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ABSTRACT Planar cell polarity (PCP) is a common feature of many epithelia and epithelial organs. Although progress has been made in
the dissection of molecular mechanisms regulating PCP, many questions remain. Here we describe a screen to identify novel PCP
regulators in Drosophila. We employed mild gain-of-function (GOF) phenotypes of two cytoplasmic Frizzled (Fz)/PCP core components,
Diego (Dgo) and Prickle (Pk), and screened these against the DrosDel genome-wide deficiency collection for dominant modifiers.
Positive genomic regions were rescreened and narrowed down with smaller overlapping deficiencies from the Exelixis collection and
RNAi-mediated knockdown applied to individual genes. This approach isolated new regulators of PCP, which were confirmed with
loss-of-function analyses displaying PCP defects in the eye and/or wing. Furthermore, knockdown of a subset was also sensitive to dgo
dosage or dominantly modified a dishevelled (dsh) GOF phenotype, supporting a role in Fz/PCP-mediated polarity establishment.
Among the new “PCP" genes we identified several kinases, enzymes required for lipid modification, scaffolding proteins, and genes
involved in substrate modification and/or degradation. Interestingly, one of them is a member of the Meckel-Gruber syndrome factors,

associated with human ciliopathies, suggesting an important role for cell polarity in nonciliated cells.

LANAR cell polarity (PCP) controls the orientation of

single cells or groups of cells within a plane of tissue
and is conserved throughout the animal kingdom (Seifert
and Mlodzik 2007; Wang and Nathans 2007; Bayly and
Axelrod 2011). In Drosophila, for example, PCP manifests
in each wing cell as a single distally pointing hair, or in the
compound eye in the arrangement of photoreceptor cells
(Adler 2002; Strutt 2003; Klein and Mlodzik 2005; Seifert
and Mlodzik 2007). When PCP establishment is perturbed in
the wing, hairs can point in random directions and/or sev-
eral wing hairs form in single cells. In the eye, PCP controls
two aspects of ommatidial orientation: photoreceptor R3
and R4 cell fate determination and a subsequent 90° rota-
tion of an entire ommatidium, which together establish
a mirror image symmetry along the dorsoventral boundary,
the equator (Mlodzik 1999; Strutt and Strutt 1999). In this
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context, PCP defects can produce random chiral arrange-
ments of photoreceptors and symmetrical and misrotated
ommatidia (Adler 2002; Strutt 2003; Klein and Mlodzik
2005; Seifert and Mlodzik 2007).

A conserved core set of proteins is critical for PCP
establishment. These include the multipass trans-membrane
proteins Frizzled (Fz), Strabismus/Van Gogh (Stbm/Vang),
and Flamingo/Starry night (Fmi/Stan, an atypical cad-
herin), and the cytoplasmic factors Dishevelled (Dsh),
Prickle (Pk), and Diego (Dgo) (Adler 2002; Strutt 2003;
Klein and Mlodzik 2005; Seifert and Mlodzik 2007; Wang
and Nathans 2007; Bayly and Axelrod 2011). The Fz recep-
tor recruits and signals through Dsh, a component shared
with the canonical wingless (wg)/Wnt signaling pathway
(Boutros and Mlodzik 1999; Wallingford and Habas
2005). The other core PCP factors are thought to regulate
Fz/Dsh activity and/or localization: Dgo promotes Fz/Dsh
complex formation, whereas Stbm/Vang and Pk antagonize
it (Tree et al. 2002; Jenny et al. 2005); Fmi/Stan is thought
to promote the function of both complexes by stabilizing
their membrane association (Sahai et al. 1998; Usui et al.
1999; Das et al. 2002; Lawrence et al. 2004; Klein and
Mlodzik 2005; Casal et al. 2006; Chen et al. 2008; Strutt
and Strutt 2008, 2009). As a result of their interactions, the
core components localize asymmetrically in Drosophila

Genetics, Vol. 191, 145-162 May 2012 145


http://flybase.org/reports/FBgn0086898.html
http://flybase.org/reports/FBgn0000499.html
http://flybase.org/reports/FBgn0004009.html
http://flybase.org/reports/FBgn0004009.html
http://www.genetics.org/content/suppl/2012/03/05/genetics.111.137190.DC1
http://www.genetics.org/content/suppl/2012/03/05/genetics.111.137190.DC1
mailto:marek.mlodzik@mssm.edu

tissues, forming two complexes on opposite sides of any
given cell. In the wing, Stbm/Vang and Pk accumulate in
complexes on the proximal side of each cell, whereas Fz,
Dsh, and Dgo form a complex that localizes distally. Fmi/
Stan is part of both complexes (Lawrence et al. 2004; Klein
and Mlodzik 2005; Casal et al. 2006; Chen et al. 2008; Strutt
and Strutt 2009). Whereas the interactions among the core
factors are beginning to be understood, less is known about
potential upstream long-range signaling input (Wu and Mlodzik
2009) or downstream cellular interactions/effectors of the
complexes.

Besides the Fz/PCP core group, a parallel pathway anchored
around the protocadherins Fat (Ft) and Dachsous (Ds) also
acts in PCP establishment (Casal et al. 2006; Lawrence et al.
2007). In certain contexts Fat/Ds and Fz/PCP signaling act
redundantly, though the exact relationship between these
pathways remains unclear (Casal et al. 2006; Donoughe
and Dinardo 2011). Similarly, although apical-basal (A/B)-
polarity determinants can interact with Fz/PCP factors (Djiane
et al. 2005; Courbard et al. 2009) and A/B polarity in epithelia
is generally a prerequisite for PCP-type polarity, interactions
among A/B-polarity factors and PCP core components are
not well defined.

To gain insight into the regulatory interactions among the
core Fz/PCP genes, their relationship with other polarity
determinants, and to identify novel effectors of the core PCP
complexes, we designed a genetic screen employing mild core
PCP factor overexpression. We selected Pk and Dgo, because
they act at the level of Dsh, compete for Dsh binding in vitro,
and antagonize each other in the context of PCP establish-
ment (Jenny et al. 2005). Gain-of-function (GOF) back-
grounds of Dgo and Pk were used in a genome-wide
modifier screen to select for genetic interactions with both
complexes. Furthermore, we took advantage of several re-
cently available genetic tools in Drosophila: collections of
overlapping deficiencies generated by recombinant techni-
ques in genetically identical animals, including the DrosDel
(Ryder et al. 2007) and Exelixis (Parks et al. 2004) deficiency
collections, as well as transgenic RNAi tools available for most
genes [Vienna Drosophila RNAi Collection (VDRC), Dietzl
et al. 2007, and Nippon Institute of Genetics (NIG)]. This
was combined with in vivo imaging of GFP-labeled rhabdo-
meres (animals carried a rhodopsin1-GFP transgene, referred
to as Rh1-GFP; Pichaud and Desplan 2001) allowing for rapid
verification of modifiers of the core PCP phenotypes.

In this study, we isolated several new regulators of PCP
that either enhanced or suppressed the pk or dgo GOF phe-
notype in the adult eye and/or wing. Of the 195 deficiencies
initially screened, 11 were confirmed by smaller deficien-
cies, RNAi knockdowns, and/or mutant alleles. Two defi-
ciencies harbored dachsous (ds) and Delta (DI), which are
known PCP factors acting in the parallel Fat/Ds pathway or
as an eye-specific effector of Fz/PCP signaling, respectively.
The new PCP regulators include kinases, scaffolding pro-
teins, lipid modification enzymes, and factors involved in co-
valent protein modification and degradation. Loss-of-function
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analyses of many of these genes indicated that they in-
deed function in PCP establishment in the eye and/or
wing. Furthermore, knockdown of a subset of these genes
was shown to be sensitive to dgo dosage or could domi-
nantly modify dsh GOF phenotypes, supporting a role in
PCP establishment.

Materials and Methods
Fly stocks and genetic screen

Recombinants of Rh1-GFP, sev-GAL4, and UAS-dgo or UAS-
pkPle (the Sple isoform of Pk (Gubb et al. 1999; Jenny et al.
2005) (referred to as sev-GAL4, UAS-dgo, or sev-GAL4, UAS-
pk, respectively) were established and tested for reproduc-
ible chirality and ommatidial rotation defects. Testcrosses to
pk?3 and pksPle! alleles revealed that the w; UAS-dgo, Rh1-
GFP; sev-GAL4 recombinant flies carry a strong pk (pk-sple)
mutation, originating from the Rh1-GFP chromosome, af-
fecting all adult tissues. The sev-GAL4 driver (expressed dur-
ing PCP establishment in a subset of R cells including the
R3/R4 precursors) has basal expression in other tissues due
to the presence of a heat-shock promoter (from hsp70). sev-
GAL4 expression of PCP proteins has been observed to in-
duce wing hair orientation defects (U. Weber and M. Mlod-
zik, unpublished results). In the pilot screen, we noted
dosage-sensitive modifications of the phenotype with
Vangs®™6 and Vangs®™X, fmi/stan?3, fmi/stan’2, and
fmi/stan®?, while most other core PCP genes did not modify
the phenotype significantly as heterozygotes. Alleles tested
that did not modify were fz: R52 or 23, P21 or 21, R54 or 25,
and F31 or 13; dsh: V26 or 3, A3, 477, and A21; dgo: 380,
308, and 269; nemo (nmo; NIk in vertebrates): E33, DB, and
P1; fat: 1(2)fd or 8, G-rv, and k07918; par-62226; aPKC:
k06403; scribbled (scrib): 673 and 1; lethal(2)giant larvae
1(2)gD: 4w3 and 4; Epidermal growth factor receptor (Egfr):
top-18A and CO or f24; kayak (kay)/Dfos: 1 and Df(3R)
ED6315; pnt: A88, 2, and 19099; Jra/Djun: RC46 and 2 or
IA109; and Notch (N): 55e11 and Df(1)N-5419. All crosses
were grown at 25° unless otherwise noted. bazooka (baz)/
D-Par3, Delta (DI), ds, and anterior open (aop)/yan showed
significant modification of the eye phenotype, but only with
some alleles (see also below). The photoreceptor arrangement/
rhabdomere pattern was visualized by the RhI1-GFP trans-
gene (Pichaud and Desplan 2001) (see Figure 1, A-E for
examples).

