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SUMMARY

The expression and organization of the phototransduction profile, we find Pph13is required for both rhabdomere
signaling proteins into a specialized light-sensing organelle, morphogenesis and for the proper detection of light. In
the rhabdomere, is required for photoreceptor cells to addition, we demonstrate that Pph13 exerts its effect by the
detect light. We report the characterization of the mutant  regulation of photoreceptor specific gene expression.
Pph1322y, Pph13 is a homeodomain transcription factor

expressed only in photoreceptor cells. Pphl3 expression

correlates with the differentiation and not specification of  Key words: Homeodomain, Photoreceptor, Rhabdomere,
photoreceptor cells. In agreement with its expression Phototransduction, Terminal differentiation, Ha2ypsophila

INTRODUCTION defects in eye development (Czerny et al., 1999; Hill et al.,
1991; Kronhamn et al., 2002; Quiring et al., 1994; Ton et al.,
Drosophilaphotoreceptor cell specification and differentiation1991).
occurs over a 120 hour period. We have considerable insight Upon specification, photoreceptor neurons immediately
into the regulatory mechanisms of photoreceptor celbend axonal projections into the optic lobe of EBesophila
specification and the mechanisms of phototransductiorbrain. The outer photoreceptor cells project into the lamina
However, the events that occur between the specification ofvehereas the inner photoreceptor cells (R7, R8) send axonal
photoreceptor neuron and the final organization and functioprojections deeper into the optic lobe and terminate in the
of the phototransduction signaling cascade are poorly definethedulla (Meinertzhagen and Hanson, 1993; Wolff et al., 1997).
To identify the key components controlling the differentiationFurthermore, the differentiation of the photoreceptor neurons
of photoreceptor cells, we have screened for mutants that afféastnot complete until 4 days later, at the end of metamorphosis.
the final morphogenetic and functional state of photoreceptdne unique feature of vertebrate &vdsophilaphotoreceptor
neurons. neurons is the creation of a specialized light-sensing organelle
The Drosophila compound eye consists of an orderedon the apical cell surface. Drosophilg the rhabdomere is the
array of 800 individual units known as ommatidium. Eachphotoreceptor light-sensing organelle and is the functional
ommatidium contains 20 cells, which include the eightequivalent of the outer segment of vertebrate rod and cone
photoreceptor neurons, six outer (R1-R6) and two inner (R¢ells. Each rhabdomere consists of 60,000 tightly-packed
R8) cells. The adu@rosophilaeye develops from an epithelial microvilli, each 50 nm in diameter and 12n in length
monolayer, the eye imaginal disc. Specification of thgKumar and Ready, 1995; Leonard et al., 1992). This results in
photoreceptor neurons begins during the larval third instar aral tremendous increase in surface area to house the tens of
proceeds in a posterior to anterior wave across the eye imagimaillions of rhodopsin molecules and associated signaling
disc to create each individual ommatidium (Ready et alimolecules that are responsible for the detection of light.
1976; Wolff and Ready, 1993). The early specification of As the rhabdomere develops, the signaling molecules
photoreceptor cells has been well studied (Heberlein anekquired for the detection and translation of light into a receptor
Treisman, 2000) and despite the obvious morphologicgbotential are expressed and localized to the rhabdomere. In
differences between invertebrate and vertebrate eyes, many@fosophilg the activation of rhodopsin leads to the activation
the necessary transcription factors required for eyef Phospholipase C (PLC) via a coupled heterotrimeric G
specification are conserved (Ashery-Padan and Gruss, 20Qdrptein. PLC catalyzes the breakdown of phosphatidyl 4,5-
Kumar and Moses, 2001). The best example of functionddisphosphate [Ptdins(4f)] into the two intracellular
conservation is the role 8ax6in eye development. Mutations messengers inositol  triphosphate [Ins(183b) and
of PAX6 in humans Aniridia), mice Small ey and diacylglycerol (DAG). This reaction leads to the opening of
Drosophila (eyelessand twin of eyelegsall lead to severe light sensitive cation-selective channels (TRP, TRPL and
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TRPy) and the generation of a depolarizing receptor potentiglia Research Genetics). UAS and heat shock construBtllESpé
(Hardie and Raghu, 2001; Zuker, 1996). fragment from GH01528 was cloned into Bgdll/ Xbd sites of pUAST
We have isolated a mutatiohazy that represents a null (Brand and Perrimon, 1993) and tBglil/Xba sites of pCaSpeR-hs
a”ele Of the photoreceptor Specrﬁc homeodomaln gmm:g (Thummel et al., 1988) and bOth were transformed into ﬂ|eS. pCDNA3
Pph1322y mutants are adult viable and each ommatidiunF‘i“SttL“gtéana"l'/)z(hhé’ fsriflgsmgzt[)fr:&n; t\r/]:ct%ro(llg/zit?ogi) W?f]ed%g%d
colrlltalr;ls the apprr?lpggtf Sett Otf phhotoreceptor a(r;d access IFIg)smid (Holloway et al., 1995) was obtained from Dr G. Rosenfeld
CETS. OVY‘?V.eer mutants have a severe aecrease Iny,g contains the rat prolactin promoter inserted into pGL2 (Promega).
Ilght_sens!tlwty. \_Ne_ demonstratephl3is necessary _for the one copy of wild-type and mutatesye G8 upstream regions were
terminal differentiation of photoreceptor cells, in particular thecioned into theNhd site. The mutateceye G enhancer used in
morphogenesis of the photoreceptor rhabdomere as well as #@e transfection assays contained the following sequeriee 5
the expression of phototransduction signaling proteins. ggcTAATccaATCCgctAGGTgCcATTAccg 3 (the uppercase letters
represent the positions of the palindromic Pph13 binding half stes).
GB-GFP was constructed by placing 424 nucleotides that are prior to

MATERIALS AND METHODS the first ATG ofeye @ into the Green Pelican vector (Barolo et al.,
) 2000). GST fusion protein consisted of amino acids 1-70, representing
ERG recordings the homeodomain, cloned into pGEX-4T1 (Pharmacia).

