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SUMMARY

Cellular senescence is an irreversible cell-cycle arrest often associated with cancer and aging, yet its phys-
iological role remains elusive. Here, we show developmentally programmed cellular senescence occurs in
Drosophila imaginal epithelium. In developing wing discs, two clusters of cells exhibit hallmarks of cellular
senescence such as elevated senescence-associated -galactosidase activity, cell-cycle arrest, heterochro-
matinization, upregulation of a cyclin-dependent kinase (CDK) inhibitor Dacapo, cellular hypertrophy, Ras
signaling activation, and upregulation of an inflammatory cytokine unpaired3, a possible component of the
senescence-associated secretory phenotype. Blocking programmed cell senescence by inhibiting Ras
signaling or its downstream transcription factor Pointed (Pnt) results in loss of sensory organ campaniform
sensilla. Ras-Pnt signaling causes programmed cell senescence through a transcription factor Zfh2, thereby
contributing to campaniform sensilla formation via the achaete-scute complex. Our observations uncover the
evolutionary conservation of programmed cell senescence in invertebrates, which is required for the induc-

tion of the proper number of sensory organs.

INTRODUCTION

Cellular senescence, a state of irreversible cell-cycle arrest,
often occurs under stressed conditions such as tumorigenesis,
aging, and tissue damage.”? Thus, until recent years, most
studies on cellular senescence have focused on its roles and
mechanisms under pathological environments and revealed
that it plays beneficial roles in promoting tumor suppression
and tissue repair, while having detrimental roles in accelerating
tumorigenesis and aging.® In these events, cellular senescence
is induced via ectopic elevation of oncogene activity, oxidative
stress, DNA damage, and chronic inflammation caused by a va-
riety of pathologies or gene mutations.*®

Cellular senescence is often characterized by elevation of
senescence-associated B-galactosidase (SA-B-gal) activity, up-
regulation of cyclin-dependent kinase (CDK) inhibitors, accumu-
lation of heterochromatin foci, elevation of DNA damage
response, and enlarged cell size.>° Intriguingly, using these
markers, studies in vertebrate models have identified senescent
cells during normal embryonic development. In mouse or chick
embryos, senescent cells can be found in regressing meso-
nephric tubules, inner ears, apical ectodermal ridge (AER), inter-
digital webs, and neural tubes.'®"" Abrogating cellular senes-
cence in mouse embryos by deleting the CDK inhibitor p21
gene causes patterning defects in related tissues such as Wolff-
ian duct and limbs, suggesting the role of developmentally pro-
grammed cell senescence in tissue remodeling.’®"" In addition,
programmed cell senescence was found in the hair follicles of

newborn naked mole rats, which is suggested to be the reason
why naked mole rats are hairless.'? Moreover, senescence-like
cells with elevated SA-B-gal activity were observed in quail em-
bryos, and transforming growth factor B (TGFp)-dependent se-
nescent cells were found in axolotl and Xenopus embryos. '
These observations suggest that developmentally programmed
cell senescence commonly exists across vertebrates. However,
the mechanisms and physiological roles of programmed cell
senescence are still largely unknown.

Drosophila provides a powerful genetic model to study the
physiological roles and mechanisms of biological phenomena
during normal development. A previous study has shown that,
in developing Drosophila imaginal epithelia, ectopic activation
of the Ras oncogene with simultaneous mitochondrial defects
causes cellular senescence that exhibits all markers of senes-
cent cells described above.'® This suggests that senescent cells
in Drosophila share a similar mechanism with those in vertebrate
animals under pathological environment and leads us to inquire
whether programmed cell senescence also exists in Drosophila
during normal development.

Here, we find that programmed cell senescence indeed oc-
curs in developing invertebrate tissues, the wing imaginal discs
in Drosophila larva. Furthermore, abrogating cellular senescence
in these tissues results in loss of sensory organ campaniform
sensilla, a special type of mechanoreceptor located on the dor-
sal and ventral radius of adult wings. Our data suggest that
developmentally programmed senescence pathway is inte-
grated with the campaniform sensilla development through the
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Ras-Pnt pathway in Drosophila. We further identified a new
senescence regulator zfh2 that mediates both programmed
cell senescence and oncogene-induced senescence.

