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ABSTRACT

During animal development, cells acquire specialised fates in a precise spatiotemporal order, which
is essential for producing tissues that function appropriately. Cell fate specification is governed by
multiple signalling pathways, as well as mechanical forces, which impact cellular transcription.
Two such signalling pathways are the Hippo pathway and EGFR pathway, which both control
organ growth and the fate of certain cell types in multiple species. Here, we show that Hippo
signalling is essential for the maintenance of the cone and primary pigment cell fates in the
developing Drosophila eye. When Hippo signalling is compromised, its nuclear effectors Yorkie
and Scalloped drive increased expression of the EGFR pathway transcription repressor Yan, which
antagonises the cone and primary pigment cell fates. Thus, in addition to its role as a growth
suppressor, Hippo signalling promotes the fate of multiple eye cells by maintaining their

responsiveness to inductive cues from the EGFR pathway.

AUTHOR SUMMARY

As multicellular organisms grow and develop from a zygote, individual cells become increasingly
specialised. Cell fate is specified and maintained by the coordinate action of different signalling
pathways, whose activity must be tightly controlled in a spatiotemporal fashion. If this fails, cell
fate can be disturbed, which can cause developmental abnormalities, and diseases such as cancers.
Here, we describe a new function for the Hippo signalling pathway, which was originally
discovered as a regulator of Drosophila tissue growth and subsequently linked to the genesis of
multiple human cancers. Hippo signalling is essential for maintaining the fate of two key cell types
in the Drosophila eye, primary pigment cells and cone cells. Without Hippo signalling these cells
cannot properly respond to signals from another key signalling network, the EGFR pathway. Our
discoveries add to a growing literature where the Hippo growth control pathway is repurposed to

control cell fate in tissues that have ceased growth.
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INTRODUCTION

The Drosophila compound eye is composed of about 800 eye units called ommatidia [1]. Each
individual ommatidium consists of various cell types, with each of these undergoing a specific,
tightly controlled, differentiation program [2, 3]. At the apical core of each ommatidium are four
cone cells, which are surrounded by two primary pigment cells, and packed in a hexagonal shape by
the interlacing of the secondary interommatidial cells, tertiary interommatidial cells, and the bristle
complex cells [4, 5]. The deeper layers of each ommatidium also contain eight photoreceptor
neurons, which sense visual cues and transmit them to the brain [1, 5, 6] (Fig. 1A-D). The different
cell types of the Drosophila eye are readily detectable at the early pupal stage, with most cells
adopting characteristic shapes and positions in the epithelium by 24 hours after puparium formation
(APF) [2]. Cell nuclei also adopt specific positions in the eye; at the apical most layer are the cone
cell nuclei, followed by the photoreceptor neurons, which reside alongside the nuclei of the two
primary pigment cells. The nuclei of the interommatidial cells and bristle complex cells reside

towards the basal side of the eye (Fig. 1A-D).

Eye cell fate specification begins in the third instar period of larval development when
differentiating photoreceptor cells emerge in regularly spaced rows, beginning with the RS cells,
which recruit other photoreceptor cells in a sequential manner [6-8]. Subsequently, during the late
stages of the third larval instar, the non-neuronal cells begin to be specified, commencing with the
cone cells [2]. Finally, during the pupal stage of development, the pigment and bristle complex cells
emerge [2, 5, 9]. Cone cell development requires the transcription factor DPax2, the transcription of
which is regulated by combined inputs of Notch and EGFR signalling from the neighbouring
photoreceptors [7, 10-12]. Notch signalling promotes the activity of its downstream transcription
factor Suppressor of Hairless [Su(H)], while EGFR signalling promotes the activity of the Pointed
(Pnt) transcription factor, both of which bind to the enhancer region of dPax2 at multiple sites [11,
13]. EGFR signalling further promotes dPax2 transcription by repressing the transcriptional
repressor Yan (also known as Anterior open, Aop) by phosphorylation and nuclear exclusion [11].
The transcription of dPax? is also promoted by the transcription factor Lozenge (Lz) [14], which is
itself activated by the Sine oculis and Glass transcription factors [15]. Interestingly, Lz also acts as a
transcriptional repressor together with Groucho, to repress the neuronal gene deadpan (dpn),
thereby reinforcing the non-neuronal cone cell fate [16]. However, the combined inputs from Lz,
Pnt, and Su(H) alone are not sufficient to drive cone cell differentiation, suggesting that other

factors combine to regulate cone cell fate [13].
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The Hippo pathway is a central signalling pathway that was first discovered as a regulator of tissue
growth in genetic screens conducted in the Drosophila eye [17-25]. Unlike most signalling
pathways, which are regulated by ligand-receptor protein pairs, the Hippo pathway responds
primarily to mechanical cues like stretch and compression [26-32]. Hippo signalling controls
transcription by phosphorylating and repressing the activity of the Yorkie (Yki) transcription co-
activator (YAP/TAZ in mammals) [33-36]. This limits Yki nuclear abundance as well as the
chromatin association times of both Yki and its DNA binding partner Scalloped (Sd) (TEAD1-4 in
mammals, respectively) [33-42]. Perturbations in Hippo signalling cause eye overgrowth because
larval eye cells proliferate faster and then fail to exit the cell cycle in a timely fashion [17, 18, 21-
25]. These phenotypes are compounded by the fact that apoptosis that normally removes excess
cells in the mid-pupal stage of eye development is defective in tissue lacking core Hippo pathway

proteins like Salvador (Sav), Warts (Wts) and Hippo (Hpo) [17, 18, 21, 22, 24, 25].

