (H)
enABB/Group lla®; (1) apABB/Group
a® (J) Group Hdnet®/+; (K)
enABB/Group Ild-net™; (L) apABB/
Group Lld-net™; (M) Group LY /+;
(N) enABB/Group 116", (O) apABB/
Group IIV'"; (P) Group HIa®’/+; (Q)
enABB Group ITla?’; and (R) apABB/
Group Mla®.

60C6;60D9. Group IIc mutations were shown to be allelic
to Dlistered (bs), a gene located within this interval, by

failure to complement 05?7, a null mutation. blistered

encodes the Drosophila homologue of serum response
factor (GUILLEMIN et al. 1996; MONTAGNE et al. 1996). TABLE 3
Seven new alleles of blistered were identified. All are
recessive and appear to be hypomorphs except for the
X-ray allele, Group Ilc/bs*. This allele is semidominant

Enhancement of Mer*™ overproliferation wing phenotype

Mean area
with ectopic vein material, which are characteristic prop- of posterior % deviation
erties of null or strong hypomorphic blistered alleles compartment from
(FRISTROM et al. 1994). Moreover, all lethal allelic com- Genotype n (mm?) SE enABB/+
binations showed the abbreviated larval tracheal pheno- +/+ 30 0.510 0.007 ~31.0
type, another characteristic blistered phenotype (data not enABB/+ 20 0.735 0.009 —
shown; GUILLEMIN et al. 1996). The allelic series of blis- bs*” /enABB 25 0.773 0.008 +5.5
tered as determined by lethal period is identical to the 1 /enABB 30 0.746 0.005 +2.7
allelic series established by the interaction with enABB Ha:"/ enABB 40 0.776 0.008 +6.8
with the order as follows: bs™ > bs?? > bs?! > bs** > I]z;g{/enAingB 28 gggg 8888 +_:g;
bs*? > bsP7> bs?'7 > bs?'!. This result suggests that the 711[819”7/52ABB 90 0.779 0011 +55
interaction of blistered with Merlin is a direct function I /enA BB 97 0.790 0.010 +6.8

of gene dosage. Transheterozygous combinations of all ™ /+;
blistered alleles (except for transallelic combinations of enABB/+ 26 0.759 0.014 +2.7
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FIGURE 4.—Modification of the
Mer® wing phenotype by blistered and
nel. (A) Wing from a wild-type male
fly; (B) wing from a Mer’ hemizygous
male fly. Note the overall increase in
size and slight disruption of the poste-
rior cross vein (between the two

Meri/Y;net’*/+

Mer’/Y;bs**¥/+

b’ 212 21 which are larval lethal) produce adult es-

capers that have a tube wing phenotype due to conver-
sion of all intervein tissue to vein (FRISTROM et al. 1994;
MONTAGNE et al. 1996; Figure 6C).

Group 1ld/net: Deletion mapping localized Group IId
to the tip of the left arm of the second chromosome.
Complementation analysis using Group 1d'” suggested
that it was a terminal deficiency at the tip of 2L, because
it failed to complement Df(2L)PMF47¢, Df(2L)net62, and
three mutations located within these deficiencies: lethal
(2) giant larvae, broad head, and net. Of these genes, only
mutations in net modified Merlin phenotypes, suggesting
that net is the modifying locus within this region. net
belongs to the plexus phenotypic group within the “ex-
cess-of-vein” mutant class (D1az-BENJUMEA and GARCIA-
BeLLIDO 1990). Two new alleles of net were recovered.
net’™ is a viable X-ray allele that has the characteristic
ectopic venation phenotype (Figure 6D).

arrows). (C) Wing from a Mer’ hemi-
zygous male also heterozygous for
Group IIc/bs*”. Note the reduced size
compared to Mer’wing and disrupted
posterior cross vein (arrowhead). (D)
Wing from a Mer’ hemizygous male
heterozygous for Group IId/net’™. Note
the reduced size and suppression of
any defects in venation.

