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Introduction

Rho GTPases constitute a distinct family within the superfamily 
of Ras-related small GTPases that control some of the most 
fundamental processes of cell biology common to all eukary-
otes, including morphogenesis, polarity, cell movement and cell 
division.1 In Drosophila, six members of this family have been 
described: Rac1, Rac2, Cdc42, RhoA, RhoL and Mtl, which are 
involved in multiple developmental processes like dorsal closure, 
axon guidance, bacterial response, blood cell migration or pla-
nar cell polarity (PCP) establishment.2-15 Mtl is the Drosophila 
ortholog of the C. elegans Mig-2 Rho GTPase and is structurally 
similar to Rac1, Rac2 and Cdc42.16,17 Several studies have dem-
onstrated that it behaves functionally like Rac1 and Rac2 because 
these three GTPases act redundantly in regulating dorsal closure 
or axon guidance in Drosophila.5,7,10 However, it seems that they 
display differential activities in processes like macrophage migra-
tion or fly immunity.2,8 It has been also demonstrated that Mtl, 
Rac1, Rac2 and Cdc42 may have partially overlapping functions 

Mtl is a member of the Rho family of small GTPases in Drosophila. It was shown that Mtl is involved in planar cell polarity 
(PCP) establishment, together with other members of the same family like Cdc42, Rac1, Rac2 and RhoA. However, while 
Rac1, Rac2 and RhoA function downstream of Dsh in Fz/PCP signaling and upstream of a JNK cassette, Mtl and Cdc42 do 
not. To determine the functional context of Mtl during PCP establishment in the Drosophila eye, we performed a loss-
of-function screen to search for dominant modifiers of a sev>Mtl rough eye phenotype. In addition, genetic interaction 
assays with candidate genes were also carried out. Our results show that Mtl interacts genetically with members and 
effectors of Egfr signaling, with components and/or regulators of other signal transduction pathways, and with genes 
involved in cell adhesion and cytoskeleton organization. One of these genes is hibris (hbs), which encodes a member 
of the immunoglobulin superfamily in Drosophila. Phenotypic analyses and genetic interaction assays suggest that it 
may have a role during PCP establishment, interacting with both Egfr and Fz/PCP signaling during this process. Taken 
together, our results indicate that Mtl is functionally related to the Egfr pathway regulating ommatidial rotation during 
PCP establishment in the eye, being a positive regulator of this pathway. Since Egfr signaling is linked to cytoskeletal 
and cell junctional elements, it is likely that Mtl may be regulating cytoskeleton dynamics and thus cell adhesion during 
ommatidial rotation in the context of that pathway.

during PCP generation and that they are probably acting in two 
parallel pathways.6

Cell polarization is essential for cellular function, pattern-
ing and cytoskeletal organization. In many tissues, epithelial 
cells are polarized not only along the apical-basal axis but also 
within the plane of the epithelium, which is referred to as PCP. 
In the Drosophila eye, PCP is manifest in the precise orientation 
of ommatidia relative to the dorso-ventral midline, the equator. 
This ordered pattern is generated during larval life in the eye 
imaginal disc, where PCP establishment takes place as two dif-
ferent and simultaneous processes: ommatidia adopt opposite 
chirality in the dorsal and ventral halves of the eye disc while 
they rotate 90° towards the equator in two 45° steps.18 Chirality is 
achieved by the proper differentiation of R3 and R4 photorecep-
tors, process controlled by the Fz/PCP signaling pathway that is 
activated upon reception by the Fz transmembrane receptor of a 
gradient of an unknown ligand (reviewed in ref. 19). The signal 
is then transduced to the nucleus via Dishevelled (Dsh) through 
Rho family GTPases, the STE20-like kinase Misshapen (Msn),  

Mtl interacts with members of Egfr signaling  
and cell adhesion genes in the Drosophila eye

Verónica Muñoz-Soriano,‡ Yaiza Belacortu,‡ Fabrice C. Durupt, Silvia Muñoz-Descalzo† and Nuria Paricio*

Departamento de Genética; Facultad CC Biológicas; Universidad de Valencia; Burjasot, Spain

†Current address: Department of Genetics; University of Cambridge; Cambridge, UK

‡These authors contributed equally to this work.

Key words: Mtl, Rho GTPases, ommatidial rotation, Egfr pathway, cell adhesion, hbs

Abbreviations: Mtl, Mig 2-like; Egfr, epidermal growth factor receptor; LOF, loss-of-function; PCP, planar cell polarity;  
MF, morphogenetic furrow; ECM, extracellular matrix; JNK, jun N-terminal kinase



www.landesbioscience.com	 Fly	 89

 Research paper research paper

signaling upstream of JNK/p38 kinases,20-22 Mtl and Cdc42 seem 
to be acting in a parallel pathway, being both probably connected 
through Rac1-Mtl functional interaction.6 Since Mtl overexpres-
sion in the eye mainly caused ommatidial rotation defects and 
it interacted genetically with argos (encoding the Egfr-inhibitory 
ligand), we suggested that it could function in the Egfr pathway 
regulating that aspect of the PCP process.6

In order to determine the functional context of Mtl during 
PCP establishment in the Drosophila eye, we have performed 
a loss-of-function (LOF) screen and a candidate gene approach 
looking for dominant modifiers of the sev>Mtl rough eye pheno-
type. Our results show that Mtl interacts genetically with mem-
bers and effectors of Egfr signaling, and suggest that Mtl acts as a 
positive regulator of the Egfr pathway. Furthermore, we identify 
and characterize several candidate genes that might be function-
ally related to Mtl during PCP establishment and have a role in 
ommatidial rotation. Among them, we find genes encoding pro-
teins involved in cell adhesion and cytoskeleton organization sug-
gesting that Mtl could be a general regulator of both processes in 
the context of Egfr signaling. One of the genes identified is hibris 
(hbs), which encodes a member of the immunoglobulin super-
family in Drosophila involved in myoblast fusion and eye mor-
phogenesis.37-40 Preliminary phenotypic analyses of hbs mutants 
and genetic interaction assays suggest that this gene may have 
also a role during PCP establishment and ommatidial rotation in 
the Drosophila eye.

Results

Identification of dominant modifiers of the sev>Mtl eye pheno-
type. Previous studies showed that overexpression of a wild-type 
form of Mtl in the Drosophila eye produces externally rough eyes 
that in tangential sections display PCP defects. They are mainly 
misrotations and ommatidial chirality is rarely affected. We 