In the wing, stbm/Vang and fmi/stan showed modifica-
tion of pk™*, sev-GAL4, UAS-dgo/+ wing PCP defects with
two alleles each. No robust modification was found with
fz, dgo, dsh, fat, ds, scrb, par-6, [(2)gl, aPKC, nmo/Nlk, baz/
D-Par3 and Notch (for alleles see above).

In the deficiency screen, 32% of the DrosDel deficiencies
(Ryder et al. 2007) showed an external modification. A total
of 5.6% of these were excluded due to non-PCP effects in
the Rh1-GFP assay. Regions of the genome that showed
robust modification in two independent experiments were
further screened with smaller, subdividing, and/or partially
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Figure 1 Ommatidial PCP orientation defects induced by
Dgo or Pk overexpression and dominant modifications in
the pilot screen. (A-E) Rhodopsin1-GFP (Rh1-GFP) pictures
of rhabdomere patterns are shown on top and schematic
arrows representing ommatidial orientation at bottom;
dorsal is up and anterior to the left in these and all sub-
sequent figures. The following genotypes are shown: wild
r type (A), pk/+, UAS-dgo/+, Rh1-GFP/+; sev-GAL4/+ (re-

ferred to as sev-GAL4, UAS-dgo) (B), stan™3/+, pk/+,
| uasdgor+, Rh1-GFPI+; sev-GAL4/+ (C), Vangsm*/+,
\ pk/+, UAS-dgo/+, Rh1-GFP/+; sev-GAL4/+ (D), and UAS-
v Pk/+, sev-GAL4/+, Rh1-GFP/+ (referred to as sev-GAL4,
L UAS-pk) (E). Quantifications of interactions are shown in

F. Black and red arrows indicate the two chiral ommatidial
L forms, and green arrows represent nonchiral, symmetrical

ommatidia. Note that stan™3/+ suppressed sev-GAL4,

wild type sevG4>Dgo sevG4>Dgo, stan/+ sevG4>Dgo,Vang/+ sevG4>Pk
UAS-dgo rotation defects (C and F) and Vangs®®™*/+ en-
F ;’i’) . hanced sev-GAL4, UAS-dgo (D and F) chirality and rotation
T *xx *  x defects. Quantifications of additional candidate genes
.} * : F tested in pilot screen, showing significant modification:
“ bazooka (baz)/D-Par3, Delta (DI), dachsous (ds), and aop/
'g 40 s yan (F) (*P < 0.06, **P < 0.01, and ***P < 0.005; three
‘g to four eyes and 63-173 ommatidia were scored for each
o k genotype). Chirality and rotation defects were counted
g o 4 independently; negative controls did not modify sev-
% 20 1| - Brotation GAL4, UAS-dgo and GAL80® abolished the phenotype (F).
e xRR *®
% xk
1 **
- \9 \y g \gl N \ ol \'g g W Nl g
Qv'-’""& #\\‘9’\ ?SQ\“&:#}*\ \%@6‘6\ 6\4@0&\“\ <>\\Q‘<\ & éb‘b*\yé"\oq\»?’“\cq\%& & c@*’l@& genotype
pb- & & ‘\é\g Q'ﬁ & T & \ph'
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overlapping deficiencies (including the Exelixis collection,
Parks et al. 2004, or cytologically mapped deficiencies).
Complementation crosses between deficiencies and mutant
alleles were performed as controls. For some DrosDel defi-
ciencies the interacting genes were identified by exclusion,
as not all genomic regions within the original deficiency
were uncovered by the Exelixis collection or other deficien-
cies. UAS-RNAI stocks from VDRC (Dietzl et al. 2007) and
NIG were subsequently used to test individual genes within
the respective genomic regions via loss-of-function (LOF)
studies. The candidate genes were knocked down by UAS-
RNAI trangenes using decapentaplegic (dpp)-GAL4, engrailed
(en)-GAL4, and apterous (ap)-GAL4 drivers for the wing and
sev-GAl4 for the eye. If tissue-specific RNAi knockdown pro-
duced PCP defects, we increased the phenotype by coex-
pressing UAS-dicer2 and/or, increasing transgene copy
numbers or by elevating the temperature to enhance the
activity of the GAL4/UAS system.

Specific fly strains used:

sev-GAL4 (Basler et al. 1989), gift from K. Basler;

Rh1-GFP, gift from F. Pichaud (Pichaud and Desplan 2001);

UAS-dgo; sev-GAL4 (K. Gaengel and M. Mlodzik, unpub-
lished results);

UAS-pksPle, gift from D. Gubb, (Gubb et al. 1999);

Vangs®™X gift from Nuria Paricio;

DrosDel deficiencies were received from Szeged (now dis-
tributed by the Bloomington Stock Center, Ryder et al.
2007);

Exelixis deficiencies (distributed by FlyBase, were from Har-
vard University/Exelixis) (Parks et al. 2004);

sev-Dsh (2x) and sev-Fz (Boutros et al. 1998).

UAS-RNAI lines were obtained from VDRC (Dietzl et al.
2007) and the NIG Fly Stock Centers. All other stocks were
received from the Bloomington Stock Center.
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Imaging and histology

Adult flies were initially inspected and evaluated on a Zeiss
stereo microscope at x66 magnification for external eye and
wing phenotype modification. The internal rhabdomere pat-
tern was documented on a Zeiss Axioscope2 plus with a x40
water immersion lens at x400 magnification with UV light
illumination. Concentric pictures of four individual eyes
were evaluated and a total of 80-160 ommatidia were
scored independently for rotation and chirality defects and
statistically analyzed by t test. Wings were mounted in 80%
glycerol in 1x PBS (Wu et al. 2004) and wing hair orienta-
tion defects analyzed for both surfaces of 4-10 wings. Tan-
gential eye sections were prepared as described (Tomlinson
and Ready 1987).

Results
Establishment of genotypes and pilot screen

Several genetic modifier screens addressing PCP have been
performed in the past with a focus on the trans-membrane
proteins fz and stbm/Vang (for example Rawls and Wolff
2003; Strutt and Strutt 2003), while the cytoplasmic com-
ponents have been less explored. In particular, dgo and
pk have not yet been used as screening tools, but are of
specific interest due to their antagonistic relationship and
opposing effects on Fz-Dsh/PCP signaling (Jenny et al.
2005).

To identify new regulatory factors related to PCP
establishment that could either act on Dgo or Pk, affect
Fz-Dsh/PCP signaling in general, or also function as effec-
tors of the PCP pathway, we employed the GAL4-UAS system
(Brand and Perrimon 1993) to overexpress Dgo and Pk. To
screen both eye and wing tissues, we used a sevenless (sev-
enhancer) heat-shock (hs)-promoter—-GAL4 (see Materials
and Methods) (Basler et al. 1989) that drives expression in
the eye transiently at high levels in the R3/R4 photoreceptor
precursor pair at a time when PCP is being established
(Strutt et al. 1997; Boutros et al. 1998) and at low levels
in other tissues including the wing (due to the presence of
basal level of expression from the hs-promoter, Figure 2, C
and D). To test whether these genotypes were sensitive and
specific enough for such an assay, we tested mutant alleles
(see Materials and Methods) of the known Fz/PCP core com-
ponents (reviewed in Adler 2002; Strutt 2003; Klein and
Mlodzik 2005; Seifert and Mlodzik 2007), the parallel act-
ing Fat/Ds PCP pathway (Matakatsu and Blair 2004; Casal
et al. 2006; Lawrence et al. 2007; Simon et al. 2010), or the
apicobasal (A/B)-polarity factors that are known to interact
with PCP proteins (Djiane et al. 2005; Courbard et al. 2009).
Furthermore, we tested the consistency of our imaging and
scoring methods by examining the rhodopsin1-GFP rhabdo-
mere marker (Pichaud and Desplan 2001) (Materials and
Methods) for PCP-associated rhabdomere orientation defects
(Figure 1, A-F) and hair orientation defects by microscopic
inspection (Figure 2, C-F). In sev-GAL4, UAS-dgo, and sev-
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GAL4, UAS-pk eyes (referred to as the screen genotypes),
ommatidia showed chirality and rotation defects (Figure 1,
B, E, and F and Materials and Methods). In sev-GAL4, UAS-
dgo wings, cellular hairs were misoriented in the region
between the anterior wing margin and longitudinal vein
L3 (Figure 2D), while in sev-GAL4, UAS-pk wing hairs were
partially misoriented between L2 and L3 on one surface
(Figure 2C).

