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Abstract

In the last larval instar, uncommitted progenitor cells in the Drosophila eye primordium start to adopt individual retinal cell fates, arrest their
growth and proliferation, and initiate terminal differentiation into photoreceptor neurons and other retinal cell types. To explore the regula-
tion of these processes, we have performed mRNA-Seq studies of the larval eye and antennal primordial at multiple developmental stages.
A total of 10,893 fly genes were expressed during these stages and could be adaptively clustered into gene groups, some of whose ex-
pression increases or decreases in parallel with the cessation of proliferation and onset of differentiation. Using in situ hybridization of a
sample of 98 genes to verify spatial and temporal expression patterns, we estimate that 534 genes or more are transcriptionally upregu-
lated during retinal differentiation, and 1367 or more downregulated as progenitor cells differentiate. Each group of co-expressed genes is
enriched for regulatory motifs recognized by co-expressed transcription factors, suggesting that they represent coherent transcriptional
regulatory programs. Using available mutant strains, we describe novel roles for the transcription factors SoxNeuro (SoxN), H6-like homeo-
box (Hmx), CG10253, without children (woc), Structure specific recognition protein (Ssrp), and multisex combs (mxc).

Keywords: drosophila eye; eye differentiation; retinal differentiation; eye development; progenitor cell differentiation; terminal differen-
tiation; developmental switch; transcriptome profile

Introduction
Neural development has been much studied in the Drosophila eye.
Among other topics, these studies have made important contri-
butions to the understanding of cell–cell interactions in develop-
ment, of the function of proneural genes, of the neuronal
recruitment by receptor tyrosine kinases, the mechanisms of lat-
eral inhibition, the control of the cell cycle, and of cell death, of
the choice of photoreceptor rhodopsin in color vision, and target
selection by photoreceptor neurons(Cagan 2009; Treisman 2013;
Viets et al. 2016; Baker 2017; Davis and Rebay 2017; Perry et al.
2017; Baker and Brown 2018; Kumar 2018). Multiple transcription
factors have been discovered through functions in the Drosophila
eye, including Eyeless (Ey), the Drosophila homolog of Pax6
(Quiring et al. 1994), Shaven (sv), the Drosophila homolog of Pax2
(Fu and Noll 1997), and wSine Oculis (so), the founder of the Six
family of homeodomain proteins (Kawakami et al. 2000).

Differentiation starts in the eye disc about 72 h after egg laying

(AEL), early in the third larval instar, when the morphogenetic

furrow (MF) is established (Figure 1, A–D). The MF is a transient

indentation that moves across the eye imaginal disc epithelium

from posterior to anterior, as the retinal progenitor cells cease

growth and begin to acquire specific fates and differentiate

(Wolff and Ready 1993; Roignant and Treisman 2009). Ahead of

the MF, undifferentiated cells proliferate asynchronously.

Posterior to the MF, cells differentiate and organize into columns

of ommatidia (unit eyes of the adult compound eye). The first

ommatidial cell fate is that of R8 photoreceptor cells, determined

in the MF by the proneural transcription factor Atonal (Ato), fol-

lowed by the EGFR-dependent recruitment of other photorecep-

tor cell types. About 30 columns of ommatidia have begun

differentiation by �132 h AEL when the larva pupariates (Wolff

and Ready 1993; Roignant and Treisman 2009).
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Figure 1 Temporally regulated transcription during Drosophila eye development. (A–C) Eye imaginal discs from 72 to 120 h after egg laying (AEL) labeled
with ELAV to monitor the differentiated photoreceptors appearance posterior to the morphogenetic furrow (MF) (arrowhead). Anterior side is shown to
the left. During the third larval instar the eye imaginal disc grows and the MF progresses from the posterior margin toward the anterior, associated with
a wave of differentiation. (A) 72-h AEL, the first photoreceptors differentiate. On average of 0.5 6 0.6 columns of ommatidia were differentiated at this
stage. (B–C) 96 h AEL and 120 h AEL. 13.8 6 2 and 22.9 62.1 columns of ommatidia, respectively. (D) Cartoon of the eye antennal imaginal disc with
anterior to the left, indicating the location of generally proliferating cells anterior to the morphogenetic furrow (MF) in blue and differentiating cells
posterior to the MF in yellow. Also indicated is the approximate location of the Second Mitotic Wave. (E) BIC-SK means supervised adaptative clustering
of the RNA-sequencing data including 8 eye and/or antenna disc samples at different time points. 10893 genes were expressed with an FPKM � 0.5 in at
least one of the 8 RNA samples. The expression level of each gene is normalized and indicated by color (red¼high, green ¼ low). Eleven clusters of
related transcription profiles best represented this data. (F) Mean expression levels for each of the 11 expression clusters. Differentiation genes have to
be activated posterior to the MF and their expression levels should increase over time. Progenitor genes should be inactivated posterior to the MF and
their expression levels should decrease over time. (G) Distribution of well-established reference genes among the gene-expression clusters.
Differentiation genes were concentrated in cluster 2, which shows expression increasing with time in eye and in eye-antenna, but not in antenna.
Progenitor genes were most common in clusters 7 and 9, which both featured decreasing expression in eye discs and antenna discs.
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Hedgehog (Hh) and Decapentaplegic (Dpp) signals, along with
a contribution from Notch, act together to drive the MF across
the eye imaginal disc. These signals act through the transcription
factors Cubitus Interruptus (Ci), Mothers Against Dpp (Mad) and
Suppressor of Hairless (Su(H)), respectively (Greenwood and
Struhl 1999; Curtiss and Mlodzik 2000; Baonza and Freeman
2001; Li and Baker 2001; Fu and Baker 2003). Posterior to the MF,
receptor tyrosine kinases signal through the Ras pathway, target-
ing the Ets-domain transcription factors Pointed (Pnt) and
Anterior-Open(Aop)/Yan(Nagaraj and Banerjee 2004; Roignant
and Treisman 2009). These signaling pathways are also active in
other tissues and it is thought that the retinal determination
genes (ey, teashirt (tsh), eyes absent (eya), dachshund (dac), and so) act
combinatorially with these signals to regulate the specific expres-
sion of eye gene targets (Curtiss et al. 2002; Mann and Carroll
2002; Baker and Firth 2011; Treisman 2013; Pichaud 2014; Davis
and Rebay 2017). Retinal determination genes, i.e., genes capable
of inducing ectopic eye differentiation when expressed in other
tissues, encode transcriptional regulators that are coordinately
expressed during eye development(Davis and Rebay 2017). Ey
and Tsh, along with a cofactor Homothorax (Hth), are expressed
in proliferating progenitor cells, disappearing as differentiation
starts, whereas Eya, So and Dac turn on to replace them as the
MF approaches(Bessa et al. 2002; Firth and Baker 2009).

How target genes are transcribed to achieve eye differentiation
has not been completely described. SAGE, microarray, and RNA-
Seq studies have identified gene expression specific to retinal dif-
ferentiation, either through comparison to other tissues, or through
covariation of gene expression (Jasper et al. 2002; Aerts et al. 2010;
Potier et al. 2014). Target genes have been identified with various
degrees of validation for the eye-specific transcription factor Glass
(Gl), for the proneural bHLH transcription factor Ato that defines
the founder photoreceptor R8, and the retinal determination gene
proteins So and Eya (Hayashi et al. 2008; Aerts et al. 2010; Naval-
Sanchez et al. 2013; Jusiak et al. 2014a, 2014b; Bernardo-Garcia et al.
2016; Jin et al. 2016; Liang et al. 2016; Morrison et al. 2018). This
leaves many aspects of eye differentiation poorly understood, for
example, few of the identified target genes seem to be the terminal
effectors directly determining the properties of differentiated cells,
possibly because their mutants do not always show externally visi-
ble phenotypes, and less is known about genes that are down-
regulated with differentiation.

In addition to differentiation into terminal cell types, further
properties distinguish the cells of the posterior retina from the
unspecified progenitor cells anterior to the MF. Differentiating cells
undergo a terminal cell cycle arrest, contrasting with the earlier pro-
liferation of the uncommitted cells. Terminal cell cycle withdrawal
is mediated in part by the uncoupling of Cyclin E/Cdk2 activity from
transcriptional activity of E2F1, breaking a positive feedback loop
that is active in proliferating cell populations (Firth and Baker 2005;
Buttitta et al. 2007; Ruggiero et al. 2012). Cell cycle quiescence is ac-
companied by changes in the nucleolus, suggested to reflect reduced
ribosome biogenesis accompanying the reduced growth require-
ment of non-proliferating cells. The basis for these growth changes
is not known but may reflect transcriptional changes as they depend
on part on the transcription factors Mad and Ci (Baker 2013).
Changes in many aspects of metabolism might be expected to ac-
company these growth changes, but have not been identified in the
Drosophila eye (Tu et al. 2005).

Changes in signal transduction pathways also occur. The Hh
pathway provides an example. Anterior to the MF, and in most
other tissues, Hh modulates the Cullin1-dependent processing of
Ci into a transcriptional repressor. Posterior to the MF, the F-box

protein Roadkill (Rdx) instead promotes the Cullin3-dependent
complete degradation of Ci, thereby desensitizing cells behind
the furrow to Hh signaling (Ou et al. 2002; Kent et al. 2006; Zhang
et al. 2006). It is speculated that Dpp signaling mechanisms may
differ posterior to the MF also, as part of a mechanism that keeps
the MF moving forwards (Lim and Choi 2004; Baker et al. 2009).