Subsequently, Hippo signalling was also found to control the fate of a specific subset of Drosophila
eye cells, i.e. during late pupal eye development, it dictates whether R8 photoreceptor cells adopt
the pale or yellow fate to detect different wavelengths of light [43, 44]. These functions of the
Hippo pathway are conserved in mammals, as its disruption causes the overgrowth of many tissues,
whilst it is required for select cell fate choices, most notably the first cell fate decision in mammals,
i.e. trophectoderm versus inner cell mass [45, 46]. However, genetic analyses of larval Drosophila
eyes lacking sav, hpo or wts indicated that Hippo signalling is dispensable for the induction of cell
fate during larval development [17, 18, 21, 23, 24, 47]. Potential roles for Hippo signalling in eye
cell fate maintenance and cell fates that are induced in pupal development like pigment and bristle
cells have not been explored thoroughly. Here, we show that Hippo signalling is required to
promote the maintenance of both cone cells and primary pigment cells in the Drosophila eye. Hippo
signalling does this by influencing the transcriptional output of the EGFR signalling pathway.
Specifically, when Hippo signalling is disabled, Yki is hyperactivated and induces expression of the
Yan transcription repressor, which can antagonise cone and primary pigment cell fate by regulating

transcription of the key cell fate inducer DPax2.
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RESULTS

Yorkie transcription activity is elevated in primary pigment cells of the pupal Drosophila eye
During the larval phase of Drosophila development, the eye, which initially consists of a pool of
undifferentiated progenitor cells, grows substantially before commencing differentiation during the
third larval instar [2, 3]. The larval eye is comprised of two epithelial sheets: the disc proper, which
is a columnar epithelium, and the peripodial epithelium, which is squamous. The disc proper is the
major contributor to the presumptive adult eye, giving rise to the light-sensing photoreceptor
neurons, as well as cone cells, pigment cells and bristle complex cells [2, 3]. In the third instar
larval eye disc, Yki/Sd activity is relatively even within each epithelial layer, although it is higher in
the peripodial epithelium than the disc proper [48-50]. This suggests that Hippo signalling is also
relatively even during the larval growth phase of the eye as it shows no major patterns of activity
(Fig. S1A), in contrast with other signalling pathways like Hedgehog and EGFR, which display
defined activity patterns during Drosophila larval eye development [3, 51]. To investigate whether
Hippo pathway activity is uniform or patterned in the postmitotic phase of eye development, we
assessed Yki/Sd-dependent transcription in the pupal eye, 24h after puparium formation (APF). At
this developmental stage, proliferation has ceased, all major cell types have been specified and
supernumerary interommatidial cells are yet to be removed by apoptosis. Strikingly, activity of the
well-defined Yki/Sd transcription reporter expanded-LacZ (ex-lacZ) was non-uniform; instead, it
was considerably higher in some cells compared to others, in regularly spaced rows (Fig. 1H-J). By
defining the apicobasal location and distinctive shapes of cell nuclei within the pupal eye by DAPI
staining, we revealed that ex-LacZ was elevated in the primary pigment cells, compared to all other
cell types (photoreceptor, cone, and interommatidial cells) (Fig. 1A-K). This was confirmed using
two independent Yki/Sd transcription reporters; bantam-LacZ (ban-lacZ) and DIAPI-GFP*3, both
of which were substantially higher in primary pigment cells compared to other eye cells (Fig. 1L-O
and S1). Using the DIAP1-GFP*? reporter, we revealed that the asymmetry in Yki/Sd activity
increases throughout pupal eye development from 19h APF to 42hAPF (Fig. S1).

Scalloped is required for basal transcription in primary pigment cells of the Drosophila eye
Next, we assessed the genetic requirement of both Yki and Sd for transcription in pupal primary
pigment cells. yki mutant eye cells grow poorly and are eliminated by apoptosis [52], and therefore
primary pigment cells lacking yki were unable to be studied in the pupal eye. To overcome this
limitation, we recombined a yki null allele with a mutation in the Death-associated APAF I-related
killer (dark) gene, a pro-apoptotic regulator, whose mutation prevents cell death [53, 54]. As
expected, expression of ex-LacZ and DIAPI-GFP*? were unaltered in control dark single mutant

clones (Fig. 2A,E, and S2B,E). However, ex-LacZ, ban-lacZ and DIAPI-GFP*? were all
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undetectable in yki, dark double mutant pupal eye clones 24h APF (Fig. 2C-G, S2A and S2D).
Next, we examined a role for Yki’s DNA-binding partner Sd in the regulation of ex and ban. In
larval eye discs, Sd is dispensable for tissue growth and transcription of target genes in the disc
proper, while it is required for cell viability and gene expression in the peripodial epithelium [48,
55]. Interestingly, ex-LacZ, ban-LacZ and DIAP1-GFP*3 were all reduced in sd mutant primary
pigment cells of the pupal eye (Fig. 2H-K, S2C and S2F). In contrast to yki clones, where target
gene transcription was undetectable, sd mutant primary pigment cells displayed residual
transcription of each reporter gene (approximately 25-50% of that observed in wild-type cells). This
result was confirmed by RNAi-mediated depletion of Sd, which also caused a partial reduction in
DIAP1-GFP?*3 abundance (Fig. S2G-J). Collectively, these experiments indicate that Sd is required
to promote robust transcription of classical Yki/Sd target genes in primary pigment cells but is not
essential for their expression. Further, this data suggests that in yki mutant clones, Sd’s well-defined

default transcription repressor function dominates to limit Yki/Sd target gene expression [55, 56].

