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Background
Precise orchestration of complex biological processes 
such as cell signaling and gene expression is necessary 
for normal development of organisms. Gene expression 
is an integral part of all organisms and transcription fac-
tors (TFs) play vital roles in this process. TFs are DNA-
binding proteins that regulate the activity of genes and 
are key determinants of a wide range of cellular processes 
as well as in mechanisms underlying response to stress, 
disease and apoptosis. Therefore, analyzing the activity of 
TFs and the target genes they regulate will help unravel 
their significance in development and disease. The E26 
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Abstract
The Ets domain transcription factors direct diverse biological processes throughout all metazoans and are 
implicated in development as well as in tumor initiation, progression and metastasis. The Drosophila Ets 
transcription factor Pointed (Pnt) is the downstream effector of the Epidermal growth factor receptor (Egfr) pathway 
and is required for cell cycle progression, specification, and differentiation of most cell types in the larval eye disc. 
Despite its critical role in development, very few targets of Pnt have been reported previously. Here, we employed 
an integrated approach by combining genome-wide single cell and bulk data to identify putative cell type-
specific Pnt targets. First, we used chromatin immunoprecipitation with high-throughput sequencing (ChIP-seq) to 
determine the genome-wide occupancy of Pnt in late larval eye discs. We identified enriched regions that mapped 
to an average of 6,941 genes, the vast majority of which are novel putative Pnt targets. Next, we integrated ChIP-
seq data with two other larval eye single cell genomics datasets (scRNA-seq and snATAC-seq) to reveal 157 putative 
cell type-specific Pnt targets that may help mediate unique cell type responses upon Egfr-induced differentiation. 
Finally, our integrated data also predicts cell type-specific functional enhancers that were not reported previously. 
Together, our study provides a greatly expanded list of putative cell type-specific Pnt targets in the eye and is a 
resource for future studies that will allow mechanistic insights into complex developmental processes regulated by 
Egfr signaling.
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transformation specific (Ets) family of TFs are highly 
conserved in metazoans and ensure proper development 
by regulating diverse processes such as proliferation, dif-
ferentiation and apoptosis [1–3]. The Ets TFs contain a 
winged helix-turn-helix DNA-binding domain that rec-
ognize a core GGAA/T consensus sequence and serve as 
transcriptional activators or repressors depending on the 
context. Furthermore, additional transcription factors 
and the DNA sequences adjacent to the Ets binding sites 
determine the DNA-binding specificity of Ets factors [4]. 
This combinatorial interaction between Ets factors and 
other proteins dictate context-dependent regulation and 
downstream target specificity. Ets TFs function down-
stream of several signaling pathways such as the Mito-
gen-activated protein kinase (MAPK) pathway, and their 
aberrant expression contributes to tumor initiation, pro-
gression, and malignant transformation [5–9]. Therefore, 
continued investigation of gene regulation by Ets factors 
will provide important mechanistic insights into how 
deregulation of these factors results in tumor initiation 
and growth. Single cell technologies have greatly revo-
lutionized transcriptomic and epigenomic studies and 
allow studying gene expression and regulation at unprec-
edented resolution. Leveraging single cell technologies 
with the readily available diverse genome-wide bulk data 
sets from same tissues permit study of Ets TFs function 
at high resolution and may greatly enhance our under-
standing of Ets factors during development.

The fruit fly Drosophila melanogaster is one of the pre-
ferred models to study Ets TFs. Eight Ets family proteins 
have been identified in Drosophila, including Pointed 
(Pnt) [10, 11]. Pnt is required during embryonic devel-
opment and plays a critical role in the specification and 
differentiation of cells in several tissues, including the 
ventral ectoderm and the nervous and tracheal systems 
[10, 12–15]. In the fly eye, pnt regulates the progression 
of the morphogenetic furrow (MF), cell cycle, and cell 
differentiation and is required for cell survival [16–21]. 
Each ommatidium in the Drosophila eye is a repeating 
unit of a cluster of 20 neuronal and non-neuronal cells. 
Differentiation begins at the posterior margin of the sec-
ond instar larval eye disc with the initiation of the MF 
that moves anteriorly leaving differentiated cells and 
mature progenitors behind it. Anterior to the MF, cells 
are in an undifferentiated state and poised to undergo 
differentiation. The photoreceptor R8 differentiates first 
followed by R2/5 and R3/4. Then the remaining undiffer-
entiated cells undergo another round of division known 
as the ‘second mitotic wave’ (SMW). R1/6, R7 and cone 
cells differentiate from the cells exiting the SMW. The 
remaining non-neuronal pigment cells differentiate dur-
ing pupal stages. Interestingly, with the exception of R8, 
the reiterative use of the Epidermal growth factor recep-
tor (Egfr) is required for the sequential differentiation 