It is an intriguing possibility that changes in differentiation,
signaling, growth, and the cell-cycle that accompany eye devel-
opment might be coordinated by transcriptional regulation that
would particularly distinguish the differentiating retina posterior
to the MF from the undifferentiated progenitor cells anterior to
the MF. In this study, we attempted to identify these gene sets by
classifying genes into distinct gene expression networks accord-
ing to similarity of temporal expression profile. Since the MF
moves across the eye, taking about 60 h to convert all the prolifer-
ating progenitor cells into terminally differentiating retina, we
hypothesized that genes transcribed during retinal differentiation
would represent an increased fraction of the transcriptome with
time, as the differentiating region comprised more of the eye
disc. Conversely, genes transcribed in proliferating progenitor
cells might be expected to decrease over time. Accordingly, we
used mRNA-Seq to characterize gene expression changes in eye-
antennal discs over time, from the mid-third larval instar (72 h
AEL) until the onset of pupariation (about 130 h AEL in our experi-
ments), hypothesizing that temporal changes in gene expression
levels might be sufficient to identify genes whose expression
changes with the onset of differentiation. Because gene expres-
sion might also change temporally in these complex tissue sam-
ples for other reasons, we used an unsupervised clustering
approach to define the main temporal gene expression programs
occurring in the eye-antennal imaginal discs in an unbiased
manner. This approach identified large sets of genes both up-
and down-regulated concomitant with the start of differentia-
tion, and several genes with mutant phenotypes affecting either
eye growth or differentiation.

Materials and methods
RNA isolation, cDNA synthesis, and RNAseq
Drosophila adults (w11-18 strain) were allowed to lay eggs on yeast-
glucose media for 2 h and samples prepared at the indicated
times. RNA samples were prepared in Trizol as described previ-
ously (Firth and Baker 2007). This results in RNA extraction from
living larvae within minutes, unlike tissue dissociation and FACS
sorting, for example. PolyA RNAs were purified using the
MicropolyA Purist Kit from Ambion and converted into single-
stranded DNA after Reverse Transcription using random hexam-
ers. The second strand synthesis was carried out by adding to the
reaction RNase H (Invitrogen #18021014) and DNA Polymerase II
(NEB #M0209S). At this stage, the double-stranded DNA was
cleaned up on Qiagen Quiaquick columns and the ends were
repaired using the T4DNA Polymerase, Klenow Fragment, and T4
PNK enzymes. After another round of Qiaquick purification, an A
residue was added with Klenow [3’>5’ exo-] enzyme and the
product was again purified on Quiaquick columns. Adapters from
Illumina for LM-PCR were then ligated to the end of the DNA mol-
ecules. The product of the reaction was run on an Agarose gel
(2% NuSieve) and a band corresponding to 300 bp was then
extracted and purified. 20 cycles of PCR reaction were then per-
formed using phusion polymerase (Finnzyme F-530S) and the
Illumina oligos. The product was purified by gel electrophoresis.
Illumina sequencing was then performed on a Genome Analyzer
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II. Primary mRNA Seq data are available from the GEO under ac-
cession number GSE164079.

Pre-processing of RNA-seq data
The quality of raw sequencing reads was evaluated by the
FASTQC. Short read quality assessment was performed by Genome
Analyzer on RNA-seq samples at the different time points. GC con-
tent, read distribution and read quality were all sufficient for fur-
ther computational analysis. Then RNA-seq reads were mapped to
dm3 version of the Drosophila genome using Tophat (Kim et al.
2013) with the default parameters. Most samples had nearly 70
milion total reads with mapping ratio after filtering �70-80%
(Supplementary Table S15). The mapped reads were then fed to
Cufflinks (Trapnell et al. 2013) to quantify gene expression levels
(fragment per kilobase per million, FPKM) with the default parame-
ters. Genes with the FPKM >0.5 in at least one sample were se-
lected for further analysis. Finally, the expression levels were
transformed to logarithmic space using log10(FPKMþ 1).

BIC-SK means clustering analysis
To determine the optimal number of gene clusters, an adaptive
clustering algorithm based on the Bayesian Information Criterion
(BIC) was used, and then followed with deep clustering by using
unsupervised super k-means algorithm (BIC-SKmeans) (Zhang
et al. 2013). Samples were ordered based on the development
stages. Before clustering, we used the z-score to normalize gene
expression levels across all samples. For genes in clusters 2, 7,
and 9, we also used BIC-SKmeans clustering again to get more de-
tailed sub-clusters.

Functional enrichment analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways enrichment analyses were performed
with script findGO.pl in Homer software (Heinz et al. 2010) for
each gene cluster. FDR was calculated by Benjamini Hochberg
(BH) multiple testing correction based on P-values.

Cis-regulatory feature analysis

We used two methods to perform motifs/TFs enrichment analy-
sis based on promoter sequences of a gene list: (1) the query gene
list was uploaded to i-cisTarget (https://gbiomed.kuleuven.be/
apps/lcb/i-cisTarget/) (Imrichová et al. 2015) to identify enriched
motifs/TFs within genes and 5 kb upstream with the default
parameters (Drosophila melanogaster (dm3) was selected), with sig-
nificance cutoff (Normalized Enrichment Score >3); (2) As well as
using the motifs contained in Homer, we also downloaded motifs
from Fly Factor Survey (http://mccb.umassmed.edu/ffs/
DownloadData.php). Then findMotifs.pl script from Homer was
used to identify enriched motifs/TFs with the following parame-
ter: “fly -start -1000 -end 500 -len 4,6,8,10,12”. Briefly, for a gene
list of interest, this searches for motifs of length 4, 6, 8, 10 or
12 bp that are enriched within the sequences from 1 kb upstream
of the transcription start site to 500 bp downstream of the tran-
scription termination site, in comparison to other genes (Heinz et
al. 2010). We used the same iCis and Homer strategies to perform
motifs/TFs enrichment analysis for sub-clusters.

In some cases, multiple transcription factors were candidates
to bind the same site. For example, cluster 2 genes were enriched
for two E-box sequences that may be recognized by any of 10
bHLH proteins. Of those, ato and daughterless (da) have known
functions in larval eye disc differentiation (Jarman et al. 1994;
Brown et al. 1996). Many of the other bHLH proteins have roles in
neurogenesis in the antennal disc (as well as in other processes

in other tissues such as myogenesis) (Baker and Brown 2018).
Accordingly, lists of potential transcription factors could include
some that are not involved in the expression of cluster 2 genes,
but with similar binding sites.

Riboprobes synthesis, in situ hybridization
Digoxigenin-labeled RNA probes were synthesized as described
(Firth and Baker 2007) and resuspended in 50ul of DEPC-water.
The primer sequences are reported in Supplementary Table S6.
Most of the PCR products (92/98) used to amplify riboprobes were
between 400 and 600 base pairs. In situ hybridization (ISH) was
performed after (Cornell, 1999) on Drosophila eye discs (around 10
pairs per probes) in 2 ml ependorf tubes, after fixation with 4%
formaldehyde (FA) in phosphate-buffered saline (PBS) for 20-30
min at room temperature. Samples were rinsed in PBS before
storage in 100% methanol at -20�C until use. Before hybridization,
eye discs were rehydrated in methanol/PBS-Tw (0.1% tween 20)
7:3 and 3:7, transferred to PBS-Tw for 5 min each on moving plat-
form, fixed in 4% FA/PBS 5 min at room temperature. Samples
were then rinsed 2 times in PBS-Tw, washed 3 times for 10 min in
PBS-Tw on moving platform, washed in PBS-Tw/HSW (50% form-
amide, 5X SSC, 0.07 M citric acid, 0.1% Tween 20) 1:1 10 min on
moving platform and washed in HS (50% formamide, 5X SSC,
0.07 M citric acid, 0.1% Tween 20, 100ug/ml tRNA, 50ug/ml hepa-
rin) for 10 min. Prehybridization was performed for 1 h at 65�C in
HS and hybridization overnight at 65�C in HS with riboprobes,
which have been denaturated at 80�C for 10 min in 20ul of HS.
Then eye discs were rinsed at 65�C in prewarmed HSW, washed 2
times 20 min at 65�C in HSW, washed for 20 min in PBS-Tw/HSW
1:1 at 65�C, rinsed 2 times in PBS-Tw at room temperature,
washed 2 times 30 min at room temperature in PBS-Tw on mov-
ing platform. Samples were incubated with an alkaline
phosphatase-conjugated anti-digoxigenin antibody at 1/2000 in
PBS-Tw for 1.5 h, rinsed 2 times in PBS-Tw and washed 5 times
10 min in PBS-Tw on moving platform. After incubation of the
samples in NMTT (0.1 M NaCl, 0.05 M MgCl2, 0.1 M TrisCl pH9.5,
0.1% Tween-20) 2 times for 5 minutes, the conjugated antibody
was detected using NBT/BCIP in NMTT for desired length of time.

Fly strains and genetic manipulations
Drosophila was raised at 25�C on standard cornmeal agar except
where indicated otherwise. Mosaic mutant clones were generated
by flippase-mediated mitotic recombination technique with an
eyeless-flippase (eyFLP) induction (Newsome et al. 2000).
Homozygous mutant cells were identified on eye disc by the ab-
sence of GFP staining (corresponding to the absence of arm-lacZ
or GFP) and on adult eye by their dark red color for CG10253 and
Ssrp or white color for woc. In order to examine adult eyes of al-
most only homozygous mutant cells, mitotic clones were gener-
ated in a Minute background. Drosophila mutant strains were
obtained from Bloomington and recombined with linked FRT
sites. The following alleles were used: SoxNNC14, HmxMI02025,
CG10253f02060, woc251, SsrpG2947, CG15514EP1005, crpk00809. mxc XM20C

allele recombined with FRT19A was kindly provided by H.
Bellen’s laboratory (Yamamoto, 2014).

Marked, Minute chromosomes used included: [armLacZ] FRT40,
FRT82 M95c [armLacZ] Gal80, FRT82 [armLacZ], FRT42 M56i
[armLacZ], FRT42, FRT42D UbiGFP, armLacZ11:3 FRT19A, M [armLacZ]
FRT40. The ey-Gal4 line was that of (Hazelett et al. 1998).