Group Illa: Group Illa is a novel group that maps
by meiotic recombination to the left arm of the third
chromosome at 3-[26] between P{w™™¢ = lacW}i(3)
L1170""and P{w* "= lacW}1(3)j2B9"", falling roughly
within cytological interval 66A;66D. Four alleles were
identified. No deficiency was identified that uncovers
this complementation group. The allele strength based
on the lethality of heteroallelic combinations is as fol-
lows: Ila* > [MIa*™* > e’ > IlIa*™. The strongest al-
lelic combination, Group Illa* /Group IIa*”, displays late
embryonic/early larval lethality with no distinct pheno-
types. Weaker allelic combinations, such as Group IIla’*’/
Group Illa™” and Group I11a*”/Group Illa*”, die as early
pupae with little development past the white prepupa
stage (data not shown). Group Illa*” heterozygous flies
have a weakly penetrant (28%) abrupt vein V pheno-
type, resulting in a gap between the margin and the
end of the vein (Figure 3P, small arrow).

TABLE 4

Modification of Mer’ wing phenotypes

% deviation

% of wings
with ectopic
or disrupted

Mean area from wild % deviation
Genotype n (mm?) type SE from Mer’/Y V2 V5/PCV
+/Y: +/+ 32 0.622 0 0.007 —40 0 0
Mer’/Y; + /+ 24 1.039 +67 0.009 0 3 25
Mer’/Y; bs*?/+ 21 0.762 +22.5 0.010 —27 100 100
Mer’/Y; bs*’/+ 40 0.808 +30 0.007 —22 50 50
Mer’/Y; bs™ /+ 27 0.786 +26 0.008 —24 96 96
Mer’/Y; bs”?7 /+ 28 0.772 +24 0.0011 —26 100 100
Mer’/Y; net’™ /+ 23 0.717 +15 0.008 -31 4 29
Mer’/Y; net'” /+ 28 0.799 +29 0.012 —23 7 7
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FiGURE 5.—Mislocalization of Merlin in Group Ila/scribbler
genetic backgrounds. Optical cross section of the wing imagi-
nal epithelia from a sbb™*/sbb’** mutant third instar larva. The
majority of Merlin (in red) is found in the apical regions of
the cell (small arrowheads), as would be found in a wild-type
genetic background. However, in some cells, basal aggrega-
tions of Merlin protein (large arrows) are seen. Asterisks mark
the basal portions of the cells. The septate junction and cell
membrane are labeled in green using anti-Coracle antibody.

Group Ila/scribbler: Group Ila mutations mapped to
2-[83] between P{w + mc + lacW}AA48 and P{w™""" =
GawB}559.1. A test of the available deficiencies in the
54D-55F region showed that Group Ila mutations mapped
to cytological region 55C2;55F on the basis of failure
to complement the lethality of Df(2R)PC4. In addition,
two lethal P-element insertions in this cytological inter-
val (1(2)04440 and [(2)k00702) failed to complement
visible wing phenotypes of Group Ila mutations (data

not shown). However, neither P-element mutation ge-
netically interacted with either Mer®® or Mer’.

The most severe Group Ila alleles were hemizygous
pupal lethal, although rare escapers can be found with
wing defects including reduced size and ectopic vein
material (Figure 6E). On the basis of the hemizygous
lethal period the following allelic series of Group Ila
mutations was constructed: IIa?”, IIa*°, Ila”' > I11a’%,
1a?’. Two alleles, Ila’ and I1a*'%, are homozygous,/hemi-
zygous viable and express a wing phenotype in trans with
the lethal Group Ila alleles and the deficiency that is
similar to the wing phenotypes displayed by the rare
escapers from the lethal Group Ila alleles. Both muta-
tions were placed into Group Ila on the basis of meiotic
mapping. There is no direct correlation of the allelic
series based on lethal period with that based on interac-
tion with Merlin phenotypes, suggesting that the Merlin
interactions involve something other than simple loss
of function.

During our investigation, three other laboratories
identified the same P-element insertions (/(2) 04440 and
[(2)k00702) as mutations in a gene called scribbler or
brakeless (Rao et al. 2000; SENTI et al. 2000; YANG et
al. 2000). Two groups demonstrated that, in scribbler
mutants, axons from photoreceptors R1-R6 failed to
stop properly upon reaching their targets in the optic
lobe of the pupal brain during Drosophila eye develop-
ment (Rao et al. 2000; SENTI et al. 2000). A third group
studying Drosophila foraging behavior named this gene
scribblerbecause homozygous mutant larvae display aber-
rant crawling patterns (YANG ef al. 2000). Although the