of all cells in the eye (Fig. 1A,B and C) [17]. In response 
to Egfr signaling, Pnt is phosphorylated, which allows it 
to function as a transcriptional activator [16]. How Pnt 
functions downstream of Egfr to induce different cell 
fates in the eye in not entirely clear. However, it has been 
suggested that Pnt interacts with other factors to regulate 
the expression of different target genes depending on the 
context to achieve different cell fates. For instance, Pnt 
and Lozenge (Lz) binding to a prospero (pros) enhancer is 
required to maintain pros expression in the R1/6/7/cone 
equivalence group from which R7 differentiates [18]. 
Similarly, for cone cell expression of shaven (sv), Pnt, Lz 
and Suppressor of Hairless (Su(H)) binding is necessary 
as mutation of the binding sites for any of these three fac-
tors eliminates sv expression in cones [22]. Despite the 
vital roles of Pnt during development, only a few direct 
Pnt targets have been reported to date, including genes 
that direct cell type differentiation such as pros and sv. 
Pnt also regulates the movement of the MF by activating 
the expression of the morphogen hedgehog (hh). Binding 
of Pnt to a hh enhancer is required for proper hh expres-
sion in the eye and mutating Ets binding sites abolishes 
hh expression [21].

Chromatin Immunoprecipitation followed by next 
generation sequencing (ChIP-seq) is a commonly used 
method to identify genome-wide occupancy of a TF. 
However, gene expression levels are often under the con-
trol of multiple TFs and the binding profile of a single 
TF is rarely sufficient to infer functional effects on tran-
scriptional regulation. In addition, false positives fre-
quently arise in ChIP-seq due to non-specific binding of 
the antibody and introduction of biases during library 
preparation and sequencing [23, 24]. Therefore, integrat-
ing ChIP-seq data with other genomic data can aid in 
overcoming these limitations to identify biologically rel-
evant TF targets. Moreover, intersecting ChIP-seq with 
single cell genomics data sets generated from the same 
tissue, cell type-specific targets of TFs can be identified, 
which is not feasible with data derived from bulk tissues 
alone. To date, only a few studies have integrated differ-
ent genome-wide data sets to understand gene regulatory 
networks during development. One study used a simul-
taneous high-throughput approach to measure RNA and 
chromatin accessibility from single cells from human and 
mouse cell lines [25]. This data was then integrated with 
bulk ChIP data, including H3K27ac, H3K27me3, to iden-
tify chromatin changes that may prime cells for lineage 
commitment as well as potential cell fate outcomes [25]. 
In a second study, a computational method called SCRIP 
(Single-Cell gene Regulation network Inference using 
ChIP-seq and motif ) was developed to integrate human 
and mouse single cell multiomic data with large scale 
ChIP-seq from multiple TFs to infer single-cell TF activ-
ity and their targets [26]. Finally, single cell RNA- and 
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ATAC-seq data was generated from liver organoids and 
then compared with publicly available liver single cell 
RNA-seq to identify regulators of liver differentiation 
[27]. These data were combined with bulk ChIP-seq of 
liver tissue from ENCODE to validate identified regula-
tors. Such integrative analyses combine multiple layers 
of genomics data to more fully understand the functional 
framework of the genome. However, to the best of our 
knowledge, such integrative analyses have not been per-
formed with data derived from any Drosophila tissue or 
cell type.

To improve our understanding of how Pnt regu-
lates eye development and to identify its direct targets, 
we employed a unique approach where we integrated 
genome-wide data derived from three different genomic 
assays. We first performed ChIP-seq on late third instar 
larval eye-antennal discs. Eye-antennal discs were dis-
sected from animals carrying a genomic BAC DNA 
encoding a GFP- and FLAG-tagged Pnt protein (pnt-
GFP-FPTB; pntd88/pnt2). We used anti-GFP or anti-
FLAG antibodies to conduct ChIP-seq and found that 
6,362 and 6,268 regions (peaks) were enriched, respec-
tively. Our ChIP-seq data show previously identified Pnt 
direct targets as well as many other genes whose function 
in the eye is currently not known. Next, we intersected 
our ChIP-seq data with previously published late larval 
eye single cell RNA-seq and ATAC-seq datasets [28] to 
identify 157 genes that are putative cell type-specific tar-
gets of Pnt. In addition, enhancer-reporter analyses show 
that our integrated data predicts functional cell type-spe-
cific enhancers that were previously unknown and may 
be regulated by Pnt. Together, our data are an important 
resource that expands the number of putative Pnt targets 
in the developing eye and therefore provides a platform 
for future studies of Pnt in development.