In the pilot screen, among the core PCP factors, removing
a copy of stbm/Vang enhanced (Jenny et al. 2005) and, of
fmi/stan suppressed, both eye and wing defects significantly
(Figures 1, C, D, and F and 2, D-G). The fact that stbm/Vang
modified the dgo GOF background is consistent with earlier
data (Jenny et al. 2005). The observation that fmi/stan
acted as a dominant suppressor in both tissues and the ge-
netic effect of fmi/stan acting in opposition to stbm/Vang
has not been observed but is consistent with current models
(see Discussion). Of the other PCP-related genes tested, we
observed that some but not all alleles of ds and Delta (DI),
acting in R3/R4 specification (Cooper and Bray 1999; Fanto
and Mlodzik 1999; Tomlinson and Struhl 1999) modified
the sev-GAL4, UAS-dgo eye phenotype (Figure 1F; also be-
low). Furthermore, the apicobasal determinant bazooka
(baz)/D-Par3 and the epidermal growth factor receptor
(Egfr) effector aop/yan were found to enhance eye PCP
defects significantly (Figure 1F). It has been shown indepen-
dently that baz/D-Par3 acts specifically on Fz: it positively
regulates Fz levels/signaling in the eye and is upregulated
during PCP signaling (Djiane et al. 2005) and that dgo over-
expression in photoreceptor R4 promotes there the incorrect
R3 fate (Jenny et al. 2005). In our experiment, reduction of
baz/D-Par3 function in sev-GAL4, UAS-dgo, presumably fur-
ther abolished the difference between R3 and R4 cell fate
and therefore enhances PCP chirality defects (Figure 1F).
The Aop/Yan transcription factor is required in photorecep-
tor R3 to inhibit R4 fate (Weber et al. 2008). Here, reduction
of aop/yan function in the context of dgo overexpression
further reduced the cell fate difference between R3 and
R4, causing more severe PCP defects (Figure 1F). Negative
controls showed no effect in this assay (Figure 1F and data
not shown), nor did other mutants tested (see Materials and
Methods). As further control, GAL80 abolished all effects, as
it suppresses GAL4-mediated expression (Duffy 2002). No
modifications were observed with ds, DI, baz/D-Par3, and
aop/yan in the wing, which is consistent with eye-specific
PCP functions of DI, baz/D-Par3, and aop/yan (Figure 1,
legend and Materials and Methods).

Taken together, we have established effective tools to
screen for novel PCP factors, which are both sensitive
enough to identify suppressor- and enhancer-type interac-
tions, but also stringent enough to only detect specific
modifiers in the eye and the wing. We therefore utilized
this set of tools to screen the genome of Drosophila mela-
nogaster for new PCP regulators by lowering the copy num-
ber of gene intervals with deficiencies generated by DrosDel
(Ryder et al. 2007).
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Figure 2 Wing hair orientation defects induced
by Dgo or Pk overexpression and dominant
modifications by Vang/stbm and stan/fmi in
the pilot screen. (A and B) Wild-type wing over-
view (A) and detail (B, boxed area from A) as
represented in all following panels. (C-F) Wing
hair orientation defects between veins L1 and
L4, highlighted by arrows in sev-GAL4, UAS-
dgo (D), which are suppressed by stant>%/+ (E)
and enhanced by Vangs®mé /+ (F). Wing hair
defects in sev-GAL4, UAS-pk are milder (C).
(G) Table summarizing dominant modification
of wing hair orientations in sev-GAL4, UAS-
dgo by candidate genes. Two alleles each of
stan/fmi (E and G) and Vang/stbm showed the
effect (F and G).

Genotype Wing hair orientation | Wing hair orientation Wing hair orientation | Interaction
in L1-L2 area in L2-L3 area in L3-L4 area
sev-GAL4, UAS-dgol+, +I+ Multiple whirls on both | Multiple whirls on both No effect n.a.
surfaces surfaces
sev-GAL4, UAS-dgol+, No effect Multiple whirls on both No effect su
stan™+ surfaces
sev-GAL4, UAS-dgol+, No effect Multiple whirls on both No effect su
stan"™ 1+ surfaces
sev-GAL4, UAS-dgol+, Vang®/+ | No effect Multiple whirls on both Multiple whirls on both | enh
surfaces surfaces
sev-GAL4, UAS-dgol+, Vang'i+ | No effect Multiple whirls on both Multiple whirls on both | enh
surfaces surfaces

Deficiency screen

To identify new PCP regulatory factors, we screened both
genotypes, sev-GAL4, UAS-Dgo and sev-GAL4, UAS-Pk (see
Materials and Methods for details), testing these against
the DrosDel deficiency collection for dominant modifica-
tions. In the primary screening, we examined the external
appearance of adult compound eyes and wings for pheno-
typic suppression or enhancement (Table 1, Figure 3). For
deficiencies displaying robust external modification(s) in ei-
ther tissue, we examined in detail PCP orientation in the
eye, using the internal Rh1-GFP rhabdomere pattern and
wing hair orientation patterns in mounted wings (Table
1). A total of 195 deficiencies were screened in this manner,
covering ~80% of the genome. Of these, 21% modified the
internal PCP eye phenotype and 21% modified the wing
phenotype. A total of 11% showed effects in both tissues
and 8.5% affected both genotypes (Table 1). Those deficien-
cies affecting both genotypes were considered high-priority
candidates and were analyzed further. A total of 68% of the

deficiencies did not show an effect (listed in Supporting In-
formation, Table S1).

The initial genomic region responsible for an interaction
was narrowed down by using smaller, subdividing deficien-
cies from the Exelixis collection (Parks et al. 2004) or par-
tially overlapping cytologically mapped deficiencies (Figures
3 and 4). The same Rh1-GFP eye patterning analysis was
used to confirm and refine the genomic region of interaction
(see Figure 1). Many initially defined interactions were con-
firmed by such rescreening with smaller deficiencies (Table
2 and example shown in Figure 4A). In a small number of
cases, however, we could not isolate the interaction in that
manner, e.g., the large deficiency was fully covered by sub-
dividing deficiencies, but none of these reproduced the orig-
inal interaction (Table 2, Df(1) ED6957, Df(3L)ED207, and
Df(3R)ED5623). In such cases, it is likely that a combination
of two or more genes caused the modification, which could
not be mapped down to a single locus or the deficiencies
harbored mutations outside their assigned coverage that
were responsible for the initial effect.
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Table 1 List of DrosDel deficiencies, which showed external modification of the dgo or pk induced PCP GOF phenotypes in the eye and/or
wing and their analysis by Rh7-GFP and wing hair orientation assessment

