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ABSTRACT The transcriptional coactivator and phosphatase eyes absent (Eya) is dynamically compartmentalized between the nucleus
and cytoplasm. Although the nuclear transcriptional circuits within which Eya operates have been extensively characterized,
understanding of its cytoplasmic functions and interactions remains limited. Our previous work showed that phosphorylation of
Drosophila Eya by the Abelson tyrosine kinase can recruit Eya to the cytoplasm and that eya—abelson interactions are required for
photoreceptor axons to project to correct layers in the brain. Based on these observations, we postulated that photoreceptor axon
targeting might provide a suitable context for identifying the cytoplasmic signaling cascades with which Eya interacts. Using a dose-
sensitive eya misexpression background, we performed an RNA interference-based genetic screen to identify suppressors. Included
among the top 10 hits were nonreceptor tyrosine kinases and multiple members of the Jak/Stat signaling network (hop, Stat92E,
Socs36E, and Socs44A), a pathway not previously implicated in axon targeting. Individual loss-of-function phenotypes combined with
analysis of axonal projections in Stat92E null clones confirmed the importance of photoreceptor autonomous Jak/Stat signaling.
Experiments in cultured cells detected cytoplasmic complexes between Eya and Hop, Socs36E and Socsd44A; the latter interaction
required both the Src homology 2 motif in Socs44A and tyrosine phosphorylated Eya, suggesting direct binding and validating the
premise of the screen. Taken together, our data provide new insight into the cytoplasmic phosphotyrosine signaling networks that
operate during photoreceptor axon guidance and suggest specific points of interaction with Eya.
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A remarkable feature of multicellular animal development
is that the complexity and diversity in tissue type and
patterning is achieved using fewer than a dozen signaling
pathways, including Notch, receptor tyrosine kinase, Wnt,
Hedgehog, TGFB, Jak/Stat, and Hippo. These cascades are
repeatedly deployed in different contexts to regulate the ma-
jority of the critical proliferation, survival, specification, and
differentiation decisions (reviewed in Voas and Rebay 2004;
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Housden and Perrimon 2014). One strategy to achieve con-
text-specific developmental regulation is for proteins and
pathways to function together in interconnected networks.
Further, individual proteins within these networks may en-
code multiple independent functions that can be executed in
distinct parts of the cell, cell types, or stages of development.
In this way, even a modest number of individual proteins and
core pathways can create vast combinatorial possibilities.
Eyes absent (Eya), a protein conserved from plants to
humans, presents an ideal model to study integration because
its multifunctionality and dynamic subcellular localization
provide opportunities for interaction with many signaling
pathways (reviewed in Jemc and Rebay 2007 and Tadjuidje
and Hegde 2013). In metazoans, Eya has been studied exten-
sively as a transcriptional coactivator and core member of
the retinal determination gene network (reviewed in Silver and
Rebay 2005 and Kumar 2009). In this context, Eya participates in
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nuclear transcriptional complexes to regulate programs of gene
expression that direct cell proliferation, differentiation, and sur-
vival in a variety of tissues and organs, including the Drosophila
eye (Bonini et al. 1993, 1998; Pignoni et al. 1997; Heanue et al.
1999; Ohto et al. 1999; Zou et al. 2004; Nica et al. 2006; Hirose
et al. 2010). Eya also carries two different phosphatase do-
mains, one with specificity for phosphotyrosine and a second
directed toward phosphothreonine (Li et al. 2003; Rayapureddi
et al. 2003; Tootle et al. 2003; Okabe et al. 2009). Although
Eya’s tyrosine phosphatase is not required for normal develop-
ment in Drosophila (Jin et al. 2013), in mammals it dephosphor-
ylates H2AX to promote repair and survival in response to DNA
damage (Cook et al. 2009; Krishnan et al. 2009) and aPKC{ to
direct lung epithelial polarity and morphogenesis (El-Hashash
et al. 2012). Eya’s threonine phosphatase is less well character-
ized, but appears to act both cytoplasmically to regulate innate
immunity and nuclearly to provide transactivation and regulate
the activity of other transcription factors (Okabe et al. 2009; Liu
et al. 2012; Xu et al. 2014; Jin and Mardon 2016).

Despite increased awareness from mammalian studies of
the requirement for Eya function in the cytoplasm, understand-
ing of the specific signaling cascades with which it interacts
remains limited. To increase knowledge of the signaling net-
works with which Eya interfaces, we took advantage of our
observation that Drosophila Eya can be sequestered in the cyto-
plasm upon tyrosine phosphorylation (pY) by the Abelson (Abl)
kinase (Xiong et al. 2009) by performing a genetic modifier
screen designed to uncover interactions with genes encoding
phosphotyrosine binding proteins. The photoreceptor axon mis-
targeting phenotypes associated with Eya misexpression pro-
vided sensitized backgrounds, and secondary genetic tests
allowed us to distinguish interactions likely to impact Eya’s
cytoplasmic vs. nuclear functions. Prominent among the final
list of candidate cytoplasmic interactors were several nonrecep-
tor tyrosine kinases and multiple members of the Jak/Stat path-
way. Follow-up genetic experiments, including mosaic analysis
with a repressible cell marker (MARCM) of Stat92E clones,
confirmed the pathway is required in the differentiating photo-
receptors for axon targeting. To our knowledge, these results
provide the first demonstration, either in invertebrates or ver-
tebrates, of a requirement for the Jak/Stat pathway in axon
guidance. Focusing on the Jak/Stat pathway factors, we vali-
dated the premise of our screen by showing that Eya can be
recruited to cytoplasmic complexes via pY-SH2-mediated inter-
actions. Together our results uncover novel requirements for
phosphotyrosine-based signaling networks in photoreceptor
axon targeting and provide a strong impetus for future mecha-
nistic explorations of how cytoplasmic Eya interfaces with these
pathways in both Drosophila and mammals.

Materials and Methods
Fly strains

The screen was carried out by crossing RNA interference
(RNAI) lines acquired from the Vienna Drosophila RNAi
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Center (VDRQ) to five different recombinant stocks contain-
ing GMR-Gal4 and Ro-LacZ®%: (1) GMR-Gal4/CyO-actGFP;
Ro-lacZ!%; (2) GMR > Eya"T/CyO-actGFP;Ro-lacZ%; (3)
GMR > Eya®NAi/CyO-actGFP;Ro-lacZ!e%; (4) GMR-Gal4,/CyO-
actGFP;Uas-NLS-Eya™,Ro-lacZ!*/TM6; and (5) GMR-Gal4/
CyO-actGFP;Uas-Myr-Eya™,Ro-lacZt/TM6 (Xiong et al. 2009).