JNK/p38 kinases and the transcription factors Jun and Fos,20-23 
leading to Delta upregulation in R3 and thus activating Notch 
(N)-signaling in the neighboring R4 precursor.24,25 Moreover, the 
transcription factor Pointed (Pnt) is also required in R4 specifica-
tion probably downstream of Epidermal growth factor receptor 
(Egfr) signaling.23 Ommatidial rotation represents the final step 
in establishing PCP during eye development. The direction of 
rotation depends on proper R3/R4 cell fate specification since 
misrotation is a common phenotype observed in loss and gain-of 
function mutants of PCP genes.19 In parallel to PCP signaling, 
which may regulate ommatidial rotation through effects on cyto-
skeletal elements via the Rho-Kinase Drok,26 this process is also 
regulated by the Egfr pathway. It has been shown that both over- 
and under-activation of Egfr signaling give rise to ommatidial 
rotation defects, providing evidence for its involvement in that 
process.27-29 Moreover, genes functionally related with cytoskel-
eton reorganization and cell adhesion act as downstream effec-
tors of Egfr signaling, thus linking ommatidial rotation with cell 
adhesion and cytoskeleton rearrangement processes.28,30 Other 
genes required in ommatidial rotation are nemo (nmo), scabrous 
(sca) and zipper (zip).31-34 nmo encodes a serine/threonine kinase, 
which is essential to regulate the speed of the process.31,34,35 Sca, a 
fibrinogen-related secreted protein,36 has been implicated in con-
trolling the normal arrest of rotation at 90°.32 Finally, zip encodes 
the non-muscle Myosin II heavy chain, a protein that regulates 
the rate of rotation and has been shown to act downstream of Fz/
PCP and Egfr signaling.4,26,28,33

Several Rho GTPases, such as Rac1, Rac2, RhoA, Cdc42 
and Mtl, are involved in PCP establishment.3,4,6,9 It has been 
reported that only clones triple mutant for Rac1, Rac2 and Mtl 
showed mild PCP defects, which are enhanced when reducing 
Cdc42 function, thus suggesting that these four GTPases may 
act redundantly during this process.6 Genetic interaction assays 
indicated that, while Rac1, Rac2 and RhoA function in Fz/PCP 

Figure 1. Dose-dependent modification of the sev>Mtl rough eye phenotype. Scanning electron micrographs of adult eyes: (A) Df(2R)Jp1/+; sev>Mtl/+, 
(B) sev>Mtl/+ and (C) Df(3R)mbc-R1/sev>Mtl/+ eye. Enhancement and suppression of the sev>Mtl/+ eye phenotype is observed in (A and C), respectively 
(compare A, C to B).
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or the different level of detection of the interactions (external 
or internal modification of the sev>Mtl eye phenotype) could 
explain these results. Furthermore, mutant alleles of several genes 
selected as candidates did not modify the sev>Mtl phenotype, 

also found that these defects are already evident in eye imaginal 
discs, and are thus primary defects.6 In contrast, LOF alleles of 
Mtl do not show any obvious phenotype.5 In order to identify 
loci functionally related to Mtl, we decided to carry out a domi-
nant modifier screen in a Mtl-missexpression background, since 
LOF alleles are not amenable for genetic screens. First, and to 
validate the suitability of the sev>Mtl phenotype to perform a 
large-scale genetic screen, we performed a pilot screen for dose-
dependent modifiers of the sev>Mtl rough eye phenotype by test-
ing 80 deficiencies on the second chromosome, 84 on the third 
chromosome, and two on the fourth chromosome that remove 
a total of ~75% of the loci on these chromosomes (see Materials 
and Methods). Seventeen deficiencies reproducibly modified the 
sev>Mtl rough eye phenotype (~8% of the tested lines; example 
in Fig. 1): five were enhancers and 12 were suppressors (Table 1). 
Next, we looked for candidate genes in the deficiencies that could 
be potentially responsible for the detected interaction, selecting 
those involved in PCP establishment or encoding components 
of signaling pathways or proteins involved either in regulation of 
GTPase function or in cytoskeleton organization and cell adhe-
sion. Several mutant alleles of the candidate genes were tested 
for their ability to interact with Mtl by analyzing their effect on 
the internal sev>Mtl phenotype (Tables 1 and 2). In some cases, 
there was an inconsistency in the direction of the interaction 
found when using those alleles. Either the existence of additional 
unknown Mtl-interacting genes mapping within the deficiencies, 

Table 1. Chromosomal regions that genetically interact with sev>Mtl

Deficiency
External 

modificationa Cytology Candidate genes LOF alleles testedb

Df(2L)J39 (1469) S 31C-D; 32D-E hup NT

Df(2L)TW161 (167) S 38A6-B1; 40A4-B1 dia diak07135 (-)

Df(2R)ST1 (1888) S 42B3-5; 43E15-18 jing, pk pkpk-sple9 (E)

Df(2R)enA (190) S 47D3-48A5 - -

Df(2R)en30 (1145) S 48A3-4; 48C6-8 - -

Df(2R)CX1 (442) E 49C1-4; 50C23-D2
arr, mam, RacGAP50C, E(Egfr)

B56, sca, drk
mam8 (-), scaBP2 (-), drke0A (-)

Df(2R)BSC11 (6455) E 50E6-F1; 51E2-4 phyl, hbs phyl2245, UAS-phylIR (E), hbs361 (E)

Df(2R)Jp1 (3518) E 51D3-8; 52F5-9 hbs, Dg, scb, sli hbs361 (E), scb2 (-), sli2 (-)

Df(2R)Jp8 (3520) E 52F5-9; 52F10-53A1 shark shark1 (-)

Df(2R)M60E (2471) S 60E2-3; 60E11-12 - -

Df(3L)Ar14-8 (439) S 61C5-8; 62A8 Rac1, trio, rho
Rac1J11 (E), trioS095914, trio6A (S), 

rhove1, rhoAA69 (S)

Df(3L)29A6 (2479) S 66F5-67B1 - -

Df(3L)st-f13 (2993) E 72C1-D1; 73A3-4 aos, bul, Mbs aosrlt, aosΔ7 (E), Mbs3 (-)

Df(3L)VW3 (3000) S 76A3; 76B2 - -

Df(3L)XS533 (5126) S 76B4; 77B gig, Gβ76C, trc, fat2 gig109 (-), Gβ76C1 (-), trc1 (-)

Df(3R)mbc-R1 (2585) S 95A5-7; 95D6-11 mbc, E(rst)C436, E(rst)F84 mbcc1, mbcD11.2 (S)

Df(3R)D605 (823) S 97E3; 98A5 Ser, side NT

Dose-dependent modifiers of the rough eye phenotype observed in adult sev Mtl flies. The deficiency name is followed by the Bloomington stock 
number in parenthesis. aE or S indicate enhancement or suppression of the external sev>Mtl phenotype. b(E), (S) or (-) indicate enhancement, suppres-
sion or no modification, respectively, of the internal sev>Mtl phenotype by the corresponding mutant allele; NT indicates that no alleles were tested. 
Quantification of the interactions are shown in Table 2. The interactions with Rac1J11, pkpk-sple9 and aosrlt alleles were previously reported.6

Table 2. Quantification of the genetic interactions between Mtl and 
candidate genes from the deficiency screen

Genotype (sev>Mtl/+ 
for all genotypes)

Wild-type ommatidia 
(% ± sd)

Number of 
ommatidia

w1118 (+/+, control) 74.3 ± 2.4* 1123

phyl2245 63.3 ± 6.1* 433

UAS-phylIR 49.7 ± 3.7** 456

hbs361 22.6 ± 2.2** 246

trioS095914 81.3 ± 3.2* 498

trio6A 89.7 ± 3.6** 374

rhove1 84.8 ± 1.7** 257

rhoAA69 87.2 ± 4.8** 413

aosΔ7 62.6 ± 4.6** 590

mbcc1 84.4 ± 1.6** 498

mbcD11.2 81.6 ± 5.0* 426

Percentage of wild-type ommatidia (± standard deviation) of eyes from 
flies heterozygous for the indicated alleles and containing one copy of 
sev>Mtl. All alleles listed show significant modification of the sev>Mtl 
phenotype (*p < 0.05, **p < 0.005, t-test).
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suggesting that other genes included in the deficiencies could 
be responsible for the interactions. As a result of this candidate 
gene approach we have identified the following genes: rhomboid 

and phyllopod, which encode Egfr signaling components; trio, 
a gene previously related to Mtl function in other cellular con-
texts;16 myoblast city (mbc), encoding a GTPase regulator (a 