Results
ChIP-seq binding profiles of pnt fused to GFP and FLAG 
tags
To identify genes that may be regulated by Pnt, we per-
formed ChIP-seq using late larval eye-antennal discs 
derived from pnt-GFP-FPTB; pntΔ88/pnt2 animals. pnt-
GFP-FPTB is a transgenic genomic clone encoding a Pnt 
protein with GFP and FLAG tags on its C-terminus. The 
clone covers ~ 11  kb upstream and ~ 24  kb downstream 
of the pnt locus and appears to include all regulatory 
sequences required for proper pnt expression. Specifi-
cally, animals that are trans-heterozygous for pnt null 
alleles are fully rescued by the pnt-GFP-FPTB transgene, 
consistent with previous reports [29]. Late larval eye-
antennal discs were chosen for ChIP-seq because retinal 
progenitor cells are actively differentiating into differ-
ent cell types at this stage of eye development. Since Pnt 
is required for the differentiation and survival of both 

neuronal and non-neuronal cells, performing ChIP-seq 
at this stage will allow the identification of targets that 
underlie these complex processes. We performed ChIP-
seq with anti-GFP or anti-FLAG antibodies with two 
or three biological replicates, respectively. Each sample 
was sequenced to a depth of 40  million reads. Unique 
reads were then mapped to the Drosophila melanogas-
ter genome release 6 (dm6), resulting in an average of 
6,362 (8,787 and 3937) and 6,268 (6902, 4903, and 6998) 
regions (peaks) enriched by anti-GFP or anti-FLAG, 
respectively.

Next, peaks were mapped to genes that are within 
2 kb of the peaks. An average of 7,487 genes were asso-
ciated with anti-GFP ChIP-seq peaks, while anti-FLAG 
peaks mapped to an average of 6,396 genes. Most peaks 
are close to the transcription start site (average of 41.5%) 
while just 11.9% (anti-GFP) or 12.3% (anti-FLAG) of 
peaks map to intergenic regions. We also performed 
pairwise intersections of each possible combination of 
anti-GFP and anti-FLAG ChIP-seq peak sets and found 
overlaps ranging from 73 to 97%. Taken together, these 
data suggest that our ChIP-seq results are reproducible 
and the initial quality control is good.

Pnt ChIP-seq identifies peaks near previously identified 
targets
Very few directs targets of Pnt have been identified in 
Drosophila tissues thus far, including pros [18], hh [21], 
tailless (tll) [30], string (stg) [19], sv [22] and ETS-domain 
lacking (edl) [31]. Among these, only pros, hh, stg and 
sv have been identified as direct Pnt targets in the eye. 
Previously published analyses of enhancers in the vicin-
ity of these genes have suggested that Pnt directly regu-
lates their expression during development. Our ChIP-seq 
genomic tracks show peaks that overlap with the enhanc-
ers of these genes known to be bound and regulated by 
Pnt. For instance, hh is expressed posterior to the MF 
[21] (Fig.  1D) and the progression of the MF requires 
hh signaling. A 203 bp minimal eye-specific enhancer in 
the first intron of hh was identified that drives reporter 
expression in all cells posterior to the MF, except R8. 
This minimal enhancer region contains Ets binding sites 
where Pnt binds to activate hh expression. All five biolog-
ical repeats show a prominent Pnt-ChIP-seq peak as well 
as Ets binding sites that are centered on this hh enhancer 
(black box, Fig.  1E). Our snATAC-seq data also show a 
peak in the same genomic location that aligns with the 
ChIP-seq peak (Fig.  1F). Similarly, our data show Pnt-
GFP-FPTB occupancy at a published Pnt-dependent 5’ 
enhancer of pros [18] (Supplementary Fig.  1A-C) that 
controls expression in the R7 equivalence group, the 
spa minimal enhancer (SME) of sv [32] (Supplemen-
tary Fig.  22A-C) that drives reporter expression in a 
cone-specific pattern, and the promoter of stg (data not 
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Fig. 1 (See legend on next page.)
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shown) to activate its expression and triggering mitosis in 
the SMW [19]. DNA gel shift assays were used to iden-
tify Ets binding sites within these enhancers bound by 
Pnt [18, 19, 32]. Our snATAC-seq data also show peaks 
that overlap with the ChIP-seq peaks. Furthermore, Ets 
binding sites are also present in these enhancers suggest-
ing that our ChIP-seq data can accurately identify previ-
ously reported Pnt binding regions and may predict other 
functionally relevant targets.

Pnt binding regions are enriched for transcription factor 
motifs
Ets transcription factors can recruit other factors to regu-
late target-gene expression. For instance, the Pnt P2 iso-
form and Sine oculis (So) cooperatively activate hh and 
pros expression during eye development. We therefore 
used MEME-ChIP and individually subjected anti-FLAG 
and anti-GFP ChIP-seq peaks to motif analyses to iden-
tify binding sites of putative cofactors that may be jointly 
recruited along with Pnt or motifs of other transcription 
factors which may compete with Pnt to regulate target 
gene expression during eye development. Since false 
positives are often identified in de novo DNA motif analy-
ses, we employed several approaches to filter irrelevant 
motifs in our analyses. First, we individually subjected 
each anti-GFP and anti-FLAG peak to motif analysis and 
identified factors that are common to at least four of the 
five repeats. Next, we used our scRNA-seq data to visu-
alize the expression of the putative factors and retained 
only those that are expressed in the eye disc. Finally, we 
discarded factors that do not show overlapping expres-
sion with Pnt expression in our scRNA-seq data.