Responses to light were done as previously described (Pak, 1975).

Briefly, anesthetized flies were immobilized with myristic acid. GlassEMSA assays

electrodes containing 0.7% NaCl were placed into the thorax and onElectrophoretic mobility shift assays were performed as described
the surface of the eye. Light generated by a Xenon arc lamp (450 \©eviously (Zelhof et al., 1995). In vitro transcribed and translated
Osram) was passed through various intensity and color filters. Th@otein was generated by the TNT Coupled Reticulocyte Lysate
data were acquired with Clampex (PCLAMP 6) and the tracings werBystem (Promega) according to manufacturer's instructions.

plotted with BatchPlot. Upon annealing of the complimentary oligonucleotides, the
) oligonucleotides were radiolabeled using a Klenow fill-in reaction.
EM analysis For competition experiments both a 10- and 50-fold excess of cold

Electron microscopy ofDrosophila eyes were carried out as competitor were used.
previously described (Baker et al., 1994).
Reverse transcriptase and PCR reactions
Immunofluorescence stainings The following primer sets were used for first-strand synthesis and
Developing whole retinas were dissected at the appropriate time afCR amplification: Arrl, 5- GAATAAATGGTAGCTCAGCGC-3, 5-
processed as described previously (Fan and Ready, 1997; Zelhof GIACATGAACAGGCGTGATTT-3/5-TGTGTCTTTGCGCTTGAT-
al., 2001). Creation and processing of frozen thin sections wer&TC-3; InaD, 5-TAGAATCATGGTCACTACGCC-3, 5-CAGGC-
performed as described by Tsunoda et al. (Tsunoda et al., 2001). TEBAAGAACAAGTTCAAC-3/5-TGTTACATCCTGATTAACGGC-3;
primary antibodies used were rabbit anti-TRP, Rh1, TRPL, INADNinak, 5-GGTATTCAGTGGTGTAAGGCC-3, 5-TGGCGTGGTG-
Amphiphysin (Zelhof et al., 2001), mouse anti-ey (Rarfitz et al.,  ATCTACATATT-3/5-GACATTCATCTTCTTGGCCTG-3; Trpl, 5-
1991), Chaoptin (Van Vactor et al., 1988), 21A6 (Zipursky et al. AGGGAGCGCATTATATTATCA-3, 5-GAACTACGATCCGCAGA-
1984), sheep anti-Bifocal (Bahri et al., 1997), rabbit anti Racl was 8GTC-3/5-CATTTCTCGCGTGGTATGTAA-3; Eye [& 5-AAGTG-
gift from Dr L. Luo. If not noted, the primary antibody was createdATGCGGTTCTCGT, 5-TGTGCCCAAGATTCGATT-3/5-GGTTC-
in Dr Charles Zuker's laboratory. Rhodamine conjugated PhalloidiRiTACTGGGCGATT-3. Total RNA was isolated froron bw and
(Molecular Probes) was used for the detection of Actin. FITC and®ph132zy homozygous heads using Rneasy Mini Kit (Qiagen) and
Red-X-conjugated secondary antibodies were obtained from Jacksdirst strand synthesis was accomplished using the Thermoscript RT-
ImmunoResearch Laboratories. PCR System (Invitrogen) and each mRNA target had 35 rounds of
PCR amplification.
Antibody production
The rabbit polyclonal antibody 677 was created by injecting rabbitdransfection assays
with a GST-fusion protein representing amino acids 219-357 of Pph1Bwnenty-four hours before transfection NIH 3T3 cells were seeded in

and sera was used at a concentration of 1:500. 96-well plates. Cells were grown in DMEM supplemented with calf
) serum. Cells were transfected by using polyfect (Qiagen) according
Western analysis to manufacturer’s instructions. Transfection assay mixtures contained

Tissue was placed in extraction/binding buffer (EB; 100 mM KCI, 2020 ng of reporter with or without 40 ng of pcDN#ph13per well

mM HEPES, 5% glycerol, 10 mM EDTA, 0.1% Triton X) with the and assayed for luciferase activity approximately 44 hours post
proteinase inhibitor cocktail mix Complete (Roche Diagnostics)transfection using the Promega Luciferase Assay Kit and a TopCount
homogenized and sonicated. The mixture was spun and tHecintillation Counter for light detection. Sixteen to 48 wells were
supernatant was collected and an equal volume sthple/loading  transfected for each DNA combination tested per experiment. Three
buffer was added. All extracts were resolved by SDS-PAGE and thandependent transfection experiments were performed per condition
transferred to Immobilon-P (Millipore). Protein detection was done asssayed.