Transgenic RNAi lines were obtained from VDRC or the trans-
genic RNAi project (TRiP) (for details see Supplementary Table
S11). Driver strains used for RNAi screen included: UAS dcr2 glass
lacZ/CyO;; eyeless-Gal4 (kindly provided by J. Treissman’s
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laboratory) and w; GMR-Gal4, UAS-Dcr2/CyO; Sb/TM6B. Cultures
were grown at 29�C to assess RNAi phenotypes.

Immunofluorescence
Immunofluorescence was performed as described in (Baker,
2014). The following primary antibodies were used: rabbit anti-
beta gal (1/20, Cappel), rabbit anti-GFP (1/50, Invitrogen), rat anti-
ELAV (1/50, DSHB 7E8A10), mouse anti-Cut (1/20, DSHB 2B10),
mouse anti-discs large (1/500, DSHB, 4F3). Secondary antibodies
conjugated with Cy2, Cy3, and Cy5 dyes (1:200) were from
Jackson ImmunoResearch Laboratories.

Preparations were pictured on the Leica SP2 confocal micro-
scope. Images were processed using Image J64 and Adobe
Photoshop CS3 software.

Data availability
Strains and plasmids are available upon request. Supplementary
tables are available at Figshare through the GSA portal (https://
doi.org/10.25386/genetics.13394135). RNA-Seq raw data will be
available through GEO. The authors affirm that all other data
necessary for confirming the conclusions of the article are pre-
sent within the article, figures, and tables.

Results
Gene transcription profile during Drosophila eye
morphogenesis
RNAs were extracted from the eye-antennal primordium at four
time points: at the larval stage 72 h, 96 h, or 120 h AEL and at the
white prepupal stages (about 130 h AEL in our experiments)
(Figure 1, A–D). At 96 and 120 h AEL it was also possible to dissect
the eye and antenna discs apart for separate analysis. At 72 h
AEL eye-antennal discs were initially dissected along with the at-
tached mouth-hook structures, in case we were unable to recover
sufficient material from these small eye-antennal discs alone,
but also then as eye-antennal imaginal discs alone. Finally, RNAs
were also extracted from whole larvae at 72, 96, 120 h AEL
(Supplementary Figure S1A).

Supplementary Table S1 summarizes mRNA abundance from
these 12 samples, as Fragments per Kilobase per Million (FPKM).
Supplementary Figure S1B shows unsupervised clustering of
gene expression levels from these 12 RNA samples. RNAs from
the whole animal samples were more closely related to one an-
other than to any of the samples from imaginal discs, perhaps be-
cause the larval body contains many tissue types such as skeletal
muscle, gonad, intestine, central nervous system, etc., that are
not present in the imaginal discs. Within the imaginal disc sam-
ples, eye-antennal discs were more similar to eye discs than to
antennal discs, suggesting that eye tissue provides the majority
of transcriptional changes, and white-prepupal eye-antennal
discs were more different from the other samples.

We first performed unsupervised clustering of genes according
to similarity of temporal gene expression profile, without
assumptions about which samples should be enriched for pro-
genitor or differentiation genes. We used Bayesian Adaptive
Clustering with the super k-means algorithm (BIC-SK means),
which also optimizes the number of gene expression clusters
(Zhang et al. 2013). As noted above, the whole larva sequences
were very distinct and clustering at first separated genes primar-
ily according to those expressed in whole larvae and genes that
were not (Supplementary Figure S1C). Thus although the whole
larva sequences had been included to augment the data available
for clustering, this proved unhelpful, and subsequent analyses

were restricted to the 8 samples derived only from imaginal disc
tissues, which proved sufficient for effective clustering, in order
to focus on transcription programs within the imaginal discs.
Using FPKM> 0.5 as a threshold, 10,893 genes were expressed in
the imaginal disc samples, representing 78% of the Drosophila
coding genes, and 83% of the genes for which expression
(FPKM> 0.5) was detected in any of the samples (i.e., including
whole larvae). BIC-SK means indicated that the optimum cluster
number to best represent these data was 11, indicating that gene
expression in eye-antennal imaginal discs was best described by
11 programs of gene expression (Figure 1E; Supplementary Figure
S2). The genes in each of the 11 clusters are listed in
Supplementary Table S2 and the mean changes in gene expres-
sion across the different samples are summarized for each clus-
ter in Figure 1F.

A cluster of retinal differentiation genes with an
expression profile increasing with time
To help identify gene expression associated with eye differentia-
tion without assuming its temporal gene expression profile, a set
of 24 well-characterized genes whose transcription pattern has
been unequivocally mapped posterior to the MF was collated.
Many of these genes have known roles in eye patterning and dif-
ferentiation (Supplementary Table S3). 22 of these 24 genes were
found within gene transcription cluster 2 (Figure 1G). Cluster 2
contained 1029 genes and was characterized by transcript levels
generally increasing over time in eye-antennal discs and in eye
discs, but changing little in antennal discs (Figure 1F). Thus, the
average expression profile of cluster 2 agreed with the hypothesis
that retinal differentiation gene expression would increase over
time. The most similar program of gene expression was seen in
cluster 3, which differed in that expression levels also increased
with time in antennal discs (Figure 1F). None of the 24 reference-
gene set was recovered in cluster 3. Regarding the two reference
genes not found in Cluster 2, TNF-Associated Factor 4 (Traf 4)
expression levels decreased from 96 h AEL to white prepupae in
eye-antennal and eye disc samples, and accordingly Traf4 was re-
covered in cluster 9 (Table 2 and Figure 1G). Tartan (trn) expres-
sion levels increased over time in eye-antennal and antennal
discs, but decreased from 96 h-120h AEL in eye disc samples, and
accordingly trn was recovered in cluster 4 (Table 2 and Figure 1G).
These two examples illustrate that some genes expressed poste-
rior to the MF [verified independently by two groups for trn (Firth
and Baker 2007; Mao et al. 2008)] may nevertheless have other
temporal expression profiles, possibly because of changing ex-
pression in the antennal region, or because of other temporal reg-
ulation superceding that due to progression of the MF. We also
know that genes expressed in glial cells or hemocytes can be pre-
sent in eye-antenna disc RNA samples (Firth and Baker 2007).
Because �90% of the reference differentiation gene set were re-
covered in cluster 2, however, cluster 2 is predicted to contain
many genes that turn on posterior to the MF.

Cluster 2 was statistically enriched for 227 biological process
GO terms (FDR_BH P < 0.01: Supplementary Table S4), either ex-
plicitly associated with neurogenesis [e.g., neurogenesis (17), syn-
aptogenesis (20), axogenesis (14), stimulus (8)] or otherwise
consistent with eye development [e.g., behavior (20), signaling
(17), adhesion (8), transport (12), secretion (5), signaling pathways
(4), etc.]. The top five GO terms were: generation of neurons, neu-
ron differentiation, biological regulation, neuron development,
regulation of cellular process. The five statistically enriched
Kyoto Encyclopedia of 798 Genes and Genomes (KEGG) pathway
terms (Enrichment P< 0.01) were phosphatidylinositol signaling
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system, MAPK signaling pathway—fly, Jak-STAT signaling path-
way, dorso-ventral axis formation, Inositol phosphate metabo-
lism (Supplementary Table S5), some of which have known roles
in eye differentiation (Rubin et al. 1997; Avet-Rochex et al. 2014;
Tee et al. 2016; Vollmer et al. 2017). These enrichments are consis-
tent with retinal differentiation roles for the gene expression pro-
file represented by cluster 2.

At least half of the cluster 2 genes are transcribed
posterior to the MF
The transcription pattern of a sample of 52 cluster 2 genes was
explored by ISH to eye-antennal imaginal discs from third-instar
larvae. Because genes expressed at low level might not be
detected by ISH, only genes with transcript levels estimated by
mRNA-Seq to be FPKM� 3 in an eye-antenna or eye disc sample
were tested. FPKM¼ 3 corresponded to the expression level of
bride of sevenless (boss), which was the gene with the lowest ex-
pression successfully detected in pilot experiments (Figure 2A).
Examples of these expression patterns are shown in Figure 2, B–J
and the complete set is shown in Supplementary Figure S3 and
summarized in Supplementary Table S6. 27/52 genes (52%)
showed elevated transcription in the posterior, differentiating
retina, whereas only seven showed other patterns (13%)
(Supplementary Figure S3A). No specific transcription pattern
could be discerned for 18/52 genes (35%) (Supplementary Figure
S3B). In these latter cases it is difficult to distinguish uniform
transcription (which may nevertheless increase over time) from
failure to detect specific signal by ISH, either for technical rea-
sons or because of low expression level on a per cell basis, so it
remains uncertain whether these genes are expressed more
highly posterior to the furrow or not. Because we never observed
an expression pattern posterior to the MF among the control
sense strand in situs (performed for 12 different genes)
(Supplementary Table S6), such in situ signals are likely to be spe-
cific.

One of the seven genes classified as showing another pattern,
Enhancer of split md (E(spl)md, aka HLHmdelta) was nevertheless as-
sociated with retinal differentiation (Supplementary Figure S3B).
In addition to E(spl)md transcription posterior to the MF, strong
transcription occurred at the anterior edge of the MF, where

E(spl)md protein plays a role in Notch signaling during early eye
patterning (Baker et al. 1996; Dokucu et al. 1996). Thus cluster 2
gene expression signature can include genes that are upregulated
early in the differentiation process, before the MF arrives.