Among the top 20 motifs enriched in individual anti-
FLAG and anti-GFP ChIP-seq peaks, ten motifs are 
common to at least four out of the five replicates (Supple-
mentary Data 1). These are the Ets motif (Pnt and Aop), 
the zinc finger TF Crooked legs (Crol), the transcrip-
tional repressors Tramtrack (Ttk) and Adult enhancer 
factor 1 (Aef1), the zinc finger TF Klumpfuss (Klu), the 
Boundary element-associated factor of 32 kD (BEAF-32), 
the Smad family factor Medea (Med), the Bone morpho-
genetic protein (BMP) signaling pathway member Moth-
ers against dpp (Mad), the Pipsqueak type TF encoded by 
CG15812, and the paired-rule TF Paired (Prd). With the 

sole exception of Prd, eight of these factors are expressed 
in our late larval eye disc scRNA-seq dataset and show 
overlapping expression patterns with Pnt (Fig.  2B-K). 
These factors are candidate binding partners of Pnt in the 
eye disc as they appear in all of our analyses. The remain-
ing top 20 motifs enriched in individual ChIP-seq peaks 
are shown in Supplementary Data 1. As expected, the Ets 
motif (bound by Pnt and Anterior open/Yan) is among 
the top three motifs identified in anti-GFP and anti-
FLAG ChIP-seq peaks of all replicates (Supplementary 
Data 1). It is well documented that Aop competes with 
Pnt for DNA binding sites to repress target gene expres-
sion [29, 33]. Furthermore, other transcription factors 
identified in our analyses have known roles in eye devel-
opment and function and therefore may coregulate some 
target genes with Pnt [34–39].

Pnt ChIP-seq peaks near genes involved in eye function
To identify the biological processes that may be regu-
lated by Pnt, we performed Gene Ontology (GO) analy-
ses with genes associated with the ChIP-seq peaks using 
the Panther database [40]. As expected, some of the top 
enriched GO terms are associated with processes related 
to eye function and development (Supplementary Data 
2). These include the sevenless (sev) signaling pathway 
(GO:0045501), regulation of cell cycle G1/S phase tran-
sition (GO:1,902,806), compound eye cone cell differ-
entiation (GO:0042675), R3/R4 cell fate commitment 
(GO:0007464), positive regulation of cell cycle G1/S 
phase transition (GO:1,902,808), imaginal disc growth 
(GO:0007446), negative regulation of photoreceptor cell 
differentiation (GO:0046533) and positive regulation 
of dendrite morphogenesis (GO:0050775). GO analy-
ses also identified several processes that are related to 
EGFR and MAP kinase signaling. These include ERBB 
signaling pathway (GO:0038127), regulation of phos-
phatidylinositol 3-kinase signaling (GO:0014066) and 
epidermal growth factor receptor signaling pathway 
(GO:0007173) Processes that are related to other signal-
ing pathways including the cytokine-mediated signaling 
pathway (GO:0019221) and the hippo mediated signal-
ing pathway (GO:0035332) were identified by GO analy-
ses. Finally, we also see GO clusters that are unrelated to 
eye function, such as eggshell chorion gene amplification 

(See figure on previous page.)
Fig. 1  Binding profiles of Pnt ChIP-seq replicates and snATAC-seq show clear enrichment at known targets of Pnt. (A) Schematic of Epidermal growth 
factor receptor (Egfr) pathway and cell type differentiation in larval eye discs. Induction of Egfr by Spitz (Spi) triggers the activation of Ras, which in turn 
activates Extracellular signal regulated kinase (Erk). Erk translocates to the nucleus and activates Pointed (Pnt), which mediates the transcriptional output 
of Egfr pathway. Except R8, all cell types undergo differentiation upon Egfr activation. (B) Schematic of tangential sections of an adult ommatidium show-
ing different cell types. 1° = primary pigment cells; 2° = secondary pigment cells; 3° = tertiary pigment cells; and B = bristle cells. (C) Late larval scRNA-seq 
plot showing clusters corresponding to all major cell types present in the physical eye disc. (D) Plot showing the expression pattern of hh from single cell 
RNA sequencing (scRNA-seq) data. The intensity of blue is proportional to log-normalized expression levels. (E) The hedgehog (hh) locus with ChIP-seq 
peaks overlapping an enhancer reported to be bound by Pnt (black rectangular box). FLAG1, FLAG2, FLAG3, GFP1 and GFP2 are Pnt ChIP-seq biological 
replicates. (F) snATAC-seq genomic track showing the hh locus with peaks that overlap the known enhancer and peak shown in (E). Predicted Ets binding 
sites are shown as red triangles
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Fig. 2  Putative coregulators of Pnt are expressed in overlapping patterns with pnt. (A-K) scRNA-seq plots showing the expression patterns of pnt (A), aop 
(B), crol (C), ttk (D), Aef1 (E), klu (F), BEAF-32 (G), med (H), mad (I), CG15812 (J), and prd (K). Other than prd, all genes show overlapping expression with pnt
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(GO:0007307), wing and notum subfield formation 
(GO:0035309), and male anatomical structure morpho-
genesis (GO:0090598). This may be expected because Pnt 
is known to be expressed and activate several targets in 
a wide range of Drosophila tissues [10, 11, 14, 17]. Taken 
together, these data identify many genes that may be reg-
ulated by Pnt during eye development that were previ-
ously unknown targets.