FIGURE 6.—Wing phenotypes of Merlin
modifiers. (A) Wild-type female wing. (B)
Wing from I10'¥ /Df(2L) Mdh, which displays
extra wing vein. (C) Wing from bs*7/bs*"
female fly. All intervein cells have been

transformed into vein tissue giving the wing
a tube-like appearance. (D) Wing from
net’ homozygous female fly with disturbed
normal vein patterning and extra veins. (E)
Wing from 11a*” /Ila* escaper. Note ectopic
wing vein material along veins I and V. (F)
Wing from IIa*” +/ + bs** transheterozy-
gous female fly demonstrating second-site
noncomplementation between two reces-

Ha-bks?%/1la-bks***

Ha-bks?”® +/ + bs*#?

sive mutations (compare to Figure 2, D and
G). The broad arrowhead indicates a large
blister in the wing. Note the alteration in
the shape and size when compared to A
and the presence of ectopic vein material
(thin arrowhead).



676 D. R. LaJeunesse, B. M. McCartney and R. G. Fehon

Region Zinc Region

BksA NLS A finger B FIGURE 7—Two of the Group
| ] : IIA/sbb alleles identified in this
screen are missense mutations
BksB that affect only the SBBB isoform.
Group IIA/sbb™ correlates with a
‘ 2 2T 1 nhonsense mutation at arginine
1608 and Group IIA/sbb”® with a
Bks324 Q1608 nonsense mutation at arginine
| 55| | 1899. Both mutations may pro-
to Stop duce truncated SBBB proteins
Bks256 missing Region B, a novel con-

' 5% |Q1899 served C-terminal domain.

to Stop

sbb alleles isolated in our screen do not express either
phenotype, Group Ila alleles (Group Ia®® and Group
I1a7*) fail to complement the lethality of a strongly hypo-
morphic seribbler allele sbb’, which correlates with a 436-
bp deletion in the third exon of sbb (Rao et al. 2000).
In addition, sequence analysis of the same two Group Ila
alleles revealed nonsense mutations within the scribbler
coding region (Figure 7). Together these results indi-
cate that Group Ila corresponds to the scribbler gene, and
is henceforth called by this name.

Second-site noncomplementation between scribbler
and blistered: In the course of our complementation
analysis, we observed second-site noncomplementation
between the scribbler alleles identified in this screen and
mutations in blistered. Such interactions are relatively
uncommon and when observed are usually a good pre-
dictor of strong functional relationships between the
interacting genes (SHEARN 1989; TRIPOULAS et al. 1996;
HALseLL and KieHArRT 1998). Interactions were ob-
served using both those blistered alleles identified in our
screen and the null sby”*? allele. Transheterozygous
combinations of strong alleles of blistered and scribbler
produced blistering and ectopic vein material in a sig-
nificant fraction of the flies (Figure 6F). In contrast,
the original scribbler P-element alleles (Rao et al. 2000;
SENTI et al. 2000; YANG et al. 2000), which are likely hypo-
morphic, completely complement blistered phenotypes.
However, the deficiency that uncovers sbb, Df(2R)PCH4,
showed weaker second-site noncomplementation with
blistered mutations (data not shown), suggesting that the
sbb alleles identified in our screen are distinct from null
or strongly hypomorphic sbb alleles.

DISCUSSION

Merlin is the Drosophila homologue of the human
NF2gene and is required for the regulation of prolifera-
tion and differentiation of epithelial tissues. However,
the mechanisms of Merlin function are unknown. To
identify genes involved in Merlin’s cellular functions we
performed genetic screens for mutations that modify
Merlinwing phenotypes caused by expression of a domi-

nant negative form of Merlin, enA BB, and a hypomorphic
allele of Merlin, Mer’. In a screen of the deficiency kit, we
identified 20 chromosomal regions that contain dose-
sensitive modifiers of enA BBphenotypes and 23 chromo-
somal regions that modify the Mer’ phenotype. Eight
regions were identified in both screens, suggesting that
they contain Merlin modifiers of particular interest.
However, we were unable to identify the individual
genes within the cytological regions that modify Merlin
phenotypes. To complement the deficiency screen, we
performed a dominant second-site modifier screen de-
signed to identify dose-sensitive modifiers of Merlin wing
phenotypes generated by enABB. In a screen of 100,000
progeny from mutagenized flies, we identified 29 reces-
sive mutations that modify Merlin phenotypes. Twenty-
three of the mutations fall into five complementation
groups. Three of the complementation groups are new
alleles of previously identified genes, sbb, bs, and net.
Two groups, Group IIb and Group Illa, are novel genes.
Genetic tests suggest that mutations in all five comple-
mentation groups interact with Merlin to regulate prolif-
eration or differentiation.

