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Abstract

lonizing radiation (IR) is used to treat half of all cancer patients because of its ability to kill
cells. IR, however, can induce stem cell-like properties in non-stem cancer cells, potentiat-
ing tumor regrowth and reduced therapeutic success. We identified previously a subpopula-
tion of cells in Drosophila larval wing discs that exhibit IR-induced stem cell-like properties.
These cells reside in the future wing hinge, are resistant to IR-induced apoptosis, and are
capable of translocating, changing fate, and participating in regenerating the pouch that suf-
fers more IR-induced apoptosis. We used here a combination of lineage tracing, FACS-sort-
ing of cells that change fate, genome-wide RNAseq, and functional testing of 42 genes, to
identify two key changes that are required cell-autonomously for IR-induced hinge-to-pouch
fate change: (1) repression of hinge determinants Wg (Drosophila Wnt1) and conserved
zinc-finger transcription factor Zfh2 and (2) upregulation of three ribosome biogenesis fac-
tors. Additional data indicate a role for Myc, a transcriptional activator of ribosome biogene-
sis genes, in the process. These results provide a molecular understanding of IR-induced
cell fate plasticity that may be leveraged to improve radiation therapy.

Author summary

Tonizing radiation (IR) is used to treat half of all cancer patients because of its ability to
kill cells but treatment failures are common because tumors grow back (regenerate). Here,
we asked which changes in the properties of cells facilitate regeneration in Drosophila
(fruit flies) after exposure to radiation. We identified six genes whose products increase or
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decrease the regenerative potential of cells. These results help us understand how tissues
regenerate after IR damage and will aid in designing better therapies that involve
radiation.

Introduction

More than half of cancer patients receive ionizing radiation (IR), alone or as a component of
their treatment (www.cancer.org). IR induces DNA damage to kill cells. Surviving cancer cells
could, however, regenerate the tumor, leading to treatment failure. Regeneration of tumors is
attributed to cancer cells with stem cell-like properties [1,2]. These cells, distinguished by can-
cer type-specific markers such as CD44 and ALDH for Head and Neck Squamous Cell Carci-
noma, survive treatment and show elevated capacity to initiate tumors compared to their
counterparts that lack the markers [3,4]. Identifying and eliminating cancer stem-like cells is a
goal for improved therapy. A body of literature shows that the proportion of cancer cells with
stem cell markers increases after treatment [5], and that in some cases, the treatment itself
such as IR is found to induce stemness [6-9]. There is also evidence for non-stem cells acquir-
ing stem cell-like properties in the context of regeneration of normal tissues after radiation
damage. In irradiated mouse intestine, Paneth cells de-differentiate to populate the stem cell
compartment [10]; forced activation of Notch signaling recapitulates this process in the
absence of irradiation. In irradiated mouse salivary glands, acinar and duct cells adopt plastic-
ity to regenerate acinar cells [11]. Thus, there is mounting evidence that IR can induce cell fate
plasticity, but the mechanisms remain to be fully understood.

Regeneration of Drosophila larval organs called imaginal discs occurs without a dedicated
stem cell pool. We identified a previously unknown mode of regeneration in Drosophila larval
wing discs whereby epithelial cells acquire stem cell-like properties after irradiation [12-14].
These properties include the ability to change cell fate and translocate to areas of the disc with
greater need for cell replenishment. The ability to behave like stem cells, we found, is induced
by IR and is limited to a specific subset of cells within the wing disc, those of the future hinge
that connects the wing blade to the body.

The hinge region of the wing disc displays unique features. It experiences a combination of
high Wingless (Wg, Drosophila Wnt1) and Stat92E (Drosophila STAT3/5) signals, which act
together to promote the growth and differentiation of the region during normal development
into a structure that connects the wing blade to the body wall in the adult [14]. In the larval
wing disc, hinge cells show different cytoskeletal and extracellular matrix organization than
the rest of the disc and are highly tumorigenic; they undergo neoplastic transformation under
conditions that have little effect on the rest of the wing disc such as mutations in tumor sup-
pressors gl and scrib, leading to the hinge being called a ‘tumor hotspot’ [15]. When the adja-
cent pouch region is genetically ablated by localized ectopic expression of pro-apoptotic genes,
the cells of the hinge change fate to regenerate the pouch [16]. We have shown that hinge cells
are resistant to IR-induced apoptosis and that this protection depends on Wg and Stat92E
[14]. Importantly, irradiated hinge cells lose the hinge fate as seen by the loss of expression of
hinge markers, gain pouch fate as seen by the gain of expression of a pouch marker, translocate
to the pouch and help regenerate the latter. Candidate testing identified apoptotic caspases and
cytoskeletal proteins as important for hinge-to-pouch conversion [12,17], but we lack a com-
prehensive understanding of this fate change process.

Here, we performed a genome-wide analysis of gene expression changes during regenera-
tion of the Drosophila larval wing disc. By dissociating the discs into single cells and using
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Fluorescence-Activated Cell Sorting (FACS) we monitored the hinge versus the rest of the
disc, to identify genes that are differentially expressed in the two cell populations during regen-
eration and fate change. Functional testing of 42 candidate regulators identified six genes
whose experimental manipulation compromised hinge-to-pouch conversion. These six genes
encode hinge determinants (Zth2 and Wg) or ribosome biogenesis factors (RpI135, Rsl, Tsrl
and Myc), suggesting that cell fate plasticity during regeneration in irradiated wing discs
requires downregulation of transcripts for hinge determinants and concomitant upregulation
of translation capacity. These results illustrate that cell fate change requires much more than
simply transcribing genes for the new fate; suppression of old fate determinants and post-tran-
scriptional mechanisms that generate new fate determinants appear equally important.