previously described (Baker et al., 1994). Primary antibodies used in

this study were rabbit anti-Rh1, Rh4, TRP, TRPL, YRRu et al.,

2000), NinaC (Porter et al., 1992), INAD, PLCaGGy, RdgC, RESULTS

NinaA, GQul, Arr2 and mouse anti- eyeBGYarfitz et al., 1991). If
not noted, the primary antibody was created in Dr Charles Zuker’

Pph13hazy mutants have a severe reduction in their
laboratory.

response to light and malformed rhabdomeres
DNA constructs To identify genes required for photoreceptor cell

The expressed sequence tag (EST) GH01528 representing the cDMiferentiation, we screened for the presence or absence of
for Pph13was obtained from Berkele@9rosophilaGenome Project the deep pseudopupil (DPP) iDrosophila adult eyes



(Franceschini, 1972; Franceschini and Kirsch
1971). The presence of the DPP is an indication ¢
overall integrity of the photoreceptor cells and t
associated rhabdomeres. Such screens have
effective in isolating mutations that affect eye struc
and development (Baker et al., 1992; Banerjee ¢
1987; Pichaud and Desplan, 2001). To limit our se
for those mutants that affect aspects of differentii
and not specification, we excluded any mutants the
incorrect external morphology, particularly rough
irregular shaped eyes. Consequently, we screened
viable second chromosome EMS mutated i
generated from 38,000 F3 lines (E.K. and C. S. Z
unpublished) for the absence of a DPP and isolat
mutant stocks which represent 18 complement
groups (data not shown).

A key component of eye function is the organiza
of the phototransduction machinery into
rhabdomere. As import of the signaling compon
occurs late in photoreceptor differentiation,
reasoned that flies that lacked a DPP and coul
correctly respond to light would be the best candic
for mutants defective in photoreceptor term
differentiation. Using electroretinogram assays (EF
that measure the capacity of photoreceptor cel
convert light into a receptor potential, we tested
collection of 33 mutants for those that had defec
light perception. Our results indicated that amonc
group that had irregular ERGs, one had a st
deficiency in the detection of light. This mut
responds reproducibly only to long durations of |
intensity light. The characteristic on/off transient:
wild-type responses are undetectable (Fig. 1C) at
10 days post eclosion, the mutants appear to lo:
responses to light.

While weak or no response to light can be the r
of numerous factors (e.g. missing phototransdu
molecules or subsequent retinal degeneration)
absence of a DPP in newly eclosed flies suggest
the rhabdomeres did not form. To examine whe
the rhabdomeres are present, we performec
EM-ultrastructural analysis on the adult mu
photoreceptor cells. Our examination revealed thi
photoreceptor cells and associated rhabdomere
present. However, the rhabdomeres are se\
malformed. They are significantly smaller in size
often the microvilli within each rhabdomere
misaligned (Fig. 1B). In addition, the rhabdomere
not consistently extend the entire thickness of the r
(data not shown). Given the malformed rhabdorr
and the inability of this mutant to detect light,
tentatively named this mutahazy

Pph13hazy encodes a paired-class homeobox
gene

As a first step in understanding the molec
mechanisms leading to the severe decrease in
sensitivity and rhabdomeric defectigzymutants, wi
isolated the responsible gene. Recombination
deficiency mapping placedazyin a small genomi
interval of 70 kB of DNA at 21C7-21D1 on the left ¢
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Fig. 1. Pph132zymutants have malformed rhabdomeres and a dramatic loss
in light sensitivity. (A,B) Transmission electron microscopy analysehdiw

(A) andPph13azy(B) ommatidium. Mutant rhabdomeres are small,
malformed and individual microvilli are misaligned. (C) Electroretinograms
of cn bw Pph13¥azyandPph13azy hs-Pph13aPph13cDNA under the

control of a heat shock promoter). Each consecutive 520 nm light pulse
represents a 10-fold increase in light intensity relative to the previous one.
The last light pulse is a 10 second pulse of 570 nm light at equal intensity to
the last 1 second pulse. The reintroduction ofthe13cDNA rescues all
Pph13azymutant phenotypes.

A. 21A hazy 2op 23A 24A  25A
L 1 | | |
” Complements

Df(2L)net-PMF | ] Yes
Df(2L)BSC4 m!! Yes
Df(2L)al ] Yes
Df(2L)ast2 | (— Yes
Df(2L)dp-79b I [ | Yes
Df(2L)C144 | . Yes
In(2L)DTD16 | : . Yes
Df(2L)ed1 . Yes
Df(2L)sc-19-8 ] — Yes
Df(2L)4989-Xray d No
Tp(2;Y)odd-4.25 I I ! Yes
Tp(2;Y)odd-4.13 T ! No

B.

Pph13 QRRYRTTFNT LQLQELERAF QRTHYPDVFF REELAVRIDL TEARVQVWFQ NRRAKWRKJE
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Fig. 2. Pph1323zygenetic interval and homeodomain protein comparisons.

(A) Recombination and deficiency mapping plaBgth1322Yin a small

genetic interval 21C7-21D1 on the left arm of the second chromosome. All
deficiency and duplication stocks were obtained from the Bloomington Stock
Center, except Df(2L)4989, which represents an X-ray induced allele of
Pph132zy(A.C.Z., unpublished). (B) Comparison of the Pph13 homeodomain
to Drosophila Aristaless (Al) and Aristaless-related homeobox protein (Arx).
The red asterisk represents the amino acid charigehh3(W to Stop).