UAS-Stat92E and stat8>< flies were generously provided
by E. Bach. MARCM clones were generated by heat shocking
hsFLP, Elav-Gal4, UAS-mCD8::GFP;;FRT82B, stat?>*/FRT82B,
tub-Gal80 flies 48 hr after egg laying for 2 hr at 37°.

Socs36E and Socs44A RNAI recombinants were confirmed
by wing vein phenotypes using the engrailed driver (Rawlings
et al. 2004b). upd and dome RNAI lines were acquired from the
Bloomington Drosophila Stock Center. UAS-Socs36E flies were a
gift from B. Mathey-Prevot and UAS-Socs44A flies were shared
by D. Harrison.

Co-immunoprecipitation, immunostaining,
and antibodies

Drosophila S2 cells were cultured at 25° in Schneider’s me-
dium (Sigma-Aldrich, St. Louis, MO) supplemented with
10% insect medium supplement (Sigma-Aldrich) and peni-
cillin and streptomycin (Invitrogen, Carlsbad, CA). Cells
were transfected with 1.0 pg of each plasmid using dimethyl-
dioctadecyl-ammonium bromide (DDAB) (Sigma-Aldrich)
transfection and induced with CuSO,4. Expression constructs
included pMT-Myc-Abl (Xiong et al. 2009) Eya B isoform
complementary DNA (cDNA) cloned into the gateway pAFW
vector; Hop, Stat92E, Socs36E, and Socs44A c¢DNA cloned
into the gateway pAHW vector; and SOCS mutants “Quik-
Changed” from pAHW-SOCSWT plasmids. Oligos used were
as follows: (1) Socs36EANT, 5'.GGTACCAACACCATG AGCAGC
TTCTACTGGGGC-3' and 5'-GCCCCAGTAGAAGCTGCTCATG
GTGTTGGTA CC-3’; (2) Socs36EASH2, 5'.CTCGAGAAGATCAC
GAACAGCGGTCACAAGTTCAG-3' and 5’-CTGAACTTGTGAC
CGCTGTTCGTGATCTTCTCGAG-3’; (3) Socs36ESH2" (R5001),
5'-GGCACGTTCCTGCTGAAAGACTCCGCCCAGGAGG-3' and
5'-CCTCCTGGGCGG AGTCTTTCAGCAGGAACGTGCC-3'; (4)
Socs36EASE, 5'-CTGCACAGAAGGCAGACCT AGGAATTCGCG
GCCGCA-3' and 5'-TGCGGCCGCGAATTCCTAGGTCTGCCTTC
TG TGCA G-3’; (5) Socs44A2NT, 5'-AACACCATGTACTGG
GGTGAG-3' and 5'-CTCACCCC AGTACATGGTGTT-3'; (6)
Socs44AASH2 5 AACCAAGTGTGGATCTTGCACCGC-3' and 5'-G
CGGTGCAAGATCCACACTTGGTT-3’; (7) Socs44ASHZ" (R21410,
5'-TTTCTAGTC AAAGACTCGGAA-3’' and 5'-TTCCGAGTCTTT
GACTAGAAA-3'; and (8) Socs44A2SB, 5'-CGGTACTCCAACTA
GCTCGAG-3' and 5'-CTCGAGCTAGTTGGAGTACCG-3'. For
transfections containing Abl or Hop, cells were treated with
100 puM pervanadate and 200 M H,0, prior to fixation or lysis.
Co-immunoprecipitation assays were performed by lysing
cells in lysis buffer (50 mM Hepes, 150 mM NaCl, 1 mM EDTA,
0.5 mM EGTA, 0.9 M glycerol) supplemented with protease
inhibitors (Roche), 0.5 mM DTT, and 0.1% Triton X-100, in-
cubating the cell lysate with anti-Flag agarose beads (Sigma-
Aldrich) overnight at 4°, washing three times with lysis buffer,
and resolving the proteins on 8% SDS-PAGE gels. Proteins were



visualized by immunoblotting, using either mouse or rabbit anti-
Flag (1:1000; Sigma-Aldrich) and rabbit or mouse anti-HA
(1:1000; Rockland or 12CA5 University of Chicago Frank W.
Fitch Monoclonal Antibody Facility, respectively) and secondary
antibodies (1:2000; Li-COR Biosciences).

Eye imaginal discs and brains were dissected from prepupal
third instar larvae and stained as previously described (Xiong
et al. 2009) with rabbit anti-B-gal (1:20,000; Promega, Madison,
WI). Transfected S2 cells were settled onto poly-L-lysine-treated
slides, fixed with 4% paraformaldehyde for 10 min, and stained
with anti-Flag and anti-HA as described above, followed by sec-
ondary antibodies (1:2000; Jackson ImmunoResearch). Samples
were mounted with N-propyl-gallate solution in 90% glycerol.

Images were taken using a Zeiss LSM 510 confocal micro-
scope. All axon images were taken at 0.5- to 1.5-pm steps for
the entire depth of the brain and then projected maximally in
ImageJ. All single cell images are single scans through the
middle of the cell. Unless otherwise stated, statistical P-values
were calculated by performing Student’s t-test between con-
trol crosses with no RNAIi transgene and the cross of interest.
* P-value <0.05, ** P-value < 0.01, *** P-value < 0.001.

Fly strains and expression constructs are available upon
request.

Data availability

The authors state that all data necessary for confirming the
conclusions presented in the article are represented fully
within the article.

Results and Discussion

A genetic screen for SH2/PTB family genes that
synergize with eya during photoreceptor
axon targeting

We previously showed that Eya shuttles between the nucleus
and cytoplasm and that Abl-mediated tyrosine phosphoryla-
tion (pY) can sequester it in the cytoplasm (Xiong et al. 2009).
These observations led us to hypothesize that pY-Eya might
be recruited to cytoplasmic signaling complexes through in-
teractions with Src homology 2 (SH2) or phosphotyrosine
binding (PTB) domain-containing proteins. To test this idea,
we leveraged our prior demonstration of genetic synergy be-
tween eya and abl during axon guidance (Xiong et al. 2009)
to design an RNAi-based genetic interaction screen aimed at
identifying SH2/PTB factors relevant to Eya function in dif-
ferentiating photoreceptors.