RESULTS

Programmed cell senescence occurs in developing
Drosophila wing disc

To investigate whether programmed cell senescence occurs
during Drosophila development, we performed SA-B-gal staining
in a variety of tissues in 3rd instar larvae. An intense SA-B-gal
signal at pH6.0 was reproducibly observed around the center
of the wing imaginal discs (Figure S1A, yellow arrowheads). A
cluster of cells with elevated SA-B-gal activity began to appear
at the middle L3 (ML3) stage, and the signal intensity increased
as larvae grew into late L3 (LL3) (Figures 1A and S1A). Notably,
no B-gal activity was observed at pH7.5 (Figure S1A), indicating
that the elevated SA-B-gal signal was not simply due to
increased B-gal expression but specifically due to senescence-
associated B-gal activation. We further analyzed SA-B-gal
activity in the wing discs at pupal stage using a more sensitive
fluoresce probe SPIDER-BGal at pH6.0."® The morphology of
the wing disc changed dramatically after puparium formation
(APF), but the SA-B-gal activity still existed even at 5-h APF (Fig-
ure 1A, yellow arrowheads). As later stage, wing discs recruit
many hemocytes, which are strongly stained with SPiDER-
BGal or SA-B-gal and thus hampers our analysis. We performed
ex vivo culture of L3 wing discs in a hemocyte-free medium for
24 h and found that the cluster of cells with elevated SA-B-gal ac-
tivity still existed in the wing disc at pre-pupal phase 3 (PP3) (~9 h
APF) (Figure 1A).""'® We also noticed that there existed a smaller
cluster of cells with elevated SA-B-gal activity at the ventral hinge
of the wing disc (Figures 1A and 1A/, white arrowheads). Here-
after, we call these reproducibly observed large and small clus-
ters of cells with elevated SA-B-gal activity as dorsal senescent
cells (DSCs; yellow arrowheads) and ventral senescent cells
(VSCs; white arrowheads), respectively. Other tissues such as
leg discs, haltere discs, and the brain, but not salivary gland,
fat bodies, and eye discs (except for the hemocytes attached
to the discs), showed some SA-B-gal activities (Figure S1B).
We focused our analyses on the SA-B-gal-positive clusters in
wing discs, as they exhibit highly reproducible, intense SA-
B-gal staining with low background.

One important aspect of cellular senescence is cell-cycle ar-
rest. Consequently, we first analyzed cell-cycle phases of
DSCs and VSCs using the cell-cycle monitoring probe fly
FUCCIL."® We found that 85.8% of DSCs (yellow arrowheads)
were GFP (G2/M/G1)-positive and 88.0% of VSCs (white arrow-
heads) were GFP (G2/M/G1)-positive (Figures 1B and 1C). Both
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DSCs and VSCs exhibited GFP (G2/M/G1) and RFP (S/G2/M)
signals (Figures 1D and 1E), suggesting that they were at G2 or
M phase. In addition, the lack of EdU staining, a widely used
marker for S phase, in DSCs and VSCs indicated that those cells
are not in S phase (Figure 1D). Moreover, phosphohistone H3
(pH3) staining, which labels cells in M phase, failed to stain
DSCs and VSCs, indicating that they are arrested in G2 phase
(Figure 1E, yellow and white arrowheads). These data indicate
that a major population of SA-B-gal-positive cell clusters in the
wing discs undergo cell-cycle arrest in G2 phase.

To verify whether DSCs and VSCs are indeed undergoing
cellular senescence, we further examined other hallmarks of
senescence. First, upregulation of a CDK inhibitor Dacapo
(Dap, a p21 homologue), an important feature of cellular senes-
cence, was observed in these cell clusters as visualized by anti-
Dap immunostaining (Figure 2A, quantified in Figure 2B). This
suggests that besides G2 arrest, at least small populations of
SA-B-gal-positive cell clusters undergo G1 arrest. Second, tri-
methylation of histone H3-K9, which is associated with the
senescence-associated heterochromatin foci, was elevated in
DSCs and VSCs (Figure 2C, quantified in Figures 2D and 2E).
Third, oxidative stress, which is often associated with senescent
cells, was increased in DSCs and VSCs, as visualized by the
gstD-GFP probe (Figure S2A). Fourth, both DSCs and VSCs un-
derwent cellular hypertrophy, another hallmark of senescent
cells (Figures 2F and 2G). These data suggest that two clusters
of cells, DSCs and VSCs, in Drosophila wing discs undergo
developmentally programmed cell senescence.