Yorkie and Scalloped are dispensable for cell fate in the pupal eye

Given that Yki/Sd activity is elevated in primary pigment cells and Yki/Sd are required for robust
target gene expression in these cells, we assessed whether they are required for primary pigment
cell fate. To do this, we assessed expression of two key markers of the primary pigment cell fate,
the transcription factors DPax2 [10] and BarH1 [57, 58]. However, both proteins were expressed at
normal levels in yki, dark clones (Fig. 3A,B). Similarly, Sd was dispensable for primary pigment
cell fate, as BarH1 and DPax2 were expressed at normal levels and primary pigment cell shape
(Fig. S3A,B). As a further indication that primary pigment cell fate was unaffected by loss of
Yki/Sd activity, the distinctive “kidney” shape of primary pigment cells was unperturbed in both
vki, dark clones and sd clones (Fig. S3E,F). In the same experiments, we examined the fate of cone
cells and bristle cells by assessing Cut and dPax2 expression and found that both yki and sd were

also dispensable for the fate of these cell types (Fig. 3C,D and S3C,D,G, H).

Hippo signalling promotes the cone and primary pigment cell fates of the Drosophila eye
Previously, the Hippo pathway was found to be dispensable for photoreceptor cell fate in the third
instar larval eye, as differentiation of these cells occurred normally in tissue lacking core Hippo
pathway proteins (4po and sav), where Yki/Sd transcription is elevated [17, 18, 21, 23, 24]. To
examine a potential role for Hippo signalling at later stages of eye development, we assessed cell
fate in ipo mutant pupal eye clones. Initially, we evaluated cone and primary pigment cells by
assessing expression of the Cut and BarHI transcription factors, respectively. Strikingly, both Cut-

positive cone cells and BarHI-positive primary pigment cells were almost completely absent from
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hpo eye clones 24h APF (Fig. 3E and G). This did not reflect a delay in differentiation as the same
phenotype was also observed later in eye development (40h APF) (Fig. S4A,C). These phenotypes
were not caused by a loss of these cells from the epithelium, as DAPI-staining revealed cell nuclei
in both the cone cell and primary pigment cell layers of 4po mutant clones (Fig. S4A-D), and is
consistent with the fact that spo eye cells are resistant to programmed cell death [17, 18, 21, 23-25].

To investigate this further, we assessed expression of dPax2, which acts upstream of both Cut and
BarH1 in cone and primary pigment cells, respectively [10]. DPax2 protein was almost completely
absent from the cone cell layer and primary pigment cell layers of #ipo mutant clones 24h APF (Fig.
3F and H). We did detect some DPax2-positive cells in #po mutant pupal eye clones, especially in
the primary pigment cell layer (Fig. S4B,D). Given the circular shape of the nuclei of these DPax2-
positive cells, they are likely to be bristle cells [59], as opposed to primary pigment cells, whose
nuclei have a slightly elongated oval shape. Indeed, bristle cells also express DPax2 and this
transcription factor is essential for bristle cell development [60]. To determine whether DPax2’s
absence from s#po mutant cone and primary pigment cells was transcriptional or post-
transcriptional, we made use of a dPax2 transcription reporter Drosophila strain. The dPax2-LacZ
reporter was absent in both cone cells and primary pigment cells in #po mutant pupal eye clones,

indicating that dPax2 is not transcribed in these cells (Fig. 4A,B).

Hippo signalling is dispensable for the induction of cone and primary pigment cells

The differentiation defects observed in #po mutant eyes 24h APF could be caused either by a lack
of cell fate induction or a lack of cell fate maintenance, given that cone cells first arise during third
instar larval development [61]. To assess this, we examined the impact of 4po loss on cell fates in
third instar larval eye imaginal discs. Cells expressing both the cone cell marker Cut and its
upstream transcription factor DPax2 were readily observable in the posterior regions of #po mutant
larval eye imaginal disc tissue (Fig. S5A,B). In addition, dPax2-LacZ, was active in hpo mutant
larval eye clones (Fig. S5C). This indicates that Hippo signalling is not required for the initial
induction of cone cell fate in the larval eye but is required to maintain cone cell fate later in

development.

Next, we investigated whether Hippo signalling is required for appropriate differentiation of
additional Drosophila eye cell fates. ipo mutant pupal eyes are known to possess substantially more
interommatidial cells, which we confirmed by detecting E-cad to mark cell outlines, and the
transcription factor Lozenge (Lz), which marks pigment cells (Fig. S6A,B). We also assessed

bristle cells, by detecting Cut expression and photoreceptor cells, by detecting Embryonic lethal
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abnormal vision (ELAV) expression. Bristle cell fate was unaffected, as Cut-positive bristle cells
were still readily detectable in /po eye clones 24h APF, even if the pattern of these cells was
affected (Fig. S6C). Similarly, photoreceptor cell fate was largely unaffected in Apo eye clones 24h
APF, as determined by detection of ELAV, although the distribution of these cells was perturbed,
presumably at least partly because of the increased interommatidial cells. This result is consistent
with previous analysis of photoreceptor cells in wts mutant pupal eyes [47]. Collectively, these data
indicate that appropriate Hippo signalling is required for the maintenance of both the cone and

primary pigment cell fates, but not other eye cell fates.

Yorkie/Scalloped hyperactivity antagonises cone and primary pigment cell fates

Defective Hippo signalling causes nuclear accumulation of Yki, which in turn hyperactivates Sd-
dependent transcription. Accordingly, phenotypes that result from Hippo signalling perturbation,
like eye overgrowth, are completely suppressed by sd deficiency [38-40]. To determine whether the
failure to maintain cone and primary pigment cell fate defects in #po mutant eyes, was caused by
Yki/Sd hyperactivity, we depleted Sd in /po clones using the MARCM technique [62] and RNA
interference [63, 64]. RNAi-mediated depletion of Sd in Apo mutant clones completely restored the
expression of Cut and DPax2 in cone cells, as well as DPax2 in primary pigment cells (Fig. 4C-E).
Furthermore, the ordered array of these cell types was largely restored in 4po mutant clones
expressing Sd RNAi. Therefore, Hippo signalling promotes the maintenance of both cone and
primary pigment cell fates in the pupal eye by repressing its canonical downstream transcription

regulatory proteins, Yki and Sd.