Identification of putative cell type-specific targets of pnt
The Egfr pathway is responsible for the sequential dif-
ferentiation of both neuronal photoreceptors (except R8) 
and non-neuronal cone and pigment cells. The mecha-
nism by which reiterative use of Egfr triggers these differ-
ent outcomes within the eye disc is not well understood. 
One hypothesis is that depending on the cell state (i.e., 
the transcriptional milieu and/or chromatin accessibil-
ity), distinct targets may be activated in different cell 
types upon Egfr pathway induction. To identify puta-
tive cell type-specific targets of Pnt, we intersected our 
ChIP-seq data with single nuclear ATAC-seq (snATAC-
seq) and single cell RNA sequence (scRNA-seq) datas-
ets generated from late larval eye discs [28], [29, 33]. We 
employed several criteria to identify novel putative direct 
targets of Pnt in the eye: (1) the gene has not been pre-
viously reported as a cell type-specific Pnt target; (2) a 
ChIP-seq peak maps within 2 kb of the gene; (3) a snA-
TAC-seq peak overlaps the ChIP-seq peak that maps to 
the gene; and (4) the gene shows cell type-specific expres-
sion in the scRNA-seq dataset. We intersected single cell 
genomics datasets with anti-GFP and anti-FLAG ChIP-
seq datasets; this yielded 157 or 145 genes in the anti-
GFP or anti-FLAG ChIP-seq datasets, respectively, that 
are specifically expressed in R1-7 or cone cells (Supple-
mentary Data 3–5). All 145 anti-FLAG genes are pres-
ent in anti-GFP gene list. Motif analyses using peaks that 
map to these 145 genes from anti-GFP and anti-FLAG 
repeats identified six factors that appear in at least four 
out of the five replicates: Ets, CroI, Aef1, Klu, Lame duck 
(Lmd) and Buttonhead (Btd) (Supplementary Data 6). 
Although our scRNA-seq data suggests that Lmd and 
Btd are not expressed at detectable levels in the eye (not 
shown), the other four factors are expressed in the eye 
and overlap with pnt expression (Fig. 2). Supplementary 
Data 6 shows a complete list of factors (with E-values) 
identified in the individual repeat analyses.

Among these 145 unique genes, 127 of the genes that 
map to anti-GFP peaks and 135 of the genes associated 
with anti-FLAG peaks show multiple Ets binding sites 
(two or more) within 200 bp of the peak summit. These 
genes include many putative novel targets of Pnt during 
eye development and several are known to be involved in 
retinal cell type specification. For example, the rough (ro) 
gene is expressed in the MF, R2/5 and R3/4 [41] (Fig. 3B) 

and is required for the proper specification of R2 and R5. 
The first intron harbors a ro enhancer that drives reporter 
expression in the MF, R2/5 and R3/4 (black box, Fig. 3A). 
All five ChIP-seq repeats show a peak in the first intron 
of ro that overlaps with a snATAC-seq peak at the same 
genomic location (Fig. 3C). The peak region also contains 
four Ets binding sites, suggesting that ro is a cell type-
specific target of Pnt. Similarly, spalt major (salm), sev-
enless (sev), and seven up (svp) (Supplementary Figs. 3–5) 
are putative novel Pnt targets that are involved in cell 
type specification in the eye and also show overlapping 
Pnt ChIP-seq and snATAC-seq peaks. While some genes 
in these lists have no reported eye function, a few genes 
with known roles in axon development and function are 
present. In addition, 47 anti-GFP and 46 anti-FLAG genes 
are expressed in a cell type-specific manner in late larval 
eye discs (Supplementary Data 5). Moreover, 42 genes are 
common to both datasets and a total of 51 unique genes 
are identified when both GFP and FLAG gene lists are 
combined. One example is the Fibroblast growth factor 
(FGF) pathway member pyramus (pyr), which is pre-
dominantly expressed in R1/6 and R7 (Fig.  4B). All five 
ChIP-seq repeats show a prominent peak ~ 10 kb down-
stream of pyr (Fig. 4A). The snATAC-seq genomic track 
also shows a peak in the same genomic location that is 
most accessible in R1/6 and R7 and a cluster of Ets bind-
ing sites are present in this peak region (Fig.  4C). This 
suggests that pyr may be a cell type-specific target of Pnt. 
To test if this peak contains a cell type-specific functional 
enhancer, we analyzed the peak region DNA fragment in 
vivo for enhancer activity. We amplified the peak-region 
DNA of pyr (black box, Fig.  4B,C), cloned it in front of 
a destabilized green florescent protein (dGFP) encoding 
reporter gene, and generated transgenic flies carrying 
this construct. Larval eye discs of these flies were stained 
with GFP and Runt (an R7 and R8 marker) antibodies 
(Fig. 4D-F). We observe that GFP colocalizes with Runt in 
some but not all ommatidial clusters. The GFP and Runt 
expressing cell is apical to a second cell that expresses 
only Runt. This arrangement reflects the known positions 
of R7 and R8 cells in the developing eye, suggesting that 
GFP expression is in the R7 cell. Taken together, these 
results suggest that our ChIP-seq data can predict func-
tional and cell type-specific enhancers in the eye. Other 
putative novel cell type-specific targets of Pnt, including 
factor of interpulse interval (fipi) (Supplementary Fig. 6A-
C), are shown in Supplementary Data 5.