Results
Characterization of hinge-specific 30A-GAL4 driver

To lineage-trace hinge cells, we used a hinge-specific 30A-GAL4 driver, whose expression is
entirely within the hinge region as defined by antibody staining for the hinge determinant
Zth2 [12]. We mapped 30A-GAL4 by plasmid rescue to 21E2, at genomic location 2L:685363.
685363[+] (Release 5.28 of D. melanogaster genome), within an intron of the dachsous gene
that encodes a member of the cadherin family ([18] gene nomenclature follows FlyBase). ds is
expressed more broadly in the wing disc than 30A-GAL4 [18], suggesting that 30A recapitu-
lates only a subset of ds expression. More important, expression of the dual-color G-trace
reporter in which RFP is the real-time maker and GFP is the lineage tracer [19] showed that
cell fates are stable in the 30A-GAL4 domain as indicated by RFP/GFP overlap ([12-14];
reproduced in Fig 1B and 1B’). After irradiation, however, some hinge cells marked with GFP
lose hinge-specific 30A-GAL4 activity (become RFP") and translocate to the pouch region
([12-14]; Fig 1F and 1F arrows). We interpret RFP*GFP™ cells as those in the hinge and

RFP GFP" cells as those that originated in the hinge but lost the hinge identity.

We have shown previously that fate change and translocation commence at about 48h after
exposure to 4000R of X-rays [14]. We reproduce this result here. RFP"GFP" cells are scarce at
24h after irradiation (Fig 1D’) but appear by 48h after irradiation (Fig 1E” arrows). Fate change
is maximal at 72h after irradiation such that RFP"GFP™ cells are found in the pouch (Fig 1F’
arrows; yellow line indicates the pouch). We lose the larvae to pupariation at later times after
IR. This schedule of hinge-to-pouch conversion was observed whether we irradiated larvae 3
days from the end of egg collection [13] or 4 days from the end of egg collection [14]. We
showed previously that RFP"GFP™ cells in the pouch have not only lost the hinge fate (became
RFP") but also have acquired the pouch fate as detected by VgE-lacZ expression [12]. To
understand the molecular changes that regulate fate change and translocation, we analyzed
gene expression at 24 and 48h after irradiation and at 24h without irradiation. These earlier
time points, we reasoned, are more likely to capture changes that cause fate change/transloca-
tion by 72h after IR. The 72h time point was used in functional testing of candidate regulators
of fate change described later, with a temperature shift in the protocol to activate GAL4 condi-
tionally (Fig 1G).

IR-induced gene expression changes in the hinge versus the rest of the disc

To capture IR-induced gene expression changes specifically in the hinge, the discs were disso-
ciated into single cells and sorted into REP"GFP* (hinge) and RFP"GFP" pools (FACS profile
in S1 Fig). The latter group would include cells of the pouch and the notum. We detected
RFP"GFP" cells as well, but these were not included in the analysis for two reasons. First, we
reasoned that they have already changed fate and therefore were beyond the state of interest.
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Fig 1. Lineage tracing to monitor cell fate changes after irradiation. Larvae expressing G-trace under the control of 30A-GAL4 were irradiated with 0 or
4000R of X-rays. The discs were dissected at various times shown after irradiation, fixed, stained for DNA and imaged for DNA, RFP and GFP. The larvae
were of the genotype w'''%/+ or Y; 30A-GAL4>UAS-G-trace/+ produced by a cross between w'''® and 30A-GAL4>UAS-G-trace/SM5 and sorted for
RFP/GFP. Scale bar = 100 microns. (A) The protocol used to generate the samples for RNAseq. (B-F) Representative discs from various time points. (B-B’)
show discs at the time of irradiation. Note the overlap of RFP and GFP, indicating little fate plasticity, and the absence of GFP" cells in the pouch within
the yellow line in B. DNA images are used to discern the different regions of the disc; n = notum, h = hinge, p = pouch. (C-C’) show an unirradiated disc at
24h after mock irradiation, the time point for -IR RNAseq samples. (D-D’) show an irradiated disc at 24h after IR, showing little fate change. The IR+24h
RNAseq samples were from such discs. (E-E’) show an irradiated disc at 48h after IR, showing the first indications of fate change as seen by RFP"GFP" cells
(arrows). Similar results are seen also in larvae that were irradiated 3 days from the end of egg collection. The IR+48h RNAseq samples included larvae
irradiated 3 or 4 days from the end of egg collection. (F-F’) show an example of a disc with fate change as indicated by RFP"GFP" cells (arrows) in the
pouch (yellow circle). Such fate change was seen at the IR+72h time point when larvae were irradiated 3d (shown here) or 4d from the end of egg
collection [14]. (G) The temperature shift and irradiation protocol used in the functional tests. The temperature shift inactivates GAL80" that was present
in the crosses for the functional tests.

https://doi.org/10.1371/journal.pgen.1009989.9001
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ple was acquired in duplicate to achieve two biological replicates of the whole experiment.