Our prior work showed that in viable hypomorphic eya
mutants, photoreceptor axons fasciculate aberrantly and fre-
quently overshoot the lamina (Xiong et al. 2009). MARCM
clones ruled out the possibility that these phenotypes stemmed
from defects in the target layers of the brain, and GMR-Gal4-
driven eya knockdown further confirmed its requirement in
the photoreceptors (Xiong et al. 2009). Although the GMR >
EyaRNAi mistargeting phenotype was modifiable, as evi-
denced by its enhancement upon abl knockdown (Xiong

et al. 2009), we opted against using it as the primary back-
ground for our screen. Briefly, because we predicted positive
genetic interactions between eya and relevant SH2/PTB
genes, and therefore enhancement of the GMR > EyaRNAl
phenotype, we were concerned that the difficulty in distin-
guishing a relevant enhancement from a nonspecific additive
interaction would lead to a high false positive rate.

As an alternative, we explored the suitability of an eya
overexpression phenotype for the screen. Using the mem-
brane marker Ro-lacZ®" (RTL) to label photoreceptors R2—
R5 (Garrity et al. 1999), we quantified the average number of
axon bundles that mistarget past the lamina to the medulla in
GMR-Gal4 > UAS-Eya"T animals as 25.7 = 6.1 (mean *+ SD),
a significant increase over the driver-alone baseline of 8.1 =
2.2 (Figure 1, B vs. A and D) (Xiong et al. 2009). Reducing
endogenous eya dosage with heterozygosity strongly sup-
pressed the mistargeting (9.2 * 4.4), confirming that the
GMR > Eya™T phenotype resulted from increased Eya activity
rather than from a dominant negative effect of eya overex-
pression (Figure 1, C and D).

Although the similarity between eya loss- and gain-of-
function phenotypes may seem surprising, there is precedent
for biological processes, including photoreceptor axon guid-
ance, being sensitive to precisely balanced gene dosage such
that both loss and gain produce similar phenotypes. For ex-
ample, analogous to our observations with eya, either in-
creased or decreased activity of the p2l-activated kinase
Pak (Hing et al. 1999) or of the transcription factor hindsight
(Oliva and Sierralta 2010) causes photoreceptor axon mis-
targeting. It is also important to note that our system of
counting the number of RTL-labeled axons that overshoot
their laminar target, although highly effective as a first-pass
quantification of a phenotype or interaction, ignores qualita-
tive differences. For example, eya knockdown tends to pro-
duce thicker fascicles and greater disruptions to the lamina
plexus than eya overexpression (Figure 1B, Supplemental
Material, Figure S1) (Xiong et al. 2009). Future detailed
mechanistic studies will be required to understand the re-
quirement for balanced Eya levels in photoreceptor axon
guidance, and the eya interactors identified in our screen
should provide useful tools in that endeavor.

Given the general caveats associated with overexpression,
it was critical to confirm the GMR > Eya™T mistargeting phe-
notype could be appropriately modified by a verified eya
interacting gene. Building on our prior work (Xiong et al.
2009), we showed that reduced abl dose, either by heterozy-
gosity or by expression of a weak UAS-AbIRNA! transgene that
on its own did not produce targeting defects, dominantly
suppressed GMR > Eya"T (13.4 = 3.5 and 13.5 * 5.4, re-
spectively; Figure 1D shows data for AbIRNAY), Thus reduced
abl dominantly enhances eya loss-of-function and dominantly
suppresses eya gain-of-function-induced axon mistargeting.
We conclude that despite both overexpression and knock-
down of eya causing axons to overshoot the lamina, these
genetic backgrounds produce genetically distinct and biolog-
ically informative phenotypes and interactions.
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D wite eyar+ ablRNAI Eya*" Line 2
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Figure 1 Eya overexpression axon targeting phenotypes provide dose-sensitive, suppressible genetic backgrounds. (A—-C) The Ro-lacZt@Y (RTL) marker
labels R2-R5 and is visualized by staining for B-galactosidase in third instar larval brains. (A) Wild-type RTL pattern shows most R2-R5 axons terminate
correctly at the lamina, whose edges are marked by yellow arrowheads; a few axon bundles overshoot to the medulla, blue arrowhead. (B) eya
overexpression causes many photoreceptor axon bundles to overshoot the lamina, marked by yellow arrowheads. (C) eya heterozygosity suppresses eya
overexpression defects. (D) Quantification of genetic interaction tests, demonstrating eya overexpression phenotypes are dose sensitive and suppress-
ible. N values are shown in parentheses. (E) Thirty-six SH2/PTB domain-containing genes in Drosophila, grouped into known categories of signaling, that

were targeted in our RNAi-based genetic screen.

We also tested sensitivity of the GMR > Eya"T background
to enhancement by coexpressing a second UAS-Eya™7 trans-
gene that had a comparably strong phenotype as the first (24.0 =
5.4), but found only a modest increase to 30.3 = 4.1 mistargeted
axon bundles per brain. Thus the overexpression phenotype was
dose sensitive toward suppressive interactions, but was not easily
enhanced (Figure 1D). Because we predicted that reducing the
dosage of an SH2/PTB-containing factor relevant to cytoplasmic
Eya functions would suppress rather than enhance, the GMR >
Eya™T background seemed ideal for the screen.

We screened a collection of 63 RNAi transgenes that
targeted 36 SH2/PTB family genes for their ability to suppress
the GMR > Eya"T axon targeting phenotype (Figure 1E). This
panel included two independent RNAi transgenes per gene
whenever possible to minimize the likelihood of false posi-
tives from off-target effects and false negatives from insufficient
knockdown. Our use of GMR-Gal4 restricted knockdown to
retinal cells posterior to the morphogenetic furrow, thereby
bypassing any earlier requirements for the SH2/PTB genes to
be tested. The screen was performed blind as to SH2/PTB gene
identity, and ~10-20 third larval instar eye-brain complexes
were dissected, stained, and scored for each interaction test.

To prioritize further study, suppressors were binned into
strong, moderate, or mild interest groups based on P-value. A
total of 11 strong (P < 0.001), 6 moderate (P < 0.01), and
10 mild (P < 0.05) hits were recovered, identifying 21 potential
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eya interacting genes (Table 1 shows genes with one strong or
moderate hit; full screen results are in Table S1). The rather
high hit rate from the primary screen may reflect extensive
connectivity between phosphotyrosine signaling modules
(Koytiger et al. 2013). Inclusion of dab, a positive factor in the
Abl signaling network (Song et al. 2010), in this initial list pro-
vided proof of principle for the screen by highlighting the im-
portance of eya—abl interactions to axon guidance and thereby
further validating the biological relevance of the eya overexpres-
sion phenotype. To narrow the scope of the follow-up experi-
ments to a technically manageable level, we focused only on the
strong and moderate suppressors, with one exception, Stat92E.

