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Abstract

During organogenesis, cell proliferation is followed by the differentiation of specific cell types to 

form an organ. Any aberration in differentiation can result in developmental defects, which can 

result in a near-complete loss of an organ. We employ the Drosophila eye model to understand 

the genetic and molecular mechanisms involved in the process of differentiation. In a forward 

genetic screen, we identified, cullin-4 (cul-4), which encodes an E3 ubiquitin ligase, to play an 

important role in retinal differentiation. During development, cul-4 is known to be involved in 

protein degradation, regulation of genomic stability, and regulation of cell cycle. Previously, we 

have reported that cul-4 regulates cell death during eye development by downregulating Wingless 

(Wg)/ Wnt signaling pathway. We found that loss-of-function of cul-4 results in a reduced eye 

phenotype, which can be due to onset of cell death. However, we found that loss-of-function 

of cul-4 also affects retinal development by downregulating RD gene expression. Early markers 

of retinal differentiation are dysregulated in cul-4 loss of function conditions, indicating that 

cul-4 is necessary for differentiation. Furthermore, loss-of-function of cul-4 ectopically induces 

expression of negative regulators of eye development like Wg and Homothorax (Hth). During 

eye development, Wg is known to block the progression of a synchronous wave of differentiation 

referred to as Morphogenetic furrow (MF). In cul-4 loss-of-function background, expression of 

dpp-lacZ, a MF marker is significantly downregulated. Our data suggest a new role of cul-4 in 

retinal differentiation. These studies may have significant bearings on our understanding of early 

eye development.
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Introduction

In all multicellular organisms, organogenesis involves various fundamental processes like 

cell proliferation, cell death, cell fate specification and differentiation to generate the final 

shape and size of an organ. A fine balance between these cell biological processes is crucial 

for organogenesis and to maintain the shape of an organ (Gogia, Puli, Raj, and, & Singh, 

2020; Kango-Singh & Singh, 2009; Mehta & Singh, 2019; A Singh, 2012; M. Tare, Puli 

Roy, O., Singh, A., 2013). Drosophila melanogaster a.k.a. fruit fly, a holometabolous insect, 

has served as an excellent model for understanding the genetic and molecular mechanisms 

involved in these processes. Since the genetic machinery is conserved between Drosophila 
and humans, the information generated in Drosophila model can be extrapolated to humans 

(Bier, 2005; A. Singh & Irvine, 2012).

In Drosophila, the progenitors for all adult appendages are housed inside the larva as a 

monolayer epithelium called as imaginal discs (Poulson, 1950). Imaginal discs, which are 

derived from the embryonic ectoderm, are a favored model system to understand how 

fields of cells can autonomously regulate patterning, growth and differentiation (Atkins & 

Mardon, 2009; Cohen, 1993; Dominguez & Casares, 2005; Held, 2002; A. Singh & Choi, 

2003; Verghese, Bedi, & Kango-Singh, 2012). Among various appendages, the Drosophila 
eye has been extensively used to study patterning, growth and differentiation (A Singh, 

2012; A. Singh & Irvine, 2012). Drosophila eye begins from approximately 20 eye-antennal 

primordial cells that are set aside during embryogenesis (Garcia-Bellido & Merriam, 1969; 

Held, 2002; Poulson, 1950). These eye-antennal primordial cells undergo proliferation 

during first- and second- instar stages of larval development, followed by differentiation 

during late second or early third instar of larval development, which give rise to the adult 

compound eye, antenna and head cuticle (Atkins & Mardon, 2009; Gogia, Puli, et al., 2020; 

Kumar, 2011, 2020b; Mishra & Sprecher, 2020; Ready, Hanson, & Benzer, 1976; M. Tare, 

Puli Roy, O., Singh, A., 2013).

During Drosophila eye development, a core cascade of genes, referred to as the retinal 

determination and differentiation (RD) gene network, which comprises of PAX-6 homolog 

eyeless (ey), twin of eyeless (toy), eye gone (eyg), twin of eyegone (toe), eyes absent (eya), 
sine oculis (so), and dachshund (dac) are required to form an adult eye (Gogia, Puli, et 

al., 2020; Jang et al., 2003; Kango-Singh, Singh, & Sun, 2003; Mishra & Sprecher, 2020; 

A. Singh, Lim, & Choi, 2005; M. Tare, Puli Roy, O., Singh, A., 2013). Most of the core 

members of RD gene network except Eya, a tyrosine phosphatase, are transcription factors. 