To assess the accuracy of cell sorting procedures, genes known to be differentially expressed
in the hinge (8 genes), the pouch (9 genes) or the notum (10 genes) were identified from the
literature [20-31], and their basal (-IR) expression was compared between POS and NEG
samples (Fig 2A). POS cells showed higher expression of hinge-expressed genes such as zfh2
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Fig 2. Differential gene expression in POS/pos (RFP*GFP*) versus NEG/neg (RFP"GFP") cells without irradiation. FlyBase nomenclature for gene
names is used throughout the manuscript (https://flybase.org). (A) The heatmap shows the expression in POS and NEG cells of genes that are known from
the literature to show elevated expression in the hinge, notum, or pouch. (B) Aggregate gene set enrichment scores of the indicated gene sets. Each tick
mark represents a gene in the pathway. The barplot shows the normalized enrichment scores (NES, the degree to which a gene set is overrepresented,
normalized for gene set size) and p-values adjusted for False Discovery Rate (FDR, estimated probability that a gene set with a given NES represents a false
positive finding). See www.gsea-msigdb.org for further definitions. The plot at the bottom shows the fold-changes of genes when comparing POS versus
NEG samples in the same order as the pathway data above. Significant (FDR<0.05) genes are highlighted in red. (C-D) The expression in counts per
million (CPM) in POS and NEG cells of zfh2 and pnr, representative transcripts with high expression in the hinge and the notum, respectively. Pairs of
dots represent data from two biological replicates.

https://doi.org/10.1371/journal.pgen.1009989.9002
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(log, = 3.3) [31], upd1 (log, = 3.6) [26], and Sox15 (log, = 4.1)[23]. Expression of ds, whose
sequences drive G-trace, was also ~3 fold higher (log, = 1.8) in the POS cells than in NEG
cells. Conversely, NEG cells, which would include both the pouch and the notum, showed
higher levels of transcripts known to be primarily or exclusively expressed in the notum such
as zfh1 (log, = 4.9), par (log, = 2.2), and tup (log, = 1.8) and the pouch such as ana (log, =
2.9), cyp310al (log, = 1.6), dve (log, = 1.4) and vg (log, = 1.2) [20,21]. We note that zth1 is not
expressed in the disc proper but in muscle precursors that are associated with the notum [32].
Gene set enrichment analysis [33] showed statistically significant enrichment of hinge gene
expression in POS cells and enrichment of notum and pouch gene expression in NEG cells
(Fig 2B, top three rows). One representative example each of a gene differentially expressed in
POS (zfh2) or NEG cells (pnr) is shown in Fig 2C and 2D.

As described above, the hinge region of the wing disc differs from the rest of the disc in
terms of cellular architecture and regenerative potential [14,15]. To identify additional differ-
ences, we asked what functional groups show differential expression between the hinge and
the pouch/notum. To our surprise, genes involved in ribosome biogenesis were among the
most significant pathways (Fig 2B, 4™ row from the top). These are expressed at lower levels in
POS cells compared to the NEG cells. A key transcriptional regulator of ribosome biogenesis is
the proto-oncogene myc [34-36]. Consistent with this, transcriptional targets of Myc are
expressed at significantly lower levels in POS cells compared to the NEG cells (Fig 2B, bottom
row).

Gene expression changes following irradiation in POS and NEG cells

We have shown before that the hinge and the rest of the disc show similar incidence of cells in
S and M phases without IR; that is, there are no inherent differences in cell proliferation
between these disc regions [14]. Likewise, the hinge and the rest of the disc suffer a similar
level of DNA damage after irradiation as detected by y-H2Av (Drosophila y-H2Ax) staining
and show similar kinetics of DNA repair as seen by a time course of disappearance of y-H2Av
[14]. We published IR-induced genome-wide gene expression changes in the whole wing disc
and identified changes in genes with roles in DNA damage responses such as DNA repair [37].
We expect these changes to be shared by cells in different parts of the wing disc. The present
study is focused not on shared DNA damage responses, which typically occur within 24h after
irradiation, but on cell fate changes that occur at later times. Specifically, we are interested in
differences in the IR-induced behavior between the hinge and the rest of the disc. To this end,
we performed a time course analysis using maSigPro to determine genes whose expression dif-
fers between POS and NEG cells following irradiation [38]. This analysis identified 821 genes
significantly different across the time course (S1 Table). Gene clustering identified 7 clusters
with similar expression patterns (Figs 3A and S2).

Over-Representation Analysis identified enriched pathways in Clusters 1
and 2

Clustering of the significant genes revealed two clusters of particular interest. Cluster 1
included genes that show lower basal expression in POS cells compared to NEG cells but
became more similar after irradiation (Fig 3B). We hypothesize that these genes could encode
factors that are upregulated in hinge cells (POS) as they fate-change into pouch cells (NEG),
thus making POS cells more like NEG cells. Over Representation Analysis (ORA) of these
genes identified pathways involved in ribosome biogenesis and Myc targets (Fig 3C). Cluster 2
included genes that show higher basal expression in POS cells than in NEG cells but became
more similar after irradiation (Fig 3D). We hypothesize these genes could encode factors that
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S2 Table. (B) Median expression (counts per million) of the genes in Cluster 1 at various treatment and time points. Gene names are in S3 Table. Pairs of
circles represent data from two biological replicates. (C) Top five most significant gene sets following ORA for genes in Cluster 1 are shown with FDR-
adjusted p-values. Gene names are in S3 Table. (D) Median expression (counts per million) of the genes in Cluster 2 at various treatment and time points.
Pairs of circles represent data from two biological replicates. (E) Top five most significant gene sets following ORA for genes in Cluster 2 are shown with

FDR-adjusted p-values. Gene names are in S3 Table.

https://doi.org/10.1371/journal.pgen.1009989.9003

are downregulated in hinge cells (POS) as they fate-changed into pouch cells (NEG), thus mak-
ing POS cells more like NEG cells. ORA of these genes identified pathways involved in differ-
entiation-related processes of regionalization, development and specification (Fig 3E). All
gene sets with an adjusted p-value <0.05 are shown in S3 Table. Based on these results and
other considerations described in S4 Table, 42 genes were tested for functional importance in
IR-induced fate change, using overexpression or knock-down approaches. Gene expression
changes could drive fate change (drivers) or simply accompany fate change (passengers);
therefore, functional tests are needed to tell these apart. Manipulation of six of these genes pro-

duced positive data and are described below.