Table 3. P-insertion lines that modify the sev>Mtl phenotype

P line
External 

modificationa Cytology Disrupted gene Tested allelesb Comments

P{lacW}sytk05909 S 23A6-B1 dawdle (daw) dawDG14702 (-) Non-BMP TGFβ ligand

P{lacW}mtss5286 S 28D1-2 microtubule star (mts) mts02496 (S)
Catalytic subunit of the PP2A 

complex

P{lacW}l(2)k13305k13305 S 30F5-6
Translocation protein 1 

(Trp1)
Trp1c03479 (S), Trp1EP-663 (E) Protein transporter activity

P{lacW}l(2)35Bbk11524a S 35B6-7 moladietz (mol) mole02670, mol35Bb-1 (E) Asymmetric protein localization

P{lacW}l(2)k13805k13805 S 37A1-2 gluon (glu)? glu88-37, glu88-44 (E)
Sister chromatid segregation, 

chromatin remodelling

P{lacW}spis3547 S 37F2 spitz (spi) spi1, spi s3547 (S)
Activating ligand of the EGFR 

pathway

P{lacW}Rs1k09514 S 44C1-2 Rs1 Rs1k09513, Rs1k09514 (S)
ATP-dependent RNA helicase 

activity

P{lacW}Uba1s3484 S 46A1-3
Ubiquitin activating 

enzyme 1 (Uba1)
Uba105642 (E), Uba1DG24412 

(S)
Axon pruning and polarisation

P{lacW}SelDk12303 S 50E4-7
Glycogen phosphorylase 

(GlyP)
GlyPk07918 (-) Glycogen metabolism

P{lacW}Cdk4s4639 S 53C9
Cyclin-dependent kinase 

4 (Cdk4)
Cdk405428 (S) JAK-STAT signaling pathway

P{lacW}mblk07103 S 54B1-5 muscleblind (mbl) mblE27, mblE127 (S) Eye and muscle development

P{lacW}l(2)k08002k08002 S 56F6-9 18 wheeler (18w) 18wΔ7-35, 18wk02701 (S)
Toll-like receptor, cell adhesion, 

Rho-signaling pathway

P{lacW}blwk00212 S 59B1-2 bellwether (blw) blw1, blwDG06809 (S)
Mitochondrial ATP synthase α 

subunit

P{lacW}slsj1D7 S 62C1-2 sallimus (sls) sls1 (S)
Myoblast fusion and muscle 

development

P{lacW}dosP115 S 62E
daughter of sevenless 

(dos)
dosR31 (-) Photoreceptor differentiation

RPIE-6P{lacW}J45 Psn9 
P{lacW}K33

E
68A1-2, 

96F10-11
Roughened (R) RCD5, R67 (E)

Ras family of small GTPases, 
Integrin activator

P{lacW}RpS12s2783 S 69F5-6
Ribosomal protein S12 

(RpS12)
RpS12EY04767, RpS12EY23269 

(S)
Structural constituent of the 

ribosome

P{lacW}l(3)L2100L2100 S 84B2-3 CG1965 NA Transcription factor activity

P{lacW}l(3)L1231L1231 S 88C9-11 CG7832
CG7832EY04982 

CG7832EP3047 (-)
Unknown molecular and biologi-

cal function

P{lacW}Dadj1E4 S 89E10-11
Daughters against dpp 

(Dad)
Dadc02089, UAS-DadIR (S) Dpp antagonist

P{lacW}l(3)j12B4j12B4 S 96C8-9 CG11859
CG11859f03457, 

CG11859j12B4 (S)
Protein kinase activity

P{lacW}l(3)j8B9j8B9 S 99F8-9
prolyl-4-hydroxylase-

αEFB (PH4αEFB)
PH4αEFBEY13295, PH4αEFB 

j8B9Ex13-11 (S)
Collagen modification activity

P{lacW}l(3)s1921s1921 S 100E1-2 CG2245 NA
Peptidyl-lysine modification to 

hypusine

All P lines that modify externally the sev>Mtl rough eye phenotype are listed. aS, E denotes external suppression or enhancement, respectively, of that 
phenotype. The cytological location of the insertions is shown. The disrupted gene in each P-line has been identified by performing inverse PCR or by 
analyzing the flanking DNA sequences available. In the P{lacW}l(3)j12B4j12B4 line the identification was performed by complementation analyses. bMu-
tant alleles of the genes identified have been used to validate the interactions by analyzing the modification of the internal sev>Mtl phenotype, (E), 
(S) or (-) as in Table 1; NA, no alleles available. During this analysis, we found that the P{lacW}l(2)k13805k13805 line does complement the glu LOF alleles 
tested, thus indicating that it is probably not affecting that gene (marked with a ?). Quantifications of the interactions are shown in Table 4.
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confirm the repeatability of the interaction (Table 3). The genes 
associated with the insertions were identified by analyzing the 
genomic DNA sequences flanking the P-element insertion site, 
either available in Flybase (http://flybase.org/) or determined by 
inverse PCR (see Material and Methods). For the P{lacW}l(3)
j12B4j12B4 line, complementation analyses with LOF alleles of 
neighboring loci (Aats-Gln and CG11859) were performed (data 
not shown) since no information about the flanking sequences 
could be obtained. In summary, we found that 19 lines were 
inserted in or close to known genes and four in uncharacter-
ized genes. Subsequently, we validated the interactions by using 
additional alleles, finding that most of them showed a significant 
interaction with sev>Mtl phenotype (Tables 3 and 4). However, 
in some cases we found that different mutants of the same gene 
either enhanced or suppressed the sev>Mtl phenotype. We specu-
late that perhaps the position of the insertions/molecular lesions 
in those mutant lines determined the expression levels of the cor-
responding genes and affected the sev>Mtl phenotype differently, 
as suggested in other genetic interaction assays.41-43 The identi-
fied genes in the P-element screen could be grouped into differ-
ent categories following a functional criterion. Some of them 
were related to signal transduction pathways (spitz, Daughters 
against dpp), cytoskeleton organization and extracellular matrix 
(ECM) composition/cell adhesion (microtubule star, prolyl-
4-hydroxylase-α EFB). We also found interactions with genes 
involved in different developmental processes like eye and muscle 
development or dorsal closure (muscleblind, Roughened) and in 
cellular metabolism (Rps12). Several uncharacterized genes were 
also identified (CG11859, CG7832, CG1965 and CG2245), but 
only the genetic interaction with CG11859, which encodes an 
atypical protein kinase, could be confirmed (Tables 3 and 4).