Because transcription of some cluster 2 genes was not ele-
vated posterior to the furrow (e.g., Figure 2F), a further Bayesian
adaptive clustering was performed on just the 1029 cluster 2
genes alone, to see whether any substructure was detectable.
This indicated that cluster 2 could itself be represented as two
subclusters, cluster 2 A and cluster 2B (Figure 3; Supplementary
Table S7). Cluster 2 A (779 genes) contained 21 of the 22 reference
eye genes found within cluster 2, and 26 of the 27 other genes
shown to be expressed behind the furrow by ISH experiments de-
scribed above (Supplementary Table S6). Cluster 2 A was enriched
for very similar GO terms to the parent cluster 2, and the same
KEGG terms (Supplementary Tables S8 and S9). By contrast, clus-
ter 2B (250 genes) contained 3 of the 7 cluster 2 genes expressed
elsewhere than behind the furrow, and 3 genes for which the
transcription pattern could not be determined (Supplementary
Tables S6 and S7). No GO terms were significantly enriched and
the only enriched KEGG term was ‘ribosomes, eukaryotic’, with
the cluster2B containing four ribosomal protein genes RpS10a,
RpS12, RpS19b, and RpS9 (Supplementary Tables S8 and S9).
Subclusters 2A and 2B show similar gene expression profiles to
the parent cluster 2 except that for cluster 2B average gene ex-
pression increased in eye and eye-antennal discs from 72-120 h
only and decreased between 120 h and the white prepupal stage
(Figure 3). We conclude that cluster 2A is most highly enriched
for the genes expressed posterior to the MF, although at least a
few such genes exemplified by Ca-beta are found in cluster 2B.

A cluster of putative proliferation genes with
expression profiles decreasing with time
Concomitant with the induction of eye differentiation genes pos-
terior to the MF, genes associated with the proliferating progeni-
tor cells anterior to the MF might be downregulated. We
identified 11 ‘progenitor or proliferation’ reference genes that had
already been characterized for their expression anterior to the
MF or in dividing cells (Supplementary Table S3). 8/11 were con-
centrated in two gene expression clusters, cluster 7 and cluster 9,

Figure 2 ISH detects transcription behind the furrow. ISH was performed on eye-antennal imaginal discs from third-instar larvae. Anterior side is
shown to the left. ISH for boss (A), one of the reference genes known to be expressed posterior to the MF, and the transcript with the lowest FPKM
detected in preliminary ISH experiments, shows expression in the single R8 precursor cells of each ommatidium. ISH verifies transcription of 52% of the
genes included in the eye-specific differentiation cluster 2 in the posterior, differentiating retina eg panels (B–E, G-J). 13% of cluster 2 genes reveal other
transcription patterns eg cold (F).
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Figure 3 Subclustering of the differentiation genes. BIC-SK means supervised adaptative clustering of the RNA-sequencing data from 8 eye and/or
antenna disc samples of cluster 2 only (1029 genes). Cluster 2 was subdivided into clusters 2A (779 genes) and 2B (250 genes). Cluster 2A genes show the
more pronounced temporal increase in transcription in the eye disc and contain most of the differentiating eye reference genes. ISH experiments like
those shown in Figure 2 estimate that 58% of the genes included in the eye-specific differentiation cluster 2A are expressed posterior to the MF. The
gene cold, which exemplified a cluster 2 gene with a different expression pattern (see Figure 2J), was found within cluster 2B.
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suggesting that these might include genes downregulated as pro-
liferation ceases and differentiation begins (Figure 1, F–G).

Cluster 7 (1753 genes) was characterized by gene expression
generally decreasing over time in eye-antennal discs, eye discs,
and antennal discs. The reference genes included in cluster 7
were cyclin B (cycB), cyclin E (cycE), and fibrillarin (fib). Cluster 7 was
statistically enriched for 209 GO terms, 46% of them related to
cell cycle, proliferation and growth (Supplementary Table S4).
The top 5 GO terms were: cellular nitrogen compound metabolic
process, nucleobase-containing compound metabolic process,
heterocycle metabolic process, organic cyclic compound meta-
bolic process, nitrogen compound metabolic process. All these
are related to DNA synthesis. The 11 statistically enriched KEGG
pathways include DNA replication, eukaryotic Ribosome biogene-
sis, mismatch repair, pyrimidine metabolism, nucleotide excision
repair, BRCA1-associated genome surveillance complex, MCM
complex, nuclear pore complex, homologous recombination, and

base excision repair (Supplementary Table S5). All these are asso-
ciated with DNA replication and maintenance, or with growth,
consistent with the notion that cluster 7 is enriched for genes
expressed in growing, proliferating cells.

The transcription pattern of genes from cluster 7 was ex-
plored by ISH to eye-antennal imaginal discs from third-instar
larvae (Figure 4 and Supplementary Figure S4). ISH with probes
for 21 genes from cluster 7 identified 6 genes with a ‘cell cycle’
pattern of transcription, in which expression was detected both
anterior to the MF and in a band just posterior to the furrow cor-
responding to the position of the Second Mitotic Wave (SMW)
cell cycle (e.g., Figure 4, B–D). This pattern of transcription is typ-
ical for cell cycle genes such as string/Cdk25 (stg), itself a mem-
ber of Cluster 9 (Figure 4A). Probes for another 14 genes detected
signals anterior to the MF, but not in the SMW (e.g., Figure 4,
E–G). For some of these probes an in situ signal was only seen in
some of the discs hybridized. Because we have sometimes seen

Figure 4 ISH detects transcription anterior to the furrow. ISH was performed on eye-antennal imaginal discs from third-instar larvae. Anterior side is
shown to the left. ISH for string (Figure 4A) was used as a technical control because of its transcription both anterior to the MF and, at a lower level, in
the second mitotic wave just posterior to the MF. The string gene is found in expression cluster 9. 2% of genes from cluster 7 were expressed in cell
cycle patterns (e.g., B–D) or anterior to the MF (E–G). For other cluster 7 genes, no clear pattern of transcription was evident. 40% of genes from cluster 9
expressed in cell cycle patterns (I,M) or anterior to the MF (J–L, N–O). For other cluster 9 genes, no clear pattern of transcription was evident (P). The
expression pattern pictures of all the 21 and 25 genes examined in the cluster 7 and 9, respectively, are available in Supplementary Figures S7 and S8.
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sporadic anterior labeling with sense probes, we think it possible
that such staining may sometimes represent a staining artifact.
Therefore we conservatively restrict the designation ‘expressed
anterior to the MF’ to probes where this is seen for >50% of
discs, which has never been seen for a sense probe. 7/21 probes
labeled anterior to the MF by this criterion. The seven genes for
which probes only occasionally detected signal, as well as 1
gene for which no signal was detected (e.g., Figure 4, H), may be
expressed anterior to the MF, or their transcripts may fall below
the threshold for consistent detection.

A second cluster containing genes expressed in
progenitors anterior to the MF
An additional group of progenitor reference genes, cyclin B3
(CycB3), ey, Optix, tsh, and twin of eyeless (toy), were included in
cluster 9 (Figure 1G). Cluster 9 (705 genes) was characterized by
gene expression that increased in eye antennal discs from 72-
96 h, then decreasing thereafter in eye-antennal discs, eye discs,
and antennal discs. Cluster 9 was statistically enriched for 115
GO terms (Supplementary Table S4). Although 20% were related
to cell cycle, 42% were related to cellular and organ morphogene-
sis and metamorphosis, or biological regulation. The top five GO
terms were: regulation of biological process, biological regulation,
regulation of cellular process, regulation of metabolic process,
anatomical structure morphogenesis. The only statistically
enriched KEGG pathway was Spliceosome (Supplementary
Table S5).

The transcription pattern of genes from cluster 9 was explored
by ISH to eye-antennal imaginal discs from third-instar larvae
(Figure 4 and Supplementary Figure S5). ISH with probes for 25
genes from cluster 9 identified transcripts from 2 genes in a “cell
cycle pattern, ahead of the MF and in the SMW (Figure 4I, M), and
8 genes downregulated at the MF in more than 50% of the discs
examined (e.g., Figure 4, J,K,L,O, Supplementary Figure S5).
Probes for another 9 genes labeled the anterior of the eye disc in a
smaller fraction of eye discs (e.g., Figure 4N) and probes for 6
genes detected no determinable pattern (e.g., Figure 4P,
Supplementary Figure S5). In comparison to cluster 7, cluster 9
seemed biased toward expression only in progenitors anterior to
the MF, with fewer genes also expressed in the SMW, although
the number of genes examined is too small for certainty. The eye
disc region ahead of the MF may expand initially before the
approaching MF curtails growth at later larval stages, consistent
with the Cluster 9 expression profile (Wartlick et al. 2014; Fried
et al. 2016).

Although additional adaptive clustering was able to subdivide
cluster 2, analogous BIC-SK mean analyses indicated that clus-
ters 7 and 9 were not subdivided. We therefore assessed the ro-
bustness of these clusters when minimum gene expression
cutoff other than FPKM >0.5 was used. For example, when only
genes with FPKM >1.0 were analyzed, the resulting clusters were
not simply contained within the clusters obtained from the larger
gene number. We defined the cluster 7 and cluster 9 “core” genes
as those genes that clustered together regardless of whether cut-
offs of FPKM >0.1, 0.5, or 1.0. The ‘core’ cluster comprised 1636
genes for cluster 7 (Supplementary Table S7), i.e., 93% of the clus-
ter, indicating that cluster 7 is robust. The ‘core’ of cluster 9 con-
tained only 138 genes (Supplementary Table S7). Therefore
cluster 9 seems to be defined less robustly than cluster 7. For
comparison, a similar analysis for cluster 2 identified 882 ‘core’
genes, comprising 86% of cluster 2 and largely overlapping with
cluster 2A (699 genes in common) (Supplementary Table S7).