These RD genes are necessary and sufficient for the normal development of the eye, and 

have capability to induce ectopic eyes in other imaginal discs like wing and leg imaginal 

discs (Halder et al., 1998; Kango-Singh et al., 2003; Kumar, 2011; Mishra & Sprecher, 

2020). In first instar eye primordial cells, ey is expressed in the entire eye disc and its 

Tare et al. Page 2

Genesis. Author manuscript; available in PMC 2022 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expression is activated by Toy (Czerny et al., 1999). Ey expression is downregulated at the 

MF as well as in the cells posterior to the MF (Czerny et al., 1999), which in turn activates 

the expression of downstream genes eya, so, and dac to promote retinal differentiation (Bui, 

Zimmerman, Liu, & Bonini, 2000; Halder et al., 1998; Kango-Singh et al., 2003; Mishra 

& Sprecher, 2020; Niimi, Seimiya, Kloter, Flister, & Gehring, 1999; Serikaku & O’Tousa, 

1994).

During late second instar stage, the retinal or photoreceptor neurons begin to differentiate 

from their precursor cells. The process of retinal differentiation, marked by a significant 

change in the shape of the cells, begins at the posterior end of the eye imaginal disc, 

and moves toward the anterior end as a synchronous wave. This wave of differentiation 

originates at the posterior margin of larval eye imaginal disc and is referred to as the 

morphogenetic furrow (MF) (Kumar, 2020a; Ready et al., 1976; Wolff & Ready, 1991). 

As the MF progresses, it leaves behind rows of gradually assembling ommatidial clusters. 

Consequently, the older clusters are positioned farthest from the MF. The cells posterior to 

the MF are differentiated photoreceptor neurons, which make the compound eye whereas the 

cells anterior to MF remain in proliferating states until the end of the third instar larval stage 

(Kumar, 2020a).

The differentiation along the MF is also guided by signaling molecules, such as Hedgehog 

(Hh), Decapentaplegic (Dpp) and other transcription factors (Dominguez & Hafen, 1997; 

Kumar, 2020a). In the developing eye imaginal disc, dpp expression initiates at the posterior 

margin and moves dynamically with the MF. Therefore, dpp serves as an excellent marker 

for MF progression (Kumar, 2020a; Sarkar, Gogia, Farley, Payton, & Singh, 2018). Dpp 

promotes MF progression by downregulating wingless (wg), a negative regulator of eye 

development, and is known to block MF progression (Ma & Moses, 1995; Treisman & 

Rubin, 1995). Loss-of-function of wg in the developing eye results in MF enlargement 

along the DV margins. Wg is expressed along the antero-lateral margins of the third instar 

developing eye imaginal disc (Royet & Finkelstein, 1997; Won et al., 2015a, 2015b). In the 

developing eye, Wg, a ligand for evolutionarily conserved Wg/ WNT signaling pathway, 

is involved in various diverse functions of cell proliferation, differentiation, and cell death. 

In the developing eye, Wg is also known to regulate expression of homothorax (hth), to 

suppress eye fate and thereby define the boundary of the developing eye. Hth encodes a 

TALE (Three Amino-Acid Loop Extension) type homeodomain protein (Pai et al., 1998; 

Pichaud & Casares, 2000; Rieckhof, Casares, Ryoo, Abu-Shaar, & Mann, 1997; A. Singh 

et al., 2011). Hth expresses uniformly in the first instar larval eye-antennal disc, but it 

retracts from the posterior region of the second instar larval eye-antennal imaginal disc. In 

the third instar larval eye-antennal imaginal disc, Hth expression is in the anterior region of 

the eye disc (Bessa, Gebelein, Pichaud, Casares, & Mann, 2002; Moran, Tare, Kango-Singh, 

& Singh, 2013; Pai et al., 1998; A. Singh, Kango-Singh, Choi, & Sun, 2004; A. Singh, 

Kango-Singh, & Sun, 2002; A. Singh et al., 2011).

The compound eye of Drosophila consists of 750–800 unit eyes, each termed as an 

ommatidium. Each ommatidium is a hexagonal arrangement of eight precisely arranged 

photoreceptors R1-R8 (Ready et al., 1976). These photoreceptors differentiate along with 

the movement of MF in a precise order. The differentiation begins with R8 photoreceptor(s) 
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developing first (Jarman, Grell, Ackerman, Jan, & Jan, 1994; Tomlinson & Ready, 1987) 

followed by pairwise differentiation of R2/R5, R3/R4 and R1/R6 and at the end, R7 is 

formed (Ready et al., 1976; Tomlinson & Ready, 1987). These events for conversion of 

a monolayer epithelium into a three dimensional neuro-crystalline lattice are kept under 

tight spatio-temporal regulation by different gene products and signaling pathways (Kumar, 

2020a). As the differentiation begins at the end of second instar stage, the RD genes are 

expressed and are necessary in the cells posterior to the MF (Kumar, 2020a; Silver & 

Rebay, 2005). At the MF, a crucial interaction between Eya, Dac and So is required for the 

activation of atonal (ato), which is required for the initiation of R8 differentiation (Jarman 

et al., 1994; Lim, Lee, Hsu, Singh, & Choi, 2007; Tanaka-Matakatsu & Du, 2008; Zhang, 

Ranade, Cai, Clouser, & Pignoni, 2006). While photoreceptors differentiate, a uniform space 

between the differentiated clusters is maintained by a fibrinogen-related secreted protein 

Scabrous (Sca) (Baker, Mlodzik, & Rubin, 1990).