Modifiers encoding Egfr pathway components and effectors. 
It has been reported that the Egfr pathway is involved in omma-
tidial rotation during PCP establishment in the Drosophila eye.27-

29 This is of particular interest in light of the rotation defects 
observed in sev>Mtl eyes.6 Consistent with this, some of the genes 
that dominantly interact with Mtl encode components or modu-
lators of the Egfr pathway or proteins functionally related to it 
during the ommatidial rotation process like spitz (spi), argos (aos), 
rhomboid (rho), phyllopod (phyl) or Roughened (R) (Tables 2 and 
4). aos encodes an Egfr inhibitory ligand,44 whereas rho encodes a 
serine protease localized in the Golgi where it promotes the cleav-
age of the Egfr activating ligand Spi.45 Phyl is a transcriptional 
target of the Egfr pathway, and its expression is dependent on 
RTK signaling.46 R encodes a Ras-related Rap1 small GTPase 
involved in cell adhesion and motility47,48 that has been recently 
shown to be critical for differentiation of Egfr-dependent cell 
types in eyes and wings, and for PCP establishment in these tis-
sues.49 To confirm these results, we tested for genetic interactions 
with other members of Egfr signaling. Crosses to LOF alleles of 
Egfr and sprouty (sty), encoding the sole receptor of the path-
way and a negative regulator of Egfr signaling,50 respectively, and 
Ras85D, pointed (pnt) and canoe (cno), which encode members 
of the Ras/Raf/MAPK cascade and Ras/Cno signaling required 
downstream of Egfr in ommatidial rotation,28 also resulted in 
statistically significant modification of the sev>Mtl phenotype 

RacGEF); and hibris (hbs), a gene encoding a protein involved in 
cell adhesion (Tables 1 and 2). Moreover, other candidate genes 
included in the deficiencies are prickle, argos and Rac1 (Tables 1 
and 2), previously found to interact genetically with Mtl.6

By using the same experimental approach than in the pilot 
screen, we tested a total of 672 independent, autosomal P-element 
lethal insertions (498 on the second and 174 on the third chro-
mosomes, respectively) for interaction with the sev>Mtl rough 
eye phenotype. During the initial round of the screen, we 
retained a total of 23 lines (~3.4% of the tested lines) for further 
analysis: 22 suppressors and one enhancer that were re-tested to 

Table 4. Quantification of the genetic interactions between Mtl and 
candidate genes from the P-insertion screen

Genotype (sev>Mtl/+ 
for all genotypes)

Wild-type ommatidia 
(% ± sd)

Number of 
ommatidia

w1118 (+/+, control) 74.3 ± 2.4 1123

mts02496 84.7 ± 5.7** 708

TrpEP-663 63.2 ± 6.3* 403

Trpc03479 88.7 ± 5.1** 443

mole02670 66.7 ± 1.7** 461

mol35Bb-1 60.6 ± 6.6* 351

glu88-37 63.0 ± 5.4** 485

glu88-44 63.0 ± 4.3* 290

spi1 84.7 ± 4.1** 573

spis3547 84.9 ± 2.4** 354

Rs1k09513 78.0 ± 4.8* 833

Rs1k09514 85.0 ± 5.2** 549

Uba105642 66.9 ±5.2* 518

Uba1DG24412 81.8 ± 3.4** 390

Cdk405428 80.7 ± 2.6* 405

mblE27 80.5 ± 3.4* 308

mblE127 82.7 ± 3.8** 430

18wΔ7-35 84.1 ± 5.6* 330

18wk02701 81.5 ± 4.7* 364

blw1 80.8 ± 6.9* 580

blwDG06809 78.9 ± 2.0** 339

sls1 81.0 ± 4.1* 465

RCD5 60.1 ± 7.4** 623

R67 66.2 ± 1.4** 292

RpS12EY04767 79.7 ± 3.1** 573

RpS12EY23269 80.2 ± 3.0* 377

Dadc02089 82.2 ± 5.6* 385

UAS-DadIR 82.5 ± 2.1** 343

CG11859j12B4 77.4 ± 2.0* 336

CG11859f03457 85.3 ± 5.8* 422

PH4αEFBEY13295 82.2 ± 5.4** 695

PH4αEFB j8B9Ex13-11 82.2 ± 3.5* 286

Percentage of wild-type ommatidia (± standard deviation) of eyes from 
flies heterozygous for the indicated alleles and containing one copy of 
sev>Mtl. All alleles listed show significant modification of the sev>Mtl 
phenotype (*p < 0.05, **p < 0.005, t-test).
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produces rough eyes and results in 
ommatidial rotation and photo-
receptor recruitment defects due 
to gain of Egfr pathway activity.49 
We found that loss of one copy of 
Mtl did not have an effect on the 
sep>λ‑top photoreceptor phenotype 
(29.9% ± 5.4 in sep>λ‑top/MtlΔ 
vs. 28% ± 6.8 in sep>λ‑top/+eyes), 
although it significantly suppressed 
ommatidial rotation defects (16.2 ± 
2.0 in sep>λ‑top/MtlΔ vs. 31.9 ± 6.7 
in sep>λ‑top/+eyes; p < 0.02, t-test) 
as well as the external roughness of 
sep>λ‑top eyes (Fig. 4). Thus, with 
respect to ommatidial rotation, 
we found that reducing Mtl levels 
dominantly enhanced the effects 
of Egfr loss (Star) and dominantly 
suppressed the effects of Egfr over-
activation (sep>λ‑top). These results 
suggest that Mtl may cooperate with 
the Egfr pathway in ommatidial 
rotation either being a positive regu-
lator or an effector of Egfr signal-
ing during this process, although it 
could also act in a parallel pathway. 
To distinguish between these pos-
sibilities, we tested whether dpERK 
(the dually phosphorylated form 
of MAPK) levels were affected in 
sev>Mtl eye imaginal discs. In wild-
type discs, dpERK is most promi-
nent at the morphogenetic furrow 
(MF). Posterior to the MF, dpERK 
is expressed at lower levels where it is 
predominantly cytoplasmic but also 
transits to the nucleus to phosphory-
late target proteins (see ref. 51 and 

Fig. 5A). Stainings of sev-GAL4/UAS-Egfr discs were also per-
formed, in which an evident increase of dpERK levels posterior to 
the MF is observed by overactivation of the pathway in such cells 
under sev-GAL4 control (Fig. 5B). Conversely, we found that 
dpERK levels posterior to the MF were drastically reduced in 
sev>Mtl eye imaginal discs, appearing predominantly cytoplasmic  
(Fig. 5C). Since we previously reported that Mtl function is 
reduced in sev>Mtl flies,6 genetic interaction assays and dpERK 
stainings suggest that Mtl functions as a positive regulator of Egfr 
signaling upstream the MAPK kinase cassette. Consistent with 
this, we found that LOF alleles of genes encoding positive regu-
lators or transcriptional targets of the pathway, like Egfr, phyl, 
R, Ras85D, cno or pnt, enhance the sev>Mtl phenotype while a 
LOF allele of sty, which encodes a negative regulator of the path-
way, suppresses that phenotype (Tables 2 and 4, Figs. 2 and 3). 
In contrast, we found inconsistent results when analyzing LOF 
alleles of spi, aos and rho (Tables 2 and 4, Figs. 2 and 3). Since 