We further explored whether senescence-associated secre-
tory phenotype (SASP) is induced in the senescent clusters. We
did not detect expression of unpaired (upd, an interleukin-6
[IL-6] homologue) or matrix metalloproteinase 1 (mmp1), typical
SASP factors in mammals, in the wing disc (Figures S2C-S2E).
However, intriguingly, an IL-6 homologue unpaired3 (upd3),
which activates Drosophila JAK/STAT signaling, was significantly
upregulated in DSCs and VSCs as visualized by the upd3-gal4 re-
porter (Figure 2H). These data suggest that SASP may also be
induced in programmed senescent cells in the wing discs.

Programmed cell senescence is required for proper

development of sensory organ campaniform sensilla

We next investigated the upstream trigger of programmed cell
senescence in the wing discs. Epidermal growth factor receptor
[EGFR]-Ras signaling, a known trigger of cellular senescence
in mammals, was upregulated in DSCs and VSCs, as visualized
by the Ras signaling effector pERK staining, which was co-local-
ized with the SA-B-gal staining (Figure 3A, quantified in Fig-
ure 3B). Elevation of EGFR signaling was also confirmed by
downregulation of a transcription factor Capicua®® (Figure S3A).

Figure 1. Two clusters of cells with elevated SA-B-gal activity and cell-cycle arrest appear in developing wing discs
(A) Wild-type wing discs were stained with SPIiDER-Bgal. Arrowheads indicate SA-B-gal-activated clusters. Asterisks represent hemocytes that attach to the wing

disc. APF, after puparium formation.

(B and C) Wing discs expressing fly-FUCCI were stained with SPiDER-Bgal (B), and percentage of G2/M/G1 cells (green) in SA-B-gal-activated clusters (magenta)

was quantified in (C). Dorsal cells (n = 13), ventral cells (n = 13).

(D and E) Wing discs expressing fly-FUCCI were stained with EdU (D) or phosphohistone H3 (pH3) antibody (E). GFP-E2F1 represents G2/M/G1 phase (green),
and mRFP-NLS-CycB represents S/G2/M phase (white). Yellow arrowheads indicate dorsal senescent cells (DSCs), whereas white arrowheads indicate ventral
senescent cells (VSCs). Scale bars, 100 um (A, D), 50 um (B, E). See Table S1 for genotypes.
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In addition, inhibition of Ras signaling by Ras"'”, a dominant-
negative form of Ras, using the ci-Gal4 driver suppressed
endogenous SA-B-gal activity (Figure 3C, quantified in Fig-
ure 3D). We further verified this by using the ap-GAL4 driver
and found that SA-B-gal activity is indeed suppressed by
RasN'” (Figure S3B, quantified in Figure S3C). These data sug-
gest that Ras signaling acts as an upstream trigger of pro-
grammed cell senescence.

We next sought to identify the cell type of the clusters under-
going programmed cell senescence in the wing discs. The clus-
ters of DSCs and VSCs are located at the anterior part of the wing
disc near the anterior/posterior (A/P) boundary (Figure S3D, ar-
rowheads), as assessed by ci-Gal4 that is expressed in the
whole anterior compartment. Analysis with nub-GAL4, which
drives gene expression in the wing pouch and a part of hinge, re-
vealed that both DSCs and VSCs are located at the hinge region
right next to the wing pouch (Figure S3E, arrowheads). Further
analysis with DAPI staining, which visualizes the folding of the
wing disc, showed that both DSCs and VSCs are located on
the distal hinge (DH) (Figure 3E). Interestingly, these two loca-
tions, the regions of DSCs and VSCs, develop into the dorsal
and ventral compartments of the adult wing hinge close to the
wing blade, respectively: the regions called dorsal and ventral ra-
diuses (Figure 3F). The dorsal and ventral radiuses possess sen-
sory organs called campaniform sensilla, mechanoreceptors
derived from proneural clusters in the wing disc (Figure 3G, ar-
rows). Notably, although there are different types of campani-
form sensilla, the campaniform sensilla on DSCs and VSCs
commonly exhibit a specific feature denoted as circular, low-
profile sensilla with a socket.?’ We further analyzed DSCs and
VSCs in the wing disc and found that they were indeed co-local-
ized with the proneural markers achaete (Ac) and scabrous (Sca)
(Figures S3F and S3G). Strikingly, suppression of programmed
cell senescence by blocking Ras signaling (Ras™'”) using the
ci-Gal4 driver resulted in a significantly reduced number of cam-
paniform sensilla on both dorsal and ventral radiuses (Figure 3H,
quantified in Figure 3l). These data suggest that programmed
cell senescence is required for proper development of the spe-
cial type of campaniform sensilla at dorsal and ventral radiuses.