sev-GAL4, UAS-dgo/+

sev-GAL4, UAS-pk/+

DrosDel Df External eye Rh1-GFP eye Wing External eye Rh1-GFP eye Wing
Df(1)ED6720 Enh 2x Enh rota 2x M enh 2x ND Enh rota, chir M su
Df(1)ED6727 Enh Enh rota 2x No ND Enh rota ND
Df(1)ED6957 Enh 2x Enh rota 2x Enh 2x ND No Su
Df(1)ED7161 Enh 2x Enh rota, chir 2x Enh 2x ND ND ND
Df(1)ED447 Enh 2x Enh rota 2x No 2x ND No M su
Df(1)ED7441 No Su chir ND Enh Su chir ND
Df(1)ED7374 Enh Enh rota ND ND ND ND
Df(1)ED7147 Enh Enh rota ND No Su chir ND
Df(1)ED7344 No Enh rota ND Enh No ND
Df(1)ED6521 Enh Enh rota ND Enh No ND
Df(1)ED6443 No No ND Enh No ND
Df(2L)ED62 Enh 2x Enh rota, chir 2x M enh ND No Su
Df(2L)ED623 Enh 2x Enh rota, chir 2x Enh 2x ND No M su
Df(2L)ED775 Enh Variable No ND ND ND
Df2L)ED784 M enh Variable M enh ND Enh rota, chir M su
Df(2L)ED793 M enh 2x Enh rota No 2x ND Enh rota, chir M su
Df(2L)ED1203 Enh 2x No M enh ND Not scorable No
Df(2L)ED1315 M enh Enh rota 2x Enh 2x ND Enh rota, chir M su
Df(2R)ED1552 Enh No No ND ND ND
Df(2R)ED1618 Enh 2x Enh rota S enh 2x ND Enh rota, chir Enh
Df2R)ED1673 S enh 2x Enh rota, chir 2x Enh 2x ND Enh rota, chir M enh
Df(2R)ED1715 S enh 2x ND No ND ND ND
Df(2R)ED1742 No 2x No Enh 2x ND No Su
Df(2R)ED2308 M enh Enh rota, chir Enh ND No M enh
DFf(2R)ED3791 Enh 2x Variable Enh 2x ND No No
Df(2R)Exel6076 Nd Enh rota ND ND Su chir ND
Df(2R)ED2247 Nd Enh rota ND ND No ND
Df(2R)ED1725 Nd Enh rota ND ND Su chir ND
Df(2R)ED1791 Nd Enh rota ND ND Enh chir ND
Df(3L)ED201 Enh 2x Enh rota 2x No 2x ND No Su
Df(3L)ED207 Enh 3x Enh rota 2x Enh ND No Su
Df(3L)ED4284 M enh 2x Variable Enh 2x ND No M su
Df(3L)ED4293 Enh 2x No M enh ND ND M su
Df(3L)ED4483 No 2x No Enh 2x ND No No
Df(3L)ED4502 Enh ND Enh ND ND ND
Df(3L)ED4543 M enh Variable Enh ND ND ND
Df(3L)ED220 Enh 2x Enh rota M enh ND No M su
Df(3L)ED230 M enh 2x Enh rota 2x Enh 2x ND Lethal Lethal
Df(3L)ED5017 M enh 2x Enh rota 2x Enh 2x ND No Su
Df(3L)ED6279 No Enh rota ND Enh Enh rota ND
Df(3L)ED4177 No No ND Enh Enh rota, chir No
Df(3R)ED7665 Enh 2x Enh chir 2x Enh 2x ND No No
Df(3R)ED5454 Su No Su ND ND ND
Df(3R)ED5516 Su 2x No No ND ND ND
Df(3R)ED5559 M enh Enh chir Enh ND ND ND
Df(3R)ED5577 Enh 2x Enh rota, chir 2x Enh 2x ND No M su
Df(3R)ED5623 Enh 2x Enh rota var M enh 2x ND No Enh
Df(3R)ED5644 Enh 2x Enh rota, chir M enh 2x ND Su chir Su
Df(3R)ED5705 Enh 2x Variable Enh 2x ND Enh rota, chir ND
Df(3R)ED10639 Enh 3x Enh rota M enh 3x ND Su chir + rota Su
Df(3R)ED5938 No Variable Enh ND Enh rota ND
Df(3R)ED5942 Enh 2x Enh chir 2x Enh 2x ND Enh rota, chir M su
Df(3R)ED10845 Enh 2x No M enh ND No Su
Df(3R)ED6076 Enh 2x Enh rota, chir No ND No No
Df(3R)ED6096 Enh No S enh ND Enh rota, chir ND
Df(3R)ED6361 M enh 2x Variable M enh ND No No
Df(3R)ED6085 No No Enh Enh No ND
Df(3R)ED5296 Enh Enh rota, chir Enh ND No ND
Df(3R)ED6052 ND Su rota, chir Enh ND No ND
(continued)
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Table 1, continued

sev-GAL4, UAS-dgo/+

sev-GAL4, UAS-pk/+

DrosDel Df External eye Rh1-GFP eye Wing External eye Rh1-GFP eye Wing
Df(3R)ED7665 ND Enh rota ND ND ND ND
Df(3R)ED5612 ND Enh rota ND ND ND ND
Df(3R)ED6220 ND Enh rota ND ND Su chir ND

Each DrosDel deficiency that showed an interaction was listed and strong interactors were analyzed further in detail for interaction with sev-GAL4, UAS-dgo and sev-GAL4,
UAS-pk in the eye and wing. Some interactions were tested repeatedly, indicated by 2x. Interactions were categorized as Enh, enhanced; M, mildly; S, strongly; Su,
suppressed; No, no interaction; ND, not determined. Rh7-GFP interactions were listed as enhanced or suppressed for rotation (rota) and/or chirality (chir) defects, and some

effects were variable.

Additionally, we observed that some larger deficiencies
were not fully covered by smaller ones, in which case we
postulated that the remaining uncovered genes were
responsible for the original interaction. This was indeed
the case and was confirmed for Df(1)ED447, Df(2L)
ED1315, and Df(3R)ED7665 (Table 2 and example shown
in Figure 4B; see also below). Among the deficiencies iden-
tified as modifiers, two uncovered genes with a previously
known PCP function: ds and DI (an eye-specific PCP factor)
within Df(2L)ED62 and Df(3R)ED5942, respectively. Their
LOF alleles, dsY4971 and DI®F, confirmed the genetic inter-
action originally found with the large deficiencies (Table 2,
Figure S1), which was consistent with data observed in the
pilot screen (Figure 1F, see above). We did not recover
other known PCP genes in the deficiency screen (see
Discussion).

Since pk and dgo act at the level of dsh, we further tested
whether any of the identified deficiencies (Table 1) inter-
acted with sev-dsh (Boutros et al. 1998) in the eye. Unfor-
tunately, the Rh1-GFP rhabdomere pattern did not resolve
into sharp pictures in this genetic background and therefore
only external modifications could be used as selection crite-
ria. Two deficiencies, Df(2L)ED793 and ED(3R)5644, dis-
played an interaction and were confirmed by eye sections
to be suppressors of sev-dsh (Figure S2). In analogy, we also
tested for modifications of sev-fz, Rh1-GFP, but none of the
isolated deficiencies displayed a strong modification of this
background.

For further analysis, we focused on the interacting genomic
regions that showed an effect with both screen genotypes and/
or in both tissues.

Identification and loss-of-function analyses of new PCP
candidate regulators

The narrowing down of the initial genomic regions via
subsequent screening with smaller deficiencies allowed us to
define a small set of potential candidate genes for most
interacting regions (Figure 3 and Table 2). These were then
tested individually, each with UAS-RNAi transgenic flies in
direct LOF function studies for PCP defects. Each candidate
gene was first analyzed microscopically for eye PCP defects,
with UAS-RNAI, sev-GAL4, Rh1-GFP. To increase the pheno-
types observed, further crosses were set up in combination
with UAS-dcr2, or the copy numbers of the GAL4/UAS con-
structs and/or the temperature were increased. Such flies
were then analyzed in more detail in adult eye sections (Fig-
ure 5). For phenotypic analyses in the wing, specific GAL4
drivers (see Materials and Methods) were used in combina-
tions as described above for the eye (Table 3). The individual
genes that showed PCP related LOF defects were then tested
via UAS-RNA:I in the original genetic backgrounds employed
in the screen to confirm that the interaction within a given
genomic region was caused by gene dosage reduction of the
respective factor (Table 2). In this manner, within the 13
DrosDel deficiencies identified originally, we confirmed and
isolated the interaction to 11 individual genes (Table 2).
Phenotypes observed in the eye included classical PCP
defects represented by either rotation (Figure 5F) or chirality
(Figure 5H) defects, or both (Figure 5, A, B, and D); they often
occurred in combination with loss of photoreceptors, which is
also observed in dsh LOF eyes, for example (Boutros et al.
1998). In the wing, phenotypic analyses again revealed classi-
cal PCP defects, like misoriented cellular hairs (Figure 6, D and I)

Screen DrosDel deficiencies for sev-Gal4,UAS-dgo and sev-Gal4,UAS-pk madifiers in the eye and wing

0

Rescreen with smaller deficiencies which subdivide original deficiency and

determine candidate genes in the interacting intervals

0

Test candidate genes by RNAi for
loss of function PCP defects in the eye and wing

0

Figure 3 Overview of the PCP screen. Flow chart
of the screening procedure, starting from the large
DrosDel deficiencies.

Confirm that identified gene is reproducing initial genetic interaction with prickle and diego
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Deficiencies, RNAI stocks and genomic coverage sevG4,UAS-dgo sevG4,UAS-pk Figure 4 Single gene identification strategies
Df(1)ED7153 enh(rota) enh(rota+chir) for two DrosDel deficiencies, Df(1)ED7161 and
7 Df(2L)ED1315. Deficiencies and their coverage
Di(1)ED7161 enh(rota) enh(rota+chir) indicated by black bars are shown on the left
Di(1)Exel6244 _ su(chir) enh(rota+chir) qnd thgw ggne'uc interactions are listed on the
right. Fine lines at the bottom of each panel
Df(1)KA10 —_— enh(rota) no connect to a genomic map for the area that
was tested by RNA/'s (based on “MapBrowse,
BhRCE. Sohia) ne FlyBase"). (A) Mapping several interaction areas
CG15730-IR enh(rota) su(chir) in Df(1)ED7161, which enhanced ommatidial
) rotation defects of sev-GAL4, UAS-dgo and en-
CeAT4E IR no enhirota-chir) hanced rotation and chirality defects of sev-
) ‘ . . ) ) ‘ S GAL4, UAS-pk. Two different genomic areas
12360k 12370k 12380k 12390k 12400k 12410k 12420k 12430k accounted for these effects, as identified by
CG17788  CG15926 CpriiA CG15730 CG11146 CG32653 Df(7)KA70 and Df(7)RC29 fOI’ one Of the inter-
= m— = ) p——] < action and Df(1)Exel6244 for the other. Df(1)
Lsplalpha snoRNA :Mel85-G894 . . . e
= ) Exel6244 was further studied since it modified
CG2556