(Figs. 2 and 3). Since we have shown that Mtl overexpression has 
dominant negative effects on Mtl function,6 an obvious conclu-
sion about the role of Mtl in Egfr signaling can not be drawn 
from the observed interactions. Thus, and to more firmly estab-
lish the functional link between Mtl and Egfr signaling during 
ommatidial rotation, we performed genetic interaction assays 
between Mtl and Star (S) by using LOF alleles of both genes. 
S is a transmembrane protein required for Spi transport from 
the endoplasmic reticulum to the Golgi apparatus, an essential 
process for this ligand to be functional,50 then Egfr signaling is 
reduced in S mutants. S is haploinsufficient for eye development, 
and loss of one gene copy produces mild rough eyes that show 
loss of photoreceptors but also rotation defects.28 Two different 
S alleles (S485 and S23N) were used in the assays, and for both the 
S+/- rotation phenotype is enhanced by removing one copy of Mtl 
(Table 5 and not shown). In addition, it has been reported that 
expression of an activated Egfr (λ-top) under sep-GAL4 control 

Figure 2. Quantification of genetic interactions with the sev>Mtl phenotype. The percentage of correctly 
oriented ommatidia in the corresponding allelic combination with sev>Mtl is shown. +, -, and d in the 
bars indicate that the corresponding gene is a positive regulator, a negative regulator or a downstream 
effector of the Egfr pathway during ommatidial rotation,28 respectively. Data are based on the analysis of 
200 to 800 ommatidia from three to ten independent eyes per genotype. Standard deviations calculated 
across all eyes of a given genotype are indicated by a line in each bar. Asterisks indicate significant inter-
actions (*p < 0.05, **p < 0.005, t-test).
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Mtl and genes encoding cytoskeletal elements and cell adhesion 
components required downstream of Egfr during ommatidial 
rotation, as well as several genes involved in PCP establishment 
like shg or zip (Fig. 2). In addition, Mtl also interacts with core 
PCP genes like flamingo ( fmi) (Fig. 2) or prickle (pk),6 as it has 
been shown for other Egfr pathway components such as S.28

Taken together, our results suggest that Mtl is functionally 
related to the Egfr pathway during ommatidial rotation and that 
this signaling is probably compromised in sev>Mtl flies, thus 
accounting for the rotation defects observed in such mutants. 
This relationship must be specific for the rotation process since 
no defects in differentiation of photoreceptors and/or wing 
veins associated to loss of Egfr signaling are observed in Mtl-
overexpressing flies.6 Alternatively, another explanation could be 
that, as reported for other Egfr pathway components,27 rotation is 
more sensitive than photoreceptor recruitment to the possible 
perturbation of Egfr signaling caused by Mtl overexpression.

Modifiers involved in cell adhesion and cytoskeleton 
organization. Our results suggest that Mtl may have a role in 
ommatidial rotation in the context of Egfr signaling, probably 
regulating cytoskeleton dynamics and cell adhesion. Indeed, this 
process requires cellular rearrangements including changes in cell 

we obtained the same results in the genetic interaction assays by 
using different LOF alleles of these genes and deficiencies uncov-
ering them (see ref. 6 and Tables 1, 2 and 4), this excludes the 
possibility that secondary mutations on the chromosomes could 
account for the observed interactions. Then, it is likely that the 
molecular nature of the sev>Mtl mutation could be the cause of 
such inconsistent results. Similar complex genetic interactions 
were also reported between jun/fos and menin, which encodes 
a regulator of their transcriptional activity.52 Furthermore, and 
confirming our results, we found dominant interactions between 

Figure 3. Components and effectors of the Egfr pathway dominantly modify the sev>Mtl phenotype. All parts show tangential sections of adult eyes 
and the corresponding schematic representation: (A) sev>Mtl/+, (B) sev>Mtl/aosΔ7, (C) pnut25089/+; sev>Mtl/+ and (D) sev>Mtl/cno.2 For comparison, a 
tangential section of a wild-type eye is shown in Figure 6A. Dorsal and ventral chiral ommatidia are indicated by black and red arrows, respectively. 
Green arrows without flag represent achiral ommatidia and circles ommatidia with an abnormal number of photoreceptors. Quantifications of the 
interactions are shown in Figure 2. Anterior is to the left and dorsal is up.

Table 5. Star haploinsufficient rotation phenotype is enhanced by Mtl 
and hbs

Genotype % misrotated ommatidia (±sd)

S48.5/+ 8.9 ± 4.3

S48.5/+; MtlΔ/+ 37.2 ± 4.2

S48.5/hbs361 21.7 ± 3.7

Percentage of misrotated ommatidia and standard deviation calcu-
lated between eyes of the corresponding genotype. The enhancement 
of the S+/- rotation phenotype is statistically significant in both cases 
(p < 0.001, t-test).
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very rough eyes57 that in tangential sections showed complete 
disorganization of the retina (data not shown). Since PP2A has a 
role in the regulation of cell adhesion and cytoskeleton dynamics 
in human mammary endothelial cells and functions in a pro-
tein complex including Rac,58 a similar situation could be occur-
ring in Drosophila thus explaining the genetic interaction found 
between Mtl and mts.

One of the Mtl-interacting genes is hbs (Tables 1 and 2), which 
encodes one of the Drosophila Nephrin homologs, a member of 
the immunoglobulin (Ig) superfamily of transmembrane pro-
teins, involved in myoblast fusion during embryogenesis.37,39 Hbs 
is also essential for interommatidial precursor cell (IPC) mor-
phogenesis in the pupal eye together with the Drosophila Neph1 
homolog Roughest (Rst), another protein of the Ig superfamily.38 
This process involves cell rearrangements and movements which 
require changes in adhesive interactions between retinal cells.59 
Both proteins are expressed in complementary cell types and 
mediate specific interactions between them, by modulating adhe-
rens junction dynamics.38 Furthermore, Hbs also contributes to 
the establishment of the native configuration of cone cell contacts 
and shape.40 Since hbs mutants have rough eyes, we decided to 
determine whether Hbs could have a role during PCP establish-
ment. Tangential sections of eyes from flies homozygous for the 
hypomorph hbs361 allele (which contains an amino acid substitu-
tion in the extracellular Ig domain of the protein) revealed that 
18.6% ± 3.5 ommatidia exhibit PCP defects (mainly misrotations 
and rare defects in chirality) and 8.2% ± 3.7 show photorecep-
tor recruitment defects (n = 5, 744 total ommatidia) (Fig. 6C). 
We also analyzed eyes from flies heterozygous for the null hbs459 
allele (in which no Hbs protein is produced due to the presence 
of a premature stop codon in the hbs gene) and the Df(2R)X28 
deficiency (which uncovers the hbs genomic region) finding that 
they showed similar but weaker phenotypes than hbs361 homozy-
gous eyes (Fig. 6B). Previous observations already indicated that 
hbs361 embryos displayed stronger phenotypes than hbs459/Df(2R)
X28 transheterozygous mutants when analyzing defects in mus-
cle development although they showed wild-type protein expres-
sion levels.37 To confirm our results, we also studied the effect 
of reducing hbs levels specifically in the eye by using sev-GAL4 
and GMR-GAL4 to drive expression of an hbs-IR transgene. We 
found that sev>hbs-IR mutant eyes are externally rough at 29°C, 
and in tangential sections display mild but consistent ommatid-
ial rotation defects (Fig. 6D). GMR>hbs-IR mutant eyes at 25°C 
were also rough and displayed stronger phenotypes, similar than 
the mutant alleles analyzed (data not shown). Taken together, 
these results suggest that the presence of a mutant form of Hbs 
(in hbs361 homozygous animals) has stronger phenotypic effects 
than reduced levels or absence of the wild-type protein, con-
firming previous results.37 Indeed, the eye phenotypes observed 
in our study are also stronger than those reported for recently 
generated hbs null alleles, which showed very mild rotation 
defects.40 To further confirm the role of Hbs in PCP determina-
tion, we also analyzed the consequences of hbs overexpression in 
the eye with the sev-GAL4 driver. A rough eye phenotype was 
also obtained (see ref. 39 and data not shown). This phenotype 
is due to photoreceptor recruitment defects (28.2% ± 6.2), as 