Hippo signalling promotes cone and primary pigment cell fate by repressing Yki-Sd-regulated
transcription of yan

dPax?2 transcription is regulated by multiple signalling pathways and their cognate transcription
factors: Notch signalling activates dPax2 transcription via Su(H), while EGFR signalling promotes
dPax?2 transcription by activating Pnt and inhibiting the Yan transcriptional repressor [11, 13]. In
addition, Lz can activate dPax2 transcription [11, 16] (Fig. 4F). As such, we considered the
possibility that Yki/Sd might regulate the expression of one or more of these factors, which could
explain the cell fate defects in #po pupal eyes. We already established that Lz was expressed in spo
pupal eye cells at similar levels as wildtype cells (Fig. S6B). Therefore, we searched genes that we
previously identified as Yki/Sd target genes in larval Drosophila eyes, using targeted DamID-seq
[65]. Both Yki-Dam and Sd-Dam were significantly enriched at the yan locus compared to the Dam
alone control, consistent with the notion that yan is a Yki/Sd target gene (Fig. SA). Given that Yan

overexpression can repress dPax2 expression [11], we assessed its abundance in both wts and Apo
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pupal eye clones 24h APF and found that Yan protein abundance was elevated compared to
wildtype cells in both experiments (Fig. SA,C). This effect was restricted to the pupal eye, as Yan
abundance was not elevated in 4po mutant third instar larval eye clones (Fig. SSD). Elevation of
Yan in Yki hyperactive pupal eye tissues resulted from increased yan transcription as a yan-LacZ
transcription reporter [66] was elevated in wts pupal eye clones (Fig. SB). Finally, RNA-mediated
interference of Sd in #po mutant clones reverted the elevated Yan expression back to baseline
levels, indicating that Yki/Sd drive elevated yan transcription in pupal eye tissues with defective

Hippo signalling (Fig. 5D).

Next, we tested whether ectopic Yan expression underpinned the loss of cone and primary pigment
cells in #po mutant pupal eyes. Strikingly, RNAi-mediated Yan depletion in /spo pupal eye clones
largely restored BarHI expression, indicating the restoration of the primary pigment cell fate (Fig.
6A). Note, these clones did display irregular patterning of primary pigment cells, where the pairing
of two primary pigment cells per ommatidium was often disrupted, as were the neat rows of
primary pigment cell patterns. Additionally, Cut and DPax2 expression were both restored in yan-
depleted, ipo mutant pupal eye clones, indicating the restoration of cone cells (Fig. 6B,C). Note
that instead of a regular group of four cone cells per ommatidium, some yan-RNAi depleted hpo
clones displayed more or less than four cone cells per ommatidium, suggestive of incomplete
restoration of ommatidial patterning. Collectively, these experiments argue that Hippo signalling
normally promotes cone and primary pigment cell fate in the pupal eye via a double repression
mechanism, i.e. Hippo signalling represses Yki/Sd from transcribing yan, and in doing so prevents

Yan from ectopically repressing the cone and primary pigment cell fates.

Finally, given that Yan depletion reversed cell fate defects caused by Hippo pathway perturbation to
a similar extent as Sd depletion, we examined whether Yan depletion could impact tissue
overgrowth caused by disrupted Hippo signalling. Apo loss causes strong overgrowth of all imaginal
disc tissues, which is visible in adults tissues such as the eye, head and thorax [67]. Apo mosaic eyes
generated by the eyeless-FIlp MARCM technique [68], were substantially overgrown compared to
controls, as was the head cuticle (Fig. 6D,E). RNA-mediated depletion of Yan in Apo clones
generated via the eyeless-FIlp MARCM technique strongly suppressed eye and head overgrowth
(Fig. 6F). Adult eyes harbouring Yan RNAI, spo clones exhibited dark patches, which were
presumably caused by Yan depletion, given that this was observable in Yan RNAIi clones, but not
hpo clones (Fig. 6E and S7A), and similar phenotypes have been reported previously for yan
mutant adult eye clones [69]. The impact of Yan depletion on /po clone overgrowth was restricted

to the eye and head cuticle, as adult thorax Yan RNAI, /Apo clones generated via the hs-Flp
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MARCM technique still strongly overgrew and resembled published reports of #po mutant thorax
clones [21, 67] (Fig. S7TB). Yan depletion in these experiments was confirmed by immunostaining
larval eye discs (Fig. S7C). Collectively, this shows that Yan depletion reverts both cell fate defects

and overgrowth caused by spo mutations in the Drosophila eye but not does impact Yki/Sd-driven

overgrowth of non-eye tissues.
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DISCUSSION

By studying Hippo signalling activity in the developing Drosophila eye, we found that pathway
activity is patterned in the pupal post-mitotic phase of development, despite having no major
activity patterns during the larval growth phase of development. Yki-Sd activity was strongly
elevated in primary pigment cells relative to all other eye cells, i.e. secondary and tertiary pigment
cells, bristles, photoreceptors and cone cells. This implies that Hippo signalling activity is lower in
primary pigment cells, although this requires formal evaluation with reagents that are currently not
available, e.g. in vivo activity reporters of the kinases Hpo and/or Wts. It is also currently unclear
whether elevated Yki/Sd activity in primary pigment cells has a functional role. Pupal eye cells,
including primary pigment cells lacking yki, were unable to be recovered indicating that Yki is
required for their survival. However, when we generated yki mutant primary pigment cells that were
impervious to cell death we observed no obvious impacts to cell fate. Nevertheless, we cannot rule
out the possibility that Yki/Sd drive a gene expression program that contributes to primary pigment

cell function without obviously altering the fate of these cells.