Discussion
The Ets domain transcription factor Pnt is vital for Dro-
sophila eye development, and yet very few direct Pnt tar-
gets are currently known. We combined both single cell 
genomics and ChIP-seq data to identify putative down-
stream targets of the Egfr effector Pnt. We first used bulk 
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ChIP-seq to identify the genome-wide binding profile of 
Pnt in late larval eye discs. Our data show an average of 
6,362 and 6,268 binding regions enriched by anti-GFP or 
-FLAG antibodies, respectively, with an overlap of about 
84%. These regions map to an average of 7,487 and 6,396 
genes, respectively, and include previously known Pnt 
targets as well as many novel putative targets that may 
be relevant to eye development. We then intersected our 
bulk ChIP-seq with previously published single cell data-
sets to reveal putative cell type-specific enhancers and 
targets regulated by Pnt. We present an expanded list of 

putative Pnt targets that may play important roles in lar-
val eye disc development.

The Ets family of transcription factors are function-
ally versatile and regulate the expression of a variety of 
genes in diverse tissues and cell types. This functional 
adaptability of Ets factors may reflect their interactions 
with other transcription factors that enable combina-
torial control of gene expression. Motif analyses using 
the ChIP-seq peaks identified in this study reveals puta-
tive Pnt-interacting transcription regulators in the eye. 
As predicted, the Ets motif, to which either Pnt or Aop 
can bind, is one of the top motifs found in Pnt ChIP-seq 

Fig. 3  Pnt ChIP-seq peak profiles are found near genes with known essential roles in eye development. (A) ChIP-seq genomic tracks showing peaks in the 
intron of rough (ro). The peak region is highlighted in gray. The solid black bar indicates a known enhancer of ro. (B) scRNA-seq plot showing the expres-
sion of ro in the MF, R2/5 and R3/4. (C) snATAC-seq plot showing the ro locus with a peak in an intron that aligns with the ChIP-seq peak. The peak region 
is highlighted in gray. Four Pnt binding sites are shown as red triangles
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Fig. 4  pyramus is a putative novel cell type-specific target of Pnt. (A) Genomic track showing a prominent Pnt ChIP-seq peak about 11 kb 3’ of pyramus 
(pyr). (B) Larval eye disc scRNA-seq plot showing the expression (blue) of pyr in R1/6, R7 and the Convergence cell clusters. (C) snATAC-seq genomic tracks 
at the pyr locus show prominent peaks in R1/6, R7 and the Convergence cell clusters. This peak is present at the same genomic location as the 3’ peak in 
the ChIP-seq data sets (A). The black box represents the peak-region DNA that was tested for enhancer activity in vivo. (D-F) Immunostaining of transgenic 
larval eye discs carrying the peak-region DNA in (A) and (C) driving expression of a dGFP reporter. Larval eye discs were stained with GFP (E) and Runt (F), 
which marks R7 and R8. Many ommatidia show coexpression of GFP and Runt antibodies (D)
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peaks. The role of Aop as a transcriptional repressor is 
well documented. Aop competes with Pnt for Ets bind-
ing sites and opposes the gene activation by Pnt. In some 
tissues, Pnt and Aop show mutually exclusive expression 
patterns with varying levels of Pnt and Aop driving differ-
entiation of cell types by competing for the same binding 
sites [29, 33]. Similarly, antagonistic action of Pnt and the 
transcriptional repressor Ttk is required for the correct 
transcription of the cell cycle gene stg, which controls 
proliferation of cells in the SMW [19]. Fine tuning of gene 
expression by Ets factors and their antagonistic repres-
sors may be a common mechanism to confer robustness 
of target gene expression during development.

Our ChIP-seq peak datasets also show enrichment for 
the putative zinc finger transcription factor Crol, which 
is activated by ecdysone-regulated gene expression. This 
suggests a possible link between Pnt and the hormone 
ecdysone, which triggers larval molting, pupariation, as 
well as MF progression and the cell cycle in the eye disc 
[36, 42]. Furthermore, crol regulates cell cycle progres-
sion in Drosophila wing discs. Since Pnt plays vital roles 
in cell cycle and MF progression, it is possible that Crol 
is a cofactor of Pnt in regulating these events in the eye. 
Future functional studies that modulate the activities 
of Pnt and Crol should unravel their significance in cell 
cycle progression and regulation.