Functional test of ORA groups: elevation of hinge determinants interfered

with fate change

Most significant pathways in Cluster 2 included genes with roles in differentiation, suggesting
that IR induces a de-differentiated state (Fig 3E and S3 Table). These genes are expressed more
highly in the hinge but decreased after IR. Five examples are shown in Fig 4A-4E. The magni-
tude of the decrease is small in each case, but we note that only a fraction of hinge cells changes
fate (Fig 1F’). Zth2, a transcription factor and an effector in the JAK/STAT pathway, is a key
determinant of the hinge fate [31]. kto encodes a homolog of Med12, a subunit of the tran-
scription Mediator complex, and is essential for the expression of downstream targets in the
canonical Wnt signaling pathway [39]. Wg and Wnt5 are signaling ligands in the Wnt family
and Wg cooperates with Zfh2 in hinge development [31,40,41].
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control and larvae overexpressing UAS-wg treated as shown in Fig 1G. Controls show robust cell fate change and translocation after IR (G) but wg
expression in the hinge inhibited IR-induced cell fate plasticity (I). Scale bar = 100 microns. (J) Discs such as those shown in (F-I) were quantified for
total RFP"GFP" area in the pouch region (within the yellow circle in G) normalized to the RFP*GFP" hinge area to account for variations in disc size. Cell
autonomous expression of wg and zfh2 but not Wnt5 significantly decreased the normalized RFP"GFP* area. p values are for comparison to w'''® +IR
(2-tailed t-test). The numbers in brackets are the total number of discs examined in two or more biological replicate experiments. (K-L) Antibody
staining for Wg protein shows increased signal in the 30A expression domain, for example between two arrows. Scale bar = 100 microns.

https://doi.org/10.1371/journal.pgen.1009989.9004

We have reported before that depletion of zth2 or inhibition of Wg signaling by expressing
the inhibitor Axin cell-autonomously in the 30A domain resulted in increased IR-induced
apoptosis in the hinge at 4h after irradiation, followed by decreased hinge-to-pouch conver-
sion [12]. The current data suggests that although zth2 and Wg signaling are required immedi-
ately (4h) after irradiation to protect the hinge from IR-induced apoptosis, these factors may
need to be downregulated later (24h after IR) for fate change. We tested this hypothesis by con-
ditional overexpression of zth2, Wg and Wnt5 from UAS-transgenes ([40] and S4 Table).

GAL4 was repressed with GAL80"™ and the larvae were allowed to develop to third instar
stage at 25°C (Fig 1G). Larvae were shifted to 29°C to inhibit GAL80" and de-repress GAL4
for 24h before irradiation. Wing discs were analyzed 72h after irradiation and fate change
quantified as total area of RFP"GFP" cells in the pouch area (within the yellow circle in Fig 4G)
normalized to the RFP"GFP™ hinge to account for variations in disc size, as we have done
before [12-14]. The results show that conditional, cell-autonomous overexpression of zth2 and
wg but not Wnt5 reduced fate change and translocation (Fig 4]). These results support the
hypothesis that downregulation of zfh2 and Wg signaling is required for cell fate plasticity
after irradiation.

Zth?2 functions upstream of Wg expression during normal wing development [31,41].
Therefore, we asked if Zfh2 also functions upstream of Wg during regeneration after irradia-
tion, by staining 30A-GAL4>UAS-zth2 discs for Wg protein (Fig 4K and 4L). We have shown
before that 30A expression domain falls between Wg inner and outer rings (arrows in Fig 4K
[14]). In 30A-GAL4>UAS-zth2 discs, these cells express Wg such that the area between inner
and outer rings are ‘filled in’ with Wg antibody stain (between arrows in Fig 4L). Since expres-
sion of UAS-wg in the same cells prevented cell fate plasticity, induction of Wg by UAS-zth2 is
one possible way in which UAS-zth2 prevents cell fate plasticity although each may also be
capable of preventing fate change when overexpressed.

Functional test of ORA groups; inhibition of ribosome biogenesis
interfered with fate change

Among Cluster 1 genes, the most significant ORA group was ribosome biogenesis (Fig 3C and
S3 Table). This group of genes shows lower basal expression in the hinge than in the rest of the
disc without IR (Fig 2B). After IR, their expression increased in the hinge to a greater degree
than in the rest of the disc (Fig 5A). Transcript levels for two such genes, RpI135 and Tsrl, are
shown in Fig 5B and 5C. RpI135 encodes the core subunit of the RNA Polymerase I that tran-
scribes ribosomal RNAs. Tsr1 is the Drosophila homolog of a human ribosome assembly factor
(FB2021_03 [42]). We identified also Rs1, predicted to encode a nucleolar RNA helicase, as
another ribosome assembly function that shows a similar expression profile even though it was
placed in Cluster 7 by maSeqPro. We had shown previously that optimal translation is critical
for recovery from radiation damage in both Drosophila [43] and in mammalian tumor models
[44,45]. Specifically, halving the ribosome protein gene dosage or feeding irradiated larvae an
inhibitor of translation, bouvardin, reduced survival to adulthood [46]. The current data suggest
that translational control may be critical not just for survival but also for IR-induced cell fate
changes. To test this hypothesis, we used RNAi to deplete RpI135, Tsrl and Rs1 (Fig 5F-5I and
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Fig 5. Depletion of ribosome biogenesis factors inhibits the regenerative behavior of hinge cells. (A) Heatmap displaying genes in ribosome biogenesis in POS
and NEG cells. Gene names are in S2 Table. Gene set enrichment plots for indicated differential expression comparisons are shown to the side. The fold-change is
ranked from high to low, so higher in 24h or 48h compared to -IR. (B-E) Expression trajectory of three ribosome biogenesis genes, RpI135, Rs1 and Tsrl, illustrate
how their expression increased to a greater extent in POS cells than in NEG cells after IR. RpII140, encoding a subunit of RNA pol II, is shown here as a counter-
example of a gene that does not show this trajectory. Pairs of dots represent data from two biological replicates. Lines connect the averages. (F-I) Wing discs from
control larvae with matched background (GD) and larvae expressing RNAi for RpI135 in the hinge, treated as shown in Fig 1G. Controls show robust cell fate
change and translocation after IR (G) but RpI135 depletion in the hinge inhibited IR-induced cell fate plasticity (I). Scale bar = 100 microns. (J) Discs such as those
shown in (F-I) were quantified for total RFP"GFP™ area in the pouch area as in Fig 4 and normalized to the RFP*GFP™ hinge area to account for variations in disc
size. Cell autonomous depletion of RpI135, Rs1 and Tsrl significantly decreased the normalized RFP"GFP" area. P values are for comparison to GD+IR (2-tailed t-
test). The numbers in brackets are the total number of discs examined in two or more biological replicate experiments. (K) The potency of RNAi constructs was
assessed in terms of lethality when constitutively expressed (without GAL80") from en-GALA4, using the X” test. One parent in each cross was balanced over CyO so
that expected ratio if RNAi had no effect was 1 Cy:1Cy". RpI135 (v37581), Rs1 and RplI1140 displayed effective RNAi by this measure. The RpI135 RNAi construct
#2 did not affect survival and, likewise, did not affect cell fate plasticity (S3 Fig). The data from three independent egg collections for each RNAi line are shown.