Genetic triage highlights potential links between Eya
and both the Jak/Stat signaling pathway and
nonreceptor tyrosine kinases

Three secondary genetic tests were used to verify these hits as
bona fide genetic interactors and to determine which genes
may be relevant to cytoplasmic Eya function. First, we asked
whether lines that suppressed GMR > Eya"™T conversely en-
hanced eya loss-of-function axon targeting phenotypes (Table
1). All but three genes (CG15529, plx, and vap) enhanced
GMR > Eya™Ai while shark yielded mixed results, as one shark
RNAI line enhanced and the other suppressed. Next, we used
membrane-tethered myristoylated Eya (Myr-Eya) and nucle-
arly localized Eya (NLS-Eya) (Xiong et al. 2009) to distinguish
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Table 1 Short list of candidate Eya-interacting SH2/PTB genes after primary and secondary genetic interaction tests

RNAi element GMR > EyaT,RTL GMR > EyaRNARTL GMR > Myr-Eya"T;RTL GMR > NLS-EyaVT;RTL
None (w'118) 25.7 £ 6.1 188 £ 2.5 189 £5.0 26.6 £ 49
Stat92E43866 19.8 = 2.6* : 2 21.1 = 3.3* O 13.6 + 45** @ 31.6 £ 4.9%
Stat92E 106980 19.3 £ 6.1* £ 25.0 £ 3.7%%* {} 129 £ 48*** @ 42.3 £ 7.3%** {y
Socs36E>1821 223 =338

Socs36E>2182 17.7 = 44+ @ 22.0 £ 4.4% { 11.2 £4.1%* @ 27576
Socs44A33489 254 + 338

Socs44A102764 143 = 53*** @ 21.0 £ 4.0* Ty 121 £73** ¥ 40.7 £ 3.5%** {}
hop#0037 224 + 438

hop 102830 16.6 = 6.8*** @ 23.2 £ 5.1* Ty 14.3 £ 6.2* £ 39.8 £ 6.6%** {}
Src42 A100708 127 £ 43%* @ 21.3 = 4.0% {r 10.6 = 5.1%** @ 36.1 = 5.4%** %
Src64B35252 155 = 2.9*** @ 22.8 £ 3. Ty 9.8 £ 3.2%** @ 20.2 £ 4.9%** @
Csk32877 16.7 = 4.0* : 2 245 * 4. 'y 12.1 £ 5.2 : 2 41.0 £ 6.5 'y
shark?>304 172 £ 47+ @ 23.3 £ 23%** {} 10.3 £ 3.8*** @ 36.8 £ 4.5%%% £}
shark 105706 184 £ 3.1%* @ 16.1 £ 3.4%** @

Lnk32892 22.6 £33

Lnk103646 134 £ 6.5%** § 23.3 * 4.6% 'y 126 £ 53%* § 453 * 6.0%**
vap?4638 20.2 = 5.7* 9

vap'07341 179 £59%* @ 17.1 £ 2.9* 2 2

Ccsw21756 18.6 = 4.7 @ 245 + 3.4%%% 4 19.9 + 6.2 209 = 4.4%% @
csw21757 227 29

CG15529°0228 218 £ 7.7

CG15529100438 179 £28** @ 188 £ 2.6

Dab?3005 18.1 6.7 @ 23.6 = 2.9%%% £ 14.8 + 35+ @ 13.7 + 3.6+ @
Dab4008 13.0 £ 43%* @ 24.0 = 2.7%%* A} 11.8 £ 2.7%%* & 257 =50
plx27335 6.54 = 3.1%** @ 19.8 = 3.3

plx106969 26.6 = 45

X11127479 135 £ 4.4%* § 24.7 = 5.1* O 11.1 £ 44%* @ 34.8 = 4.6%** g}
X11Lp830° 104 = 5.1%** @ 21.8 £ 3.9*% Ty 19.8 £6.0 33.4 £ 4.2%%% £}
X11Lp314872 274 =58

A short list of RNAI lines identified in the primary screen as suppressors were crossed to GMR > EyaRNA:RTL, GMR > Myr-Eya’T,RTL, and GMR > NLS-Eya"V;RTL
backgrounds as secondary tests. Numbers shown are averages of overshooting axons per brain with SD. Superscripted numbers for each RNAi element indicate the VDRC
stock line used. Solid down arrows mark significant suppressive interactions; open up arrows mark enhancement. Full table of results for all RNAi lines screened along with N
values can be found in Table S1. * P-value <0.05, ** P-value <0.01, *** P-value <0.001.

interactions specific to Eya’s cytoplasmic and nuclear functions,
respectively. GMR-Gal4-driven expression of both Myr—Eya and
NLS-Eya produce axon guidance defects that can be suppressed
by eya heterozygosity (Figure 1D), indicating gain-of-function
effects. However, we hypothesized that Myr-Eya and NLS-Eya
perturb axon targeting via distinct mechanisms given their re-
stricted subcellular localizations. Consistent with this idea, abl
knockdown suppressed the axon mistargeting phenotypes associ-
ated with Myr—Eya but not NLS—-Eya (Figure 1D). Of the candidate
lines tested, all except csw and X11LB significantly suppressed
GMR > Myr-Eya mistargeting defects (Table 1). When tested
against GMR > NLS-Eya, only Src64B and csw suppressed, while
the remaining 10 lines enhanced. Because relevant interactions
with eya gain-of-function phenotypes should manifest as suppres-
sion, we suspected the enhancement of GMR > NLS-Eya reflected
additive effects rather than real interactions. Consistent with this
prediction, GMR-Gal4 knockdown of these SH2/PTB genes pro-
duced significant targeting defects (Figure 2A). In sum, the results
of our secondary screens whittled the number of candidates to
10 genes: Csk, hop, Lnk, shark, Socs36E, Socs44A, Src42A, Src64B,
Stat92E, and X11L. Among these, Src64B was unique in its poten-
tial to influence both cytoplasmic and nuclear Eya functions.
Two groups of genes were notably enriched in this short
list: the Jak/Stat pathway (hop, Stat92E, Socs36E, and Socs44A)

and nonreceptor tyrosine kinases (Csk, hop, shark, Src42A, and
Src64B). In the follow-up studies described below, we focused on
uncovering the mechanistic links that may underlie the Jak/Stat
signature. Two reasons drove this decision. First, because the
Jak/Stat pathway had not been previously implicated in axon
guidance in any system, discovery of a novel context for Jak/Stat
signaling in neuronal development had the potential for the
broadest impact. Second, with the exception of Stat92E, the in-
teractions that produced our 10-gene short list were based on a
single RNAI transgene, either because only one line was available
(Csk, Src42A, Src64B, and X11L) or because only one of the two
lines tested showed interaction in the primary (hop, Lnk, Socs36E,
and Socs44A) or secondary (shark) screens (Table 1, Table S1).
Independent identification of four different Jak/Stat pathway
members provided collective validation, and so mitigated the risk
of pursuing spurious off-target effects of single hits. In the future,
comparison of target gene messenger RNA levels between pairs
of lines and addition of Dicer2 to the line that did not interact
could be performed to determine whether such discrepancies
reflect false positives due to off-target effects or false negatives
due to either poor RNAI efficiency or additive interactions. We
consider the latter to be the most likely explanation, given that
our screen required suppression of GMR > Eya"T by RNAi knock-
downs that on their own often produced strong mistargeting
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A RNAielement  GMR:RTL n