What is apparent from our studies is that tight control of Yki/Sd activity by the Hippo pathway is
essential in the post-mitotic phase of eye development, as Yki-Sd hyperactivity caused a profound
loss of fate of both primary pigment cells and cone cells. The role of Hippo signalling in cone cell
fate was limited to cone cell fate maintenance, as opposed to induction, as these cells were still
induced normally in eye tissue lacking spo during larval development. Therefore, Hippo signalling
is required to actively maintain, but not induce, cone cells, suggesting that the maintenance of the
fate of these cells is an active process. Interestingly, Hippo signalling is also required to maintain
the fate of “yellow” R8 photoreceptor cells in the D. melanogaster eye, which express the light
sensitive protein Rhodopsin 6 which is sensitive to green light [70]. Furthermore, Hippo signalling
is required to maintain the fate of photoreceptor cells that have perturbed Rbf function [71].
Therefore, while the majority of studies have focused on the role of Hippo signalling in controlling
the growth of many tissues from diverse species, it might also have a broader than appreciated role

in cell fate maintenance.

At the mechanistic level, we found that Yki-Sd hyperactivity induces cone and primary pigment cell
fate loss by driving elevated expression of the Yan transcription repressor, an essential regulator of
transcription downstream of the EGFR pathway. Targeted DamID-seq studies revealed that Yki and
Sd each to the yan gene, while both a yan transcription reporter and Yan protein were elevated in
hpo mutant pupal eye clones in a Sd-dependent fashion. Furthermore, Yan depletion in zpo mutant

pupal eye cells largely restored the fate of both cone and primary pigment cells. This highlights the

11
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importance of maintaining Yan levels and transcription control by the EGFR pathway for cell fate
maintenance. Furthermore, the increase in interommatidial cells at the expense of cone and primary
pigment cells in /po eyes is consistent with the model where interommatidial cell fate is the

“default” fate for a common pool of precursor cells [3, 72, 73].

Yan is an ETS family transcriptional repressor that competes for binding to common genomic loci
with another ETS family transcription factor activator Pnt, to regulate transcription of genes that
promote differentiation of photoreceptor cells [66, 74, 75]. Yan and Pnt also regulate the cone cell
fate by binding to the enhancer region of dPax2 at multiple sites and regulating its transcription [11,
13]. EGFR signalling both downregulates Yan and upregulates Pnt to alter the cellular ratio of
Yan/Pnt, which is essential for dictating whether their shared target genes are either activated or
repressed [76]. Our experiments suggest that in zpo mutant pupal eyes, ectopic elevation of Yan by
Yki-Sd tips the Yan/Pnt ratio in favour of Yan, which represses dPax2 transcription, and causes

cone cell de-differentiation.

Our study provides yet another example of the close functional relationship that exists between the
Hippo and EGFR pathways. Multiple reports in both Drosophila and mammals have shown that
these pathways regulate the expression of a shared transcriptome and cooperatively influence cell
proliferation and organ growth, and cancer therapy resistance [77-79]. Consistent with this, multiple
recent oncology studies have revealed enhanced anti-tumour efficacy when EGFR pathway and
Hippo pathway targeted therapies are combined [80-84]. Here, we show that the close functional
relationship between the EGFR and Hippo pathways is also essential for the control of cell fate

during development.
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MATERIALS AND METHODS

D. melanogaster strains

The following D. melanogaster stocks were used, some of which were from the Bloomington
Drosophila Stock Centre (BDSC): sd /M FRT19A4 [85]; FRT42D yki 2’ [52]; FRT42D dark **5!
[54]; FRT42D hpo ' [86]; FRT82B wts X! [20]; Ubi-RFP.NLS, hs-FLP, FRT194 (BDSC, # 31418);
arm-LacZ, FRT19A [87]; FRT42D ubi-RFP.NLS (BDSC, #35496); FRT 42D arm-LacZ (BDSC,
#7372); FRT82B ubi-RFP.NLS (BDSC, #30555); FRT42D tubP-GALS80 (BDSC, #9917); ey-FLP.N
(X) (BDSC, #5580); hs-FLP.D5 (X) (BDSC, #55815); hs-FLP.D5 (111) (BDSC, #55813); ex-lacZ
(BDSC, #44248); ban-LacZ (BDSC, #10154); dPax2-LacZ (BDSC, #33840); yan-LacZ (BDSC,
11359); DIAPI-GFP #3 [40]; De-GAL4 (III) (BDSC, #29650); tubP-GAL4 (I1I) (BDSC, #5138);
UAS-mCD8-mRFP (1II) (BDSC, #27399); UAS-yan-RNAi (BDSC, #34909); UAS-sd-RNAi M+
[40]. The following lines were generated by meiotic recombination: FRT42D yki % dark %!, ex-
LacZ FRT42D ubi-RFP.NLS; DE-GAL4 UAS-mCD8-mRFP (I1l); and tubP-GAL4 UAS-mCD§-
mRFP (I1D).