https://doi.org/10.1371/journal.pgen.1009989.9005

quantified in 5]). The depletion was conditional, beginning one day before irradiation (Fig 1G),
and was cell-autonomous in the 30A domain. By the time of the temperature shift to activate
GAL4, the wing discs have developed such that conditional depletion of an essential factor did
not affect hinge development (compare Fig 5F and 5H; see also Fig 6F). The results demonstrate
that RpI135, Tsrl and Rslare needed for IR-induced hinge-to-pouch conversion (Fig 5J).
Comparative analysis of RpII140 helps us rule out the possibility that importance of
RpI135, Rsl and Tsrl reflects a general requirement for macromolecular synthesis. RpII140
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encodes the large subunit of RNA polymerase II. Unlike RpI135, Rs1 and Tsrl, RpII140
showed neither basal (-IR) differences between POS and NEG samples nor differential expres-
sion after IR (Fig 5E). And despite a slight increase in expression after IR in both cell popula-
tions (log,~0.2), RNAi against RpII140 did not affect IR-induced plasticity (Fig 5]). Although
we cannot exclude the possibility of residual protein, this negative result is unlikely to be
because of ineffective RNAi; broad expression using an engrailed-GAL4 driver without GAL80
and without irradiation resulted in lethality for RpI135, Rs1 and RpII140 RNAi lines used in
Fig 5] (Fig 5K). This is expected as all three genes encode essential functions. In contrast,
RpI135 RNAi line#2 provides a counter example of ineffective RNAj; it produced no lethality
with en-GAL4 (Fig 5K) and no effect on fate change (S3 Fig). In other words, there is a clear
correlation between effective RNAj, as detected independently by organismal lethality without
irradiation, and disruption of fate change when conditionally expressed in the hinge. These
results suggest collectively that ribosome biogenesis genes are specifically upregulated to a
greater extent in the hinge after irradiation and that their function is require for IR-induced
hinge-to-pouch conversion.

Functional test of ORA groups; Myc

An ORA group in Cluster 1 includes Myc targets (Fig 6A, see also Fig 3C and S3 Table). Myc is
a key transcriptional regulator of ribosome biogenesis in Drosophila and vertebrates [34-36].
RpI135 is a Myc transcriptional target in the Drosophila wing disc [47] and is needed for IR-
induced fate change (Fig 5I). Therefore, we asked if Myc is also required for IR-induced fate
change. We expressed three different Myc RNAI constructs in the hinge conditionally with the
30A-GAL4 driver and quantified the effect on fate change. myc is an essential gene; broad and
continuous depletion of Myc is expected to cause lethality. Therefore, as for RPI135, we
expressed the RNAI constructs broadly and constitutively (with en-GAL4 driver, without
GALSO or IR) and quantified organismal lethality as an independent measure of RNAi efficacy
(Fig 6B). Only two RNAi constructs against Myc produced lethality, with one (v2947) showing
complete lethality and the other (BL25783) partial lethality. These two are also the constructs
that depleted Myc protein (S4 Fig); the third construct, BL36123, had no effect on Myc protein
level or lethality (Figs S4 and 6B). In fate change assessment, the RNAi construct that produced
complete lethality was also the one that inhibited fate change with statistical significance
(v2947, Fig 6C-6E). We conclude that effective depletion of Myc inhibited IR-induced fate
change. The effect of Myc or ribosome biogenesis on fate change could be because they are
needed for fate-changing hinge cells to grow and proliferate as they translocate into the pouch.
We do not favor this possibility for the following reason. Although constitutive loss of ribo-
some function or Myc is expected to inhibit growth and proliferation, conditional depletion of
these functions using the protocol in Fig 1G does not appear to affect growth or proliferation;
quantification of the RFP* hinge area showed no significant difference between controls and
RNAI discs (Fig 6F).