Mad is another factor identified in our motif screen to 
identify Pnt coactivators. Mad acts downstream of the 
decapentaplegic (dpp) pathway and is involved in the ini-
tiation of the MF and may have a minor role in MF prop-
agation [35]. Furthermore, Mad is known to interact with 
the cofactor Med [37]. Since Pnt activates hh and plays a 
role in MF propagation, it is possible that Pnt, Mad and 
Med may cooperatively regulate this event in the eye. 
Future studies will be needed to more fully understand 
the functional significance of these and several other 
motifs identified in our Pnt ChIP-seq dataset.

How Egfr activation of Pnt leads to the differentiation 
of several different cell types is currently unknown. Pnt 
may cooperate with other factors and regulate expression 
of downstream targets by a combinatorial mechanism. 
Under this model, unique cell fates are achieved depend-
ing on the binding partner of Pnt. For example, pros and 
sv are direct targets of Pnt in the eye. The R7/cone equiv-
alence group comprises the precursor cells of R7 and the 
cones and pros expression is limited to these precursors 
by Pnt and the transcription factor Lz. Similarly, expres-
sion of sv in cones requires Pnt, Lz, and Su(H), which is 
a downstream effector of the Notch signaling pathway. 
Binding site mutations of any one of these factors abol-
ishes cone cell expression driven by the sv enhancer. 
Therefore, activation of Pnt, context-dependent cofac-
tors, and a unique cell type response collectively appear 
to underlie the differentiation of different cell types in 

the eye disc. By overlapping our ChIP-seq data with late 
larval single cell genomics datasets, we identified target 
genes that show cell type-specific expression patterns. 
These genes may be mediators of the unique cell type 
responses resulting from activation of Pnt and may play 
critical roles in retinal cell differentiation. Analyzing loss-
of-function mutants will unravel the function of these 
genes in cell fate decisions in the eye.

Conclusion
We report a high quality Pnt ChIP-seq dataset for the 
late larval eye disc. Integration of this ChIP-seq data with 
our single cell RNA-seq and ATAC -seq datasets greatly 
expands the list of putative cell type-specific Pnt direct 
targets that may be involved in Egfr-mediated differen-
tiation of individual cell types in the eye. Our data there-
fore represents an important resource for researchers 
studying Drosophila eye development as well as studies 
examining the diverse roles of Ets transcription factors in 
regulating their downstream targets.

Methods
Fly stocks
The GFP- and FLAG-tagged Pnt fly stock (w1118; 
PBac(pnt-GFP.FPTB)VK00037) was generated using the 
ModEncode pipeline and is available from the Bloom-
ington Stock Center (stock number 42,680). Larval eye-
antennal discs were dissected from w1118; pnt-GFP-FPTB; 
pntΔ88/ pnt2 animals for ChIP-seq, while eye discs for 
immunohistochemistry were obtained from D. melano-
gaster Canton-S animals.

Immunohistochemistry
Immunohistochemistry on larval eye discs was per-
formed as described previously [43]. Briefly, larval 
eye-antennal discs were dissected in 1x PBS and fixed 
immediately with 1xPBS + 16% paraformaldehyde solu-
tion for 30 min. After washing with PBT (1xPBS + 0.03% 
Triton-X), eye-antennal complexes were blocked in PBT 
supplemented with 5% normal goat serum. Primary anti-
body incubation was done at 4  °C overnight. Secondary 
antibody incubation was done at room temperature for 1 
to 2 h. The primary antibodies used are chicken anti-GFP 
(1:1000) and guinea pig anti-Runt (1:1000). Alexa fluo-
rophores anti-guinea pig 647 and anti-chicken 568 were 
used as secondary antibodies at 1:1000 concentration.