contacts/adhesion, cell movements and cytoskeleton reorganiza-
tion. Consistent with this, some of the genes identified to interact 
significantly with Mtl encode proteins with a direct or indirect 
role in cytoskeleton reorganization and cell adhesion like prolyl-
4-hydroxylase-α EFB (PH4αEFB), microtubule star (mts) and 
hibris (hbs). PH4αEFB encodes a subunit of the prolyl 4-hydrox-
ylase multienzymatic complex that catalyzes the hydroxylation of 
proline residues in collagens, a major component of the ECM, as 
well as other secreted proteins.53 Modifications in the ECM are 
probably essential for ommatidial rotation. Besides, mts encodes 
the catalytic subunit of the Protein phosphatase 2A (PP2A) 
complex.54 Although its exact role in the PCP context remains 
unknown, it has been shown that PP2A is required both for hair 
formation and orientation in the wing.55 To test whether PP2A 
is required during PCP establishment in the eye, we examined 
the effect of PP2A loss of function in that tissue. As mts null 
alleles are cell lethal,56 we overexpressed in the eye a truncated 
version of the Mts protein that lacks the active site and is unable 
to interact productively with its regulatory subunits.55 However, 
our results were not conclusive since we found that while sev-
GAL4, UAS-mts181HA4a flies have wild-type eyes, overexpression of 
the dominant negative form of Mts with GMR-GAL4 produced 

Figure 4. Mtl loss-of-function dominantly suppresses eye phenotypes 
caused by overactivation of Egfr signaling. (A and B) Scanning electron 
micrographs of adult eyes: (A) sep>λ-top/+ and (B) sep>λ-top/MtlΔ. There 
is a clear suppression of the sep > λ-top rough eye phenotype when 
reducing Mtl dosage. (C) Quantification of genetic interactions between 
Mtl and the sep>λ-top phenotype. There is a significant suppression of 
the percentage of misrotated ommatidia in sep>λ-top/MtlΔ compared 
to sep>λ-top/+ eyes, while no changes occur in the rest of phenotypic 
classes (at least 300 ommatidia were scored from four independent 
eyes). Asterisks indicate statistically significant differences (*p < 0.02, 
t-test).
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whether other proteins of the Neph1/Nephrin subfamily, related 
to Hbs in other functional contexts, could also participate in it.

Discussion

In this work we have used a genetic approach to identify genes 
that could be functionally related to Mtl, a member of the Rho 
family of small GTPases in Drosophila. Since Mtl LOF mutants 
are phenotypically wild-type,5 a dominant modifier screen in a 
Mtl-missexpression background was performed as alternative 
despite of the clear limitations of this approach. Using the Mtl-
overexpression rough eye phenotype we screened 166 deficiencies, 
672 P-lines and LOF alleles from candidate loci, and identified 
several genes that exhibit significant dose-sensitive genetic inter-
actions with that phenotype. These genes belong to different 
functional classes: core PCP genes, components of signaling 
pathways, regulators of GTPase function, and genes involved in 
cell adhesion, cytoskeleton dynamics and other developmental 
processes. From these results, several hypotheses about Mtl func-
tion can be proposed.

Previous analyses indicated that Mtl overexpression in the eye 
causes very subtle defects in chirality or photoreceptor number 
and mainly affects ommatidial rotation.6 These results suggested 
that transmission of the PCP signal through the eye epithe-
lium is essentially unaffected in sev>Mtl eye discs, although the 
adhesive/cytoskeletal response to PCP could be compromised. 
Consistent with this, we find that some of the Mtl-interacting 

previously suggested,39 but also to PCP 
defects (13.1% ± 2.0) mainly misrota-
tions (n = 5, 558 ommatidia) (Fig. 6E). 
Since some of the phenotypes observed 
in hbs mutants could be consequence 
of a later role of this gene during eye 
development, we performed anti-Arma-
dillo (Arm) antibody stainings of hbs361 
and sev-GAL4/UAS-hbs third instar 
larvae imaginal discs that confirmed 
that the rotation defects in hbs mutant 
flies result from an early failure in PCP 
establishment (Fig. 6F–H). Finally, to 
gain further insight into Hbs require-
ments during ommatidial rotation, we 
performed preliminary genetic interac-
tion assays designed to identify a pos-
sible link between hbs and Egfr or Fz/
PCP signaling, both required to regu-
late this process. Our results showed 
that hbs dominantly enhanced the S+/- 
rotation phenotype caused by reduction 
of Egfr signaling (Table 5), probably 
indicating that hbs cooperates with or 
is a positive regulator/effector of this 
signaling pathway during ommatidial 
rotation. This is consistent with the 
enhancement of the sev>Mtl phenotype 
obtained when reducing hbs function 
(see Table 2). Regarding the possible link between hbs and Fz/
PCP signaling, we found that reduction of one copy of hbs domi-
nantly enhanced the Dsh gain-of-function rough eye phenotype 
of sE-Dsh flies (data not shown). However, tangential sections 
revealed that the hbs361 allele caused a clear reduction of the num-
ber of symmetric ommatidia but an increase of photoreceptor loss 
in sE-Dsh eyes, thus masking PCP defects in many ommatidia 
and precluding the analysis (data not shown). Thus, we analyzed 
whether reduction of hbs function was able to dominantly modify 
the PCP defects displayed by dsh1 mutant eyes. We found that 
the hbs361 allele significantly reduced the percentage of ommatidia 
with PCP defects in such eyes (48.5 ± 6.7 in dsh1, hbs361/+ vs. 
58.1 ± 4.1 in dsh1 eyes; p < 0.05, t-test; n = 6 eyes per genotype). 
Quantifications of the different classes of ommatidia with PCP 
defects showed that the acquisition of chirality aspect of the dsh1 
phenotype was clearly modified by reduction of hbs function (as 
seen in Fig. 7). However, when only quantifying rotation defects 
(in either chiral or achiral ommatidia) we observed that they were 
also significantly suppressed by the hbs361 allele (45.1 ± 3.8 in dsh1, 
hbs361/+ vs. 54.2 ± 6.7 in dsh1 eyes; p < 0.05, t-test). Then, our 
results show that reduction of hbs function affects both chirality 
and rotation in dsh1 eyes.