D. melanogaster husbandry, heat shock and staging

Drosophila melanogaster were raised at 25°C on a standard diet made with semolina, glucose
(dextrose), raw sugar, yeast, potassium tartrate, nipagen (tegosept), agar, propionic acid and calcium
chloride. To ensure that nutritional availability was not limiting, all animals were fed in excess food
availability, while carefully controlling for crowding in the vials. Only female flies were used in

experiments using the sd*’

allele and experiments that investigated effects in the adult eye. For all
other experiments, both male and female flies were used. To generate homozygous mutant clones in
otherwise heterozygous whole organisms, the FLP-FRT system was used [68, 88, 89], using either
eyeless-FLP (ey-FLP) or heatshock-FLP (hs-FLP). For experiments using As-FLP, the heat shock
protocols used were dependent on the mutant allele(s) being investigated, as follows: dark??5!,
hpo™!, sd’M, and ykiB’ dark **5! - heat shocked at 37°C 48h after egg laying for 15 minutes; wes*’ -
heat shocked at 37°C 72h after egg laying for 10 minutes. To generate MARCM clones in otherwise
heterozygous organisms [62, 90], both ey-FLP and hs-FLP were used (heat shocked at 37°C 48h
after egg laying for 15 minutes). Wandering third instar larvae were used for all larval dissections.

For pupal dissections, white pre-pupae were isolated and incubated at 25 °C for the desired time

before they were dissected.

Immunostaining and confocal microscopy
All tissues were dissected in PBS and put immediately on ice. Fixation and immunofluorescence for

larval tissues were performed as described in [91, 92]. For pupal tissues, the PAXD buffer was used
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during immunostaining, as described in [93]. All tissues were fixed in 4% Paraformaldehyde,
permeabilised and incubated with antibodies according to the reagents Table. Tissues were mounted
in Vectashield antifade medium and confocal microscope images were taken on an Olympus
FV3000 microscope, using either a 30x silicon objective or a 60x oil objective. To image adult D.
melanogaster, 1 week-old adults were flash frozen on dry ice, mounted on wet tissue and imaged

with an Infinity 1 camera at 4x magnification.

Adult D. melanogaster microscopy
Adult D. melanogaster were frozen at -20°C overnight and imaged using a Zeiss Stemi 305 with

Axiocam at 4X zoom as in [94, 95].

Image analysis and statistics

Fluorescence microscopy images were analyzed using FIJI [96] and all statistical analyses were
conducted in GraphPad Prism. To quantify fluorescence intensity, Regions of Interest (ROI) were
drawn for cells of interest (eg. Primary Pigment cell) using F1JI, and each cell’s genotype was
assigned ‘WT’ or ‘mutant’ according to the corresponding fluorescent marker. An average
fluorescence value was recorded for WT cells and mutant cells within the same tissue. For
comparisons between two genotypes, t-tests were conducted using paired analyses, with the WT
cells serving as internal controls. For comparisons between more than two cell types one-way
ANOVA tests were performed with Tukey-Kramer tests to correct for multiple comparisons. The
significance value was set at 0.05, and a P-value of 0.05 or lower was considered statistically
significant. Images were cropped and rotated in FI1JI, while dashed lines demarcating WT-mutant

borders were drawn in Adobe Illustrator.

Reagents Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-beta-Galactosidase, chicken polyclonal ~GeneTex Cat# GTX77365;
(immunofluorescence, 1:1000) RRID:AB 379834
anti-DE-cadherin, rat monoclonal Developmental Studies  Cat# DCAD2; RRID:AB 528120
(immunofluorescence, 1:100) Hybridoma Bank

anti-BarH]1, rat polyclonal Tiffany Cook [97] RRID:AB 3532195

(immunofluorescence, 1:200)
anti-DPax2, rat polyclonal Brian Gebelein [98] RRID:AB 3532196

(immunofluorescence, 1:500)
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anti-Cut, mouse monoclonal
(immunofluorescence, 1:50)

anti-Lozenge, mouse monoclonal
(immunofluorescence, 1:100)

anti-Yan, mouse monoclonal
(immunofluorescence, 1:100)

anti-chicken AlexaFluor 488 secondary,
goat polyclonal (immunofluorescence,
1:500)

anti-chicken AlexaFluor 647 secondary,
goat polyclonal (immunofluorescence,
1:500)

anti-mouse AlexaFluor 488 secondary, goat
polyclonal (immunofluorescence, 1:500)
anti-mouse AlexaFluor 647 secondary, goat
polyclonal (immunofluorescence, 1:500)
anti-rat AlexaFluor 488 secondary, goat
polyclonal (immunofluorescence, 1:500)
anti-rat AlexaFluor 647 secondary, goat

polyclonal (immunofluorescence, 1:500)

Developmental Studies
Hybridoma Bank
Developmental Studies
Hybridoma Bank
Developmental Studies
Hybridoma Bank
Thermo Fisher

Scientific

Thermo Fisher

Scientific

Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher
Scientific
Thermo Fisher

Scientific

Cat# 2b10; RRID:AB 528186
Cat# anti-lozenge,

RRID:AB_ 528346

Cat# anti-Yan 8B12H9,

RRID:AB_531807
Cat# A-11039; RRID:AB_2534096

Cat# A-21449; RRID:AB 2535866

Cat# A-11001; RRID:AB 2534069

Cat# A-21235; RRID:AB 2535804

Cat# A-11006; RRID:AB 2534074

Cat# A-21247; RRID:AB 141778

Chemicals, peptides and recombinant proteins

4,6-diamidino-2-phenylindole (DAPI)
Paraformaldehyde (PFA), 16%

Triton X-100
Normal Goat Serum (NGS)

Sodium deoxycholate
Bovine Serum Albumin (BSA)
Glycerol

Vectashield antifade mounting medium

Sigma-Aldrich
Electron Microscopy
Sciences
Sigma-Aldrich
Thermo Fisher
Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Vector Laboratories