Programmed cell senescence is caused by Ras-induced
pnt expression

We next examined how programmed cell senescenceisinduced in
the wing disc. In mammals, Ras-induced cellular senescence is
mediated by the ETS1/2 transcription factor.?” Drosophila has an
ETS1/2 homologue pointed (pnt), which encodes two protein iso-
forms PntP1 and PntP2.2%2* PntP1 is transcriptionally regulated by
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EGFR-Ras signaling and induces downstream genes that are
required for development of photoreceptor neurons in eye imag-
inal discs.?® We have found that PntP1 is a necessary and sufficient
downstream effector of Ras-induced cellular senescence in the
imaginal discs.”® Notably, we found that PntP1 expression was
induced in both DSCs and VSCs (Figure 4A). This upregulation of
PntP1 was abolished when Ras-MAPK signaling was blocked by
overexpression of Ras"'” or knockdown of MAPK rolled (r)
(Figures 4B and 4C), suggesting that PntP1 acts as a downstream
effector of Ras-MAPK signaling in DSCs and VSCs. Crucially,
knockdown of Pnt using the ci-Gal4 driver suppressed SA-B-Gal
activity inthese senescent cells (Figure 4D, quantified in Figure 4E).
We further confirmed this result by using ap-GAL4 and pnt-RNAi,
which significantly suppressed SA-B-Gal activity in DSCs (Fig-
ure S4A, quantified in S4B). Furthermore, blocking Ras-MAPK
signaling caused the emergence of cells at S and M phase in
DSCs and VSCs, as visualized by EdU labeling and pH3 staining
(Figures 4F, 4G, and 4J-4K; asterisks, quantified in 4H, 4l, 4L,
and 4M). We also found by pH3 and EdU staining that cell-cycle ar-
rest in DSCs and VSCs was significantly suppressed by overex-
pression of String (Stg), a downstream cell-cycle regulator of Ras
signaling (Figures S4C and S4F, quantified in Figures S4D, S4E,
S4G, and S4H). These data indicate that programmed cell senes-
cence in the wing discs is caused by Ras-induced PntP1
expression.

Programmed cell senescence promotes campaniform
sensilla development via pnt-AS-C-mediated proneural
cluster formation

We next investigated how PntP1-mediated cellular senescence
promotes development of campaniform sensilla. Consistent with
our data that Pnt is required for the induction of programmed
cell senescence, knockdown of pnt resulted in loss of campani-
form sensilla in the adults (Figure 5A, quantified in Figure 5C). It
is known that the basic helix-loop-helix transcriptional factor
achaete-scute (ac-sc) complex (AS-C) plays an essential role in
sensory organ development in Drosophila. However, whether
Pnt regulates proneural clusters in campaniform sensilla has
been unclear, as most studies have focused on sensory bristles
and chordotonal organs.?”*® Significantly, blocking programmed
cell senescence by pnt-RNAi using the ci-Gal4 driver strongly
suppressed Ac expression at the clusters of DSCs and VSCs
(Figures 5C and 5D, quantified in 5G and 5H). Notably, Ac expres-
sion along the DV boundary, which become bristles in the adults,
were unaffected by pnt knockdown (Figures 5C and 5D, aster-
isks). Furthermore, knockdown of ac and sc using the nub-Gal4
abolished campaniform sensilla development at dorsal and

Figure 2. SA-B-gal-elevated cells undergo cellular senescence

(A and B) Wild-type wing discs were stained with SPiDER-fgal and anti-dacapo (A). Percentage of positive cells (magenta) in SA-B-gal-activated clusters (white)

were quantified in (B). Dorsal cells (n = 8), ventral cells (n = 8).