In a genetic screen to look for genes involved in eye development, we identified cullin-4 
(cul-4) as a genetic modifier of reduced eye phenotype seen in axial patterning gene 

mutant(s) (A. Singh, Chan, Chern, & Choi, 2005). The cul-4, a member of evolutionarily 

conserved Cullin family, encodes an E3 ubiquitin ligase, and is ubiquitously expressed 

during development (Jackson & Xiong, 2009). Previously it has been shown that Cul-4 

is involved in maintenance of genomic integrity by promoting degradation of cell cycle 

progression factors and cell survival (Braun et al., 2011; M. Tare, Sarkar, Bedi, Kango-

Singh, & Singh, 2016; Zielke et al., 2011). Earlier, we have shown that cul-4 regulates 

Wg and c-Jun-N-terminal kinas (JNK) signaling during early development to limit cell 

death (Tare et al, 2016). Here we present a new role of cul-4 in retinal development 

and differentiation. Here, we show that cul-4 is required for differentiation of the eye via 

regulating the core members of the RD gene network.

Materials and Methods

Fly stocks

The fly stocks used in this study are described in Flybase (http://flybase.bio.indiana.edu). 

The fly stocks used in this study are, Canton-S (Wild-type), cul-4JJ11/ twi>GFP, CyO, which 

carries a nonsense mutation at Trp199 position (Lin, Wu, Tan, & Chien, 2009) and eyFLP; 

FRT42D, cl-w+/CyO-GFP. We used an enhancer trap line, dpp-lacZ (Blackman, Sanicola, 

Raftery, Gillevet, & Gelbart, 1991; A Singh, 1995) (BL5528) to study dpp expression, which 

was obtained from Bloomington Drosophila Stock Center (BDSC).

Genetic Crosses

We employed the FLP/FRT mediated genetic mosaic approach to generate loss-of-function 
clones of cul-4 in the eye (Blair, 2003). We employed the cell lethal (cl) approach to 

characterize loss-of-function phenotypes of cul-4 in the developing eye. Using cl approach, 

nearly 80% of the cell population of the disc was made mutant for cul-4, since cl mutation 

leads to elimination of wild-type cells (Newsome, Asling, & Dickson, 2000).The virgins 

of eyFLP; FRT42D, cl-w+/CyO-GFP were crossed to cul-4JJ11/twi>GFP, CyO (Lin et al., 

2009; M. Tare et al., 2016).
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Immunohistochemistry

Eye-antennal imaginal discs were dissected in 1X phosphate buffered saline (PBS) from 

the wandering third-instar larvae and fixed in 4% paraformaldehyde in PBS (fixative) 

for 20 minutes and washed in PBST (three times)(A. Singh et al., 2002; M. Tare, Puli, 

Moran, Kango-Singh, & Singh, 2013). The tissues were stained with combination(s) of 

antibodies following the standard protocol. Antibodies used were rat anti-Elav (1:100, 

Developmental Studies Hybridoma Bank, DSHB), mouse anti-Wg (1:50, DSHB), mouse 

anti-Sca (1:200, DSHB), goat anti-Ato (1:100, Santa Cruz Biotechnology), guinea pig 

anti-Homothorax (1:200, SantaCruz Biotechnology), mouse anti-β galactosidase (1:100, 

Promega) and rabbit anti-Eyeless (a kind gift from Uwe Walldorf and Patrick Callaerts). The 

discs were washed in PBST thrice for 10 minutes. Secondary antibodies used were donkey 

anti-rat IgG conjugated to Cy5 (1:250), donkey anti-rabbit IgG conjugated to Cy3 (1:300) 

or goat anti-mouse IgG conjugated to FITC (1:200) (Jackson Laboratories). The discs 

were mounted in Vectashield and photo-documented on a Fluoview 3000 Laser Scanning 

Confocal Microscope. The image analysis and preparation of the final figures was carried 

out using Adobe Photoshop CS6 software.