4386 A. C. Zelhof and others

of the second chromosome (Fig. 2). Sequencing of candidaRhabdomere development stalls at 72 hours APF in
genes from this interval in both the mutant and isogenic wildPph13hazy mutants

type flies revealed a single base change in the open readingw does Pph13 control the morphogenesis of rhabdomeres?
frame of the previously identified homeodomain gBp&13  The small malformed rhabdomeres observedPph13azy
(Dessain and McGinnis, 1993). The nucleotide change resuligutants may either be the result of retinal degeneration or a
in the introduction of a premature termination codon at amin@aw in their biogenesis. Our EM ultrastructural analysis of
acid position 58 (W to Stop). The premature stop is within thenutant photoreceptor cells did not reveal any clear signs of
homeodomain and therefore would also effectively eliminatglegeneration. The rhabdomere terminal web, which is
any DNA binding capacity. More importantly, reintroduction responsible for maintaining the separation and support of the
of a wild-type full-length Pph13 cDNA, under the control of arhabdomere from the cell cytoplasm, formsPiph13a2Yflies

heat shock promoter, by P-element mediated germ lingrig. 1B). We do not observe a large concentration of vesicles
transformation fully rescues @ph132Yphenotypes (Fig. 1C  or multivesicular bodies (MVBs) in the cell cytoplasm
and data not shown). Rescue is obtained without heat shogssociated with degenerating rhabdomeres or the characteristic
suggesting only a basal level of expression is required fQavoluting of the rhabdomere membrane, as seeniriaE
proper photoreceptor cell morphogenesis. mutants (Kumar and Ready, 1995).

) ) If the malformed rhabdomeres were the result of improper
Pph13 is expressed in photoreceptor cells . ~ morphogenesis, an examination of the spatial and temporal
Using an antibody raised against the C-terminal region oippearance of rhabdomeric proteins during the steps of
Pph13, we examined the spatial and temporal expression gficrovilli formation would not only define the developmental
Pph13 throughouDrosophila development. In agreement time of the defect but also identify possible Pphi3
with Pph13mRNA localization (Goriely et al., 1999), Pph13 transcriptional targets. The exact mechanism of microvilli
expression during embryogenesis is limited to the cells ghitiation and elongation are not known but there are a few
Bolwig's organ, the larval photoreceptor center (Fig. 3A). Theyrotein markers that can be used to gauge the progression and
adult photoreceptor cells are specified during the third larvatructure of the developing rhabdomere. At 48 hrs after
instar. However, we do not detect any Pph13 staining in thgupariation (APF), when the initial microvilli folds are
eye imaginal disc or any other imaginal tissue. Pphl$rming, we find the accumulation of rhabdomeric proteins,
expression is first detected in at 36 hours APF prior to thehaoptin (Van Vactor et al., 1988), Bifocal (Bahri et al., 1997),
detection of the membrane folds that will give rise to theamphiphysin (Zelhof et al., 2001), 21A6 (Zipursky et al.,
rhabdomeres (Fig. 3B). Expression is limited to only1984), in mutants is indistinguishable from wild type (data not
photoreceptor cells and expression is maintained during adwhown). At 72 hrs APF, the progression of rhabdomere
life. As expected, Pph13 localization is nuclear as comparegevelopment and localization of rhabdomeric proteins appears
to a nucleatacZ marker (Fig. 3E-G) and immunoreactivity is to be normal inPph1332 mutants (Fig. 4). However, at 96
not detected irPph1332y mutant embryos or photoreceptor hours APF, the staining of F-actin clearly reveals a severe lack
cells (data not shown). of growth and elongation of the rhabdomere microvilli in
mutants (Fig. 4H). Staining for F-actin demonstrates that the
mutant rhabdomeres are not full and round when compared
A. with their wild-type counterparts. In agreement with our
immunofluorescent studies, EM ultrastructure analysis
revealed rhabdomere biogenesis is not proceeding correctly by
72 hours APF. The microvilli of mutant photoreceptor cells are
misaligned and loosely packed, as seen in adult mutant
rhabdomeres (Fig. 5C,D). Whereas at 60 hours APF
no discernible ultrastructure defects are observed
between wild-type and mutant photoreceptor cells
(Fig. 5A,B), suggesting Pph13 function is crucial

Fig. 3.Pph13 is expressed Brosophilaphotoreceptor
cells. Spatial and temporal expression profile of Pph13.
(A) Stage 16 embryo. Pph13 is only detected in the
bilateral cluster of cells that constitute Bolwig’s organ.
The box represents a higher magnification view. The
staining of the embryonic trachea is non-specific.

(B-D) Pph13 (green) and F-actin (red) staining of
developing photoreceptor cells: (B) 36 hours APF; (C)
48 hours APF; (D) 72 hours APF. Pph13 expression is
detected in all eight photoreceptor cells. At 72 hours
APF, not all of the photoreceptor nuclei are shown in
this optical section. (E-G) Pph13 (red) and Arr2-nuclear
lacZ (green) expression in a cryostat-section of a 3-day-
old adult head. Pph13 localization is maintained in adult
Drosophilaphotoreceptor cells.
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72 hrs APF 96 hrs APF
21A6 /Actin

Amph / Actin  Bifocal /| Chaoptin 21A6 | Actin

cn bw

Fig. 4. Pphi13azymutants are stalled in
development at 72 hours APF.