both screen genotypes. CG715730 and
B CG11446 (now fused with CG32653 and called
Deficiencies, RNAi stocks and genomic coverage sevG4,UAS-dgo sevG4,UAS-pk CG42251) were lfqund to .rePrOduce.' each
a subset of the original genetic interaction. (B)
Df(2L)ED1315 enh(rota) enh(rota+chir) For Df(2L)ED1315, mapping to a single gene
was done by exclusion. DrosDel deficiency Df
Df(2L)ED1305 no no (2L)ED1315 enhanced ommatidal rotation
DI{(2L)Exel6046 — no no defects in sev-GAL4, UAS-dgo and enhanced
both rotation and chirality defects in sev-GAL4,
Df(2L)Exel7078 ~ no no UAS-pk. Several overlapping or subdividing
DI2L)ED 1317 no no deficiencies were assayedl lfor.geneticl interac-
tion, but showed no modification of either ge-
Df(2L)Exel7079 - no no notype. This left three genes near the center of
: Df(2L)ED1315 that were not covered by any of
L) Exeliong He ne the smaller deficiencies. We therefore tested
P{SUPor-P}KG10528 enh(rota) enh(rota+chiry  these three genes and found that RNAi for
CG31687 (an APC8 paralog) interacted simi-
CG31687-IR . enh(rota) enh{rota) larly to DA2L)ED1315 with the two screening
20450k 2 genotypes, as did a P-element insertion

KG10528 for CG2508 (APC8/cdc23).

CG31683 CG31687 CG18858
— P S—

and/or clustered wing hairs (Figure 6, E-H). In addition, we
observed wing margin defects/notches (Figure 6, A and B) and
vein defects (Figure 6C). Both of the latter phenotypes might be
associated with Notch-signaling (see Discussion). Most genes
identified in this screen affected PCP in both tissues, the eye
and wing, and few affected only one of the tissues (Table 3).

The molecular nature and features of these new PCP
regulatory genes ranged from kinases, phosphatases, en-
zymes required for lipid biosynthesis or modification, to
proteins involved in substrate degradation or modification.
Among the kinases, CG7004 (four wheel drive/fwd) encodes
a PI4kinasel3, which has been shown to be required for male
germ-line development (Polevoy et al. 2009), and CG6963
(gilgamesh/gish), a casein kinasel+y, known to be involved in
many processes including Wnt signaling (Davidson et al.
2005), glial cell migration (Hummel et al. 2002), and sper-
matogenesis (Nerusheva et al. 2009). Phosphatases of the
PAP2 family, CG11426 and CG11438, were also identified.
These belong to the same subfamily as wunen and wunen2,
which control female germ-line development (Starz-Gaiano
et al. 2001). Fwd and the PAP2 phosphatases are likely to
act as lipid modification enzymes.

152 U. Weber et al.

Interestingly, CG31687, an APC8 paralog, and CG15283
encode proteins potentially involved in protein modification
and/or degradation, possibly affecting substrate trafficking
or localization, two features of likely importance in PCP
establishment (Narimatsu et al. 2009). Scaffolding proteins
encoded by CG11146, with SH3/SH2 domains, CG1019
(Muscle LIM protein, Mlp), a LIM domain-containing protein
(Clark et al. 2007) and CG13388 (a kinase anchoring protein,
Akap200) (Jackson and Berg 2002) were also isolated. Fi-
nally, proteins of unknown molecular nature encoded by
CG15730, which is the fly ortholog of Mks1 (Meckel-Gruber
syndrome 1), a gene mutated in human cilliary disease, and
CG10068, which has been associated with cytokinesis in
a cell-based genome-wide screen (Echard et al. 2004) round
out the molecular features of the new PCP regulators (see
Discussion for more details).

Genetic interactions with core PCP factors and Notch

The screen identified new PCP regulators as modifiers of
a dgo or pk GOF phenotype. We also isolated factors that
potentially modulate Notch signaling, as a few candidates
showed notches or wing vein defects when knocked down
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Table 2 Smaller deficiencies and individual genes, which confirmed original interactions

sev-GAL4, UAS-dgo

sev-GAL4, UAS-pk

DrosDel deficiency  Subdividing deficiencies Genes identified interaction interaction
Df(1)ED6957 None? ND
Df(1)ED7161 Df(1)ED7153 CG17788 (no RNAI), CG15926 (no RNAI), CG15730: enh(rota) Su (chir)p
CG2556, €G15730, CG11146, CG32653
Df(1)Exel6244 CG11146: no® Enh (rota + chir)
Df(1)ED447 None¢ CG6461, CG6470, CG6335, CG10548,
CG6481, CG15042, CG15047
Df(2L)ED62 Df(2L)Exel8003 ds, CG2863
Df(2L)ED94
Df(2L)ED49
dsUA071
Df(2L)ED623 Df(2L)ED611 CG13388, CG13399, CG13400 Su (chir)® Su (rota + chir)®
DFf(2L)ED647 Enh (rota)
Df(2L)Exel8021
Df2L)ED793 Df(2L)b87a25 CG15283, CG4491, noc, CG15284, CG3474 Enh (rota) No?
Df(2L)Exel6036
Df(2L)Exel6035
Df(2L)Exel8033
Df(2L)ED1315 None¢ CG31683, CG31687, CG18858 Enh (rota) Enh (rota + chir)
Df2R)ED1618 Df(2R)ED1673 Pk
Df2R)ED1673 Df(2R)ED1618 Pk
Df(3L)ED201 Df(3L)Exel6084 CG7004 Enh (rota) Enh (rota + chir)®
fVVd Df(3L)Exel9057
deneo7
Df(3L)ED207 None? ND
Df(3L)ED220 Df(3L)stfb11}d ND
Df(3L)ED230 Df(3L)AI29 CG11438, CG11426 ND ND
Df(3L)AK1
Df(3L)ED5017 None® ND
Df(3R)ED7665 None¢ CG14612 (no RNAI), CG1070 (no RNAI), Enh (rota)f No
CG1019, CG10098 (ND), CG10068
Df(3R)ED5577 Df(3R)Exel7316 ND
Df(3R)ED5623 None? ND
Df(3R)ED5644 Df(3R)Exel6267 ND
Df(3R)ED5942 Df(3R)Cha9 DI
Df(3R)DI[RF]
Df(3R)DI[7]
Df(3R)ED10639 Df(3R)Exel7329 CG6889, CG6815, CG6814, CG6864, Enh (rota) ND

CG12785, CG6963, CG31283

The DrosDel and smaller deficiencies are listed in the first and second columns, respectively. The third column lists all genes that were tested by RNAi knockdown for PCP
phenotypes. Genes that affected PCP when knocked down (compare Table 3) and reproduced the effects of the original deficiency are indicated in boldface type. Df(2L)ED62
and Df(3R)ED5642 covered ds and DI, respectively (compare Figure S1). Columns 4 and 5 list genes and the quality of their genetic interactions that reproduced the original

genetic interactions with screen genotypes.

2 Full coverage by other dfs.

b Genetic interaction is different from what was observed with initial deficiency.
€ Genes tested based on exclusion from smaller Dfs.

9 Approximately 60 gene overlap.

¢ No smaller Dfs, close to centromere.

" Genetic interaction is a subset of what was observed originally.

with UAS-RNAi (Figure 6, A-C; Table 3). As Notch signaling
interacts with Fz/PCP core factors in the eye via DI upregu-
lation (and DI was indeed one of the genes identified in the
screen) this was consistent. We thus tested these candidate
genes in a Notch—/* background. However, we did not ob-
serve an enhancement of the UAS-RNAi induced eye or wing
margin/vein phenotype in a Notch heterozygous background.

To get further insight into the potential role(s) of the
newly identified PCP regulatory factors and/or to corroborate
that some of them might act at the level of dgo, pk, and dsh
within the PCP hierarchy, we next tested whether their func-

tion was sensitive to endogenous levels of dgo, pk, or dsh. To
this end UAS-RNAI; GAL4 stocks of the respective genes (with
an eye- or wing-specific GAL4 driver, see above) were ana-
lyzed for genetic requirements by crossing these to dgo, pk,
dsh, fat, and ds mutants. Two genes were sensitive to halving
the genomic dose of dgo and showed an enhancement of PCP
defects in a heterozygous dgo background: CG15730 and
CG15283 in the wing (Figure 7). The others did not display
an equivalent interaction with either dgo or the other genes
tested. Intercrossing UAS-RNAI transgenes of the new can-
didate PCP regulators/modifiers that caused similar wing
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Figure 5 Eye PCP phenotypes of the novel candidate genes isolated in the screen. Top panels show tangential eye sections and bottom panels show
a schematic of ommatidial orientation (arrows) (compare Figure 1A for wild type). Ommatidia with loss of photoreceptors or unscorable ommatidia are
indicated by black circles in schematic. The following genotypes are shown: (A) CG1019%; sev-GAL4 29°, (B) UAS-dcr-2/+; CG10068"R/+; sev-GAL4/+
25°, (C) CG15730%; sev-GAL4, escaper at 19°, (D) CG11146%, sev-GAL4 29°, (E) CG15283'R1Y; sev-GAL4/+ 29°, (F) UAS-dcr-2/Y; CG31687%/+; sev-
GAL4/+ 29°, (G) CG7004'R; sev-GAL4/+ escapers 18°, (H) UAS-dcr-2/Y; CG11438F/+; sev-GAL4/+ 29°, (I) UAS-dcr-2/+, CG13388"R/+; sev-GAL4/+ 25°,

and (J) UAS-dcr-2/Y; CG6963F/+; sev-GAL4/+ 29°.