EdU Staining

EdU staining is a technique to detect cells in S –phase of cell cycle by incorporation 

of 5-ethynyl-2’ deoxyuridine (EdU), which is a thymidine analogue. EdU staining was 

performed following manufacturer’s recommendations (Invitrogen™ Clitck-iT® EdU kit, 

Cat# 10339) with some modifications (Dichtel-Danjoy et al., 2013). All the steps were 

performed at room temperature, incubations were carried out using a rocker/shaker. Third 

instar eye-antennal imaginal discs were dissected in 1X PBS and incubated for 60 minutes 

in 20mM EdU, diluted with Schneider’s medium. The samples were then fixed with 4% 

para-formaldehyde (PFA) solution for 30 minutes and washed twice with 3% Bovine Serum 

albumin (BSA) in 1XPBS. Following this, eye imaginal discs were permeabilized by adding 

PBST (PBS with 1% Triton X-100) for 30 minutes at room temperature and washed again 

with 3% BSA in 1XPBS. Tissues were permeabilized with 1XPBST and washed thrice with 

3% BSA (in 1XPBS). Tissues were incubated for 30 minutes in room temperature with 0.5 

mL of reaction cocktail (prepared as per kit instructions). The discs were then washed with 

3% BSA (in 1X PBS) and mounted on a slide using Vectashield (Sarkar, Gogia, Glenn, et 

al., 2018). Images were captured using Fluoview 3000 Laser Scanning Confocal Microscope 

(A Singh & Gopinathan, 1998) and Adobe Photoshop CS6 software was used for analysis 

and final image preparation.

Adult eye Imaging

The adult eye images were taken after freezing flies at −20°C for ∼4 hours. The frozen 

flies were mounted on a needle after removing the legs and wings of the flies. The flies 

were positioned on a glass slide using mounting putty. Images were taken on a MrC5 color 

camera mounted on an Axioimager.Z1 Zeiss Apotome using a Z-sectioning function of 

Axiovision software 4.6.3 (Gogia, Sarkar, et al., 2020; Irwin et al., 2020). The final images 

were prepared using Adobe Photoshop CS6 software.
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Statistical Analysis

Statistical analysis was performed using Microsoft excel software. The P-values were 

calculated using student’s t-test and the error bars represent Standard deviation from Mean. 

Statistical significance is shown by P-value: *** P<0.001; ** P<0.01; * P<0.05 (Cutler et 

al., 2015; Gogia, Sarkar, et al., 2020; Steffensmeier et al., 2013; M. Tare et al., 2011).

Results

Loss of function of cul-4 results in reduced eye phenotype

The Drosophila adult eye, a compound eye comprising of 600–800 ommatidia, develops 

from the larval eye imaginal disc (Fig. 1A, B). The eye-antennal imaginal discs were 

stained with neuronal marker Elav (red) that marks the nuclei of photoreceptor neuron and 

a morphogen Wg (green). In wild-type eye imaginal disc, Wg is expressed in anterolateral 

margin of the developing eye imaginal disc (Fig. 1A). Loss-of-function clones of cul-4, 

generated by conventional genetic mosaic approach, fail to grow. Therefore, we employed 

the cell lethal (cl) approach to characterize loss-of-function phenotypes of cul-4 in the eye. 

Using cl approach, nearly 80% of the cell population of the eye disc comprise of cul-4 
mutant, since cl mutation leads to elimination of wild-type cells (Newsome et al., 2000). 

In comparison to the wild-type eye imaginal disc, which results in an adult compound 

eye (Fig.1A, B), cul-4 loss-of-function exhibit reduced eye phenotype as seen in the eye 

imaginal disc and the adult eye (Fig. 1D, E). Furthermore, there is a robust induction of 

Wg expression in cul-4 loss-of-function background (Fig. 1D). We observed that all the 

cul-4 mutant flies have much reduced eyes (n=212/212, 100%, Fig. 1E). Despite the smaller 

eyes, the size of antenna remains unaffected in the cul-4 mutant background (Fig. 1 B, E). 

Interestingly, the placement of the eyes on the adult head capsule is affected in the cul-4 
loss-of-function (Fig. 1 C, F). We observed significant increase in the distance between the 

two reduced eyes in adult head of cul-4 mutant background (Fig. 1 G). These results suggest 

that head capsule is enlarged in cul-4−/− flies, whereas the eye field is reduced.