(A-C) Immunofluorescence of
rhabdomeric proteins ion bw
ommatidia at 72 hours APF. (D) Actin

E and 21A6 staining ikn bwommatidium
™ at 96 hours APF.
‘_:" (E-G) Immunofluorescence of
Q. rhabdomeric proteins iRph13azy
o ommatidia at 72 hours APF. (H) Actin

and 21A6 staining in Rph13azy
ommatidium at 96 hours APF.

between 60 and 72 hours APF for proper rhabdomeraccumulation of Racl at the interface between the rhabdomere

formation. and the cell cytoplasm is very irregular in mutants (Fig. 6).
Little is known about the molecular events that occur duringrirst, as early as 72 hours APF, we see ectopic spots of Racl

this 12 hr period of development. Nevertheless, at this timm the photoreceptor cell body and by 96 hours APF, there is

Racl is expressed. Racl has been implicated in the formatiangrossly abnormal amount of Racl accumulating at the

of the rhabdomere terminal web (Chang and Ready, 2000) andabdomere cell cytoplasm interface and witRph13azy

Rac, as seen in lamellipodia formation, has the ability tg@hotoreceptor cells. Interestingly, this misregulation of Racl

reorganize the actin cytoskeleton to create and suppoactivity or accumulation may be contributing to the

membrane protrusions (Etienne-Manneville and Hall, 2002habdomere defects observed Rph13azy photoreceptor

Hall, 1998). Since the terminal web forms Rphidazy  cells.

mutants, we expected to see normal Racl expression and

localization in our mutants. First, our data indicate that hazy

temporal expression of Racl is normal in but surprisingly ch bw Pph13

72 hrs APF

96 hrs APF

Fig. 6. Rac1 expression and localization in wild-type and Pp#Y3
mutant photoreceptor cells. (A-D) Wild-type (A,C) and mutant (B,D)
photoreceptor cells expressing Racl (green) and F-actin (red) at 72
Fig. 5. Transmission electron microscopy ofmbw(A,C) and hours APF (A,B) and at 96 hours APF (C,D). The preparations were
Pphi3azy(B,D) ommatidium at 60 hours APF (A,B) and at 72 hours scanned at the same intensity of light. Arrows indicate the ectopic
APF (C,D). Arrows denote irregular shape and size of the mutant and grossly abnormal accumulation sites of Racl localization in
rhabdomeres. mutant photoreceptor cells.
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Pph13 is not required for cell identity greatly reduce the ability of photoreceptor cells to respond to

Does Pph13 have a role in photoreceptor cell fate light (Dolph et al., 1994). The activation ofaQultimately
specification? To address this possibility, we examinedgads to the regulation of light sensitive cation-selective
several features associated with changes in photoreceptor céffannels. IrPph1332mutants the cation-selective channels
fate. First, we checked the expression and distribution ofRPL and TR} (Xu et al., 2000) are missing. Arrl, which
photoreceptor cell specific rhodopsins. We do not detect theas a role in the deactivation of rhodopsin and termination of
misexpression or absence of the unique rhodopsins of tfie light response (Dolph et al., 1993) is also undetectable.
outer and inner photoreceptor cells (Fig. 7D and data ndtased on previous genetic and molecular studies of the
shown). In addition, there are no changes in the stereotypic@lissing proteins, none of them alone is sufficient to explain
position of the rhabdomeres as present in the latte severe loss of light sensitivity iRph13?2 mutants.
specification mutargpalt(Mollereau et al., 2001). Nor do we Nonetheless, the defect we observePiph133% mutants
observe any pathfinding or target choice mistakes of th&aybe a cumulative effect of all the missing proteins
photoreceptor axons (data not shown). Last, unlikédentified. _ _ .
transcription factors involved in the early specification of The majority of the proteins we examined are present in
photoreceptor cells [e.@yeless(Halder et al., 1995)eyes Pph132azymutant photoreceptor cells but our Western analysis
absentandsine oculis(Pignoni et al., 1997)], misexpression did not address the question of whether these proteins are

of Pph13in other tissues does not lead to the appearance iicalized correctly in photoreceptor cells. To check for proper
ectopic eyes. subcellular localization, we examined the expression of

_ ) proteins via immunofluorescence technigues on frozen thin
Pph13 is necessary for the expression of sections of adult eyes. Our results confirm the absence of TPRL
photoreceptor specific genes and eye @ in Pph1342y mutants. Our western blot data
Given thatPph13is a transcription factor, we reasoned thatsuggested an absence of Arrl expression but our
the nature of the signaling defect is due to the loss ammunofluorescent data demonstrates that Arrl levels are only
misexpression of known phototransduction proteins. Taliminished and not absent in mutant photoreceptors. We can
test this hypothesis, we checked for the presence afetect Arrl in mutant R7/R8 photoreceptor cells and in the
phototransduction proteins in adult head extracts isolated frowuter photoreceptor cells (R1-R6) the levels of expression are
wild-type andPph13azy mutants. Western analysis revealedprobably below our level of detection, suggestPphl3is
undetectable levels of four phototransduction proteins — eyenly required for full expression Arrl in all photoreceptor cells
GB, TRPL, TRR and Arrl inPph132zy mutants (Fig. 7A). (Fig. 7). Last, molecules that show normal or reduced levels
Eye B3 with Gy is responsible for the coupling ofoGto  of expression, such as with INAD or TRP, show correct
rhodopsin. In addition, strong hypomorphic alleles @8 G subcellular localization to the malformed rhabdomeres in

Fig. 7.Pph13 is required for | A, Absent |B. Reduced C. Normal
the expression of WT Pohi3
photoreceptor specific genes. WT Pphi3 WT  Pph13 WT Pphi13 1X 85X 1’; 5X
(A-C) Western analysis of i ol i B AL

photoreceptor specific TRPL sl Rh1 s Gy " o | Nin2A *® .-

proteins in cellular extracts
isolated fromcn bwand
Pph132azyadult heads. There
is no detection of TRPL,
Arrl, TRPyand eye B in
Pph132azymutant extracts.
Both NinaC isoforms (p132
and p174) are shown.