Taken together, our genetic and molecular epistasis data sug-
gest a role of Hbs during PCP establishment in the Drosophila 
eye, and indicate that it is functionally related to both Fz/PCP 
and Egfr signaling pathways. Further experiments are being per-
formed to determine its exact role in this process, and to test 

Figure 5. dpERK expression posterior to the MF is reduced in sev>Mtl eye imaginal discs. Confocal 
micrographs of eye discs stained with anti-dpERK from (A) wild-type, (B) sev-GAL4, UAS-Egfr and (C) 
sev>Mtl larvae. In wild-types discs, nuclear dpERK staining is observed at the MF (arrow) and poste-
rior to it (arrowhead), remaining cytoplasmic in between. In sev>Mtl discs, dpERK staining appears 
unchanged at the MF but it is reduced posterior to the MF. On the contrary, overexpression of Egfr 
with the sev-GAL4 driver produces a ubiquitous nuclear dpERK staining. Anterior is to the left.
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rotation process since Mtl LOF only affects this process but not 
photoreceptor differentiation and recruitment. Indeed, reduc-
tion of Mtl dosage is able to suppress the eye phenotype caused 
by overexpression of an activated form of Egfr (λ-top) and to 
enhance the eye phenotype caused by reduction of Egfr signaling 

genes identified in our study encode components and effectors of 
the Egfr pathway, which has been reported to act downstream 
of or in parallel to Fz/PCP signaling to control ommatidial rota-
tion.27-29 Our results suggest that Mtl may function as a positive 
regulator of the Egfr pathway specifically during the ommatidial 

Figure 6. hbs mutants show PCP defects in Drosophila adult eyes and eye imaginal discs. (A–D) Tangential sections of adult eyes and the correspond-
ing schematic representations (arrows are drawn as in Fig. 3): (A) wild-type, (B) hbs459/Df(2R)X28, (C) hbs361, (D) sev-GAL4, UAS-hbsIR and (E) sev-GAL4, 
UAS-hbs eyes. (F–H) Confocal images of eye imaginal discs stained with anti-Arm antibody from (F) wild-type, (G) hbs361 homozygous and (H) sev-GAL4, 
UAS-hbs larvae. Yellow asterisks indicate ommatidial fusions. In lower parts, green arrows bisect R8 and run through the R3/R4 interface, highlighting 
the angle of orientation of each ommatidium. Anterior is to the left and dorsal is up.
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in S+/- mutants, but specifically affecting the ommatidial rotation 
defects. Although our genetic data do not reveal a molecular 
mechanism for the function of Mtl in the Egfr pathway, reduc-
tion of dpERK levels posterior to the MF observed in sev>Mtl 
flies, which has a dominant negative effect on Mtl function,6 indi-
cates that Mtl exerts its positive regulation upon the Egfr pathway 
upstream the MAPK cassette. It is likely that it functions in paral-
lel to other GTPases like Rac1, Ras and Rap1 (see ref. 6 and this 

study). Indeed, LOF alleles of all of them are able to modify the 
sev>Mtl phenotype in the same direction. This functional paral-
lelism has been extensively found among other Rho GTPases in 
many different processes.1 It is interesting to mention that Mtl 
overexpression in the wing causes PCP phenotypes6 similar than 
those observed in Rap1 LOF mutant clones,49 despite Egfr signal-
ing has not been shown to play a role during PCP establishment in 
this tissue. These results suggest that both GTPases could have an 
Egfr-independent role to establish PCP in the wing, and support 
the idea that they could be functionally related.

The finding of genes that are implicated in cell adhesion and 
cytoskeleton rearrangements is consistent with a putative role of 
Mtl in regulating such processes during ommatidial rotation. It is 
evident that actin rearrangements and modification of the adhe-
sive properties of the ommatidial preclusters have to occur during 
the ommatidial rotation process.33 Indeed, it has been shown that 
the classic cadherins E-Cad and N-Cad and the Ig cell adhesion 
molecules (CAMs) Echinoid (Ed) and Friend of Echinoid (Fred) 
function in controlling this process.30,60 Cadherin transmembrane 
proteins are the core components of adherens junctions (AJs), 
although CAMs of the Ig superfamily have been also identified 
as components or modulators of AJs. Both cadherins and Ig-type 
receptors interact with the actin cytoskeleton through cytoplas-
mic adaptor proteins and through signaling cascades, and this is 
essential for effective adhesion and AJ assembly and stability.59 
Interestingly, Mtl interacts genetically not only with shg (Fig. 2), 
which encodes DE-Cad, but also with hbs and ed (Table 2 and 
data not shown), both encoding CAMs of the Ig superfamily. 
All these genes seem to have a role during ommatidial rotation/
PCP establishment and to interact genetically with members of 
Egfr and Fz/PCP signaling30,60,61 (this study). Although previous 
phenotypic analysis of null hbs mutant alleles showed very mild 
rotation defects and did not reveal a clear role of this gene in the 
process,40 our results show that hbs mutants display reproducible 
PCP phenotypes suggesting that this gene could function redun-
dantly with other members of the Ig superfamily during PCP 
determination, as shown in muscle precursor formation.62 We 
have also observed that PCP phenotypes are stronger in hypo-
morph than in null alleles, as previously reported in references 37 
and 40. It is likely that amino acid substitutions in the Ig domain 
(in the hbs361 hypomorph allele) may affect binding to its func-
tional partner during this process, since this protein regulates cell 
adhesion in a heterotypic manner in other contexts, thus causing 
stronger phenotypes. In addition, we have shown that hbs LOF 
mutants interact genetically with members of Egfr and Fz/PCP 
signaling, affecting not only ommatidial rotation but also the 
chirality aspects of PCP. These results suggest that hbs could reg-
ulate PCP establishment at least partly through control of both 
pathways or integrating inputs from both, as proposed for other 
CAMs.30,60 Further analyses will be required to clarify this issue.

Other genes identified in our study encode GTPase regula-
tors that are probably modulating Mtl function (Tables 1–4) like 
Trio which functions activating Rac GTPases through its GEF 
domain, and was already shown to activate Mtl in the axon guid-
ance process,16 or myoblast city (mbc) that is involved in small 
GTPase activation during several morphogenetic processes in 

Figure 7. Mutations in hbs dominantly modify the dsh1 phenotype. 
(A and B) Tangential sections of adult eyes and the corresponding 
schematic representations (arrows are drawn as in Fig. 3): (A) dsh1/Y and 
(B) dsh1/Y; hbs361/+. For comparison, a tangential section of a wild-type 
eye is shown in Figure 6A. Anterior is to the left and dorsal is up. (C) 
Quantification of genetic interactions between hbs and dsh.1 Reducing 
hbs function suppresses symmetrical ommatidia formation and mildly 
increases the percentage of ommatidia with wrong chirality (at least 
400 ommatidia were scored from five independent eyes). All differences 
are statistically significant (in both cases p < 0.0001, t-test).
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TRiP lines y1 v1; P{TRiP.JF03369}attP2 (named as UAS‑phylIR) 
and P{TRiP.JF02133}attP2 (named as UAS-DadIR), as well as 
other mutant lines used in this study were obtained from the 
Bloomington Drosophila Stock Center. All crosses were per-
formed at 25°C unless otherwise stated.