Additional genes tested

We tested additional genes and pathways based on altered expression in POS cells after IR and
because of potential roles in regeneration and cell fate plasticity based on the literature (stock/
gene list in S4 Table). None had significant effect on IR-induced fate change (S3 Fig). But we
note that we do not know how effective the RNAi/overexpression constructs were under our
experimental conditions even though we selected each based on published efficacy (references
in S4 Table). For example, a published RNAi construct against TAF1B, another subunit of
RNA pol I, was effective in the germline [48] but did not cause lethality when broadly and
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https://doi.org/10.1371/journal.pgen.1009989.9006
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constitutively expressed using en-GAL4, suggesting it is not effective in somatic cells (S3G
Fig); this construct also did not affect IR-induced cell fate change (S3A Fig). Some of the
results in S3 Fig may therefore be explained by context-specific ineffectiveness of transgenic
constructs.

This concern does not apply to classical loss-of-function mutants. Therefore, it is worth
noting that depletion of ribosome function in heterozygotes of RpL36°°*”" and RpS13" did not
affect IR-induced fate change (S3B Fig). Heterozygosity in these alleles was shown previously
to reduce survival of irradiated larvae into adulthood in our hands, that is, these alleles impair
gene function sufficiently to produce a radiation-dependent phenotype [46]. Similarly, sys-
temic reduction of translation with bouvardin, a small molecule inhibitor we have shown pre-
viously to reduce the survival of irradiated larvae [46], did not affect IR-induced fate change
(S3F Fig) at concentrations that reduces survival. We conclude that while hinge-specific reduc-
tion of ribosome biogenesis interfered with IR-induced fate change (Fig 5), systemic reduction
of ribosome function did not have the same outcome (S3 Fig). We do not know the reason for
this but note that systemic reduction of ribosome function can support life, for example in het-
erozygotes of ribosomal proteins, but clonal reduction of ribosome function is known to cause
death through competition with the neighbors (for a recent review, [49]).

Discussion

We present here a genome-wide transcriptome analysis of cell fate conversion during regener-
ation after radiation damage. The ability to trace cells with precise spatial-temporal control,
combined with powerful genetic tools to assess gene function in Drosophila, allowed us to
identify genes needed for IR-induced cell fate plasticity in a cell sub-population of interest.
Drosophila imaginal discs are composed of a continuous epithelium. An unexpected result is
that different regions of this structure express different levels of ribosome biogenesis genes
(Fig 2). Irradiation adds another level of change by targeting the same functional group (Fig
5). We are unaware of prior documentation of differential ribosome biogenesis in a continu-
ous epithelium. In fact, ribosomal components are typically used as loading controls to nor-
malize samples across tissues or treatment. Our results question the validity of this practice.
The basal difference in Myc and ribosome biogenesis between the hinge and the rest of the
disc is also surprising because such differences, when induced experimentally in neighboring
cells, result in cell competition whereby ‘loser’ cells with reduced translation capacity are elimi-
nated via apoptosis (for a recent review, [49]). Despite reduced expression of Myc targets and
ribosome biogenesis genes, hinge cells are clearly not ‘losers’ during normal development. But
inequalities in translation capacity is just one of many possible triggers for cell competition.
The hinge is flanked by two sources of Wg, from Wg Inner and Outer Rings. Elevated Wg sig-
naling is another basis for making the cells ‘winners’ over their neighbors, and this mode of
cell competition is independent of Myc [50]. We speculate that reduced ribosome biogenesis
may be offset by increased Wg signaling to maintain the hinge during normal development.
Our results suggest that translational capacity increased specifically in the hinge in irradi-
ated discs and that it plays a role in fate change. In human glioblastoma cells, a combination of
ribosome profiling and transcriptomics showed that mRNAs that changed ribosome-associa-
tion were 10-fold greater in number than mRNAs that changed in transcript levels after irradi-
ation [51]. In breast, lung and pancreatic cancer cells, radiation produced profound shifts in
ribosome-associated mRNAs [52]. In other words, IR may induce greater changes in transla-
tional regulation than transcriptional regulation. Our results advance this knowledge by dem-
onstrating that one outcome of translational changes is IR-induced cell fate plasticity and
translocation of cells from the hinge to the pouch. Our results agree with recent findings that
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increased ribosome biogenesis accompanies Epithelial-Mesenchymal Transition and that
pharmacological inhibition of RNA pol I reduced invasiveness and caused de-differentiation
(made the tumor more benign) in in vitro and in vivo models of breast cancer [53].

We do not know how irradiation is linked to increased ribosome biogenesis but identify
Myc as a potential mediator. In Drosophila wing discs that are regenerating after genetic abla-
tion of the pouch, Myc is transcriptionally induced near the wound site [54]. There is surpris-
ingly little in the literature that links Myc and IR, given the central role of Myc in oncology. In
our own studies, Myc transcripts show minimal change after IR (Fig 6G and [37]). Interest-
ingly, transcripts for transcription repressor and Myc antagonist Mnt decreased nearly 2-fold
after IR in both POS and NEG cells (Fig 6H). Repression of an inhibitor would activate Myc
and could link IR with Myc activity.

Elevating the expression of wg or zfth2 interfered with hinge-to-pouch conversion. During
wing development, zth2 is repressed distally along the proximal/distal axis to allow the expres-
sion of pouch determinants nab and dve and the formation of the pouch [31,55]. During
regeneration, our data suggest that downregulation of zth2 in the hinge allows hinge-to-pouch
transformation, presumably by allowing pouch-specific gene expression as during develop-
ment. We found also that zfh2 is capable of inducing Wg protein and that elevation of wg on
its own prevented fate change. Therefore, induction of Wg provides a second mechanistic
explanation for the effect of zth2 on fate change. The inhibitory role of Wg in fate change in
the context of irradiation is seen also in mice where suppression of Wnt signaling prevented
ectopic differentiation, maintained the Intestinal Stem Cell pool, and allowed regeneration of
the crypt after IR damage [56]. We advance this knowledge with the finding that too much or
too little Wg/Zfh2 are equally detrimental. This is because we showed previously that RNAi-
mediated depletion of zfh2 or expression of Wg antagonist Axin specifically in the hinge also
inhibited hinge-to-pouch conversion after IR [14]. Why might depletion and elevation of wg
or zfh2 produce the same outcome? The requirement for wg/zth2 can be explained by their
role in protecting the hinge cells from IR-induced apoptosis, assayed at 4h after irradiation
[12,14]. At later times (24-48h after IR), zth2 and Wy signaling become reduced as cells change
fate; elevation of these interfere with fate change (this study), explaining the paradoxical
results.