None of the modifying mutations were in the regions
that were identified by the Mer’ deficiency kit screen,
including one region (In(2R)bw'™?) with a very strong
genetic interaction. Moreover, no new alleles of ex-
panded, another Drosophila 4.1 family member and a
previously characterized Merlin modifier (MCCARTNEY
et al. 2000), were identified, despite the fact that an
existing amorphic expanded allele interacts with both
Mer’ (McCARTNEY el al. 2000) and enABB (data not
shown). There are several explanations to account for
these results. It is possible that the In(2R)bw™?" defi-
ciency (or the chromosome that carries it) contains
additional mutations that singly do not exhibit an inter-
action above the phenotypic threshold used in this
screen. Similarly, putative mutations in expanded may
have fallen below the level of detection. Furthermore,
mutations in other potential dose-sensitive modifiers of
Merlin phenotypes may have generated dominant sterile
or lethal interaction phenotypes with enA BB and would
not have been recoverable from this screen. Interest-
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Merlin
function
EGF R tor
N =] blistered/DSRF
pathway /
Vein fate Intervein
fate

Ficure 8.—Merlin may function antagonistically to EGFR
pathway function. blistered expression is required for the forma-
tion of intervein regions within the wing and is negatively
regulated by EGF signaling in presumptive vein tissue. Alter-
ation in Merlin activity may hyperactivate EGF signaling in
intervein regions, thus disrupting the differentiation of in-
tervein regions and promoting the formation of ectopic veins.

ingly, we also found that while point mutations in the
modifier groups displayed interactions with the Mer’
allele, in some cases deficiencies that uncovered these
genes did not show similar interaction with Mer’ (Table
1). In these cases the observed genetic interactions may
be allele specific (resulting from neomorphic, hyper-
morphic, or antimorphic mutations), although it seems
likely that many, if not most, of the modifier mutations
isolated are simple hypomorphic mutations. Regardless,
this report illustrates that there are qualitative differ-
ences between a deficiency kit screen and a random
mutagenesis screen for second-site modifiers. Although
deficiency kit screens have been successful in identifying
functionally related genes (HALSELL and KiEHART 1998),
the ability to screen a range of mutations in a common
genetic background can allow for more complete and
less ambiguous identification of interacting loci.

Merlin clearly has a role in the regulation of prolifera-
tion and differentiation; however, the proteins and path-
ways that are involved with Merlin function remain un-
known. Therefore, the intent of our genetic screens
was to identify genes that functionally and/or physically
interact with Merlin and thus define the molecular con-
text in which Merlin functions. Of the five complemen-
tation groups identified in this screen, sbb and bs were
characterized molecularly and at this point hold the
most potential in understanding Merlin function. In
addition, we showed that mutations in blistered and sbb
disrupt the subcellular localization of Merlin and that
both mutations exhibit strong second-site noncomplem-
entation, suggesting an underlying functional relation-
ship between sbb and bs gene products and Merlin.

In our screen we identified seven new alleles of sbb;
allelism was based on noncomplementation with a null
sbb allele and the presence of nonsense mutations in
two sbb alleles identified. Null and strong hypomorphic

mutations in scribbler result in aberrant axon guidance
and behavioral phenotypes (Rao et al. 2000; SENTI et al.
2000; YANG et al. 2000). However, none of the sbb alleles
identified in our screen display either of these pheno-
types (data not shown). In addition, none of the pre-
viously identified P-element insertional mutations in sbb
modify Merlin phenotypes, although the null sb" allele
and Df(2R)PC4 do enhance Merlin phenotypes (data
not shown and Table 1). These data suggest that sbb
has two distinct functions, one in axon guidance of
photoreceptor cells and the other in regulation of prolif-
eration in epithelial cells, and that these functions are
independent. Consistent with this model, previous stud-
ies showed that sbb encodes two novel proteins of un-
known function, SBB-A and SBB-B (Figure 7; SENTI et
al. 2000; YANG et al. 2000). Although it was shown that
the two SBB isoforms are functionally redundant in
axon guidance (SENTI el al. 2000), the presence of a
zinc finger domain and a novel Region B in the larger
SBB-B isoform suggests that it may have functions dis-
tinct from SBB-A. Sequence analysis indicates that two
of the alleles we isolated as Merlin modifiers correlate
with nonsense mutations that affect the SBB-B product
but leave the BSKA product intact (the lesions in the
other alleles have not yet been determined).