Loss of function of cul-4 results into more proliferation in the head capsule

The enlarged head cuticle between the two compound eyes on the head of cul-4−/− adult 

fly (Fig. 1) led us to test if there are more proliferating cells in the head capsule. We used 

EdU staining that marks newly synthesized DNA of the proliferating cells (Dichtel-Danjoy 

et al., 2013). In the wild-type eye disc, these cells can be seen as a band of cells at 

the MF and in a broad domain, anterior to the MF, in the head capsule region (Fig 2A, 

A’). We found that in the cul-4 mutant background the proliferating cells population is 

increased in the undifferentiated region (anterior to the MF) as well as at the MF (Fig 2 

B, B’). Interestingly, we did not see a significantly higher number of EdU positive cells 

in the posterior differentiated region of the eye discs. Together these results suggest that 

head capsules are enlarged due to increased cells proliferation in the anterior region of the 

eye antennal imaginal disc. This can explain the increase in the distance between the two 

reduced eyes on adult head of cul-4 mutant due to enlarged head cuticle.
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Loss of cul-4 affects the retinal determination gene expression

To understand the genetic mechanism behind the reduced eye phenotype, we analyzed 

the expression of retinal determination (RD) genes in the developing eye (Fig. 3A) and 

compared their expression in cul-4 mutant eye imaginal disc generated by cell lethal 

approach(M. Tare et al., 2016). The master regulator Ey is expressed in the undifferentiated 

early primordial cells, and, as photoreceptor differentiation occurs; Ey expression retracts 

from the differentiating eye region and continues to express in the region, anterior to MF 

in the third instar eye imaginal discs (Fig. 3B, B’) (Bessa et al., 2002; Halder et al., 1998; 

Quiring, Walldorf, Kloter, & Gehring, 1994; A. Singh et al., 2002). We observed elevated 

levels of Ey posterior to the MF in cul-4 mutant third instar larval eye imaginal discs 

(Fig. 3 C, C’). Interestingly, retraction of Ey expression is required for the initiation of 

the downstream RD genes like eya, and dac (Bessa et al., 2002; A Singh, 2012; M. Tare, 

Puli Roy, O., Singh, A., 2013). In a third instar eye antennal imaginal disc, a tyrosine 

phosphatase, Eya is predominantly expressed both in the differentiated photoreceptor 

neurons posterior to the MF and undifferentiated retinal precursor cells anterior to the MF 

(Bonini, Leiserson, & Benzer, 1993) (Fig. 3D, D’). In cul-4 mutant background, Eya levels 

were significantly reduced (Fig. 3E, E’). Interestingly, this reduction was much enhanced at 

the midline of the eye imaginal disc. Another RD genes hierarchy member, Dac is expressed 

in two different domains one anterior and other posterior to the MF. Furthermore, Dac 

expression spans until R1, R6 and R7 photoreceptors to a few rows down to MF (Mardon, 

Solomon, & Rubin, 1994) (Fig. 3F, F’). In cul-4 mutant eye imaginal disc, Dac levels 

are significantly downregulated in the posterior as well as anterior to the MF (Fig. 3G, 

G’). Furthermore, we observed a significant downregulation in the Dac expression at the 

midline of the eye disc. Taken together, these observations suggest that cul-4 loss of function 

downregulates the retinal determination genes, which are required to form the eye field.

Loss-of-function of cul-4 triggers defective retinal differentiation

Since cul-4 loss-of-function results in the reduced eye phenotype, it can be argued that 

cul-4 is required for maintenance of retinal fate in the developing eye field. In order to 

test its role in retinal development and differentiation, we analyzed the expression of retinal 

differentiation fate markers in the developing eye (Wittkorn, Sarkar, Garcia, Kango-Singh, 

& Singh, 2015). We analyzed the spaces between the newly formed R8 cells by staining 

eye discs with antibody against fibrinogen like secreted protein Scabrous (Sca) (Baker et al., 

1990; Mlodzik, Baker, & Rubin, 1990). Sca is expressed in several cells of each precluster 

and in a few rows posterior to the MF in wild type imaginal discs (Fig. 4A, A’) (Baker et 

al., 1990; Frankfort & Mardon, 2002; Mlodzik et al., 1990). We found that Sca expression is 

disrupted in cul-4 mutant eye imaginal discs near the middle of the eye imaginal disc (Fig. 

4B, B’, arrows), indicating that spacing between R8 cells is disrupted. Furthermore, the Sca 

expression is completely missing in these cul-4 mutant eye disc near the equator (Fig. 4B, 

B’, arrow). Another R8 specification marker, the proneural protein Atonal (Ato) marks R8 

fate of the retinal cell types, which is the first photoreceptor neuron that differentiates, hence 

marks 3–4 rows posterior to MF (Fig. 4C, C’). Mutant cul-4 eye imaginal discs stained for 

the proneural protein Atonal exhibits the defective pattern for R8 positive cells, compared 

to the wild type eye discs (Fig. 4C, C’, D, D’). Our data suggests that cul-4 function is also 

required for retinal differentiation.
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Negative regulators of retinal differentiation are up-regulated in the cul-4 mutants

Defective photoreceptor differentiation phenotypes were congruent with defective Ey, Eya 

and Dac expression as well. We argued that negative regulators of eye development, which 

prevent retinal differentiation in the anterior region, by maintaining undifferentiated fate 

for cells, should also be affected in cul-4 mutant eye discs. Previously, we have reported 

aberrant higher levels of Wg in the cul-4 mutant eye disc, leading to cell death in early 

stages of eye development (Tare et al, 2016). In context to differentiation defects, we tested 

levels of Wg, as a negative regulator of retinal determination (Oros, Tare, Kango-Singh, 

& Singh, 2010; Pichaud & Casares, 2000; Silver & Rebay, 2005; M. Tare, Puli Roy, O., 

Singh, A., 2013; M. Tare et al., 2016). We found that in cul-4 mutant eye discs, higher 

levels of Wg prevents retinal fate by blocking retinal differentiation (Fig. 5 A, A’; B, B’). 