Quantification of gene expression patterns
The v2 test indicated that expression pattern differences between

Clusters were significantly different (P¼ 1.3 � 10�6). The fractions

of genes induced posterior to the MF (27/52, 0/21, 0/25, respec-

tively) was significantly different (P¼ 4.0 � 10�6), as were the

fractions of genes expressed anterior to the MF or in cell-cycle
patterns (7/52, 13/21, 10/25, respectively: P¼ 0.001). By contrast,

the fractions of the genes for which no consistent expression was

detected (18/52, 8/21, 15/25, respectively) were not significantly

different (P¼ 0.188).
The conclusion that Cluster 2, and Clusters 7 and 9 contain

genes with significantly different expression patterns depends on

the sample of genes selected for ISH being unbiased. As noted, an

expression threshold of FPKM� 3 was required for ISH. It is possi-
ble that more highly expressed genes might be more likely to

have developmental expression patterns. Most genes were above

the FPKM� 3 threshold, however (Cluster 2: 759/1029; Cluster 7:

1596/1753; Cluster 9: 585/705), and statistically there was no dis-

tinction between expression levels for genes with different ex-

pression patterns (P¼ 0.085, Kruskal–Wallis test).
Although most genes were picked for ISH without regard to

phenotype, some were selected once eye phenotypes were seen

in mutants or after RNAi (see sections below and Table 6). In case
genes associated with morphological phenotypes were more

likely to have specific expression patterns, we repeated the v2

test using only data for ISH of genes selected without regard to

phenotype, with similar results (Table 6).
We used the ISH results to estimate how many genes may

change expression in accord with differentiation. If the genes

tested from Cluster 2 were representative, then Cluster 2 could

contain 27/52 � 1029 ¼ �534 genes whose expression would be
detected posterior to the MF by ISH (95% confidence interval 394–

674, Table 6), and a further 18/52 � 1029¼ 356 genes whose ex-

pression pattern would be hard to detect by in situ and that might

include some further genes expressed posterior to the MF. If cal-

culations are based only on ISH results for genes selected without

respect to mutant or knockdown phenotype, the estimates are

similar (or 21/43 � 1029 ¼ �503 and 16/43 � 1029¼ 383, respec-
tively).

In the same way, we predicted that Cluster 7 could contain 13/

21 � 1753¼ 1085 genes expressed anterior to the MF or in a cell-

cycle pattern, and 8/21 � 1753¼ 668 genes that might have this

expression pattern but be hard to detect. For Cluster 9, the com-

parable estimates are 10/25 � 705¼ 282 and 15/25¼ 423. If calcu-

lations are based only on ISH results for genes selected without

respect to mutant or knockdown phenotype, the predictions are
similar (for Cluster 7, 9/16 � 1753¼ 986 genes expressed anterior

to the furrow or in a cell cycle pattern, and for Cluster 9, 5/19 �
705¼ 186).

In the rest of this paper, we will refer to Differentiation Gene

Cluster 2, Proliferation Gene Cluster 7, and Progenitor Gene

Cluster 9. These designations are preliminary and intended sim-

ply to facilitate discussion; expecially the distinction between

Proliferation Gene Cluster 7 and Progenitor Gene Cluster 9, which
is based on the enrichment for proliferation GO terms only for

Proliferation Cluster 7 as well as the different expression profile.

Comparison with earlier RNA-seq studies
Our results add to previous studies of development gene expres-

sion in the eye disc in two respects. First, they increase the esti-
mate for the number of genes upregulated with retinal

M. Quiquand et al. | 9



differentiation. Secondly, they identify large groups of genes
clearly downregulated upon retinal differentiation.

A previous RNA-seq study also used gene expression cluster-
ing to classify results, but compared multiple genotypes rather
than multiple timepoints, defining 284 genes predicted to be as-
sociated with retinal differentiation posterior to the MF (Potier
et al. 2014). 51% of these genes fell within the Differentiation
Cluster 2 of this study (Figure 5A). In addition, Potier et al dissoci-
ated cells expressing GFP posterior to the MF from GMR-Gal4

UAS-GFP eye-antennal imaginal discs. 65% of the genes enriched
for expression in GFPþ cells fell within our Differentiation Cluster
2 (Figure 5A). These overlaps are much greater than expected by
chance and indicate broad agreement between all three
approaches to identify differentiation genes turned on behind the
furrow, except that the set of genes up-regulated on eye differen-
tiation is much larger in our study. The 50 genes whose expres-
sion posterior to the furrow is shown experimentally (24 selected
from previous literature and 26 documented here) were mostly

Figure 5 Candidate Differentiation and Progenitor/Proliferation genes compared between studies. Venn diagrams illustrate the correspondence
between sets of predicted Differentiation or Proliferation/Progenitor genes predicted from mRNA-Seq of eye-antennal gene expression at different time
points (this study) or from different genotypes (Potier et al). Gene numbers are shown in black text. Genes from the reference sets of genes described to
be expressed either posterior ( A) or anterior to the furrow (B–D) are indicated in magenta. Genes determined in this study to be expressed either
posterior (A) or anterior to the furrow (B–D) are indicated in green. (A) The genes predicted to be expressed in differentiating retinal cells by our study,
by covariation of gene expression in different genotypes (Potier Cluster 8), or from their enrichment in eye disc cells isolated on the basis of GMR-GAL4
UAS-GFP expression (PAdj < 0.05) overlap to roughly similar extents. These overlaps were all much more extensive than expected by chance (P ¼ 0, v2

test). Although most of the 50 genes for which transcriptional induction posterior to the morphogenetic furrow has been directly shown were predicted
by multiple methods, 11 were identified only by our study. (B) The genes we predicted to be expressed in proliferating progenitor cells overlap with a set
of genes predicted to be associated with growth and redox by covariation of gene expression in different genotypes (Potier Cluster 6) no more than
expected by chance (P ¼ 0.7843, v2 test; the overlap expected with Proliferation Cluster 7 was 62 genes and with Progenitor Cluster 9 was 25 genes).
Potier cluster 6 includes none of the genes now shown to be transcriptionally down-regulated by the morphogenetic furrow. (C) The genes we mapped
to Progenitor Cluster 9 overlapped with a set of genes predicted to be associated with anterior eye cells and stress by covariation of gene expression in
different genotypes (Potier cluster 2) more than expected by chance (Expected overlap ¼ 88 genes, P ¼ 2.357E-08, v2 test). Overlap with genes we
mapped to Proliferation Cluster 7 was less than expected, however (Expected overlap ¼ 218 genes, P ¼ 3.698E-05, v2 test), and few of the genes shown to
be downregulated at the morphogenetic furrow (4/34) were contained within Potier cluster 2. (D). The genes we mapped to Proliferating Cluster 7
overlapped with a set of genes enriched in cells not expressing GFP under GMR-Gal4 control more than expected by chance (Expected overlap ¼ 47
genes, P ¼ 0.0011422, v2 test), but the genes we mapped to Progenitor Cluster 9 overlapped less (Expected overlap ¼ 19 genes, P ¼ 0.002499, v2 test). Only
3/34 genes shown to be downregulated by the morphogenetic furrow were among the genes whose expression was enriched in cells lacking GFP
expressed under GMR-Gal4 control.
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identified within both our Differentiation Cluster 2 and GMRþ
genes, but 11 were exclusive to our Differentiation Cluster 2
(Figure 5A), confirming that our approach has expanded the set
of genes upregulated in the differentiating eye disc.

The clusters of genes we found downregulated at the MF had
greater novelty. The Potier study tentatively identified gene sets
with expression anterior to the MF, as well as with stress (their
cluster 2) or associated with growth as well as redox regulation
(their cluster 6), without validating expression patterns. These con-
tained only 2 (cluster 2) or none (cluster 6) of the 34 genes whose
expression anterior to the furrow is discussed here (11 selected
from previous literature and 23 shown in this paper) (Figure 5, B
and C). Potier cluster 2 and 6 show only small overlaps with our
Proliferation/Progenitor Clusters 7 and 9 and only the overlaps with
Potier Cluster 2 are greater than expected by chance (Figure 5, B
and C). Potier et al also identified genes whose expression was
enriched in eye-antennal imaginal disc cells lacking GMR-driven
GFP ie not posterior to the furrow. Only 3 of the 34 genes whose ex-
pression anterior to the furrow is documented were included in
this set, and overlap with our Proliferation Cluster 7 is modest
(Figure 5D). Thus, clustering gene expression temporally, as per-
formed here, seems to have made it possible identify genes that
are expressed in proliferating progenitor cells and downregulated
at the MF more readily than did previous approaches.

Regulatory motifs associated with proliferation,
progenitor, and differentiation genes
To test whether genes sharing similar transcription patterns
could be regulated by common transcription factors, genes from
each cluster were searched for DNA sequences that might encode
response elements. The iCis program identified 55 sequence
motifs found in or upstream of Proliferation Cluster 2 genes more
than expected by chance. 32 transcription factors were candi-
dates to bind to 21 of these motifs (Supplementary Table S13).
There were multiple candidates for some motifs, such as two
enriched E-box sequences that may be recognized by any of 10
bHLH proteins. Of those, ato and da have known functions in lar-
val eye disc differentiation (Jarman et al. 1994; Brown et al. 1996).
Many of the other bHLH proteins have roles in neurogenesis in
the antennal disc (as well as in other processes in other tissues
such as myogenesis) (Baker and Brown 2018). Motif searches
were also performed for subsets of cluster 2 that may be further
enriched for genes expressed posterior to the MF, namely cluster
2 A and the cluster 2 core. Some additional motifs were found
enriched, including additional E-box sequences that could be tar-
gets of Snail and Escargot, transcription factors implicated in the
interommatidial pigment cell lattice of the eye (Lim and
Tomlinson 2006), in addition to the other bHLH proteins
(Supplementary Table S10). A list of all the genes associated with
enriched motifs associated with potential transcription factors is
shown in Supplementary Table S10.