none (w''®) 80+23 50
hop?®3” 153+ 2.1 12
h0p102830 223 + 3.5*** 18
Stat*# 19.7£45"* 15
Statﬂ)ﬁﬂﬂu 18.8 + 3.0*** 7
Socs36E"e! 17.1+2.8* 18
Socs3BE®"® 167 £3.1** 9
Socs44Aee 95136 13
Socs44A™TH  11.9+28* 16
Sr042A100708 18.0 + 1.6*** 8
Srce4B%%2 18437 17
Csk32877 174 + 3.5*** 8
shark25304 190 + 1.91“* 5
Sharkmsms 21‘5 + 1.1!”(9 8
L nk 103646 23.3 + 1.3+ T i
X1 =210 18.7 £ 2.5 7 Src64Bsezz - - -

defects (Figure 2A). Thus a “hit” in the primary screen often
reflects not only suppression of eya overexpression phenotypes
by SH2/PTB knockdown, but also mutual suppression of SH2/
PTB knockdown phenotypes by increased eya dose. In cases
where the additive effects were sufficiently strong as to mask
such mutual suppression, inconsistent results between inde-
pendent lines would be expected.

The second category of interactors, the nonreceptor tyro-
sine kinases, underscores the importance of phosphotyrosine-
based signaling for photoreceptor axon targeting. Previous
work hinted at this, as anumber of tyrosine phosphatases were
found to be critical for regulating axon targeting (Garrity et al.
1999; Schindelholz et al. 2001; Jeon et al. 2008). Our results
identify a set of candidate tyrosine kinases that could provide
the opposing catalytic activity. The remaining two genes on
the short list, Lnk and X11L, encode adapter proteins. X11L
has been implicated in amyloid precursor protein (APP) reg-
ulation in both Drosophila and mammalian cells (Hase et al.
2002; Gross et al. 2008), with no reported connections to
either Jak/Stat or tyrosine kinase signaling. Lnk negatively
feeds back on Jak/Stat signaling in mammalian cells, although
in Drosophila it has been studied as a positive regulator of insu-
lin/insulin-like growth factor signaling (Werz et al. 2009; Oh
et al. 2010; Slack et al. 2010; Almudi et al. 2013). The Jak/Stat
ligands unpaired (Upd) 2 and 3 influence insulin signaling in
Drosophila (Rajan and Perrimon 2012; Woodcock et al. 2015),
thus potentially implicating Lnk in Jak/Stat signaling in flies.

Jak/Stat signaling is necessary for photoreceptor
axon guidance

Jak/Stat signaling in Drosophila is transduced via three ligands,
Upd1-3, one receptor, Dome, one Janus kinase (JAK), Hop-
scotch (Hop), and one signal transducer and activator of tran-
scription (STAT), Stat92E (Stat). Signaling can be attenuated by
a variety of negative regulators, including the suppressor of
cytokine signaling (SOCS) proteins encoded by Socs36E and
Socs44A (Rawlings et al. 2004a,b; Arbouzova and Zeidler
2006). Jak/Stat signaling directs a diverse spectrum of develop-
mental events including cell migration, proliferation, patterning,
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Figure 2 Eya-interacting SH2/PTB genes
are required for photoreceptor axon guid-
ance. (A) Quantification of axon mistar-
geting phenotypes resulting from RNAI
knockdown of 10 SH2/PTB genes from
Table 1. The RNAI lines indicated were
crossed to GMR:RTL. Superscripted num-
bers indicate the VDRC stock used. Num-
bers shown are averages of overshooting
axons per brain with SD. * P-value <0.05,
** Pyvalue < 0.01, *** P-value < 0.001.
N values are shown on the right. (B-F)
Representative brains of the indicated ge-
notype stained with B-galactosidase.

)
A1iL5
Socs44ﬂ|‘£7‘ﬂh‘;‘3

and morphogenesis (reviewed in Arbouzova and Zeidler 2006
and Li 2008). During eye development, the pathway promotes
growth of the early eye field, contributes to initiation and move-
ment of the morphogenetic furrow and to regional eye specifica-
tion, transduces information from the dorsal-ventral axis to
direct ommatidial rotation, and regulates specification and main-
tenance of the optic lobe neuroepithelium (Luo et al. 1999;
Zeidler et al. 1999; Chao et al. 2004; Tsai and Sun 2004; Ekas
et al. 2006; Gutierrez-Avifio et al. 2009; Ngo et al. 2010; Wang
et al. 2011).

Identification of hop, Stat92E, Socs36E, and Socs44A in our
genetic screen (Table 1) and finding that GMR-driven knock-
down of these genes produces axon mistargeting phenotypes
(Figure 2, A-E) suggested that the Jak/Stat pathway is also
active in postmitotic photoreceptors. In support of this, ex-
pression of the 10xStat-eGFP pathway activity reporter sug-
gests that early expression of the ligand, upd, which is absent
by the third instar, enables sustained Jak/Stat signaling in the
photoreceptors at the time they are sending out their axons
(Bach et al. 2007). As predicted, GMR-Gal4-driven knock-
down of the receptor dome, but not of the upd ligands, pro-
duced significant mistargeting defects (Figure 3, A-C).

To confirm further the requirement for Jak/Stat signaling
in photoreceptor axon guidance, we generated MARCM
clones of a Stat92E null allele, stat®>. Axons originating in
photoreceptors that lacked Stat92E overshot the lamina into
wild-type brain tissue (Figure 3D), while clones within the
brain did not cause mistargeting of wild-type photoreceptors
(data not shown). This demonstrates that correct axon tar-
geting requires Stat92E in the photoreceptors. The result also
eliminates the possibility that RNAi-induced phenotypes
resulted from either leaky GMR-Gal4 expression in the brain
(Li et al. 2012) or off-target effects. Together, our results in-
dicate a cell autonomous role for Jak/Stat signaling in post-
mitotic photoreceptors that directs axon projections to the
correct layers of the brain.