Cat# D9542
Cat# 15710

Cat# X100
Cat# 16210064

Cat# D6750
Cat# BSAV-RO
Cat# G5516
Cat# H-1000-10

Experimental models: Organisms/strains

Drosophila melanogaster: sd ¥
Drosophila melanogaster: yki *’
Drosophila melanogaster: dark %%’
Drosophila melanogaster: hpo >’

Drosophila melanogaster: wts '

[85]
[52]
[54]
[86]
[20]

Flybase: FBal0015358
Flybase: FBal0194179
Flybase: FBal0212709
Flybase: FBal0244706
Flybase: FBal0044527
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Drosophila melanogaster:

Drosophila melanogaster:

Drosophila melanogaster:

Drosophila melanogaster:

Drosophila melanogaster:

hs-FLP, FRT194

Drosophila melanogaster:

Drosophila melanogaster:

Drosophila melanogaster:

Drosophila melanogaster:

RFPNLS

Drosophila melanogaster:

LacZ (1)

Drosophila melanogaster:

RFPNLS

Drosophila melanogaster:

GALS0

Drosophila melanogaster:

Drosophila melanogaster:

FRT194

FRT42D

FRTS2B

arm-LacZ (X)
Ubi-RFP.NLS,

ey-FLPN (X)

hs-FLP.DS (X)

hs-FLP.DS5 (I1I)

FRT42D ubi-

FRT 42D, arm-

FRT82B ubi-

FRT 42D, tubP-

tubP-GAL4 (I11)

DE-GALA4 (I1I)

Bloomington
Drosophila Stock
Center
Bloomington
Drosophila Stock
Center
Bloomington
Drosophila Stock
Center

[87]
Bloomington
Drosophila Stock
Center
Bloomington
Drosophila Stock
Center
Bloomington
Drosophila Stock
Center
Bloomington
Drosophila Stock
Center
Bloomington
Drosophila Stock
Center
Bloomington
Drosophila Stock
Center
Bloomington
Drosophila Stock
Center
Bloomington
Drosophila Stock
Center
Bloomington
Drosophila Stock
Center

Bloomington

BDSC: 1744; Flybase: FBti0000870

BDSC: 1802; Flybase: FBti0141188

BDSC: 5619; Flybase: FBti0002074

Flybase: FBal0040819
BDSC: 31418; Flybase:

FBal0243441, FBal0040456

BDSC: 5580; Flybase:
FBal0098303

BDSC: 55815; Flybase:
FBal0263768

BDSC: 55813; Flybase:
FBal0263768

BDSC: 35496; Flybase:
FBal0243441

BDSC: 7372; Flybase:
FBal0040819

BDSC: 30555; Flybase:
FBal0243441

BDSC: 9917; Flybase:
FBal0097120

BDSC: 5138; Flybase:
FBal0097158

BDSC: 29650; Flybase:
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Drosophila melanogaster:

mRFP (I])

Drosophila melanogaster:

Drosophila melanogaster:

(N+C)

Drosophila melanogaster:

UAS-mCD§-

UAS-yan-RNAi

UAS-sd-RNAi

DIAPI-GFP *?

Drosophila Stock
Center
Bloomington
Drosophila Stock
Center
Bloomington
Drosophila Stock
Center

Jin Jiang [40]

Jin Jiang [40]

FBal0241017

BDSC: 27399; Flybase:
FBal0215588

BDSC: 34909; Flybase:
FBal0263268

Flybase: FBal0239883,
FBal0239884
Flybase: FBal0240333

Drosophila melanogaster: ex-lacZ Bloomington BDSC: 44248; Flybase:
Drosophila Stock FBal0031223
Center
Drosophila melanogaster: ban-LacZ Bloomington BDSC: 10154; Flybase:
Drosophila Stock FBal0089024
Center
Drosophila melanogaster: dPax2-LacZ Bloomington BDSC: 33840; Flybase:
Drosophila Stock FBal0119497
Center
Drosophila melanogaster: yan-LacZ Bloomington BDSC: 11359; Flybase:
Drosophila Stock FBal0043825
Center
Software and algorithms
ImagelJ/F1J1 [96] https://fiji.sc/
Microsoft Excel Microsoft https://www.microsoft.com/
en-au/microsoft-365/excel
Prism GraphPad https://www.graphpad.com/
Adobe Illustrator Adobe https://www.adobe.com/
au/products/illustrator.html
Other
Dumont tweezers style 5, inox 08 matte ProSciTech Cat# T05-822
Ultrafine tungsten manipulator probe ProSciTech Cat# TTP13570
needle
Olympus FV3000 confocal microscope Olympus https://www.olympus-

lifescience.com
/en/laser-scanning/fv3000/

applications/
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Infinity 1 Color Microscopy camera Lumenera Scientific https://www.lumenera.com

Coverslips (No 1.5) 22mmx22mm Trajan Cat# 4711152222
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FIGURE LEGENDS

Figure 1. Yorkie transcription activity is elevated in primary pigment cells of the pupal
Drosophila eye.

(A-D) Schematic diagrams of the Drosophila pupal eye cell types. Cross-sections of the pupal eye
along the X-Y axis at the nuclei layer of cone cells (A), primary pigment cells (B) and
interommatidial cells (C). A cross-section of the pupal eye along the X-Z axis is depicted in (D).
Cell types are represented in blue (cone cells), yellow (primary pigment cells), photoreceptor cells
(purple), interommatidial cells (green), and bristle group cells (pink). Nuclei are indicated in grey.
Adapted from [2].