It has been reported that a combinatorial control by Ey, Hth and Tsh is required to prevent 

differentiation in the anterior region of the eye disc (Bessa et al, 2002). Meis class protein 

Hth is also required for maintaining the progenitor population in the anterior region of the 

eye discs. Hth is expressed in the region, anterior to MF in the undifferentiated proliferating 

cells (Pai et al., 1998; A. Singh, Gogia, Chang, & Sun, 2019; A. Singh et al., 2002; A. Singh 

et al., 2011). We found aberrantly high levels of Hth in the cul-4 mutant eye discs in the 

posterior as well as anterior region, along with loss of photoreceptors as indicated by loss 

of Elav positive cells (Fig. 5C, C’; D, D’). These observations are consistent with enlarged 

head capsules, and higher number of proliferating cells in the anterior region of the eye 

discs.

Loss-of-function of cul-4 blocks Morphogenetic Furrow (MF) progression

Our data suggests that the reduced eye phenotypes of cul-4 mutant eye imaginal disc is 

due to defective differentiation. This led us to test the MF progression in cul-4 mutant 

background. This dynamic process bears the guides for progression of differentiation in the 

developing eye imaginal disc, which is initiated and maintained by signaling cues of Hh 

and Dpp. High levels of Dpp signaling in the posterior margins is required to repress Wg, 

allowing movement of MF, permitting differentiation (Hazelett et al, 1998). However, in the 

third instar eye imaginal discs, Dpp expression is restricted to the MF (Silver and Rebay, 

2005). We tested expression of dpp, using a dpp-lacZ reporter, along with R8 marker Sca 

(Fig. 6A, A’, A”). We used lac-Z transgene of dpp, which indicates expression pattern of 

dpp (Fig. 6A, A’) (Blackman et al., 1991; Sarkar, Gogia, Farley, et al., 2018; Won et al., 

2015a). As expected, we did see disrupted pattern of Sca and dpp at MF, indicating that 

progression of MF is defective in cul-4 mutants (Fig. 6B, B’, B”). We detected aberrant 

dpp expression in the posterior most regions of the disc, spanning within a few of the 

photoreceptor neurons as well.

Discussion

Differentiation during process of organogenesis is an important event to generate a three 

dimensional organ from a monolayer epithelial sheet of cells. In a forward genetic screen, 

we identified an E3 ubiquitin ligase encoding cul-4 as a genetic modifier of an eye 

mutant (A. Singh et al., 2005; M. Tare et al., 2016). Cul-4 is known to be involved in 

regulation of chromatin function, maintenance of genomic integrity, protein degradation via 
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ubiquitylation, cell cycle and cell survival (Higa & Zhang, 2007; Hu et al., 2008; J. Kim & 

Kipreos, 2008; Y. Kim, Starostina, & Kipreos, 2008; Shibutani et al., 2008; M. Tare et al., 

2016). Earlier we have reported that cul-4 plays an important role in preventing cell death 

and thereby promoting cell survival in the developing eye, via regulation of Wnt/Wg and c- 

Jun- amino terminal kinase (JNK) pathway (M. Tare et al., 2016).

It has been shown that several other E3 ligases such as Neuralized, Mindbomb, Slimb, and 

DIAP-1 are also involved in regulating signaling pathways, to fine tune the developmental 

processes (Jiang & Struhl, 1998; Jumpertz et al., 2014; Nagaraj & Banerjee, 2007; Yamazaki 

et al., 2016; Yamazaki et al., 2013). Cul-4 has been reported in regulating surface expression 

of smoothened via ubiquitylation, for its surface expression, thereby regulating Hedgehog 

signaling, in the wing discs (Li, Cho, Wang, Li, & Jiang, 2018). Our studies point to a new 

role of cul-4 in regulating retinal differentiation during eye development.

We have observed that cul-4 loss-of-function results in a reduced eye phenotype (Fig. 1). 