(D) Immunofluorescence of
photoreceptor specific
proteins of lum frozen
sections of light-exposezh
bwandPphldazyeyes.
INAD and TRP localize to
the rhabdomeres in both
wild-type and mutant cells.
TRPL and eye G are not
detected irPph13azy
mutants. Arrl expression is
only detected in the inner
photoreceptor cells (R7, R8,
arrow) and rhodopsin (Rh1)
is detected only in the six
outer photoreceptor cells
(R1-R6).
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Pph132azy mutants (Fig. 7D). Overall, these results sugges8B). On the other hand, cold competitor of the wild-type
Pphl13 is downstream of the genes required for eyeelement does result in a dose-dependent inhibition of Pph13
specification and Pphl3 transcriptional targets are necessdinding.
for the proper detection of light. Based on our findings, we would predict that Pph13 acts as
) o an activator and not a repressor of gene transcription. To test
Eye G is a transcriptional target of Pph13 whether Pph13 has the ability to activate transcription we
Our results suggest thaPphl3 exerts its affect on created a reporter construct containing ¢)e @B enhancer,
photoreceptor differentiation by regulating transcription. If thisnucleotides —-323 to -105, upstream of the minimal rat
is the case, we predict that the mRNAs for the missing proteirgolactin - promoter controlling luciferase  expression
would not be detectable. RT-PCR reactions confirm that th@Holloway et al., 1995). In transient transfection assays, upon
transcripts foitrpl andeye @B are absent while the transcripts the co-transfection of Pph13 we see an average of a thousand
for arrl are present (Fig. 8A). We also predict thatrii or  fold activation of transcription specifically from the reporter
eye @B represents Pphl3 transcriptional targets, potentiadontaining theeye @3 enhancer as compared to the parental
binding sites for Pph13 should exist in their promoter regions/ector. Mutation of the palindromic binding sites within the
The consensus DNA binding site for a Paired classesponse element eliminates the transcriptional activation seen
homeodomain protein containing a glutamine at amino acidith the addition of Pph13 (Fig. 8C), confirming the role of
position 50 of the homeodomain is a palindrome of TAATPph13 as a potential activator of photoreceptor specific gene
separated by three nucleotides (Fortini and Rubin, 199@&xpression.
Wilson et al., 1993; Wilson and Desplan, 1995). Scanning the To further prove a direct regulation eye @3 by Pph13,
transcriptional units oéye @B andtrpl revealed one element we asked whether a transgenic construct containingythe
containing strong potential binding sites for Pph13 upstrear® enhancer is expressed in photoreceptor cells and requires
of the transcriptional start afye @3. Within a span of 25 Pphl3 for expression. As such, we placed GFP immediately
nucleotides, we find two palindromes spaced by thredownstream of first 424 nucleotides that are prior to the first
nucleotides and a third overlapping palindrome separated IATG of eye @B. As the expression of GFP is low in all of our
two nucleotides (see Fig. 8B). transgenic lines and combined with the auto-fluorescence of
To demonstrate binding specificity of Pphl3 to thispigmented eyes, we could not say with absolute certainty that
element, we used both a full-length copy of Pph13 and a GShis genomic region ofye @3 limits GFP expression only to
fusion protein containing only the homeodomain of Pphl3®hotoreceptor cells. However, using western blot analysis, we
(data not shown) in electrophoretic mobility shift assaysletect GFP only in head extracts; more importantly, GFP
(EMSA). In our assays, both protein forms specifically bindexpression is dependent on the presence of Pphl13. When
to this element. Mutation of the palindromic sites results irthe transgenic construct is recombined intoPph1dazy
the elimination of Pphl3 binding and, as expected, thenutant background, GFP expression is greatly diminished
mutated element could not compete for Pph13 binding (FigFig. 8D).

Fig. 8.eye @Bis a transcriptional target of
Pph13. (A) Reverse transcriptase reactions
coupled to PCR for the detection of
photoreceptor specific MRNAs.

Transcripts fotrpl andeye @ are not
detected irPphi13azymutants.