(C-E) Wild-type wing discs were stained with SPIiDER-fgal and anti-Histone H3 (trimethyl K9). Intensity of Tri-me H3K9 (magenta) was measured within each
nucleus, marked by DAPI staining (blue), and normalized with corresponding DAPI intensity. Outlined areas indicate senescent cells, and asterisks indicate
neighboring normal cells. Data were collected as mean + SE; normal dorsal cells (DCs) (n = 12); DSCs (n = 12); normal ventral cells (VCs) (n = 12); VSCs (n = 12).

Student’s t test, *p < 0.05, **p < 0.001.

(F and G) Wild-type wing disc was stained with SPiDER-B-gal (magenta) and phalloidin (white). Cell size was analyzed with three biological replicates, measured
with Imaged and quantified as relative size to neighboring normal cells. Data were collected as mean + SEs; normal dorsal cells (DC) (n = 97); DSCs (n = 97); normal

ventral cells (VC) (n = 58); VSCs (n = 58). Student’s t test, **p < 0.001.

(H) Wing discs carrying Upd3>GFP were stained with SPIDER-Bgal. Scale bars, 50 um (A, C, H) or 10 um (F). See Table S1 for genotypes.
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ventral radiuses of the adult hinge (Figure 5E, quantified in Fig-
ure 51) without affecting SA-B-gal activity in the programmed se-
nescent cells (Figure 5F, quantified in Figure 5J). These data indi-
cate that AS-C acts downstream of Pnt, which has been
suggested before®®. Given that AS-C is generally required for
the induction of sensory organs, Pnt-induced cellular senescence
may be required for the formation of a special type of campani-
form sensilla at dorsal and ventral radiuses of the hinge. These re-
sults suggest that programmed cell senescence contributes to the
development of a special type of sensory organ in the wing hinge
through Pnt-AS-C-mediated formation of proneural clusters.

Ras-Pnt-dependent programmed cell senescence is
mediated by zfh2

To further confirm the role of programmed cell senescence in
campaniform sensilla development, we searched for other genes
that regulate programmed cell senescence in the wing disc. By
performing an RNAIi screening of genes abundantly expressed
in the hinge region of the wing disc,*® we found that knockdown
of a transcription factor Zn finger homeodomain 2 (zfh2) strongly
blocked programmed cell senescence (Figure 6A, quantified in
Figure 6C). We further confirmed this by using ap-GAL4, which
showed a blockade of programmed cell senescence in dorsal
cells (Figure S5A). Notably, zfh2 is an ortholog of AT-motif binding
factor 1 (ATBF1), which is often mutated or deleted in various
cancers and is decreased in Ras”“"- and Notch*“"-driven tumors
in Drosophila,®' suggesting that zfh2 might act as a tumor sup-
pressor by inducing cellular senescence. Indeed, loss of zfh2
suppressed not only programmed cell senescence but also onco-
gene-induced senescence, as Ras''2-induced SA-B-gal activity'®
was significantly reduced by zfh2 knockdown (Figure 6B, quanti-
fied in Figure 6D). This suggests that the inhibition of programmed
cell senescence by zfh2 knockdown is not the result of abnormal
hinge development but is due to blockage of senescence
signaling. Indeed, the expression of pnt-lacZ in DSCs and VSCs
was strongly downregulated by zfh2 knockdown (Figure GE).
Furthermore, the development of campaniform sensilla was
severely impaired by loss of zfh2 (Figure 6F, quantified in Fig-
ure 6G). Together, these data suggest that pnt-dependent pro-
grammed cell senescence triggered by Ras signaling is mediated
by zfh2 and that programmed cell senescence plays an essential
role in campaniform sensilla development (Figure 6H).

DISCUSSION

In this study, we report that two clusters of cells in Drosophila
wing discs, both of which develop into campaniform sensilla
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on the adult hinge radiuses, undergo programmed cell senes-
cence during larval and pupal development. Our data show
that programmed cell senescence is a common developmental
process conserved from invertebrates to vertebrates. A series
of genetic data indicate that programmed cell senescence in
the wing discs is integrated with development of a special
type of campaniform sensilla via the Ras-Zfh2-Pnt-mediated
signaling pathway. This is similar to the role of programmed
cell senescence in mammals, which is also essential for normal
tissue development. '