One apparent inconsistency between this conclusion and
our genetic screen results is that SOCS factors typically an-
tagonize Jak/Stat signaling (Chen et al. 2000; Callus and
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Figure 3 Jak/Stat signaling is required
cell autonomously in photoreceptors
for axon targeting. (A) Quantification of
axon mistargeting phenotypes, resulting
from RNAI knockdown of upd and dome.
The RNAI lines indicated were crossed
to GMR,RTL. Superscripted numbers in-
dicate the Bloomington stock used.
Numbers shown are averages of over-
shooting axons per brain with SD.
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¥ Pvalue < 0.001. N values are shown
to the right. (B and C) Representative

brains of the indicated genotype stained

with B-galactosidase. (B) upd knock-

down does not perturb axon targeting.
(C) Knockdown of dome leads to signif-
icant overshooting of the lamina. (D)
GFP* (green) MARCM clone showing
that the axons of Stat92E null photore-
ceptors overshoot the lamina. Chaoptin
staining (red) marks all photoreceptors in
the eye disc (top right) and highlights
their axonal projections through the op-
tic stalk and into the brain. (E) Represen-
tative brain stained with B-galactosidase,
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showing that Socs36E knockdown suppresses the axon mistargeting phenotypes of GMR > hopfNA/ (compare to Figure 2B) (F) Quantification and statistics
of axon overshooting phenotypes in double knockdown interaction assays show that Socs genes function as Jak/Stat pathway antagonists. GMR;RTL (blue),
GMR > Socs36ERNAI-RTL (red), and GMR > Socs44ARNAIRTL (green) were crossed to the hop®™ line indicated on the x-axis. N values per experiment from
left to right are 10, 7, 10, 13, 13, and 14. P-values were calculated by performing Student'’s t-test between the experimental cross and driver-alone control
(i.e., red/green vs. blue). * P-value <0.05, ** P-value <0.01, *** P-value <0.001. Superscripted numbers refer to VDRC RNAi line.

Mathey-Prevot 2002; Rawlings et al. 2004b) yet knockdown
of Socs, hop, or Stat92E all suppressed GMR > Eya™’. Since
axon targeting is a novel context for Jak/Stat signaling, one
possibility is that the SOCS factors do not antagonize the
pathway in postmitotic photoreceptors as they do in other
situations (Callus and Mathey-Prevot 2002; Rawlings et al.
2004b). Arguing against this, knockdown of either Socs36E
or Socs44A suppressed the GMR > hopRN4! mistargeting phe-
notypes (Figure 3, E and F). In addition to their roles as
negative regulators of Jak/Stat signaling, SOCS factors also
influence a variety of growth factor signaling cascades (De
Sepulveda et al. 1999; Chen et al. 2000; Bayle et al. 2004;
Rawlings et al. 2004b; Kazi et al. 2012; Trengove and Ward
2013). Thus the eya-Socs synergy observed in our screen
could reflect interactions relevant to those other pathways.
Mechanistically, although SOCS proteins belong to the family
of Cullin-Ring E3 ubiquitin ligases (reviewed in Piessevaux
et al. 2008), a model in which they target Eya for degradation
seemed unlikely because the predicted increase in Eya levels
upon Socs knockdown should enhance, rather than suppress,
GMR > Eya™T phenotypes. Consistent with such reasoning,
Socs knockdown did not alter Eya protein levels in the GMR >
Eya™T background (data not shown).

Given the sensitivity of photoreceptor axon targeting to
both loss and overexpression of eya (Figure 1, Table 1, Figure
S1), we asked whether the same might hold true for hop,
Stat92E, Socs36E, and Socs44A. GMR-Gal4-driven overex-
pression of hop was lethal prior to the third instar, and

Stat92E overexpression did not produce targeting defects
(data not shown and Figure 4, A and C). Stat92E overexpres-
sion also did not modify GMR > EyaRNA (Figure 4, B and F),
suggesting endogenous signaling is limited and insufficient to
activate the extra Stat protein. Consistent with this interpre-
tation, previous reports have shown that although UAS-Stat
can rescue Stat92E null phenotypes, its overexpression in an
otherwise wild-type background does not perturb eye devel-
opment (Ekas et al. 2006).

In contrast, GMR-Gal4-driven overexpression of either
Socs36E or Socs44A significantly perturbed axon targeting
(Figure 4, A, D, and E). We took advantage of this result to
validate independently the Socs—eya synergy predicted by our
genetic screen interactions. Just as Socs knockdown sup-
pressed eya overexpression phenotypes (Table 1), Socs over-
expression suppressed eya knockdown phenotypes (Figure 4,
B, G, and H). Thus cooperative eya—Socs interactions appear
integral to photoreceptor axon targeting.

Eya co-immunoprecipitates and colocalizes with
Socs44A via an SH2-pY-mediated interaction

Given that the impetus for our genetic screen was the possi-
bility that SH2/PTB domains interact with pY-Eya, we next
asked whether Eya could co-immunoprecipitate (CoIP) Jak/
Stat proteins from lysates of Drosophila S2 cultured cells
transiently transfected with epitope-tagged expression con-
structs. ColPs were performed both with and without
cotransfection of Abl. We found that Flag-tagged Eya can
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ColIP HA-tagged Hop, Socs36E, and Socs44A, but not Stat,
and that Abl improved Eya’s CoIP of Socs36E and Socs44A,
but not that of Hop or Stat (Figure 5, A-D). Abl stimulates
Eya tyrosine phosphorylation and cytoplasmic accumulation
(Xiong et al. 2009 and Figure 6, A vs. B, quantified in N) and
thus should enhance SH2/PTB-pY-Eya interactions. Abl is
expressed endogenously in S2 cells (Cherbas et al. 2011),
and some tyrosine phosphorylation of Eya can be detected
in cells transfected with Eya alone (Tootle et al. 2003), per-
haps explaining the low levels of Socs36E and Socs44A ColP
detected when Abl was not supplied by cotransfection (Fig-
ure 5, C and D). The Abl independence of the Eya—Hop CoIP
(Figure 5A) suggests that either Hop phosphorylates Eya at
different tyrosine residues, or that pY-SH2 interactions do
not drive the CoIP.