Importantly, DNA binding proteins from cluster 2 itself had
target sites enriched in the cluster 2 genes more than DNA
binding proteins from any other cluster. These proteins in-
cluded onecut, gl, sloppy paired 1 (slp1), sloppy paired 2 (slp2), peb-
bled (peb), anterior open (aop), SoxNeuro (SoxN) (Figure 6).
Requirements in eye differentiation have already been reported
for onecut, gl and aop and a requirement for SoxN will be
reported below, whereas slp1 is known to play earlier roles in
eye development (Moses et al. 1989; Lai and Rubin 1992; O’Neill
et al. 1994; Flores et al. 1998; Maurel-Zaffran and Treisman 2000;
Nguyen et al. 2000; Sato and Tomlinson 2007; Morrison et al.
2018). Taken together, these findings suggest that, to a

significant extent the expression of eye differentiation genes

posterior to the MF is coordinated by transcription factors with

a similar expression pattern.
Similar observations also held for Clusters 7 and 9. The iCis

target analysis found 146 regulatory motifs enriched in the clus-

ter 7 genes, for 110 of which 46 candidate binding proteins could

be identified (Supplementary Table S13). Proportionately, cluster

7 itself was the largest source of DNA binding proteins whose tar-

get sites were enriched within cluster 7 genes (Figure 6), suggest-

ing that genes encoding transcription factors within cluster 7

[DNA replication-related element factor (Dref), Usf, Max, Activarting

Transcription Factor 3 (Atf3), Myocyte enhancer factor 2 (Mef2),

Topoisomeras 2 (Top2), eagle (eg), ftz transcription factor 1 (ftz-f1),

Spargel(srl), DP transcription factor (Dp), germ cell-expressed bHLH-PAS

(gce), TATA binding protein (Tbp)] coordinate the expression of

genes anterior to the MF and during proliferation. Other tran-

scription factor genes were within cluster 9, reflecting the related

expression of these clusters (cropped (crp), da, E2f, Optix) (Figure 7).

The iCis target analysis found 77 regulatory motifs enriched in

the cluster 9, for which 28 candidate DNA binding proteins were

identified (Supplementary Table S10), many encoded by genes

themselves placed in Cluster 9 by expression [Enhancer of bithorax

(E(bx)), crp, rotund (rn), E2F, araucan (ara), zeste (z), Forkhead Box K

(FoxK)], whereas other potential regulators of cluster 9 genes were

located within cluster 7 (abrupt (ab), Pox meso (Poxm), fruitless (fru),

boule (bol), ventral veins lacking (vvl), 14-3-3-zeta) (Figure 6). Lists of

all the genes associated with motifs associated with potential

transcription factors and enriched in Clusters 7 and 9 is shown in

Supplementary Table S10.

Figure 6 Transcription factors potentially linking differentiation and
proliferation genes. Many Transcription Factors (TFs) belonging to gene
expression clusters 2, 7, and 9 have cognate recognition motifs that are
enriched near Cluster 2, 7, and 9 genes. These include multiple motifs
recognized by TFs from the same expression cluster, as well as multiple
motifs potentially regulated from the other clusters. Note that in this
analysis whether motifs confer positive or negative regulation is not
distinguished, and that motifs enriched in Cluster 2A or in the Cluster 2,
7, or 9 cores are included (see text). Motifs potentially recognized by
factors mapping in clusters other than 2, 7, and 9 have been omitted.
Overall, these motif enrichments suggest that gene expression patterns
could be maintained in part by transcription factors with similar
expressions themselves. Transcription factors whose binding motifs are
enriched among genes with other expression patterns, eg the
differentiation gene lz whose motifs are enriched among the Progenitor
cluster 9 genes, could be candidates to enforce exclusive gene expression
patterns.
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Although these results support the notion that transcription
factor expression patterns themselves contribute to maintaining
similar expression of many other genes, there were also many
exmples of transcription factors that regulate genes in other clus-
ters. Ato and Cut (ct), for example, are expressed during eye dif-
ferentiation and play important regulatory roles but neither is
found in cluster 2. Ato is transiently transcribed just anterior and
posterior to the MF (Jarman et al. 1993; Sun et al. 1998), which may
explain why it did not cluster with either anteriorly- or
posteriorly-expressed eye genes in our analysis. Ct expression is
induced posterior to the MF but shows independent expression
dynamics in the antennal disc that may explain why cut did not
cluster with other eye differentiation genes.

Many transcription factors from Cluster 2 potentially regulate
targets in Clusters 7 or 9 Activating Transcription Factor 1 (Atf2),
Gemini (gem), E(spl)mc-HLH, pannier (pnr), SoxN, peb, Lozenge
(lz), Adult Enhancer Factor 1 (Aef1)], and vice versa (Cluster 2 was
enriched for potential targets of cluster 7 genes fru, Ecdysone
Receptor (EcR), net, Tbp and Cluster 9 genes da, crp, E(bx), rn, z)
(Figure 6). In principle, such relationships could enforce alterna-
tive expression pattersns, by repressing expression of genes from
other clusters. Activatory and repressive interactions cannot be
distinguished from motif analysis, however, and many more
experiments would be required to test this speculation. In addi-
tion, some enriched motifs can be targets of regulatory proteins
encoded by other expression clusters, such as CG33260, pangolin
(pan), stripe (sr), Ecdysone-induced protein 74EF (Eip74EF), pleioho-
meotic (pho), pleiohomeotic like (phol), nejire (nej), longitudinals lacking
(lola) that are potential Cluster 2 regulators, lola, Methoprene toler-
ant (Met), Chorion Factor 2 (Cf2), TBP Associated Factor (Taf1), knirps
like (knrl), deadpan (dpn), broad (br) that encode potential
Proliferation Cluster 7 regulators, and grain (grn), serpent (srp), sir-
tuin 6 (Sirt6), CG33260, Sox102F, pou domain motif 3 (pdm3), br,
CG3407, poil au dos (pad), E2F2, absent md neurons and olfactory sen-
silla (amos), nautilus (nau), zinc finger protein (Zif), scute (sc), achaete
(ac), asense (ase), lethal of scute (l(1)sc), runt (run), HLH106 that en-
code potential Progenitor Cluster 9 regulators. Post-translational
control of transcription factor activity could explain how target
gene expression patterns can differ from the cognate transcrip-
tion factor. Pan is a mediator of wingless signaling whose activity
is controlled at the level of protein-protein interactions, Ecdysone
Receptor activity is controlled by a steroid hormone not tran-
scription, lola has many isoforms with distinct expression pat-
terns (Goeke et al. 2003; Niwa and Niwa 2016; Bejsovec 2018).

Very noticeable is the number of potential regulators of clus-
ter 7 genes that were found in cluster 3 (Jun related antigen (Jra),
knirps (kni), Eip78C, Hormone receptor 4 (Hr4), Hormone receptor 39
(Hr39), Hormone receptor 46 (Hr46), estrogen related receptor (ERR),
Enhancer of spli m8 (E(spl)m8), Mnt, E2F2). In fact cluster 3 was pro-
portionately enriched for candidate transcription factors with
target sites in cluster 7 to the same degree as was the case for
cluster 7 itself (Figure 6; Supplementary Table S10). The expres-
sion profile of cluster 3 was similar to cluster 2 i.e., increasing
over time in eye-antennal discs and in eye discs, but differed
from cluster 2 by also increasing over time in antenna discs
(Figure 1, E and F). Many of the candidate trans-acting factors
identified in cluster 3 are hormone-responsive (Eip78C, Hr4, Hr39,
Hr46, ERR), possibly indicating temporal regulation of eye gene
expression by systemic mechanisms shared with the antennal
primordium.

We also searched for response elements using the Homer pro-
gram (Supplementary Table S11). This program identified 97 se-
quence motifs assigned to 67 candidate transcription factors in

Figure 7 Genes expressed in the differentiating retina are required for
eye development. (A–I, M–O) SoxN and Hmx mutant clones showed cone
cell defect phenotypes, (J–L, P–R) Hmx knockdowns and CG10253 mutant
clones showed growth defect phenotypes. Adult eyes (K,L,P), pupae (J),
eye discs (Q,R) and pupal retinas 38h APF (A–C) or 48-h APF (A–C, G–I, M–
O) after being raised at 29�C and 25�C, respectively. ELAV (in blue A, D, G,
M) and Dlg (in red in A, D, G) labeled all cell boundaries inside the retina.
The focal planes used here clearly distinguished interommatidial cells,
the border of each ommatidia unit as well as their four cone cells.
Anterior is to the left. Yellow asterisks: ommatidia with a number of
photoreceptors different from 8 (E). Yellow arrowheads: ommatidia with
a number of cone cells different from 4 (F, I, O). Although RNAi for SoxN
(D-F) had little effect on neural differentiation in the retina revealed by
labeling with anti-ELAV(D–E), the number of non-neuronal cone cells
labeled by anti-Cut is reduced from the normal four per ommatidium (F).
Homozygosity for a SoxN mutation (G–I) induced defects in ommatidia
specification with number of photoreceptors different from 8 (H) and
number of cone cells different from 4 as shown with the anti-Dlg
labeling (I). RNAi for Hmx (J–K) results in the loss of head structures (J) or
ablation of the adult eye (K). Homozygosity for an Hmx mutation (L–O)
leads to a rough appearance of the adult eye (L) and reduction in the
number of non-neuronal cone cells (O), although the numbers of retinal
neurons appeared normal (N). Homozygosity for a CG10253 mutation (P–
R) induced a severe eye phenotype in adult eye (P). Mutant clones did not
grow properly in WT background (GFP negative cells in Q) compare to the
control (R).
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Cluster 2. The higher proportion of DNA binding proteins within
Differentiation Cluster 2 having target sites enriched in the genes
of Differentiation Cluster 2 was replicated in the Homer analysis.
A number of the enriched response elements were the same such
as da, gl, onecut and crp. Since crp was a member of cluster 9 this
gene could act anterior to the furrow to repress the expression of
cluster 2 genes. Some other response elements presenting pheno-
types in our functional analysis were only found with Homer, in-
cluding those for H6-like Homeobox (Hmx) and lethal(3)neo38
(l(3)neo38) (Supplementary Figure S8).