The mechanism by which transcripts of fate determinants are downregulated remains to be
investigated. PcG and trxG chromatin complexes are needed for surgically ablated leg discs to
change fate or ‘transdetermine’ into wing discs [57,58]. Depletion of Polycomb Repressor
Complex 2 members E(z) and Esc using heterozygous mutants, however, produced only nega-
tive results on fate change (S3 Fig and S4 Table). Transcription factor tara and a SWI/SNF
chromatin-remodeling complex were found to prevent Anterior/Posterior fate switch during
regeneration after genetic ablation of the pouch [59,60]. However, tara’ heterozygotes, which
produced an A/P switch in the genetic ablation model, did not affect hinge-to-pouch fate
change after irradiation (S3B Fig), suggesting different mechanisms for the two fate switch
events.

Genome-wide analysis of cell fate conversion after radiation damage reported here add to
our published finding that in the wing disc, hinge-to-pouch fate change after irradiation
requires apoptotic caspase activity, despite the fact that hinge cells are refractory to IR-induced
apoptosis [12]. Collectively, these data support the model that fate change after IR exposure
requires not only the induction of new fate determinants but also the removal of old fate deter-
minants (Fig 61, modified from [61]). This model agrees with the literature that post-transcrip-
tional mechanisms play critical roles in cell fate change (without irradiation) in different
systems: miRNAs during C. elegans development and in mammalian macrophages (to neutral-
ize mRNAs [62-64]) or apoptotic caspases in non-lethal roles during C. elegans development
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and in mammalian muscle and embryonic stem cells (to neutralize proteins [65-68]). We add
to this knowledge by identifying a new requirement for enhanced translation capacity, pre-
sumably to produce proteins that enact the new fate. We plan to focus our future efforts on
identifying the mRNA/protein targets of this enhanced translational capacity.

Materials and methods
Drosophila stocks

Stocks used, along with the sources, genotypes, stock numbers and references are listed in S4
Table. We follow the FlyBase nomenclature for gene names (https://flybase.org). All stocks
used are published and/or available from public stock centers. For balanced stocks without a
larval marker, the balancers were changed to CyO-GFP or TM6 Tb before use. The absence of
the balancer-encoded marker identified the experimental animals. The flies were raised in
Nutri-Fly Bloomington formula food (Genesee Scientific) at 25°C unless otherwise noted. Vir-
gins and males were fed Nutri-Fly German formula food (Genesee Scientific) at 25°C for three
days after crossing; we found this improves egg production. Embryo collection and subsequent
culture were in Nutri-Fly Bloomington formula food. Temperature shift protocols are
described in Fig 1. Larval vials were monitored regularly for overcrowding (typically seen as
dimples in the food) and split as needed.

Irradiation and drug treatment

The larvae in food were placed in petri dishes and irradiated in a Faxitron Cabinet X-ray Sys-
tem Model RX-650 (Lincolnshire, IL) at115kv and 5.33rad/second. Bouvardin (NSC259968,
NCI DTP) in DMSO was diluted into 5 ml of melted food in vials to achieve the final DMSO
concentration of 0.05%. Irradiated larvae were washed clean of food and placed onto the sur-
face of food with bouvardin.

RNA isolation and processing

We followed a published protocol [69]. Briefly, 30A>G-trace/SM5 virgin females were crossed
to w'''® males and RFP*GFP" larvae were sorted manually. Wing discs were dissected in PBS
and dissociated into single cells by limited trypsin digestion as described before REP*GFP*
and RFP"GFP" cells were collected by Fluorescence-Activated Cell Sorting at the Flow Cytome-
try Shared Core, University of Colorado at Boulder. Poly-A RNA was isolated using a RNeasy
kit (Qiagen) and a KAPA mRNA capture hyper prep kit (Roche) according to manufacturer’s
instructions. RNA was sequenced with ERCC spike-ins (ThermoFisher) using a NexSeq 500
sequencer at the BioFrontiers Sequencing Core, University of Colorado at Boulder. To obtain
sufficient material for each biological replicate, we pooled discs from multiple independent
crosses, dissection and dissociations, and cell sorting runs. Therefore, biological replicates rep-
resent independent biological samples, cell lysis, mRNA isolation, and sequence analysis.

Staining and imaging of wing discs

To collect wing discs, the larvae were dissected in PBS and fixed in 4% paraformaldehyde in
PBS for 30 minutes at room temperature, washed with PBS for 10 minutes, followed by a 5
min wash with PBT (0.1% Tween-20). For antibody staining, wing discs were permeabilized in
PBT (0.5% Tween-20) for 10’ and rinsed in PBT (0.1% Tween-20). The discs were blocked in
5% Normal Goal Serum in PBT (0.1% Tween-20) for at least 30 min and incubated overnight
at 4°C in primary antibody in block (1:100, mouse monoclonal anti-Wg, Developmental Stud-
ies Hybridoma Bank Cat# 4D4; undiluted mouse monoclonal anti-Myc, Developmental
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Studies Hybridoma Bank Cat# P4C4-B10). The discs were rinsed thrice in PBT (0.1% Tween-
20) and incubated in secondary antibody at 1:500 dilution in block for 2 h at room tempera-
ture. The wing discs were stained with 10pug/mL Hoechst33342 in PBT (0.1% Tween-20) for 2
minutes, washed 3 times in in PBT and mounted on glass slides in Fluromount G (Southern-
Biotech). Wing discs were imaged on a Leica DMR compound fluorescence microscope using
a Q-Imaging R6 CCD camera and Ocular software. The images were assembled, processed,
and quantified using Image J software.