Chromatin immunoprecipitation
120 late third instar larval heads, containing 240 eye 
discs, were dissected into ice cold PBS. Dissected heads 
were then fixed in 1.5% formaldehyde in PBS for 15 min 
at room temperature. Fixed heads were quenched with 
0.125  M glycine + PBS solution on ice for 5  min. Heads 
were washed in ice cold wash buffer A (10 mM Hepes pH 
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7.6, 10 mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 0.25% 
Triton X-100) for 10  min followed by another wash in 
wash buffer B (10 mM Hepes pH 7.6, 100 mM NaCl, 1 
mM EDTA pH 8.0, 0.5 mM EGTA pH 8.0, 0.01% Triton 
X-100) for 10 min at 4 °C. Eye discs were dissected away 
from the heads and placed in ice cold wash buffer B. The 
eye discs were pelleted by centrifugation at 800 g for 30 s 
at 4  °C. Eye discs were resuspended in 1 mL of sonica-
tion buffer (50 mM Hepes pH 7.6, 140 mM NaCl, 1 mM 
EDTA pH 8.0, 1% Triton X-100, 0.1% sodium deoxycho-
late, 0.1% SDS, supplemented with proteinase inhibitors 
(GenDepot P3100-001)) and then transferred to a 15 ml 
Falcon tube. Eye discs were then sonicated on ice with a 
Misonix S-4000 Sonicator, 3.2 mm probe. The sonication 
cycle was as follows: 10  s at 65 amplitude, 30  s rest on 
ice, total sonication time: 3 min. 10 µL of 10% SDS, 100 
µL 1% sodium deoxycholate, 100 µL 10% Triton X-100, 
and 28 µL of 5 M NaCl were added to the sonicated eye 
discs and incubated at 4  °C for 10  min. Sonicated eye 
discs were then centrifuged at maximum speed for 5 min 
at 4 °C to remove any debris. Supernatant containing the 
sonicated chromatin was transferred to a new tube. For 
ChIP-seq experiments, 30 µL of antibody conjugated 
Protein G Dynabeads were added to the supernatant and 
immunoprecipitated overnight at 4  °C in a tube rotator. 
5 µL rabbit anti-GFP (Invitrogen A-6455) and 5 µL of 
mouse anti-FLAG (M2, Sigma Aldrich, F1804) antibod-
ies were used for each ChIP-seq experiment. Beads were 
washed once in each of the following buffers: sonication 
buffer, ChIP wash buffer A (same recipe as sonication 
buffer but with 500 mM NaCl), ChIP wash buffer B (20 
mM Tris pH 8.0, 1 mM EDTA pH8.0, 250 mM LiCl, 0.5% 
NP-40, 0.5% sodium deoxycholate), and finally TE buffer 
for 5 min each at 4  °C. To remove crosslinks, all super-
natant was replaced with 150 µL of elution buffer (50 
mM Tris pH 8.0, 50 mM NaCl, 2 mM EDTA, 0.75% SDS, 
20  µg/mL RNase A) and incubated overnight at 65  °C. 
Eluted chromatin was removed from the beads and set 
aside and 150 µL of fresh elution buffer was added to the 
beads and incubated at 65 °C for 30 min. Supernatant was 
pooled with previously eluted chromatin to yield ~ 300 µL 
of eluted chromatin. 60 µg of Proteinase K was added to 
the eluted chromatin and incubated at 37  °C for 2  h to 
complete the crosslink removal process. ChIP DNA was 
subjected to phenol-chloroform extraction and ethanol 
precipitation. Total input controls were treated with the 
same protocol as the ChIP samples, except that there 
were no immunoprecipitation steps. Sonicated chroma-
tin from total input controls was directly subjected to 
the crosslink removal protocol followed by Proteinase 
K treatment, phenol chloroform extraction, and ethanol 
precipitation. Libraries for next generation sequencing 
were generated from these DNA samples.

ChIP-seq analyses
ChIP-seq libraries were prepared and paired-end 
sequencing (PE75) was performed with an Illumina 
NextSeq 500 system. Samples were sequenced to a depth 
of 40 million reads. All samples passed the initial quality 
controls on the fastQ files. We next removed overrepre-
sented sequences such as sequencing adapters from fastQ 
files using ‘cutadapt’ and ‘trimmomatic’ tools. We next 
aligned the reads to Drosophila melanogaster genome 
dm6 with ‘Bowtie2,’ using sensitive local alignment 
presets to generate a set of BAM files for the ChIP-seq 
data. Since we received data from four sequencing lanes 
(technical repeats), we merged BAM files to generate 
a single merged BAM file for each sample using ‘SAM-
tools.’ Merged BAM data were then filtered based on the 
MAPQ quality score such that only mapped reads that 
have a MAPQ quality score of at least 20 were retained. 
Any PCR or optical duplicates were also removed at this 
step. The resulting filtered BAM files were then sorted 
with SAMtools. MACS2 was run on the filtered and 
sorted BAM files using the anti-GFP or anti-FLAG ChIP 
as the ChIP-seq treatment file, and input control as the 
control file. MACS2 was run with the following param-
eters: effective genome size of 1.2 × 108, 5 < mfold < 50, 
minimum qvalue cutoff of 0.01. Gene annotation of 
called peaks was completed using the Bedtools intersect 
function against all Drosophila genes in the dm6 refer-
ence. DNA sequences of 500  bp in length and centered 
on each Pnt ChIP summit were used for MEME ChIP 
analyses. MEME ChIP analyses were run using default 
parameters except for the following: expected motif dis-
tribution of zero or one occurrence per sequence, “nmo-
tifs” of 10.

GO analysis methods
Genes that were near ChIP-seq peaks were used as input 
for analyses with the Panther database.

Cloning
Peak-region DNA was amplified by PCR and cloned into 
a pH-stinger-dGFP vector [44] that encodes a destabi-
lized GFP protein. The gel extracted and cleaned peak-
region DNA and vector were digested and ligated using 
the restriction enzymes NheI and KpnI. Site-specific 
integration was used to introduce the enhancer-reporter 
cassette into the attP2 landing site and transgenic flies 
were generated by GenetiVision Corporation. Larval 
eye-brain complexes from transgenic flies were used for 
immunohistochemistry.
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