Functional validation of potential differentiation
genes
To determine whether new functional contributions to retinal
differentiation could be discovered among Differentiation Cluster
2 genes, we examined available mutants of selected genes, par-
ticularly focusing on transcription factors. Cluster 2 includes 75
potential transcription factors (defined by the presence of a DNA
binding domain). Of these, 27 were already known to function in
eye development (Supplementary Table S12). As a pre-screen,
RNAi knockdown was performed for 36 of the remaining 48 tran-
scription factors, as well as 20 other genes expressed posterior to
the MF (Supplementary Table S13). We used Eyeless-Gal4
(EyGal4), which drives expression in all the eye disc in early lar-
vae, and from anterior to the furrow posteriorly in late eye discs
(Hazelett et al. 1998), and GMR-Gal4, which only drives expression
posterior to the MF (Supplementary Figure S6) (Freeman 1996), in
both cases with UAS-Dcr2 to enhance knockdown. For each of
these 56 genes, knock-down using multiple RNAi lines (186 in to-
tal) was evaluated for changes in adult eye morphology. Where
appropriate, differentiation of photoreceptor neurons and of non-
neuronal cone cells was evaluated by antibody labeling of eye
imaginal discs to detect the neuronal specific protein Elav and
the Cut transcription factor that is expressed in non-neuronal
cone cells. Knock-down of 14 of these genes was found to affect
eye morphology (Supplementary Figure S6, Table 12). Probable
mutant strains were available for four of these genes, and in
three cases confirmed the RNAi phenotypes (SoxN, Hmx, Crc), but
for l(3)neo38 the mutant had no morphological phenotype.

We observed a new mutant phenotype for the transcription
factor SoxN. This HMG Box protein is expressed posterior to the
furrow (Cremazy et al. 2001). SoxN plays roles in epidermis and
central nervous system development (Overton et al. 2002;
Bahrampour et al. 2017; Rizzo and Bejsovec 2017). SoxN eye phe-
notypes were conveniently quantified in the pupal retina, when
the regular retinal organization is apparent and all the cells oc-
cupy precise locations (Figure 7, A–C). SoxN knockdown some-
times affected the numbers of Elav-expressing photoreceptor
neurons (Figure 7, D–F). More consistently, SoxN downregulation
reduced the number of cone cells in 83% of ommatidia (Figure 7,
D–F). This phenotype was confirmed in a SoxN mutant allele
(Figure 7, G–I). Therefore, SoxN is a transcription factor induced
posterior to the MF that is required for proper specification or
maintenance of cone cells as well as some neurons, based on
both RNAi and mutant analysis.

A second transcription factor in cluster 2 is the Hmx protein,
which is transcribed posterior to the MF (Supplementary Figure
S3A). Knocking down Hmx during Drosophila eye development
resulted in reduction or absence of the adult eye, or failure of
head development, the latter associated with pupal lethality
(Figure 7, J and K). When we generated clones of Hmx homozy-
gous cells, the number and arrangement of photoreceptor neu-
rons was normal, but a shortfall of cone cells was observed,

identifying Hmx as a second transcription factor required for
proper specification or maintenance of cone cells (Figure 7, M–O).
To generate eyes that were entirely mutant for Hmx we used
eyFlp to stimulate mitotic recombination in Hmx/RpS3 transhe-
terozygotes, where the RpS3/RpS3 recombinant genotype is cell le-
thal (Newsome et al. 2000). These eyes had a rough external eye,
consistent with cone cell defects. It is also possible that Hmx
mutations might affect growth, since we found that the ratio of
Hmx/Rp cells to Hmx/Hmx cells was greater than expected
(Figure 7L).

The RNAi phenotype we found for Crc, which was reduced or
absent head structures, was already reported for Crc mutants
(Hewes et al. 2000). The phenotype seen for multiple RNAi lines
targeting l(3)neo38, a gene that is also transcribed behind the MF
and encodes a Zinc finger C2H2 transcription factor, was not rep-
licated in a mutant (Supplementary Figure S7, P–T).

We also describe a mutant phenotype for the CG10253 gene,
for which RNAi was not performed. CG10253 encodes the
Alkyldihydroxyacetonephosphate synthase protein involved in
the biosynthesis of ether phospholipids. CG10253 gene expression
was found posterior to the MF (Supplementary Figure S3A).
Attempting to make CG10253 homozygous eyes using eyFlp re-
combination in a CG10253/RpS18 heterozygote greatly reduced
the eye, indicating a role in eye progenitor cell growth or in retinal
differentiation (Figure 7P). In mosaic eye discs, individual
CG10253 mutant clones grew poorly compared to control clones
(Figure 7, Q and R). We did not examine Elav or Cut labeling, since
mutant cells were mostly absent.

RNAi phenotypes for which no mutant allele was examined
must be considered provisional. An example was dpr12, a gene
transcribed posterior to the MF, encoding a cell surface protein
with immunoglobulin repeats that seems to play a role at the
synapse (Kurusu et al. 2008; Carillo 2015). Knock-down of dpr12
using eyGal4 led to a small, rough eye and a smaller eye field in
the eye imaginal disc (Supplementary Figure S6G), and defects in
photoreceptor and cone cell differentiation and arrangement (not
shown). A similar phenotype was observed with RNAi of
CG31619, also transcribed posterior to the MF and encoding an
immunoglobulin-like protein (Supplementary Figure S6K). RNAi
of CG7206 (Supplementary Figure S6I), a PIN domain protein, se-
verely reduced the eye. Knock-down of dpr12 and CG31619 in cells
posterior to the MF using the GMR-Gal4 driver resulted in a glassy
adult eye (Supplementary Table S14). Other genes that gave phe-
notypes on RNAi that were not validated in mutants or seen with
only one RNAi line are listed in the Supplementary Table S14).

Functional validation of potential progenitor and
proliferation genes
To assess the function of genes expressed anterior to the MF,
mutations in previously uncharacterized DNA-binding proteins
were studied (Supplementary Table S12). Significant findings in-
clude phenotypes for the woc, Ssrp, mxc, CG15514, and Crp muta-
tions.

The woc gene from Proliferation Cluster 7 was transcribed an-
terior to the MF (Supplementary Figure S4). Cells homozygous for
a woc mutation were usually lost from mosaics and the rare mu-
tant clones that survived led to an abnormal adult eye
(Figure 8A). To increase the representation of woc mutant cells,
EyFLP recombination in a woc/Rp background was used. This
eyFlp genotype was lethal before adulthood, however, an indica-
tion that heads comprised mostly of woc mutant cells are se-
verely affected. These findings suggest a requirement for woc in
cell proliferation and survival in the eye antennal imaginal disc.
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The Ssrp gene from Proliferation Cluster 7 encodes an HMG
box protein. The Ssrp transcripts were detected in a ‘cell cycle’
pattern anterior to the MF and in the SMW (Supplementary
Figure S4). Homozygous Ssrp mutant clones show very little
growth compared to wild type clones (Figure 8, B, D, and E). EyFlp
recombination of a Ssrp/Rp genotype led to a severely reduced eye
(Figure 8C). These findings suggest a requirement for Ssrp in cell
proliferation or survival in the eye antennal imaginal disc.

The mxc gene was expressed anterior to the MF
(Supplementary Figure S4). Clones of cells mutant for mxc
showed greatly reduced growth in compared to control wild type
clones, consistent with a requirement for growth or survival in
the eye antennal imaginal disc (Figure 8, F–G).

CG15514 and Crp, two transcription factors from Progenitor
Cluster 9 showed a rough eye phenotype after mitotic clones
were induced in a Rp mutant background, in which the growth of
CG15514/CG15514 or crp/crp mutant clones ought to be enhanced

in comparison to the slow-growing Rp/þ background, suggesting

that these genes also affect the proliferative state of cells located

anterior to the MF (Figure 8, H–I).

Discussion
Study of Drosophila eye development has contributed significantly

to the understanding of developmental mechanisms (Cagan

2009; Treisman 2013; Baker and Brown 2018; Kumar 2018). In ad-

dition, the tools available for gene expression and knock-down,

as well as the fact that eye function is largely dispensable for sur-

vival under laboratory conditions, has made the Drosophila eye

useful for genetic interaction screens whose goal is to understand

the function of particular proteins under in vivo conditions, in-

cluding proteins associated with human diseases (Baker et al.

2014). Despite this importance, understanding of the particular

Figure 8 Genes required for growth during eye development. Mosaic clones in adult eyes (A–C, H–I) and eye discs (D–G). (A) When clones of woc
homozygous mutant cells (unpigmented) are induced in a WT background they produce a small rough eye phenotype indicating a contribution of woc
to growth. (B) Homozygous Ssrp mutant cells (orange) contribute much less to the adult eye than non-mutant cells (white). (C) When growth of non-
mutant cells is prevented by a ribosomal protein mutant, the size of the resulting Ssrp homozygous eye is reduced considerably. (D) eyFLP
recombination leads to colonization of a significant proportion of eye imaginal discs by clones of control cells unlabeled by GFP. (E) By contrast, clones
of homozygous Ssrp mutant cells are much smaller. (F). eyFLP recombination leads to colonization of a significant proportion of eye imaginal discs by
clones of control cells unlabeled by ß-galactosidase. (G) By contrast, clones of homozygous mxc mutant cells are much smaller than wild type controls.
(H) Eye composed mostly of CG15514 homozygous cells appeared rough (I) Eye composed mostly of crp homozygous cells appeared rough and small.
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transcriptional programs associated with eye cell fate determina-
tion and differentiation remains incomplete.

Here we used mRNA-Seq to identify genes whose expression
changes temporally over the critical period of eye development
where the uncommitted progenitor cells cease dividing, the ma-
jority of cell fates are allocated, and terminal differentiation
begins with such processes as axon growth and rhodopsin ex-
pression. This approach identified gene clusters, respectively,
enriched for genes turned on or off as differentiation starts, as
verified experimentally by ISH of nearly 100 genes not examined
previously.