defects or fell into similar molecular function classes did
not reveal specific enhancements, suggesting that they are
not clustered functionally within a molecular complex.
The enhancement of CG15283 by dgo heterozygosity was
particularly robust (Figure 7, B and F) and thus we tested
whether dsh, the genetic and molecular binding partner of
dgo, also displayed interactions with CG15283. To this end
we used dsh GOF and LOF eye phenotypes (as these are
dosage sensitive and quantifiable) and asked whether levels
of CG15283 affect these. Strikingly, the sev-Dsh GOF pheno-
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type is markedly suppressed by lowering the CG15283 func-
tion via RNAIi (Figure 8, A, B, and E) and comparable to the
effect seen with Df(2L)ED793, which led us to identify
CG15283 (Figure S2). Accordingly, the PCP-specific hypo-
morphic dsh! loss-of-function allele phenotype is strongly
enhanced by sevGAL4, CG15283R gene knock down (Figure
8, C, D, and F). Thus, in both genetic scenarios, CG15283
promotes Dsh function, being positively required for Dsh
(this conclusion is also consistent with its genetic interac-
tions in the original screen genotypes; see above).
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Table 3 Summary of PCP defects in the eye and wing of candidate genes studied

Vertebrate homolog,

DrosDel deficiency ~ Gene/RNAi transf. ID molecular signature sev-GAL4 dpp-GAL4 en-GAL4 ap-GAL4
Df(1)ED7161 CG15730/19583 Mks1, Basal body component Rota, chir, notches, NE NE Mch
hair ori®

Df(1)ED7161 CG42251/29634 SH3/SH2 adaptor activity Rota, chir? NE Vein defects® NE

Df(2L)ED62 CG2863 (Nle)/33574 Regulator of Notch pathway, NE Lethal Lethal Mch
WD40 repeats

Df(2L)ED793 CG15283/ 28550 — Rota, chir? Hair ori€  Hair oric NE

Df(2L)ED793 CG15284 (pburs)/27141/2  insect spec. partner of bursicone, Chir? Mch Mch Mch¢

ligand for G prot. coupled rec.

Df(2L)ED1315 CG31687/21393 APC8 paralog, component Rota, chir Mch Hair ori Mche
of the APC/C

Df(3L)ED201 CG7004 (fwd)/27785/6 Pl4 kinase B Rota, chird Lethal Lethal/notches® Mch?

Df(3L)ED230 CG11438 (PAP2)/11438 PAP2 type phosphatase Rota, chir¢ ND ND Vein¢©

Df(3L)ED230 CG11426 (PAP2)/11426 PAP2 type phosphatase NE ND ND Mch¢

Df(3R)ED7665 CG1019 (MIp84B)/18594  CSRP1, LIM domains Loss, rota, chirb,d NE NE NE

Df(3R)ED7665 CG10068/15948 — Chird NE Mch NE

Df(3R)ED10639 CG6963 (gish)/26003 Casein kinase1 gamma Loss, rota’ Mche Mch? ND

Df(2L)ED623 CG13388 (Akap200) AKAP200/MESR2, protein Loss, chir NE Vein defects? NE

/5647 kinase A binding

The first two columns list the deficiency and gene/RNAI. Third column indicates potential vertebrate homologs and/or molecular function. Further columns indicate which
GAL4 driver caused phenotypes. Rota, ommatidial rotation defects; chir, ommatidial chirality defects; hair ori, wing hair orientation defects; mch, multiple cellular hairs; NE,

no effect; ND, not done.

? Increased copy number 19° escapers.

b Increased copy number 29°.

€29°,

9 With UAS-dcr2.

€ Escapers with a 25°-18° temperature shift.
TUAS-dcr2 at 29°.

gish/CK1y regulates ommatidial rotation

Phenotypic analyses of CG6963, the gene encoding CKly
(gilgamesh/gish in Drosophila) revealed specific features in
eye PCP establishment. Moderate gene knockdown of
CG6963/gish appeared to primarily affect ommatidial rota-
tion (Figure 9A). Stronger knockdown of gish caused addi-
tional defects in photoreceptor specification including rare
symmetrical ommatidia and R-cell loss (Figure 5J). These
data are consistent with a role for gish/CK1vy in canonical
Wnt signaling, as established in vertebrates for CKly
(Davidson et al. 2005), and a potential (partially) redundant
role (with CKla and CKle) in PCP signaling as suggested
earlier (Davidson et al. 2005; Zeng et al. 2005; Klein et al.
2006; Strutt et al. 2006).

To get more insight into the potential role of gish in
ommatidial rotation, we (1) wished to confirm and refine
the rotation phenotype in third instar imaginal discs during
the actual process by analyzing a gish LOF allele and (2)
tested for genetic interactions with other genes involved in
ommatidial rotation. First, analyses of LOF clones in eye
imaginal discs revealed that many clusters are underrotated
in gish mutant tissue (Figure 9, D-D'’).

Second, we asked whether a gish knockdown can affect
other genes involved in ommatidial rotation. Among the
core PCP factors, RNAi-mediated gish knockdown enhanced
sev-Fmi (Figure 9, B and C; quantification in Figure S3B) and
sevG4, UAS-Fz (not shown); in both cases the enhancement
was specific to the rotation defects observed. This is consis-
tent with the interaction detected in the original screen ge-

notype (a GOF dgo background) and it suggested a specific
role for gish in ommatidial rotation. Next we asked whether
any of the “rotation-specific PCP genes,” including nemo
(nmo, Nlk in mammals) (Choi and Benzer 1994; Fiehler
and Wolff 2008; Mirkovic et al. 2011), Rho-kinase (dRok
in Drosophila) (Winter et al. 2001), or zipper (zip, myosin
II) (Fiehler and Wolff 2007), display a specific interaction
with gish in this process. Of these, nmo displayed an antag-
onistic interaction with gish; whereas gish™® knockdown en-
hanced the sevGAL4, UAS-Nmo phenotype (Figure 9, E-F),
the respective sevGAL4, UAS-gish’® knockdown phenotype
was suppressed by dosage reduction of nmo (nmoP2/+; Fig-
ure 9G, see also Figure S3B for quantification). These data
suggest that Gish/CK1v acts in opposition to Nmo/Nlk and
that a fine balance between the activities of these two
kinases is required for normal ommatidial rotation to occur.

Discussion

Here we described a genetic screen to identify novel modifiers
and regulatory factors linked to Fz/PCP signaling. We have
used two mild GOF backgrounds of the cytosolic core com-
ponents Dgo and Pk as screening tools, because they act
antagonistically within the core Fz/PCP cassette. The screen
relied on dosage sensitive interactions, a frequently used
feature of mild PCP overexpression/GOF phenotypes (Strutt
et al. 1997; Boutros et al. 1998; Strutt and Strutt 2003), and
we used a combination of deficiency collections and transgenic
RNAI strains to identify new PCP regulators.
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Figure 6 Wing PCP phenotypes of novel candidate genes. Wing phenotypes such as wing hair orientation defects, multiple cellular hairs, and notches
were observed. For wild-type wing, compare Figure 2, A and B. Red arrowheads point to margin or vein defects. Wing hair orientation defects and
multiple cellular hairs are indicated by arrows and circles, respectively. The following genotypes are shown: (A) CG15730%; sev-GAL4 escapers 19°, (B)
en-GAL4/+, CG7004'R /+ escapers 18-25°, (C) UAS-dcr-2/Y; ap-GAL4/+, CG1143R/+ escapers 29°, (D) CG15730R; sev-GAL4 19°, (E) UAS-dcr-2/+; ap-
GAL4/+; CG7004'"R/+ 29°, (F) UAS-dcr-2/Y; en-GAL4/+; CG11146/R/+ 29°, (G) CG31687F/+; dpp-GAL4/+ 29°, (H) en-GAL4/+;, CG6963'F/+ 29°C, and (1)
CG15283" |Y; en-GAL4/+ 29°. Wing defects with sev-GAL4 driver are due to low level activity/overexpression in all tissues due to the hs-promoter in
sev-GAL4 (also Materials and Methods). Compare Table 3 for a summary of phenotypes for several GAL4 drivers for each gene/RNAi of an original

genetic interaction.

We first tested the genotypes of interest in a pilot screen
with known PCP factors, other associated signaling pathway
components (e.g., DI), and negative controls. The positive
candidates from the pilot screen indicated that the pheno-
types were well within the appropriate sensitivity range for
a dosage-dependent screen. In particular, the fact that stbrm/
Vang enhanced the dgo GOF phenotype supports previous
studies and the existing model that Dgo promotes Fz-Dsh
signaling activity, whereas stbm/Vang antagonizes it (Jenny
et al. 2005). The fact that stan/+ suppressed the dgo GOF
phenotype is novel, but consistent with existing models, as
Stan/Fmi is thought to contribute to anchoring Dgo at the
membrane as part of the Fz-Dsh complex (Feiguin et al
2001; Das et al. 2004; Strutt and Strutt 2007; Wu et al. 2008).