Because Abl increased Eya’s ColP with Socs36E and
Socs44A, we focused on them as the top candidates for form-
ing SH2-pY-Eya complexes. To test this, we generated three
deletion mutants that removed either the N terminus (ANT),
the SH2 domain (ASH2), or the Socs Box (ASB) and a point
mutant (SH2*, Socs36ER>00K or Socs44AR?14K) that compro-
mises SH2 function in homologous mammalian SOCS pro-
teins (Nicholson et al. 1999). Consistent with expectations,
the Socs44A SH2 domain was required for CoIP, while the
SH2* point mutant weakened the interaction (Figure 5F,
Figure S2). Similar experiments with Socs36E did not iden-
tify any single domain as being required for CoIP (Figure 5E),
suggesting that the Eya—Socs36E interaction is more compli-
cated, either requiring multiple Socs36E domains to assem-
ble the complex and/or additional proteins to bridge the
interactions. Socs44A and Socs36E are both endogenously
expressed in S2 cells (Callus and Mathey-Prevot 2002; Zhu
et al. 2013) and can CoIP each other (Figure S3). Thus,
Socs44A is an appealing candidate to bridge the Eya-—
Socs36E interaction, as its association with both proteins
would confer the sensitivity to Abl seen in the Eya—Socs36E
ColPs (Figure 5C).
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Figure 4 Eya and SOCS synergize in
axon targeting. (A) Quantification of
axon phenotypes resulting from over-
expression of Stat92E, Socs36E, and
Socs44A. (B) Quantification of axon phe-
notypes from genotypes in (A) in a GMR >
Eya®™A' background. (C—H) Representative
images of the indicated genotypes stained
with anti-B-galactosidase. P-values were
calculated by performing Student's t-test
between the experimental cross and the
control of that group. In B, the first is
relative to GMR > EyaRfNA and the
second is relative to GMR > SOCS"T,
revealing mutual suppression. * P-value
<0.05, ** P-value <0.01, *** P-value
<0.001.

The pY-SH2-mediated ColP of Eya and Socs44A predicted
cytoplasmic colocalization. Our previous work has shown
that Eya is predominantly nuclear but can be relocalized to
the cytoplasm upon phosphorylation by Abl (Xiong et al.
2009 and Figure 6, A and B). Socs44A accumulated in the
cytoplasm, with strong association to the plasma membrane
(Figure 6, C and F-I; localization of Hop, Stat, and Socs36E is
shown in Figure S4). In Eya-Socs44A cotransfected cells, we
observed a subtle increase in the proportion of cells with
cytoplasmic Eya, while Socs44A localization was not changed
(Figure 6, F, G, and N). Occasionally, membrane-associated
Eya puncta were observed and these tended to colocalize
with Socs44A+ spots (Figure 6G). The frequency of cells dis-
playing these punctate structures dramatically increased
when Abl was cotransfected (Figure 6, H, I, and O). Confirm-
ing the SH2 requirement for Eya recruitment, we did not
observe Eya-containing puncta when Socs44A2SH2 was
expressed (Figure 6, J, K, and O). To separate Abl’s role in
phosphorylating Eya from its role in recruiting Eya to the
cytoplasm, we examined the response of Myr-Eya, which is
constitutively targeted to the cytoplasmic membrane (Figure
6, D and E). Only when Abl was cotransfected did Socs44A
promote Eya punctate localization (Figure 6, L, M, and O).
We speculate that these puncta represent Eya—Socs44A com-
plexes and that they are mediated by pY-SH2 interactions.

Concluding remarks

Our genetic screen was initially motivated by the idea that the
cytoplasm was a likely site for Eya’s phosphotyrosine phos-
phatase activity (Xiong et al. 2009), a model which was sub-
sequently validated in mammals (El-Hashash et al. 2012).
Recent work has shown that this catalytic function of Eya is
dispensable for Drosophila development (Jin et al. 2013).
What then might be the role of cytoplasmic Eya? One possi-
bility is that Eya might act as a scaffolding factor that nucle-
ates the formation of specific protein complexes in response
to different upstream signals. Because our biochemical
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Figure 5 pY-SH2 dependence of Eya ColP
with Hop, Socs36E, and Socs44A. (A-F)
Western blots showing ColP results from
transfected Drosophila S2 cells. Top panels,
blotted with anti-HA, show input levels for
the HA-tagged Jak/Stat pathway factor.
Middle panels, blotted with anti-Flag, show
IP of Flag—Eya. Bottom panels show ColP of
the HA-tagged Jak/Stat pathway protein.
Key below indicates factors transfected in
each experiment. (A-D) Eya ColPs full-
length Hop, Socs36E, and Socs44A but
not Stat. Broad smeary band in lane 4, mid-
dle panels, reflects the extensive tyrosine
phosphorylation of Eya that occurs in the
presence of Abl (Xiong et al. 2009). (A)
Flag—-Eya ColPs HA-Hop in the presence or
absence of Abl. (B) Flag-Eya does not ColP
HA-Stat. (C and D) Flag-Eya ColP of
Socs36E (C) and Socs44A (D) is increased
in the presence of Abl. (E and F) Eya-
Socs44A but not Eya-Socs36E requires the
SH2 domain of that SOCS factor. (E) Flag—
Eya ColPs all HA-Socs36E mutant con-
structs. (F) Flag-Eya ColPs all HA-Socs44A
deletion constructs except that lacking the
SH2 domain. Black triangles mark IgG
bands. Full-length Socs44A (lanes 2 and 4)
runs below IgG heavy chain, while Soc-
SA4AANT runs coincident with 1gG  light
chain (lane 3).

or function of such complexes via its phosphothreonine phos-
phatase activity. Eya’s threonine phosphatase activity has
been implicated in innate immunity in both mammals and
Drosophila, and although substrates have not been identified,
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Figure 6 Eya localizes to cytoplasmic punctate
structures when cotransfected with Abl and
Socsd4A. (A-M) Individual transfected S2 cells
showing representative subcellular distribution
of Flag-Eya and HA-Socs44A. Nuclei are
marked with DAPI. (A) Flag-Eya is predomi-
nantly nuclear. (B) Cotransfection of Abl causes
cytoplasmic redistribution of Flag-Eya. (C) Full-
length HA-Socs44A appears cytoplasmic and
membrane associated. (D) Myr-Flag-Eya is
tightly membrane associated, with some punc-
tate structures apparent. (E) Cotransfection of
Abl does not alter Myr-Flag-Eya distribution.
(F and G) Two representative cells showing that
cotransfection of Socs44A does not induce a
major redistribution of Eya (F), although in a
small fraction of cells, bright membrane proxi-
mal punctate structures are seen (G). Socs44A
appears more tightly membrane associated in
cells in which Eya puncta form (G’), with re-
duced general cytoplasmic accumulation (com-
pare to F'). (H and I) Two representative cells
showing Eya cytoplasmic (H) and punctate ()
localization increases in response to cotransfec-
tion of Abl and Socs44A. In cells with Eya
puncta, Socs44A tends to be strongly mem-
brane associated (I). (J and K) Redistribution
of Eya to membrane-associated puncta requires
the SH2 domain of Socs44A. Socs44AASH? |o-
calizes diffusely throughout the cytoplasm and
is not strongly membrane associated (Figure
S3L), and localization does not change with
cotransfection of Eya (J) or Eya and Abl (K). (L)
Socs44A only slightly increases the punctate
distribution of Myr-Eya. (M) Cotransfection of
Abl and Socs44A results in punctate Myr—Eya
distribution in 75% of cells. (N) Quantification
of nuclear vs. cytoplasmic distribution of Flag—
Eya in experiments A, B, and F-I. N values are
shown across the top of the graph. (O) Quanti-
fication of cytoplasmic Eya distribution into
punctate structures in experiments A, B, and
D-M. Punctate classification is a subset of mem-
brane associated (i.e., some cells categorized as
having punctate staining also have membrane-
associated staining). N values are shown across
the top of the graph.