(B) Potential Pph13 binding sites in the
eye @B enhancer and electrophoretic
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DISCUSSION developmental flaw and not of retinal degeneration. The

_ _ . disorganized rhabdomeres do not show any of the characteristic
Pph13 is only required for photoreceptor terminal signs of degeneration and more significantly we detect a clear
differentiation halt in rhabdomere development by 72 hours APF. In addition,

To date the molecular mechanisms responsible foby all measurements, the early events (36 to 60 hours APF) of
photoreceptor cell differentiation remain largely undefined. Wehabdomere biogenesis occur normally.
have characterized a null mutant for the homeodomain gene Our data also indicate the failure of growth is not due to the
Pph13 Pph13 is expressed only in photoreceptor cells, themproper localization or delivery of proteins to the
larval cells of Bolwig's organ and the adult R1-R8rhabdomere. For example, Chaoptin, which is required for the
photoreceptor cells, and we have not detected any defect @énoss-linking of microvilli still localizes to the developing
specification of these cells. Pph13 does not have the ability thabdomere before and after (data not shown) the rhabdomere
activate transcription outside the context of a photoreceptor cdilas stalled in development. In addition, the proteins composing
(data not shown) nor does ectopic expressioRpifl3affect the phototransduction machinery, especially rhodopsin which
the fate of any of the photoreceptor or associated accessdmgs a role in phototransduction and in maintaining the
cells (data not shown). The only phenotypes observed are structural integrity of the rhabdomere (Kumar et al., 1997
photoreceptor cell morphogenesis and function, suggestingumar and Ready, 1995), are imported and stabilized within
Pph13 function is restricted to photoreceptor cell terminathe malformed rhabdomeres. We also do not observe the
differentiation. characteristic expansion of the endoplasmic reticulum
Pph132azy mutants have two striking defects: the ability of associated with defects in rhabdomeric protein cell trafficking
the photoreceptor cell to detect light and the biogenesis ¢Baker et al., 1994; Colley et al., 1995; Sang and Ready, 2002).
the light sensing organelle, the rhabdomere. Are the two What is responsible for the flaw in rhabdomere biogenesis?
phenotypes connected? We cannot eliminate the possibility thitost notably for a transcription factor believed to be
the malformed rhabdomeres are contributing to the inability ofiecessary for the activation and not repression of gene
these mutants to detect light or vice versa. However, thganscription, we see a grossly abnormal accumulation of Racl
severity of the rhabdomere defect cannot be solely responsibia. Pph1322y mutant photoreceptor cells. However, the
For example, from our own screen we have isolated mutanmesence of Racl is in agreement with the fact that the
that result in malformed rhabdomeres equal to those seen terminal web does form iRph133zymutants. Given that the
Pph132azy but have a normal ERG (data not shown). Inexact function of Racl has not been resolved in rhabdomere
addition, the loss of Chaoptin and NinaC both result in diogenesis and that small Rho GTPases have been implicated
considerable loss of rhabdomeric size and rhodopsin levels bt mediating signals required for actin reorganization
they have a better response to light tiRph1322y mutants  (Etienne-Manneville and Hall, 2002; Hall, 1998), future
(Matsumoto et al., 1987) (data not shown). experiments will address the function of Racl in
In addition, our results demonstrate that Pph13 is requireghotoreceptor terminal differentiation and determine how the
for the transcription of phototransduction proteins. Clearlymisregulation of Racl accumulation and activity may be
trpl, trpy and GB are not expressed in mutant photoreceptorcontributing to thePph13azyrhabdomere phenotypes.
cells, and the absence of Pph13 affects the full expression of ) ) _
several other signaling components. This is clearly observedomeodomain proteins and photoreceptor terminal
with Arrl expression. First, our data demonstrates that iflifferentiation
the inner (R7/R8) wild-type photoreceptor cells have &ur molecular cloning oPphl132% has identified another
considerable higher expression of Arrl when compared withomeodomain gene required for photoreceptor morphogenesis.
the outer photoreceptor cells (R1-R6). Second, the loss @frevious reports have established or implicatgglesgPax6),
Pph13 does not eliminate expression of Arrl in photoreceptarthodenticle (otd) and Onecuthomeodomain genes in eye
cells. Arrl expression can be seen in mutant R7/R8evelopment (Nguyen et al.,, 2000; Quiring et al., 1994,
photoreceptor cells and the lack of signal in the outeWandendries et al., 1996). What is the relationship between
photoreceptors is not due to the absence of Arrl expression ibese various homeodomain transcription factors and how
rather the fact that these cells start out with lower levels afo they coordinate photoreceptor terminal differentiation?
Arrl. Taken together, while all of the detected proteinNumerous possibilities exist in which each of these
aberrations can explain the severe loss of light sensitivity, odranscription factors could control a unique subset of molecular
results do not eliminate the possibility of a yet unidentifiednechanisms required for a functional photoreceptor cell;
molecule required for proper phototransduction. Selectivalternatively, they could act in concert on the same genes to
rescue and identification of any other missing components wiromote differentiation. To eliminate or confirm any one of
be needed to explain the complete molecular mechanisntisese possibilities would be premature and further extensive
responsible for the decrease in light sensitivity. characterization of each of these genes in photoreceptor
The molecular mechanisms for rhabdomere biogenesis adevelopment is necessary.
for the most part unknown. Nonetheless, our data do provide Nevertheless, our preliminary data does allow for some
a few insights into rhabdomere biogenesis. speculation. First, it is clear thayelessis required for
Our results demonstrate th&phl13is required for the photoreceptor cell specification and without it a photoreceptor
generation or execution of a late acting signal necessary for ticell a gene liké®>ph13could not function. Besides its early role
elaboration and growth of the microvilli into a rhabdomere.in photoreceptor cell specificatiogyelesss also necessary for
Immunofluorescent and EM analyses demonstrate that tlthodopsin expression (Papatsenko et al., 2001; Sheng et
defects observed iPphl13azy mutants are the result of a al., 1997) and superficially, characterization of the late
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transcriptional targets of Eyeless and Pphl3 appear to beMolecular characterization and expression of sevenless, a gene involved in
different. First, Pph13 is absolutely required tigl, trpy and neuronal pattern formation in the Drosophila e@ell 49, 281-291.