Our genome-wide screen has identified a set of genes
with a broad range of functions, some of which were known
to affect PCP (ds and DI, see above for references) and
a group of novel genes in the PCP context (see below).
Generally, most of the genes identified were “hits” associ-
ated with dgo, and several of these not only modified the dgo
GOF phenotype, but were also enhanced by dgo heterozy-
gosity when knocked down via RNAi (Figure 7). We trust
that all the genes identified via RNAIi are specific (and not
due to potential off-target effects), as they largely repro-
duced the genetic interaction(s) seen with the deficiencies
(Table 2). As we narrowed down the genomic areas respon-
sible for the genetic interactions, we sometimes observed
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that the quality of a genetic effect changed. This could be
due to separating several independent interacting genes that
were initially causing an “additive effect” within the larger
deficiencies or by separating genomic regulatory sequences
that modify effects (Figure 4A, Table 2, and Figure S1).
Through the design of the screen we not only isolated
dosage-sensitive interactors, but our approach directly led to
the identification of genes that display PCP phenotypes in
a loss-of-function (knockdown) scenario. As such, every new
gene isolated is indeed required for PCP establishment and
most of them act in eye and wing tissue, suggesting a general
requirement. There might be tissue-specific hits in our
screen (Table 1), which have not yet been characterized.
Besides pk, we were not able to identify other core Fz/
PCP genes in the deficiency screen that showed a dose-
dependent interaction in the pilot screen (Vang/stbm and
stan/fmi). A possible explanation is that a single deficiency
can harbor genes that act antagonistically and thus neutralize
each other in a modification assay, e.g., fmi/stan resides near
other genes that can affect PCP (e.g., dgo and pipsqueak/psq;
Weber et al. 1995; Feiguin et al. 2001; Weber et al. 2008)
and no interaction was seen with deficiency Df(2R)ED2098,
which removes fmi/stan. Several of the newly identified
genes fall into interesting functional categories that are ei-
ther novel within the PCP regulatory machinery or may pro-
vide insight into new regulatory mechanisms. These include
for example lipid modifications, factors associated with
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Figure 7 CG15283 and CG15730 dominantly interact with dgo loss of function. (A-D) Wing hair orientation in an area between longitudinal vein L4 and
L5, controls (left, A and C) and dominant enhancement (dgo—*) (right, B and D) are shown. Red arrows highlight wing hair orientation defects. Double
arrow indicates defects on both wing surfaces. (A) CG15283"R/Y; en-GAL4/+, pk'3/+ (n = 9) displayed wild-type orientation of hairs, whereas removal of
one copy of dgo caused wing hair whirls in 89% of CG15283/%/Y; en-GAL4/+, dgo>8%/+ (n = 9) (B). (C) en-GAL4/+, pk'3/+, CG15730%/+ (n = 4) showed
wild-type wing hair polarity, whereas reduction of dgo copy number enhanced the PCP defects (D) in 44% of en-GAL4/+, dgo®8%/+; CG15730%/+ wings
(n = 9) . (E-F) Quantification of the dominant interactions of CG75283'R. Phenotypes were assessed in four sectors of the wing as indicated in drawing
(E). Graph summarizing dominant interactions between CG175283, two dgo LOF alleles, and further modification by pk and Vang/stbm (n = 2—-33 wings)
at 30°. PCP defect of “1" corresponds to 10-20 misoriented wing hairs at a 45°-180° angle compared to surrounding wild-type hairs.

mammalian ciliopathies, and, presumably, protein stability/
trafficking via ubiquitination (see below).

Functional features of new PCP regulators

The types of new genes recovered in the screen fall into
several categories expanding the biochemical functions
associated with PCP establishment in Drosophila. Three of
the new genes, CG11426, CG11438, and fwd, encode lipid
modification enzymes, with fwd encoding a Pl4Kinasef}
(Polevoy et al. 2009) and the other two being PAP2-type
phosphatases (Starz-Gaiano et al. 2001). These are intrigu-
ing new factors as lipid kinases and phosphatases could mod-
ulate the composition of the lipid microenvironment of the
core PCP complexes and thus regulate their trafficking and/
or stability at the plasma membrane among others (Weber
et al. 2003; Simons et al. 2009). An aspect of lipid modifica-
tion affecting core Fz/PCP signaling has recently been shown

to be important for the stabilization of Dsh membrane asso-
ciation and thus stabilization of the Fz-Dsh complex (Simons
et al. 2009). As the phosphorylation state of the lipid heads
often contributes to signaling by serving as protein binding
sites, the identification of two lipid phosphatases and a lipid
kinase suggests that some core PCP factors may prefer spe-
cific phosphorylation states of lipids, for either direct lipid
binding or stabilization of the associated complexes.

A second functionally linked group consists of CG31687
and CG15283. CG31687 encodes a Drosophila APC8 paralog
(cdc23), a component of the anaphase promoting complex/
cyclosome (APC/C) (reviewed in Peters 2006). Strikingly,
CG15283 genetically also interacted not only with core PCP
factors but also with CG31687, thus forming a potential pair.
While it has been suggested that ubiquitin-mediated modifi-
cations can regulate PCP in mice, with Smurfl/2 leading to
Pk ubiquitination (Narimatsu et al. 2009), a ubiquitin link has
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Figure 8 CG75283 acts at the level of dsh promoting its activity. (A-D) Top panels show tangential eye sections and bottom panels, the respective
schematic of ommatidial chirality/orientation (arrows) (compare Figure 1A for wild type and Figure 5). The following genotypes are shown: (A) sev-dsh/+,
(B) CG15283/+; sev-GAL4/+, sev-dsh/+, (C) dsh'/Y, (D) dsh’/Y; CG15283"/+; sev-GAL4/+. (E and F) Quantification of the above interactions, note
suppression of dsh GOF PCP defects in sev-dsh (A, B, and E) and enhancement of the PCP-specific hypomorphic dsh’ LOF phenotype (C, D, and F) by
CG15283® knockdown. (E) *P < 0.007, **P < 0.003, and ***P < 0.0001, with n = 568-893 ommatidia in four to five eyes. (F) *P < 0.005 and **P <

0.001, with n = 536-806 ommatidia in three to four eyes.

not yet been made in Drosophila. The potential involvement
of the APC/C in noncell-cycle-associated cellular aspects like
cell polarity (Peters 2002) is intriguing. In addition to its
interaction with CG31687, CG15283 appears to be an in-
teresting factor in its own right. Its phenotypic and genetic
interactions with dgo and dsh (Figures 7 and 8) suggest that
it functions in either modifying Dsh activity or affecting the
balance between Dgo and Pk, which promote and antago-
nize Dsh function, respectively. Structure—function studies
will be needed to reveal the molecular features of CG15283.

Three isolated genes fall into the category of scaffold
proteins, CG1019 (Mlp1, a LIM domain-containing protein),
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CG11146 (an SH2-SH3 domain-containing factor), and
CG13388 (Drosophila Akap200). Scaffold proteins are com-
mon factors in protein complexes and thus the formation or
stabilization of a PCP-specific complex or an associated com-
plex is likely to require other such proteins. Akap200, al-
though by name a PKA-associated factor in some contexts,
also has non-PKA-mediated functions (Jackson and Berg
2002) and thus could well be involved in Fz/PCP signaling.

CG6963 is Drosophila CK1w, called gilgamesh (gish) in
flies. Members of the casein kinase 1 family have been im-
plicated in several aspects of canonical Wnt signaling
(Davidson et al. 2005; Zeng et al. 2005; Klein et al. 2006;
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Figure 9 CG6963/CK1y affects rotation in the developing
eye and interacts with stan/fmi and nemo/Nik. (A-C and
E-F) Tangential eye sections in top panels and the respec-
tive schematic representation of ommatidial orientation is
shown at bottom (arrows are as in Figures 1 and 5). All
crosses were performed at 25°. (D-D’’) Eye imaginal disc
containing a gish®®?7>9 clone (marked by absence of GFP)
stained for Elav (blue; marking all photoreceptor precur-
sors) and Arm (red in D monochrome in D’, highlighting
cellular architecture by labeling the adherens junctions).
D'’ shows a schematic of rotation angles with the wild-
type area indicated by green. Note several severely under-
rotated clusters marked by asterisks. Eye sections of the
following genotypes are shown: (A) sev-GAL4/+,
CG6963"R/+, (B) sev-Fmil+, (B) sev-Fmil+; sev-GAL4/+,
CG6963"R/+. Note enhanced rotation defects in C; for
quantification see Figure S3B. (E) sev-GAL4/+, UAS-Nmo/
+, (F) sev-GAL4/+, UAS-Nmo/+, CG6963"R/+ (note en-
hancement of rotation defects as compared to E; for quan-
tification see Figure S3B), (G) sev-GAL4/+, CG6963"R/+
nmoP8/+, which is suppressed (compare to A).