The identification of SBB-B mutations that specifically
modify Merlin phenotypes but do not affect photorecep-
tor axon guidance supports a model where SBB-B has
distinct functions in the proliferation and differentia-
tion of wing tissue. Both SBB isoforms are reported to
be nuclear proteins and the presence of a zinc finger in
SBB-B suggests that it may be involved in transcriptional
regulation. How SBB proteins interact with Merlin, a
membrane-associated cytoplasmic protein, is unclear.
The observation that Merlin subcellular localization is
disrupted in sbb mutant cells makes this question partic-
ularly intriguing and suggests that sbb may play a role
in a cellular pathway that regulates Merlin function.
The identity of this pathway is currently unknown.

While sbb encodes novel proteins with unknown func-
tion, the bs gene product, also known as the Drosophila
serum response factor (BS/DSRF), is a well-character-
ized transcription factor (AFFOLTER el al. 1994; GuIL-
LEMIN ¢t al. 1996). bsis required for formation of termi-
nal tracheal branches and differentiation of the adult
wing (FRISTROM et al. 1994; GUILLEMIN et al. 1996; MON-
TAGNE el al. 1996; RocH et al. 1998). BS/DSRF activity,
like that of its mammalian homologue, is regulated by
the epidermal growth factor receptor (EGFR) signaling
pathway (RocH et al. 1998). During development of the
wing imaginal disc, cells can adopt one of two fates;
most cells form wing blade (intervein tissue), while a
subset form the characteristic longitudinal veins. BS/
DSREF is believed to promote the intervein cell fate—loss-
of-function bs mutations result in wings in which all cells
develop as vein tissue. Activity of the EGFR pathway is
believed to promote the vein cell fate by downregulating
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BS/DSREF function in the vein primordia and promoting
the expression of vein-specific genes. Thus interactions
between the EGFR pathway and BS/DSRF play a crucial
role in wing development.

The identification of bs as a dominant modifier of
Merlin phenotypes suggests that Merlin, like Blistered, is
involved in EGFR signaling. Specifically, the observation
that bs mutations enhance Merlin dominant-negative
and loss-of-function phenotypes suggests that Merlin
may function antagonistically to EGFR pathway function
(Figure 8). Although this hypothesis should be consid-
ered as tentative, several lines of evidence support this
notion. First, developing wing cells that have lost both
Merlin and expanded, which appear to function redun-
dantly, produce abundant ectopic vein material adja-
cent to endogenous veins (MCCARTNEY et al. 2000).
Second, net, which was also identified as a Merlin mod-
ifier, has been shown to modify phenotypes of compo-
nents of EGFR signaling in the wing (STURTEVANT and
Bier 1995; BieHS el al. 1998). Third, a role for Merlin
in negatively regulating EGFR function is consistent with
the observation that Merlin mutations result in overpro-
liferation phenotypes (LAJEUNESSE et al. 1998). Finally,
a hypermorphic EGFR mutation called Ellipse enhances
phenotypes expressed by dominant-negative and hypo-
morphic Merlin alleles (data not shown). However, de-
spite these intriguing indications that Merlin may func-
tion to regulate EGFR pathway activity, it should be
noted that Merlin does not interact genetically with sev-
eral other known pathway members (Star, asteroid, and
rhomboid), nor does it interact with hypomorphic EGIR
mutations (data not shown). In addition, because other
signaling pathways, including dpp, wingless, and Notch,
are involved in vein specification (RocH et al. 1998), it
is possible that Merlin functions to regulate one or more
of these either instead of or in addition to the EGFR
pathway. In support of this notion, Merlin and expanded
have both been shown to genetically interact with dpp
(McCCARTNEY et al. 2000). Further experiments are re-
quired to determine the significance of these genetic
interactions. Nonetheless, the identification of Merlin
modifiers suggests testable hypotheses regarding Merlin
cellular functions and opens new avenues for further
investigation of the molecular basis of the NF2 disorder.
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