(E-J and L-N) Confocal microscope images of a Drosophila pupal eye 24h APF at the cone cell
nuclei layer (E, H, L), the primary pigment cell nuclei layer (F, I, M), and the interommatidial cell
nuclei layer (G, J, N). DAPI (cyan) marks nuclei (E-G), ex-LacZ is in yellow (H-J) and ban-LacZ is
in orange (L-N). In (E-G), schematic diagrams highlight nuclei of different cell types, with different
colours representing the cell types in (A-D). Arrowheads indicate select primary pigment cells.
Scale bars = 10um.

(K and O) Charts showing quantification of ex-LacZ (K) and ban-LacZ (O) fluorescence intensity
in cone cells (CC), primary pigment cells (PPC), photoreceptor cells (PR), and interommatidial cells
(IOC). n=3 for each sample, *** indicates P-value<0.0005, **** indicates P-value<0.00005, and ns
indicates P-value>0.05, assessed by multiple comparisons test after ANOVA, with corrections

applied for multiple comparisons. Interval bars indicate standard deviation.

Figure 2. Scalloped is required for basal transcription in primary pigment cells of the
Drosophila eye.

(A, C, D, H and I) Pupal Drosophila eyes 24h APF harbouring patches of mutant tissue (RFP
negative) for the following genes: dark (A), yki, dark (C and D), sd (H and I). Homozygous
wildtype or heterozygous tissue (RFP positive) is in pink in the merged images, ex-LacZ is in
yellow (A, C and H) and ban-LacZ is in orange (D and I). Clones are outlined by dashed white
lines, scale bars = 10um.

(B) Schematic diagram of the downstream Hippo pathway transcription effectors, Yki and Sd.

(E, F, G, J and K) Charts showing quantification of ex-LacZ (E, F and J) and ban-LacZ (G and K)
fluorescence intensity in wildtype and mutant primary pigment cells within the same eye discs. n=3
for each sample, * indicates P-value<0.05, ** indicates P-value<0.005 and ns indicates P-

value>0.05, assessed by paired t-tests.
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Figure 3. Hippo signalling promotes the cone and primary pigment cell fates of the Drosophila
eye.

(A-H) Confocal microscope images of Drosophila pupal eyes 24h APF at the primary pigment cell
nuclei layer (A, B, E and F), and the cone cell nuclei layer (C, D, G and H). The tissues harbour
patches of mutant tissue (RFP negative) for either yki, dark (A-D), or hpo (E-H), while homozygous
wildtype or heterozygous tissue (RFP positive) is in pink in the merged images. BarHI is in green
(A and E), DPax2 is in yellow (B, D, F and H) and Cut is in cyan (C and G). Clones are outlined by

dashed white lines, scale bars = 10pm.

Figure 4. Yorkie/Scalloped hyperactivity antagonises cone and primary pigment cell fates of
the Drosophila eye.

(A-E) Confocal microscope images of Drosophila pupal eyes 24h APF at the cone cell nuclei layer
(A, C and E) and the primary pigment cell nuclei layer (B and D). In (A and B), tissues harbour
patches of 4po mutant tissue (RFP negative), while homozygous wildtype or heterozygous tissue
(RFP positive) is in pink in the merged images. In (C-E), tissues harbour MARCM clones that are
hpo mutant and express Sd RNAi (RFP positive — pink in the merged images), while control tissue
does not express RFP. DPax2-LacZ is in greyscale (A and B) DPax2 is in yellow (C and D) and Cut
is in cyan (E). Clones are outlined by dashed white lines, scale bars = 10pm.

(F) Schematic diagram of the downstream Notch and EGFR pathway transcription effectors, Su(H),

Yan, Pnt and Lz, which regulate DPax?2 transcription.

Figure 5. Hippo signalling limits expression of the Yan transcription repressor in the pupal
Drosophila eye.

(A) Genome-binding profiles of the yan gene locus by Yki and Sd, as determined by targeted
DamlID-seq. Yki binding peaks are in pink and Sd binding peaks are in blue. The enrichment of
Yki-Dam and Sd-Dam normalised to the Dam-alone control is shown on the y-axis. Solid bars
represent peaks where methylation by Yki-Dam or Sd-Dam scored as significant.

(B-E) Confocal microscope images of Drosophila pupal eyes 24h APF. The tissues harbour patches
of mutant tissue (RFP negative) for either wts (B and C), or Apo (D), while homozygous wildtype or
heterozygous tissue (RFP positive) is in pink in the merged images. In (E), tissues harbour
MARCM clones that are 4po mutant and express Sd RNAi (RFP positive — pink in the merged
image), while control tissue does not express RFP. Yan is in green (B, D and E) and yan-LacZ is in

greyscale (C). Clones are outlined by dashed white or yellow lines, scale bars = 10um.
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Figure 6. Hippo signalling promotes cone and primary pigment cell fate by repressing Yki-Sd-
regulated transcription of yan.

(A-C) Confocal microscope images of Drosophila pupal eyes 24h APF at the primary pigment cell
nuclei layer (A) or the cone cell nuclei layer (B and C). The tissues harbour MARCM clones that
are hpo mutant and express Yan RNAi (RFP positive — pink in the merged images), while control
tissue does not express RFP. BarH1 is in green (A), DPax2 is in yellow (B) and Cut is in cyan (C).
Clones are outlined by dashed white lines, scale bars = 10um.

(D-F) Adult Drosophila that harbour eyFlp-generated MARCM clones; either control (D), Apo
mutant (E) or Apo mutant that express Yan RNAI (F).

(G and H) Models of how Hippo signalling and Yan impact DPax2 expression and cell

differentiation in the Drosophila eye.
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