Strutt et al. 2006) as well as in Fz/PCP regulation, in par- in Dsh (core Fz/PCP) regulation and hence was identified
ticular CK1e (Klein et al. 2006; Strutt et al. 2006) and CKla  in the screen. In addition, we observed two specific PCP-
(Strutt et al. 2006). CK1 family members have been shown  associated phenotypes with CG6963/gish knockdown, which
to phosphorylate Dsh (Klein et al. 2006; Strutt et al. 2006), were also confirmed with LOF clones of existing mutant
and gish might act (at least) partially in a redundant manner  alleles. First, we detect a function in ommatidial rotation
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and ommatidial clusters appear to rotate less in gish mutant
tissue. This defect is accompanied by genetic interactions
with Fz and Stan/Fmi among the core PCP genes. Further-
more, gish interacts with nemo (Mirkovic et al. 2011) in this
context in a specific manner: Gish/CKly and Nemo act in
opposition to each other (Figure 9), suggesting that a fine
balance between the activities of these two kinases is re-
quired for normal ommatidial rotation to occur. Second,
gish/CG6963 knockdown displays a high frequency of mul-
tiple cellular hairs, which is independent of a direct interac-
tion with the core PCP factors (Gault et al. 2012).

The identification of CG15730 with a connection to PCP
signaling is intriguing, as it encodes the Drosophila homolog
of the Mks1 gene, a member of the Meckel-Gruber syndrome
factors that are generally linked to ciliopathies in humans
(Simons and Mlodzik 2008). PCP establishment in verte-
brates has been linked to cilia positioning and function in
several contexts (e.g., Wallingford 2006; Park et al. 2008;
Borovina et al. 2010). As epithelial cells in Drosophila are
not ciliated, our observation that dMks1/CG15730 interacts
with core Fz/PCP factors and displays PCP defects by itself
when knocked down suggests that cilia-associated factors
are likely to be generally required for aspects of PCP estab-
lishment unrelated to ciliogenesis. As most of the genes
linked to ciliopathies (e.g., those associated with the
Meckel-Gruber and Bardett-Biedl syndromes) are conserved
in Drosophila, this observation suggests that analyses of
other such genes in PCP establishment in Drosophila are
warranted. CG10068, a novel protein of unknown function,
has been linked to cytokinesis (Echard et al. 2004) and
could thus also be interacting with cytoskeletal elements
or associated proteins.
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Figure S1 Two interacting DrosDel deficiencies identified in the initial screen covered two known factors, ds and DI, acting in
parallel to or downstream of the Fz/PCP signaling pathway. Graphs show average rotation and chirality defects as determined
by the Rh1-GFP assay for indicated genotypes for both sev-Gal4, UAS-dgo (G) and sev-Gal4, UAS-pk (G2). (A) Df(2R)ED62,
subdividing deficiencies Df(2R)ED49 and Df(2R)Exel8003 enhanced rotation defects of sev-Gal4, UAS-dgo significantly
(*=P<0.03). Notchless (Nle) might be the candidate gene responsible for that interaction. Subdividing deficiencies Df(2R)ED49,
Df(2R)ED94 and ds"%”" enhanced chirality defects of sev-Gal4, UAS-dgo significantly (**=P<0.02), confirming the initial chirality
interaction (***=P<0.1) and identifiying dachsous(ds) as the gene responsible for it. No effects were seen with sev-Gal4, UAS-
pk. Df(2R)ED94 enhanced rotation defects of sev-Gal4, UAS-pk. (B) Df(3R)ED5942, subdividing deficiencies Df(3R)Cha9 and ol
enhanced rotation defects of sev-Gal4, UAS-dgo significantly (*=P<0.1), confirming the initial interaction and identifying
Delta(DI) as the gene responsible for it. Deficiency Df(3R)Cha9 also enhanced chirality defects of sev-Gal4, UAS-dgo. 4 eyes
were analyzed each and 90-150 ommatidia were evaluated per genotype.
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Figure S2 Graph summarizing suppression of sev-dsh by two DrosDel deficiencies. Eye sections of 4 eyes were analyzed for
ommatidial chirality of indicated genotypes. Df(2L)ED793 and Df(3R)ED5644 significantly suppressed sev-dsh induced PCP
defects of symmetrical photoreceptor arrangement (*=P<0.003). For comparison, the strength of suppression by misshapen
(msn), an established downstream effector of Fz/Dsh signaling in the eye, is shown (**=P<0.03) (Paricio et al. 1999). 2-3 eyes
and 200-350 ommatidia were evaluated per genotype.
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Figure S3 (A) Independent assay confirming dgo and CG15283 loss-of-function interaction. Graph shows average wing hair
defects as observed in en-GAL4, UAS-dgo-IR and enhancement by CG15283-IR knockdown. 20 misoriented wing hairs at 45-180
degrees compared to wild-type were recorded as a value of 1 and n was 24-26 wings analyzed for each genotype. (B)
Quantification of the rotation defects associated with the sevGAL4, UAS-Nmo, CG69633-IR and sev-Stan/Fmi genotypes. Note
that CG6963/CK1g knock down enhances Nmo GOF rotation defects, whereas nmo-/+ suppresses the CG6963-IR defects,
indicating an antagonistic relationship between these genes. In addition, rotation defects associated with sev-Fmi/Stan is
enhanced by CG6963-IR knock down. P values are *<0.03, **<0.001, and ***<0.0001, with the number of ommatidia analyzed
being n=422-633 in 3 eyes for each genotype.
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Table S1 DrosDel deficiencies, which showed no dominant external eye or wing modification of sev-GAL4, UAS-dgo and sev-

GAL4, UAS-pk phenotype.

Df(1)ED404
Df(1)ED6630
Df(1)ED6829
Df(1)ED7067
Df(1)ED7294
Df(1)ED7664
Df(2L)ED19
Df(2L)ED125
Df(2L)ED284
Df(2L)ED690
Df(2L)ED778
Df(2L)ED1109
Df(2L)ED1226
Df(2L)ED1473
Df(2R)ED2155
Df(2R)ED2426
Df(2R)ED3923
Df(2R)ED1770
Df(3L)ED4287
Df(3L)ED210
Df(3L)ED4457
Df(3L)ED217
Df(3L)ED4685
Df(3L)ED4782
Df(3L)ED4978
Df(3R)ED5147
Df(3R)ED5230
Df(3R)ED5610
Df(3R)ED2
Df(3R)ED10820
Df(3R)ED6235
Df(3R)ED6316
Df(4)ED6364
Df(4)ED6384

Df(1)ED409
Df(1)ED6712

)

)
Df(1)ED6991
Df(1)ED7153
Df(1)ED7355
Df(1)ED6849
Df(2L)ED87
Df(2L)ED123
Df(2L)ED508
Df(2L)ED701
Df(2L)ED3
Df(2L)ED1158
Df(2L)ED1231
Df(2R)ED1484
Df(2R)ED2219
Df(2R)ED2436
Df(2R)ED4061
Df(2R)ED2098
Df(3L)ED4288
Df(3L)ED211
Df(3L)ED4475
Df(3L)ED218
Df(3L)ED4710
Df(3L)ED4786
Df(3L)ED231
Df(3R)ED5156
Df(3R)ED5343
Df(3R)ED5642
Df(3R)ED5911
Df(3R)ED6093
Df(3R)ED6255
Df(3R)ED6332
Df(4)ED6369

Df(1)ED6574
Df(1)ED6802
Df(1)ED7005
Df(1)ED7217
Df(1)ED7413
Df(2L)ED2809
Df(2L)ED94
Df(2L)ED136

)

)

)
Df(2L)ED647
Df(2L)ED737
Df(2L)ED1050
Df(2L)ED1165
Df(2L)ED1303
Df(2R)ED1612
Df(2R)ED9045
Df(2R)ED1
Df(2R)ED4071
Df(3L)ED4079
Df(3L)ED4341
Df(3L)ED4408
Df(3L)ED215
Df(3L)ED223
Df(3L)ED224
Df(3L)ED228
Df(3R)ED4710
Df(3R)ED5177
Df(3R)ED5429
Df(3R)ED10642
Df(3R)ED6025
Df(3R)ED6103
Df(3R)ED6265
Df(3R)ED6346
Df(4)ED6380

Df(1)ED411
Df(1)ED418
Df(1)ED429
Df(1)ED7229
Df(1)ED6906
Df(2L)ED5878
Df(2L)ED108
Df(2L)ED247

)

)

)
Df(2L)ED678
Df(2L)ED761
Df(2L)ED1102
Df(2L)ED1186
Df(2L)ED1384
Df(2R)ED1735
Df(2R)ED2354
Df(2R)ED3610
Df(2R)Exel6061
Df(3L)ED4256
Df(3L)ED4342
Df(3L)ED4421
Df(3L)ED4486
Df(3L)ED4674
Df(3L)ED225
Df(3L)ED4799
Df(3R)ED5138
Df(3R)ED5196
Df(3R)ED5591
Df(3R)ED5780
Df(3R)ED10809
Df(3R)ED6187
Df(3R)ED6310
Df(3R)ED5071
Df(4)ED6382
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