This reduced eye phenotype can be detected even in the larval eye imaginal disc stage. In 

cul-4 mutant eye imaginal disc, a reduced number of neuronal marker Elav positive nuclei 

are seen (Fig.1). Earlier we have shown that loss of cul-4 induces Wg expression, which 

results in the induction of cell death (A. Singh, Shi, & Choi, 2006; M. Tare, Puli Roy, 

O., Singh, A., 2013). Furthermore, blocking the cell death in cul-4 mutant background, 

significantly rescues the reduced eye phenotype. However, there is no complete rescue to 

wild-type eye (M. Tare et al., 2016). This suggests that loss-of-function of cul-4 is not only 

affecting cell death but also some other developmental process during eye development (M. 

Tare et al., 2016). In the developing eye, Wg is involved in various diverse functions of cell 

proliferation, differentiation, and cell death (Swarup & Verheyen, 2012). Wg is known to 

be involved in blocking retinal differentiation during eye imaginal disc development (Ma & 

Moses, 1995; A. Singh et al., 2002; A. Singh et al., 2006; Treisman & Rubin, 1995). In cul-4 
loss-of-function background the retinal determination genes expression was downregulated 

suggesting that cul-4 also plays a role in retinal determination (Fig. 3). Furthermore, 

we found that R8 specification markers like Ato and ommatidial spacing marker Sca 

was downregulated in cul-4 loss-of-function background (Fig. 4). Thus, downregulation 

of differentiation markers from RD pathway is indicative of the defective differentiation 

(Fig. 4). It has been reported that Notch (N) signaling plays an important role in cell 

proliferation and differentiation in the developing eye. Furthermore, N acts upstream to Ey 

and is involved in regulation of eye specification (Kumar & Moses, 2001). We also tested 

if cul-4 regulates N and thereby play a role in eye development, however, we did not find 

any change(s) in N levels in cul-4 loss of function discs (data not shown). Instead, we found 

that cul-4 loss-of-function mediated defects are due to ectopic induction of Ey, Hth and Wg 

proteins in the eye imaginal (Fig.5). Both Hth and Wg are known negative regulators of 

retinal development (Pichaud & Casares, 2000; A. Singh & Irvine, 2012; A. Singh et al., 

2011). Wg is known to antagonize Dpp signaling in the developing eye. A dpp-lacZ reporter 

insertion serves as a reporter of MF progression in the developing eye. Loss-of-function 

of cul-4 clones exhibit downregulation of Dpp levels in the developing eye. Furthermore, 

dpp-lacZ expression is not continuous along the MF but exhibits some holes in middle 

of MF (Fig. 6). Taken together, these results point to a new role of cul-4 in promoting 

retinal differentiation, MF progression and eye development (Fig. 6C). In future, it will be 
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interesting to find out, if these RD pathway members are target substrates of Cul-4; or are 

regulated via a non- proteasomal degradation pathway.

The reduced eye phenotype of cul-4 mutant clones was also accompanied with changes 

in the placement of eyes on the head (Fig. 1). Interestingly, we have reported earlier that 

placement of eyes on the head of the fly can be due to extension of proximo-distal axis 

as seen in the stalk eyed fly (A. Singh et al., 2019). Furthermore, this extension is due to 

enhanced Hth expression, which marks the proximal fate. Interestingly, we found that cul-4 
loss-of-function results in increased spacing between the two compound eyes on the adult 

head (Fig.1). Furthermore, it is also accompanied by ectopic induction of Hth (Fig. 5). In 

addition, the cell proliferation rates of cells anterior to the MF are higher in loss-of-function 

of cul-4 in the eye imaginal disc (Fig. 2). This data suggests that cul-4 maybe playing a role 

in axial patterning, a process required for delineation of antero-posterior (AP), dorso-ventral 

(DV) and proximo-dital (PD) axes (Gogia, Puli, et al., 2020; A. Singh & Irvine, 2012; 

M. Tare, Puli Roy, O., Singh, A., 2013). Our studies will have significant bearing on 

understanding various functions of ubiquitin ligases during development.
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Fig.1. Loss of cul-4 functions exhibits a reduced eye phenotype.
(A) Wild-type eye-antennal imaginal disc showing expression of Wg (green); and a pan-

neuronal marker, Elav (red), (B) and the adult eye. In comparison to the wild type eye 

imaginal disc, loss of function of cul-4, using cl-w+ approach results in a reduced eye 

phenotype as seen in (D) a third instar eye imaginal disc. Note that Elav staining (red), 

which marks the photoreceptor neurons of the eye, is significantly reduced. (E) The adult 

compound eye of cul-4 mutant’s exhibit reduced eye phenotype with fewer ommatidia as 

compared to (B) wild-type. (F) Additionally, cul-4 mutant’s dorsal head capsule is increased 

in size as compared to the (C) wild-type. (G) The length of the dorsal head cuticle was 

quantified for determining average distance between the two eyes in wild-type and cul-4 
mutants by using Image J software (NIH).The length of dorsal head cuticle between the 

two eyes is significantly longer (p<0.001; ***) in cul-4 mutant head as compared to the 

wild-type. The p values for the length (μm) were calculated in a set of five (n=5) using 