RNA-sequencing

Mumina adapters and the first 12 base pairs of each read were removed using BBDuk [70] and
reads less than 50 base pairs were discarded. STAR (2.6.0a) [71] was used to align and count
reads against the Ensembl Drosophila melanogaster genome (BDGP6.22, release 97). Differen-
tial expression comparing groups was performed using the limma R package and the voom()
function [72]. Plots were generated using the ggplot2 R package [73]. The trajectory plots dis-
play the log2 counts per million (CPM) for each sample. The line represents the mean of the
replicates. Heatmaps of z-score transformed log 2 counts per million were generated using the
ComplexHeatmap R package [74]. Samples and genes within each group were hierarchical
clustered. Gene set enrichment analysis was performed using the fgsea R package with Hall-
mark and GO Biological Processes MSigDB gene set collections (V6.2) [75,76]. The pathway
enrichment score reflects the magnitude that a pathway is enriched in a given direction in the
dataset. The normalized enrichment score (NES) adjusts the enrichment score based on the
mean enrichment scores of the dataset. Time course analysis was performed using the maSig-
Pro R package [38]. Genes with a R%> = 0.80 and a FDR<0.05 were deemed to be significant.
The see.genes() function was used to cluster the genes into 7 clusters. The genes of clusters 1
and 2 were analyzed separately using over-representation analysis (ORA) with the clusterProfi-
ler R package [77] and the gene set collections described above. Raw and processed RNA-seq
data are deposited in GEO under accession no. GSE182782.

Supporting information

S1 Fig. A Representative FACS profile of dissociated wing disc cells illustrates the gates
used to sort cell populations. FL1 = GFP and FL2 = RFP. R5 represents double positive
(RFP"GFP™) cells and R6 represents double negative (RFP"GFP") cells. Gates were set manu-
ally using single color (RFP or GFP only) controls and a negative (no fluorescence) control.
(PDF)

S2 Fig. Gene clusters identified by maSigPro. 821 genes identified by maSigPro as showing
differential expression across the time course were grouped into clusters based on expression
patterns. Gene names for each cluster are in S1 Table. Pairs of circles represent data from two
biological replicates.

(PDF)

S3 Fig. Additional genes tested. (A-F) Experimental conditions and data analysis were as in
Fig 4]. Statistical significance was tested against the respective genetic background controls
+IR. In (F), the larvae were of the genotype w'''*/+ or Y; 30A-GAL4>UAS-G-trace/+ pro-
duced by a cross between w''8 (GD) controls and 30A-GAL4>UAS-G-trace/SM5 and sorted
for RFP/GFP. p-values were calculated using a 2-tailed t-test. The data are from two or more
biological replicate experiments for each sample. (G) The potency of RNAi constructs was
assessed in terms of lethality when constitutively expressed (without GAL80") from en-GAL4,
using the X” test. One parent in each cross was balanced over CyO so that expected ratio if
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RNAi had no effect was 1 Cy:1 Cy". The data are from three independent egg collections for
each RNAI line and suggest that these RNA lines had no effect.
(PDF)

$4 Fig. Over-expression and depletion of Myc. Wing discs from 5-6 day old feeding stage lar-
vae were fixed and stained with an antibody against Myc. The discs were imaged and processed
identically to allow for comparison of fluorescence signal. (A) A control without primary anti-
body shows no detectable signal. The outline of the disc from the DNA image is shown. (B)
Myc is overexpressed from a UAS transgene in the posterior (P) compartment using the en-
GAL4 driver, producing a stronger signal than in the control anterior (A) compartment. The
genotype of the larvae was en-GAL4/UAS-Myc. (C-E) Three different RNAi constructs against
Myc were expressed in the P compartment and produced different levels of protein depletion.
BL36123 produced no discernable difference between A and P compartments. v2947 and
BL25783 reduced the Myc signal in the posterior (P, arrows) compared to the anterior. The
genotype of the larvae was en-GAL4/UAS-RNAI or en-GAL4/+; UAS-RNAI/+. See S4 Table
for more information on transgenic stocks.

(PDF)

S1 Table. 821 significant genes from time series analysis using maSeqPro. Clusters, p-val-
ues, and counts per million (CPM) are provided.
(TXT)

S2 Table. Genes shown in heatmaps in Figs 3, 5 and 6 are listed in the order in which they
appear from the top of the heatmap.
(TXT)

$3 Table. Over-Representation Analysis (ORA) of the genes in Clusters 1 and 2. Only gene
sets with an adjusted p<0.05 are shown. Cluster 1 is called ‘neg_high.up’ because genes in this
cluster show higher basal expression in NEG cells over POS cells but increased in expression
in the latter after irradiation. Cluster 2 is called ‘pos_high.down’ because genes in this cluster
show higher basal expression in POS cells than in NEG cells but decreased in expression in the
former after irradiation.

(TXT)

S$4 Table. Genes tested for their role in IR-induced hinge-to-pouch conversion, along with
the stock information and additional citations.
(XLSX)

S1 Data. Raw data for Figs 4-6 are provided as a Prism file.
(PZFX)

$2 Data. Raw data for S3 Fig are provided as a Prism file.
(PZFX)
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