Differentiation Cluster 2, Proliferation Cluster 7, and
Progenitor Cluster 9 contained 3487 genes whose transcripts are
temporally regulated during eye differentiation, roughly 1/3 upre-
gulated with time and 2/3 downregulated. ISH of a sample of
these estimated that 1901 genes change expression as the MF
crosses the eye imaginal disc, �534 up-regulated and � 1367
down-regulated. These may be underestimates because ISH is
unable to reveal specific expression patterns below the threshold
for detection, and because we have conservatively excluded
genes where expression was detected anterior to the MF only in-
consistently. Our set of predicted differentiation genes overlaps
with those from previous studies, but is larger, and includes new
genes with bona fide expression posterior to the furrow showed
here. Some known differentiation regulators are nevertheless not
recovered in these gene sets, such as the R8 determination genes
ato and senseless (sens) that were recovered instead in cluster 4
and the cone cell determination gene cut in cluster 5. Even though
expression of these genes in the eye disc is upregulated at the
MF, the expected temporal accumulation of transcripts may be
complicated because these genes have roles in neurogenesis gen-
erally and are expressed in other patterns in antennal discs. The
large sets of potential Proliferation and Progenitor genes have
mostly not been identified in previous studies, and point to the
significant changes in progenitor cell functions that accompany
terminal cell cycle arrest and differentiation.

We uncovered previously undescribed roles for SoxN, Hmx,
CG10253 and the putative cell surface protein Dpr12 in the devel-
opment of particular differentiated cell types. SoxN encodes an
HMG-domain protein previously implicated in neuroblast devel-
opment and in the regulation of Wg signaling (Overton et al. 2002;
Bahrampour et al. 2017; Rizzo and Bejsovec 2017). Sox2, the hu-
man ortholog, is involved in eye development and Sox2 muta-
tions cause the syndromic microphthalmia-3, characterized by
small or missing eyes (Fantes et al., 2003). Hmx encodes a homeo-
domain protein expressed during brain and nervous system de-
velopment. Homologous mammalian Hmx2 and Hmx3 proteins
function in the inner ear and hypothalamus (Wang et al. 2004),
and their mutations are responsible of the oculoauricular syn-
drome in human (Gillespie et al., 2015). CG10253 encodes the
Alkyldihydroxyacetonephosphate synthase protein involved in
the biosynthesis of ether phospholipids. Mutation in the human
ortholog causes Rhizomelic chondrodysplasia punctata, type 3, a
peroxisomal disorder characterized by congenital cataracts
among other symptoms (de Vet et al. 1998). Dpr12 encodes a
member of a class of transmembrane IgG repeat and LRR pro-
teins implicated in synaptic connectivity but has no precise hu-
man ortholog (Carrillo et al. 2015).

We found these new morphological phenotypes of transcrip-
tion factors despite the depth of prior studies of eye development,
in which 27 of 75 potential transcription factors in Differentiation
Cluster 2 already had known morphological eye phenotypes.
Other TF might have functions in eye development that were

missed because RNAi was not effective. It is also likely, however,
that some transcription factors have redundant functions, or im-
portance for the physiology and function of retinal cells that is
not revealed through defects in fate specification during develop-
ment. For example Pph13, a homeodomain transcription factor
found within Differentition Cluster 2, regulates opsin expression
and rhabdomere morphogenesis and its mutant phenotype
would not have been detected in our morphological assays (Liang
et al. 2016; Bernardo-Garcia et al. 2017). It is a potential strength of
expression-based analysis to identify genes whose functional
roles are cryptic due to phenotypic subtlety or to redundancy,
and some of the remaining transcription factors and other genes
expressed posterior to the furrow may fall into this category.

We also verified growth or proliferation phenotypes for muta-
tions of some Cluster 7 or 9 transcription factors e.g., woc, Ssrp,
mxc, and potentially CG15514 and Crp. The woc gene encodes a
zinc finger protein implicated in telomere maintenance (Raffa
et al. 2005). Ssrp encodes an HMG box protein and a RNAi knock-
down study also suggested a role in eye growth (Koltowska et al.
2013). The mxc gene encodes a LIS1 homology motif protein in-
volved in the assembly of histone bodies (White et al. 2011).
CG15514 is a Zinc finger C2H2 transcription factor with no func-
tion previously known and that does not seem to be widely con-
served. Crp is a Basic helix-loop-helix (bHLH) transcription
factors thought to be a downstream effector of Yki in Drosophila
tumor growth (Atkins et al. 2016).

It might be predicted that the transition from proliferating
progenitor cells to committed and differentiating retinal cell
types would be associated with overall changes in metabolism
and signal transduction, as seen in other systems and as hinted
by changes in nucleolar size and in Hh signaling (Tu et al. 2005;
Chen et al. 2007; Baker et al. 2009; Tudzarova et al. 2011; Baker
2013). These were not identified by simple GO term analyses,
however, which only revealed enrichment for neural and retinal
differentiation terms among genes expressed posterior to the MF,
and terms associated with proliferation and DNA synthesis in
Proliferation Cluster 7. On the other hand, the KEGG pathways
inositol and phosphatidyl inositol were enriched in the
Differentiation Cluster 2 genes, whereas the KEGG pathway ‘spli-
ceosome’ was enriched in the Proliferation Cluster 7. It may be in-
teresting to determine whether splicing and inositol metabolism
change during the transition from progenitors to differentiating
cells.

The analysis of potential transcription factor binding site
motifs suggests that gene expression patterns are maintained in
part by transcription factors that are themselves expressed in
broadly similar patterns to their target genes. Examples from
Differentiation Cluster 2 include onecut, gl, slp1, slp2, peb, aop,
and SoxN. Examples consistent with regulation of the progenitor
cell state included transcription factors with important known
roles in cell proliferation and growth such as Dref, E2f, Dp, Max,
and Spargel, whereas Top2 is important for DNA replication, and
gce encodes a receptor for Juvenile Hormone that promotes larval
growth while antagonizing metamorphosis (Hsieh and Brutlag
1980; Jasper et al. 2002; Attwooll et al. 2004; Bjorklund et al. 2006;
Tiefenbock et al. 2010; Gallant 2013; Jindra et al. 2015).
Interestingly, ara is believed to play a negative role in growth reg-
ulation (Barrios et al. 2015). Although transcription factor binding
motifs are unreliable predictors of direct regulation for individual
genes, where confirmation with direct biding studies using ChIP-
seq or similar methods would be important, their overall enrich-
ment across sets of hundreds of genes is likely to be significant.

M. Quiquand et al. | 15



It is of course interesting to understand how such a large-
scale switch in gene expression is controlled. Because there are
examples of transcription factors from the Differentiation or
Proliferation/Progenitor Clusters whose target motifs are
enriched in the other clusters, for example E(spl)mc, a transcrip-
tional repressor from Differentiation Cluster 2 whose binding
morifs were enriched in Proliferation Cluster 7, it is possible that
such cross-regulation helps maintain alternative gene expression
states. Many more experiments would be required to verify such
a speculation. Beyond this, the mechanism of the transition be-
tween proliferating progenitor cells and differentiating retina was
not revealed by analysis of target motifs. This transition must oc-
cur downstream of the Dpp and Hh signaling pathways, but the
genes whose expression changes with eye differentiation were
not enriched for binding motifs of Ci or Mad, the transcription
factors directly mediating Hh and Dpp signaling. It is possible
that Ci and Mad regulate relative few genes directly, and more
genes indirectly through intermediates. Importantly, Dpp and Hh
help switch retinal determination genes from Ey and Tsh expres-
sion anterior to the MF, to So, Dac and Eya as the furrow arrives
(Bessa et al. 2002; Firth and Baker 2009). Recent studies suggest
that Hh and Dpp signaling may influence the cell cycle through
so and eya, and progenitor cell proliferation through ey, tsh and
hth. These transcription factors directly regulate the cell cycle
gene stg/cdc25 as the MF approaches (Lopes and Casares 2015).
Perhaps surprisingly, even though ey, toy, dac and tsh genes were
found within Progenitor Cluster 9, and eya and so in
Differentiation Cluster 2, none of Hth, Ey, Toy, or So motifs were
enriched among these clusters. Another retinal determination
gene in Progenitor Cluster 9, optix, has a target motif enriched in
the Proliferation Cluster 7 (Figure 6; the Tsh binding motif is not
included in the iCis database). Perhaps target motifs for retinal
determination genes are not enriched among target genes be-
cause much of this regulation is also indirect. For example,
motifs recognized by Gl are enriched in Differentiation Cluster 2.
Gl is a direct transcriptional target of So (Jusiak et al. 2014a,
2014b), and So is in turn regulated by Dpp and Hh (Bessa et al.
2002; Firth and Baker 2009) consistent with a chain of regulatory
events regulating eye differentiation downstream the initial trig-
gers. Some functions of Glass are themselves mediated indirectly,
for example through the Gl target gene Pph13, which regulates
opsin expression and photoreceptor morphogenesis (Liang et al.
2016; Bernardo-Garcia et al. 2017).

Indirect regulation has also been proposed for cell cycle con-
trol by retinal determination genes. A Tsh/Hth overexpression ge-
notype that leads to a highly proliferative tumor state activates
many cell cycle genes not enriched for Tsh or Hth motifs even
though Tsh and Hth must be responsible for this gene expression
profile(Neto et al. 2017). Those authors concluded that retinal
specification genes affect the cell cycle through relatively few di-
rect targets that then establish a regime of enhanced nuclear
hormone signaling that is more directly responsible for most of
the gene expression leading to tumorigenesis. We also see evi-
dence for nuclear receptor regulation of gene expression, with en-
richment of Eip74EF and EcR motifs in cluster 2 or 2A and of
many nuclear receptor motifs in the proliferation cluster 7, sug-
gesting sensitivity of a wide range of genes to nuclear receptor
transcription factors might also be regulated in normal develop-
ment.

In summary, these studies identify large sets of genes up-
and downregulated at the transition from proliferating, uncom-
mitted eye progenitor cells to differentiating retinal cell types
in the Drosophila eye. They suggest that each of these gene

expression profiles is maintained to some extent by transcrip-
tion factors that also share these expression profiles. The tran-
sition between progenitor and differentiating cell states, shown
by prior studies to depend on Dpp and other signaling path-
ways, and on changing profiles of retinal determination gene
expression, may depend on cascades of transcription factors
acting sequentially, rather than any single transcriptional
switch co-regulating all or most genes.
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