Gp expression but is not necessary for rhodopsin expressiofidrlo. S.. Carver, L. A. and Posakony, J. W(2000). GFP and beta-
galactosidase transformation vectors for promoter/enhancer analysis in

This result would suggest that once a cell has committed to 8pyosophila.Biotechnique9, 726, 728, 730, 732.

photoreceptor cell fate, both Eyeless and Pph13 have separgtgnd, A. H. and Perrimon, N.(1993). Targeted gene expression as a means
and distinct molecular pathways that contribute to ofaltering cell fates and generating dominant phenotymselopment 18
photoreceptor differentiation. 401-415.

; Chang, H. Y. and Ready, D. 2000). Rescue of photoreceptor degeneration
However, comparison djtd and Pph13mutants suggest a in rhodopsin-null Drosophila mutants by activated R&zlence290, 1978-

more complex mode of coordination for photoreceptor jggp.

differentiation. First, the rhabdomere defects obsentek} Colley, N. J., Cassill, J. A., Baker, E. K. and Zuker, C. §1995). Defective
and Pphl@azymutants are similar (Vandendries et al., 1996)_ intracellular transport is the molecular basis of rhodopsin-dependent
In each case. the defects appear not to be the result flominant retinal degeneratioroc. Natl. Acad. Sci. US82, 3070-3074.

. . . L . erny, T., Halder, G., Kloter, U., Souabni, A., Gehring, W. J. and
degeneration but a failure in their biogenesis. The rhabdome usslinger, M. (1999). twin of eyeless, a second Pax-6 gene of Drosophila,

terminal web does form in both cases but the overall size 'andacts upstream of eyeless in the control of eye developimehtCell 3, 297-
morphology are abnormal. Both Otd and Pphl3 are required307. o _
in the same developmental time window for rhabdomer®essain, S. and McGinnis, W1993). Drosophila homeobox gendsly. Dev.

; ; ; ; iochem2, 1-55.
morphogenesis, but neither is necessary for the expression E?Eph, P. 3., Ranganathan, R., Colley, N. J.. Hardy, R. W., Socolich, M.

the other (data not ShOWﬂ). V_Vhether Oud and_ Pph13 rel:m'j'senind Zuker, C. S.(1993). Arrestin function in inactivation of G protein-
two parallel pathways directing the expression of the same coupled receptor rhodopsin in vivBcience260, 1910-1916.

genes or two distinct pathways with different genetic target®olph, P. J., Man-Son-Hing, H., Yarfitz, S., Colley, N. J., Deer, J. R.,
to promote rhabdomere biogenesis will require further SPencer, M. Hurley, J.B.and Zuker, C. S(1994). An eye-specific G beta
investigation. In addition, they do not share a defect in ;l;laugg_gisenual for termination of the phototransduction cashkadiere
phototransductionotd”"' photoreceptor cells exhibit norma”y. Etienne-Manneville, S. and Hall, A.(2002). Rho GTPases in cell biology.
ERGs and we do not detect the loss of phototransductionNature420, 629-635.

proteins downstream of rhodopsin as seen in Pphl3 mutarfi@n. S. S. and Ready, D. §1997). Glued participates in distinct microtubule-
(data not shown). Clearly, Pph13 is responsible for two aspectsbe‘s‘;d activities in Drosophila eye developmérévelopment24, 1497-
of photoreceptor cell differentiation: phototransductlon anq:ortini, .M. E. and Rubin, G. M. (1990). Analysis of cis-acting requirements

rhabdomere morphogenesis. . ' of the Rh3 and Rh4 genes reveals a bipartite organization to rhodopsin
Given that the molecular mechanisms orchestrating the promoters in Drosophila melanogasteenes Dew, 444-463.

differentiation of photoreceptor cells remain largely undefinedfranceschini, N.(1972). Pupil and pseudopupil in the compound eye of

; ; ; rosophila. Ininformation Processing in the Visual Systems of Arthropods
the goal of our genetic approach was to isolate genes require d. R, Wehner), pp. 75-82. Berlin: Springer-Verlag,

for photoreceptor termin_al differentiation. _ Our WF)rk With' Franceschini, N. and Kirschfeld, K.(1971). Pseudopupil phenomena in the
Pph13azyhas shed some light on the regulation of this process. brosophila compound ey&ybermnetik, 159-182.

However, additional studies that combine the accessibility an@oriely, A., Mollereau, B., Coffinier, C. and Desplan, C(1999). Munster,
genetic amenability 01Drosophi|a eye development, with a novel paired-class homeobox gene specifically expressed in the Drosophila

. - . . . larval eye Mech. Dev88, 107-110.
whole genome expression proflllng teChmqueS in both WIIdHaIder, G., Callaerts, P. and Gehring, W. J(1995). Induction of ectopic

type gnchhl@aZy_mL_Jtant photoreceptor cells, should identify  eyes by targeted expression of the eyeless gene in Dros@ttidace267,
additional transcriptional targets necessary for photoreceptor178s-1792.

cells to achieve and maintain a functional state. Hall, A. (1998). Rho GTPases and the actin cytoskeletoience279, 509-
514.
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