Student’s t-test in MS Excel Software. A total of 5 heads were used for quantification. The 

orientation of all imaginal discs is identical with posterior to the left and dorsal up. The 

magnification of all eye-antennal imaginal disc is 20X and the adult eye is 10X. A total 

of five eye-antennal imaginal discs (n=5) for each genotype were analyzed for respective 

immunohistochemistry staining.
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Fig. 2. Loss-of-function of cul-4 exhibit proliferation defects in the anterior eye.
(A, A’). Wild-type eye disc are marked by EdU representing a band of proliferating cells 

posterior to the MF, (B, B’) cul-4 mutant cells exhibit a disruption of this pattern in the 

region anterior to MF. The magnification of all eye-antennal imaginal disc is 20X. A total 

of five eye-antennal imaginal discs (n=5) for each genotype were analyzed for respective 

immunohistochemistry staining.
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Fig.3. Loss of function of cul-4 affects the retinal determination (RD) gene network.
(A)The RD gene network in developing Drosophila eye includes a hierarchy of interaction(s) 

between Twin of Eyeless (Toy), Eyelsss (Ey), Eyes absent, (Eya), Sine oculis (So) 

and Dacshund (Dac). (B-G) Third instar eye-antennal imaginal disc stained for retinal 

determination markers and pan-neural marker Elav (red), which marks the photoreceptors. 

Note that the wild-type expression of (B) Ey (green, B’ split channel), (D) Eya (green, 

D’ split channel), and (F) Dac (green, F’ split channel) is significantly affected in (C, 

E, G) cul-4 mutant. Note that levels of RD genes remain unaffected in the antenna. The 
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magnification of all eye-antennal imaginal disc is 20X. A total of five eye-antennal imaginal 

discs (n=5) for each genotype were analyzed for respective immunohistochemistry staining.
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Fig.4. Loss of function of cul-4 affects the retinal differentiation markers.
Eye-antennal imaginal disc of third instar larva stained for pan-neural marker Elav (red), 

which marks the photoreceptors and retinal differentiation markers (A, B) Sca, (A’, B’) 

Sca in split channel (C, D) Ato and (C’, D’) Ato in split channel. Note that wild-type 

expression of (A) Sca (green) and (C) Ato (green), is reduced and disrupted in (B, D) 

cul-4 mutants (arrow). The magnification of all eye-antennal imaginal disc is 20X. A total 

of five eye-antennal imaginal discs (n=5) for each genotype were analyzed for respective 

immunohistochemistry staining.
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Fig. 5. Loss of function of cul-4 promotes ectopic expression of negative regulators of retinal 
development.
Secreted morphogen Wingless (Wg) is required for antenna and head development but is a 

negative regulator of MF progression as well as retinal development. Eye antennal imaginal 

discs are stained for pan-neural marker Elav (red). (A, A’) Wg (green) is expressed in 

dorso-lateral margins of the developing eye-antennal imaginal disc. (B, B’) Loss of function 

of cul-4 results in increase in the levels of Wg along these margins. (C, C’) Meis class 

protein Homothorax (Hth, green) is a negative regulator of the eye development and is 

expressed only in the undifferentiated head cuticle region and in the peripodial epithelial 

cells. (D, D’) Loss of function of cul-4 results in extension of Hth levels all the way into 

differentiated photoreceptor neuron region. The magnification of all eye-antennal imaginal 

disc is 20X. A total of five eye-antennal imaginal discs (n=5) for each genotype were 

analyzed for respective immunohistochemistry staining.
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Fig. 6. Loss of function of cul-4 downregulates decapentaplegic (dpp), a marker for 
Morphogenetic Furrow (MF) progression.
Dpp- lacZ reporter marks the progression of the MF during eye development (blue; A, A’), 

which also colocalize with proneural marker Scabrous (Sca) (green; A, A”) in the wild-type 

eye imaginal disc. The expression of dpp-lacZ in cul-4 loss of function of eye-imaginal 

disc is lost in patches of cells along the MF (blue; B, B’). Note that proneural marker Sca 

expression is also dysregulated, instead of two rows of photoreceptors at furrow, only one 

of the rows of photoreceptors is seen positive for Scabrous (green; B, B”). (C) A schematic 

presentation to demonstrate the role of cul-4 in eye development. The magnification of all 

eye-antennal imaginal disc is 20X. A total of five eye-antennal imaginal discs (n=5) for each 

genotype were analyzed for respective immunohistochemistry staining.
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