cytoplasmic activity was implied by the identified interactions  and Plenge 2012). In Drosophila, Jak/Stat signaling regulates
(Okabe et al. 2009; Liu et al. 2012). Intriguingly, the Jak/Stat  hemocyte (blood cell) development and release of Upd cyto-
pathway is relevant to innate immunity in both Drosophila and  kines in response to infection (Agaisse et al. 2003; Copf et al.
mammals (reviewed in Agaisse and Perrimon 2004 and O’'Shea  2011; Minakhina et al. 2011; Woodcock et al. 2015). The

1292 C. S. L. Hoi, W. Xiong, and I. Rebay


http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.185918/-/DC1/FigureS3.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.185918/-/DC1/FigureS3.pdf

tyrosine kinases from our short list of candidates also have
potential links to immunity. shark and Src42A are important
for Draper-mediated glial phagocytosis of axonal debris
(Ziegenfuss et al. 2008) which, if left uncleared, stimulates
an immune response, and Src64B overexpression has been
shown to be sufficient for inducing an immune response in
larva (Williams 2009). Even if Eya’s threonine phosphatase
activity is not involved, extending exploration of the interac-
tions we have uncovered in the context of axon guidance to
other biological contexts in which the candidate interacting
partner is known to function may provide new insight into
the cytoplasmic signaling networks in which Eya participates
during development and disease.
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Figure S1 | Comparison of eya knockdown versus overexpression axon guidance
phenotype

(A) GMR>EyaRNA' animals have brains with thick axon fascicles (highlighted in A’ by
yellow arrows) and an uneven lamina plexus with frequent gaps highlighted in A’ by blue
arrows. (B) In contrast, GMR>Eya"" animals only occasionally have disruptions to the

lamina plexus (blue arrow).
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Figure S2 | A missense mutation in the Socs44A SH2 domain disrupts ColP with
pY-Eya

Western blot showing that Flag-Eya co-transfected with Abl only weakly ColPs HA-
Socs44AS™? (Socs44AR?'*) Top panel, blotted with anti-HA, shows input levels for
Socs44A constructs. Middle panel, blotted with anti-Flag, shows IP of Flag-tagged Eya.
Bottom panel shows ColP of WT, but not SH2 mutated, Socs44A with Eya when Abl is

cotransfected.
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Figure S3 | Jak/Stat components ColP each other

(A-C) Western blots showing ColP results from transfected Drosophila S2 cells. Top
panels, blotted with anti-HA, show input levels for the HA-tagged Jak/Stat genes. Middle
panels, blotted with anti-Flag, show IP of Flag-tagged Jak/Stat genes. Bottom panels
show ColP of HA-tagged Jak/Stat genes. Key below indicates factors transfected in
each experiment. Black triangles mark 1gG bands. Stat and Socs36E both run very
close to IgG heavy chain while Socs44A runs below IgG light chain. (A) Flag-Hop ColPs
HA-Stat, HA-Socs36E and HA-Socs44A. (B) Flag-Socs36E ColPs HA-Hop, HA-Stat
and HA-Socs44A. (C) Flag-Socs44A ColPs HA-Hop, HA-Stat and HA-Socs36E.
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Figure S4 | Subcellular localization of Hop, Stat or Socs36E in S2 cells co-
transfected with Eya or with Eya and Abl, and Socs44A"3"

(A-N) Individual transfected S2 cells showing representative subcellular distribution of
HA-tagged Jak/Stat genes and Flag-Eya. Nuclei are marked with DAPI. (A-C) Hop
localization is predominantly cytoplasmic and becomes subtly nuclear upon co-
transfection of Eya. (A) HA-Hop is exclusively cytoplasmic. Co-transfection of Eya (B) or
Eya and Abl (C) enables detection of HA-Hop in the nucleus. Hop’s mammalian
orthologs, Jak1 and Jak2, do localize to the nucleus (Lobie et al. 1996; Ram and
Waxman 1997). Eya localization is unaffected by co-transfection of Hop (B) and still
relocalizes to the cytoplasm with co-transfection of Abl and Hop (C). (D-H) Stat localizes
throughout the cell and becomes more nuclear with co-transfection of either Eya or Eya
and Abl. (D) HA-Stat localizes to both the nucleus and cytoplasm. (E-F) Two
representative cells showing that co-transfection of Eya will cause HA-Stat to become
more nuclear while Flag-Eya localization is unchanged. (G-H) Two representative cells
showing that co-transfection of Eya, Abl and Stat results in HA-Stat becoming more
nuclear but Flag-Eya still relocalizes to the cytoplasm. (I-M) HA-Socs36E is exclusively
cytoplasmic with some membrane-association. (J-K) Two representative cells showing
that co-transfection of Socs36E does not induce dramatic redistribution of Flag-Eya (J),
although some instances of cytoplasmic Eya accumulating into puncta are observed
(K). (L) HA-Socs44A%2is heterogeneously distributed throughout the cytoplasm. This
localization does not change with co-transfection of Eya (Figure 6J) or Eya and Abl
(Figure 6K).
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Table S1 | Complete genetic screen results.

Complete results from the primary and secondary genetic screens. SH2/PTB genes are
grouped into known categories of signaling and superscripted numbers indicate the
VDRC line. All lines were crossed to GMR>Eya"";RTL for the primary screen, and hits
were subsequently crossed to GMR>Eya™*:RTL, GMR>Myr-Eya"’";RTL, and
GMR>NLS-Eya"":RTL for secondary tests. Data shown in each column are averages of
overshooting axons per brain with standard deviation, followed by p-value (* p-value
<0.05, ** p-value < 0.01, *** p-value < 0.001), followed by an arrow indicating the
direction of the genetic interaction (solid black down arrows mark significant
suppression; open up arrows mark enhancement), followed by the number (N) of brains

scored.