Programmed senescent cells in Drosophila exhibit many hall-
marks of cellular senescence such as elevation of SA-B-gal activ-
ity, cell-cycle arrest, heterochromatinization, upregulation the p21
homolog dacapo, oxidative stress, cellular hypertrophy, Ras-ERK
signaling activation, and elevation of a possible SASP factor,
except for DNA damage response (data not shown), which is
consistent with the programmed cell senescence in verte-
brates.'®"" In mouse embryos, ERK also regulates programmed
cell senescence and thus AER patterning in a paracrine manner.'°
On the other hand, in amphibians, programmed cell senescence
occurs independently of ERK signaling.' In Drosophila imaginal
epithelium, pERK is detected not only in programmed senescent
cells but also in non-senescent cells. These observations suggest
that pERK plays a crucial role in some contexts but is not a neces-
sary and sufficient factor for the induction of cellular senescence.

Although mammalian programmed senescent cells in AER are
removed by apoptosis and macrophage-mediated clearance, '’
programmed senescent cells in Drosophila wing discs are not
eliminated during development at least until pupal stage. After
eclosion, Drosophila wings are filled with hemocytes® that are
strongly stained with SA-B-Gal, and the adult wings possess au-
tofluorescence that is spectroscopically similar to SPIiDER,
which hampers our analysis on cellular senescence in the adult
wings using SPIDER or X-gal staining (Figure S6A). Intriguingly,
we found that Pnt-expressing cell clusters still exist in the adult
hinge radiuses (Figure S6B). Thus, although essential for normal
tissue development, the fate and regulatory mechanisms of
programmed senescent cells seem to be different between
Drosophila and vertebrates.

Inhibition of programmed cell senescence led to loss of cam-
paniform sensilla in dorsal and ventral radiuses. Interestingly,
campaniform sensilla also exist in the adult legs and hal-
teres,”"*® and SA-B-gal-positive cells were also observed in
the leg discs and haltere discs (Figure S1). The structure of
campaniform sensilla includes a dome-shaped cuticular struc-
ture with a sensory neuron beneath it. When flies move or
experience forces, the dome deforms, which in turn activates

Figure 3. Programmed cell senescence is required for campaniform sensilla development

(A and B) Wild-type wing discs were stained with SPiDER-Bgal and anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody. The percentage of pERK-
positive area (magenta) in SA-B-gal-activated clusters (white) was quantified in (B). Dorsal cells (n = 12), ventral cells (n = 12).

(C and D) Wild-type or ci-Gal4>Ras™"” wing discs were subjected to SA-B-gal assay. Arrowheads indicate DSCs. Intensity of senescent cells was measured with
ImageJ and normalized with background. Data were collected as mean + SE; wild type (n = 10), ci>Ras™” (n = 6). Student’s t test, **p < 0.01.

(E) Wing disc expressing fly-FUCCI was stained with DAPI. PH, proximal hinge; DH, distal hinge.

(F) The location of senescent cells in the larval wing disc (left) and adult wing (right). A, anterior; P, posterior; D, dorsal; V, ventral.

(G-1) Campaniform sensilla (arrowheads) on dorsal and ventral radiuses of wild-type (G) and ci>Ras™?” (H) flies. The number of campaniform sensilla was counted
and quantified (I). Data were collected as mean + SE; n = 52 (wild-type dorsal radius), n = 42 (ci>Ras™” dorsal radius), n = 29 (wild-type ventral radius), and n = 37

(ci>RasN”

ventral radius). Student’s t test, **p < 0.001. Scale bars, 50 um (A, C, E, G). See Table S1 for genotypes.
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the sensory neuron. This allows flies to detect changes in me-
chanical forces, helping with balance, posture, and wing move-
ment; thus flies can fly or walk. One specific morphological
feature of campaniform sensilla compared to other mechanore-
ceptors such as macrochaetes or microchaetes is that they
form caps instead of hairs. This could be a reason why they un-
dergo senescence to generate a specific structure of the organ,
possibly via tissue remodeling like programmed cell senes-
cence in developing mice. Intriguingly, we found that pro-
grammed senescent cells upregulate an SASP factor Upd3,
which may contribute to generating a specific structure of cam-
paniform sensilla. A senolytic drug administration to flies may
give us further information for the role of programmed cell
senescence in different organs or tissues. Although our trial us-
ing a senolytic drug Navitoclax failed to eliminate DSCs and
VSCs in the wing discs (data not shown), future studies with
different senolytic drugs or conditions may provide further in-
sights into the roles of developmentary programmed cellular
senescence.