Dominant modifier screen. Males either from the Deficiency 
kit or from the P-element collection (both from the Bloomington 
Drosophila Stock Center) were crossed to virgin female sev>Mtl 
flies at 25°C. Heterozygous sev>Mtl flies carrying one copy of the 
deficiency/P-insertion were examined under a dissecting micro-
scope for enhancement or suppression of the external sev>Mtl/+ 
rough eye phenotype, and compared to sev>Mtl/+ flies in order to 
eliminate the possible modifier effect of the balancer on the eye 
roughness. All modifiers were tested again to confirm the repeat-
ability of the interaction. As a result of this, we identified several 
candidate genes that could be functionally related to Mtl. To con-
firm these results, we tested LOF alleles of the candidate genes 
for interactions with the sev>Mtl phenotype by crossing mutant 
males to virgin female sev>Mtl flies at 25°C. In case of modifica-
tion of the external phenotype, eyes from the F

1
 progeny were 

sectioned and scored for internal modification of the sev>Mtl/+ 
phenotype (Tables 2 and 4). The same procedure was followed in 
the genetic interaction assays performed between Mtl and mem-
bers or effectors of the Egfr pathway and other candidate genes. 
For each allele tested, at least 250 ommatidia were scored from 
three to nine independent eyes. The Student’s t-test was used to 
measure the statistical significance of the interactions.

Inverse PCR. In order to identify the genes hit by the 
P-elements in several insertion lines (P{lacW}l(2)k13305k13305, 
P{lacW}l(2)35Bbk11524a and P{lacW}l(2)k13805k13805) we per-
formed inverse PCR, since no flanking sequences to the inser-
tions were available. Using a standard protocol, complete genomic 
DNA was recovered from 30 flies of the corresponding line, and 
subsequently digested with HinP1. The DNA fragments were 
then self-ligated overnight and precipitated. In order to amplify 
only the recircularized fragment containing the PlacW element, 
we performed a PCR using Pry1 (CCT TAG CAT GTC CGT 
GGG GTT TGA AT) and Pry2 (CTT GCC GAC GGG ACC 
ACC TTA TGT TAT T) as specific primers for the 3'end of the 
P element. The PCR product was purified from agarose 2% using 
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, cat. 
# AP-GX-250), and sequenced. Each particular DNA sequence 
was then compared with the Drosophila genome by using a 
BLAST tool (http://flybase.bio.indiana.edu/blast/). The hit gene 
was the one considered responsible for the interactions.

Histology and immunohistochemistry. Sections of adult 
eyes were performed as previously described.72 Approximately 
50 sections were obtained out of each independent eye that were 
mounted in DPX and observed through the optical microscope 
in dark field (PH3 63x/1.25). Imaginal disc stainings with anti-
Armadillo (1:40, Developmental Studies Hybridoma Bank, cat.# 
N2 7A1) and anti-dpERK (1:200, Sigma, cat.# 8159) antibodies 
were performed as previously described.6 Secondary antibodies 
coupled to fluorochromes were purchased from Calbiochem 
(cat.# DC18L). Pictures were taken using a Leica TCS-NT con-
focal laser-scanning microscope.

which actin rearrangements are implicated, such as dorsal and 
thorax closure, myogenesis, and neural development.63,64 It has 
been recently shown that Mbc functions together with Elmo as a 
RacGEF to activate Rac1 and Rac2 during eye development and 
myoblast fusion.65 It is possible that Mbc could also activate Mtl, 
thus explaining the genetic interaction, although further experi-
ments will be required to confirm this assumption.

We also found that other Mtl-interacting genes encode mem-
bers or regulators of several signal transduction pathways other 
than Egfr and Ras signaling (Table 3), like Cdk4, a cyclin-
dependent kinase 4 involved in cell growth regulation66 that 
interacts with the JAK-STAT pathway.67 Although this interac-
tion remains unclear, it is interesting to mention that JAK-STAT 
signaling is involved in PCP establishment in the eye.68 We also 
find interaction with genes related to the TGF-β pathway like 
Dad, which encodes a Dpp antagonist that acts as its negative 
feedback regulator.69 The genetic interactions between Mtl and 
members of other pathways might reflect the existence of a func-
tional cross-talk between them. Finally, genes encoding proteins 
involved in cellular metabolism and other cellular processes were 
also identified to interact with Mtl (Tables 3 and 4).

In summary, our results suggest that Mtl may exert its func-
tion by directly interacting with the cytoskeleton, maybe form-
ing complexes with other proteins (as it happens with other Rho 
GTPases), or by indirectly regulating the expression of genes 
which encode proteins that in turn regulate cytoskeleton dynam-
ics, or are involved in cell-matrix and cell-cell adhesion or AJs 
dynamics. Since we have shown that Mtl is functionally related 
to Egfr signaling during ommatidial rotation, and this pathway 
is linked to cell adhesion components and cytoskeleton regula-
tors,28,29 both functions could be exerted by Mtl in the context 
of that pathway. Further analyses will be required to deter-
mine whether some of the genes identified in this study are also 
involved in the process that will help to clarify the mechanisms 
driving ommatidial rotation, an example of intercellular motility 
in the Drosophila eye disc that requires polarized regulation and 
dynamic remodelling of adhesive contacts between cells, and is 
reminiscent to collective cellular movements that occur during 
vertebrate development. Regarding this, it is interesting to men-
tion that Mig-2, the C. elegans ortholog of Mtl, has been recently 
shown to be involved in cell migration and in establishing polar-
ity in migrating cells.70

Materials and Methods

Fly strains. The sev>Mtl recombinant line was previously 
described.6 EP insertion lines Trp1EP663 and CG7832EP3047 were 
obtained from the Szeged Drosophila Stock Center, the Rs1k09513 
allele from the Kyoto Drosophila Gene Research Center, the 
Trp1c0347, Dadc02089 and CG11859f03457 stocks from Exelixis Inc., 
and the UAS-hbsIR line from the Vienna Drosophila RNAi 
Center. All the mutants in genes encoding components of the 
Egfr pathway were kindly provided by Dr. Mlodzik. Other stocks 
used were: MtlΔ,5 dosR31,71 RCD5, R67,48 UAS-mts181HA4a,55 hbs361, 
hbs459, Df(2R)X28, UAS-hbs,37 UAS-Egfr, sep>λ‑top,49 2xsev-Dsh, 
GMR-GAL4 and sevenless-GAL4 (a gift from U. Weber). The 
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the Bloomington and Szeged Drosophila Stock Centers, the 
Kyoto Drosophila Gene Research Center and Exelixis Inc., for 
flies and reagents. Scanning electron microscopy and confo-
cal microscopy were performed at the SCSIE (Universitat de 
València). Fabrice C. Durupt, Silvia Muñoz-Descalzo and Yaiza 
Belacortu were supported by fellowships from Ministerio de 
Educación y Ciencia, Conselleria de Cultura, Educació i Ciència 
and Gobierno de La Rioja, respectively. This work has been 
supported by grants from Ministerio de Educación y Ciencia 
(BFU2004-00498 and BFU2007-63213) and Generalitat 
Valenciana (PROMETEO/2010/081 and ACOMP/2010/242) 
to Nuria Paricio.

Analysis of the adult retina by scanning electronic 
microscopy. Adult flies were anesthetized and put into fixative 
solution (paraformaldehyde 1.6%, glutaraldehyde 3.2% in PBS) 
for two hours. An increasing ethanol series was used to dehy-
drate the tissue, starting from 25% to 100%, 12 hr per step. The 
flies were then subjected to critical point drying and sputter-
coated. Scanning electron microscopy analysis was performed in 
a Hitachi S-2500 and Philips XL-30.
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