In mammals, programmed cell senescence and oncogene-
induced senescence share a common signaling pathway for
their induction.®* Our analysis in Drosophila intriguingly found
that programmed cell senescence is also triggered by Ras
signaling, a common rigger of oncogene-induced senescence.
Furthermore, a newly identified senescence mediator Zfh2 regu-
lates both programmed cell senescence and oncogene-induced
senescence in Drosophila. Thus, our study not only identifies the
evolutionary conservation of programmed cell senescence but
also expands the mechanistic similarities between oncogene-
induced senescence and programmed cell senescence, which
would provide a better understanding for various senescence-
related diseases in humans.

Limitations of the study

Our observations in developing Drosophila wing discs revealed
that programmed cell senescence is induced by the Ras-Pnt-
Zfh2 pathway, which contributes to the formation of a specific
sensory organ campaniform sensilla in the adults. In the future
study, detailed investigation should be performed to track se-
nescent cells from developing larval wing discs to sensory organ
development in the adult, which is currently hampered by tech-
nical limitations. It should also be addressed how programmed
cell senescence contributes to the formation of campaniform
sensilla.
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Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE

o EXPERIMENTAL MODEL AND SUBJECT DETAILS
o Experimental model

e METHOD DETAILS
o Drosophila culture conditions and stains

Figure 4. Ras signaling induces programmed cell senescence via Pnt

(A-C) ci>GFP (A), ci>Ras"7(B), or ci>r-RNAI(C) wing disc with Pnt-lacZ was stained with anti-B-gal antibody. Yellow and white arrowheads indicate senescent
cells.

(D and E) Wild-type and ci>pnt-RNAi wing discs subjected to SA-B-gal assay. Arrowheads indicate SA-B-gal-activated clusters. Intensity of X-gal staining in
senescent cells was measured with Imaged and normalized with background (E). Data were collected as mean + SE; wild type (n = 6), ci>pnt-IR (n = 6). Student’s t
test, **p < 0.01.

(F-1) Wing discs expressing fly-FUCCI with ci> Ras"” (F) or ci>pnt-RNAi (G) were stained with anti-pH3 antibody. Asterisks represent pH3-positive cells. The
percentage of pH3-positive area (magenta) in FUCCI clusters (green and white) was quantified in (H, I). Data were collected as mean + SE; wild-type dorsal (n =
18), ci>Ras™"” dorsal (n = 15), ci>pnt-IR dorsal (n = 13), wild-type ventral (n = 18), ci>Ras™"” ventral (n = 15), ci>pnt-IR ventral (n = 13); Student’s t test, *o < 0.05,
***p < 0.001.

(J-M) Wing discs expressing fly-FUCCI with ci> RasV'7 (J), or ci>pnt-RNAI (K) were stained with EdU incorporation. Asterisks represent EdU-positive cells. The
percentage of EdU-positive area (magenta) in FUCCI clusters (green and white) was quantified in (L, M). Data were collected as mean + SE; wild-type dorsal (n =
11), ci>Ras™"” dorsal (n = 12), ci>pnt-IR dorsal (n = 20), wild-type ventral (n = 11), ci>Ras"” ventral (n = 12), ci>pnt-IR ventral (n = 20). Student’s t test, *p < 0.01,
***p < 0.001. Scale bars, 50 um (A-C, F, G, J, K) or 100 um (D). See Table S1 for genotypes.
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Figure 5. Pnt acts upstream of the ac-sc complex in campaniform sensilla development

(A and B) Campaniform sensilla on dorsal and ventral radiuses of ci>pnt-RNAI fly (A). The number of campaniform sensilla was counted and quantified (B). Data
were collected as mean + SE; n = 52 (wild-type dorsal radius), n = 14 (ci>pnt-RNAi dorsal radius), n = 29 (wild-type ventral radius), and n = 19 (ci>pnt-RNAi ventral
radius). Student’s t test, **p < 0.001.

(C and D) Wing discs expressing fly-FUCCI with ci>+ (C) or ci>pnt-RNAi (D) were stained with anti-Ac antibody. Yellow arrowheads indicate DSCs, and white
arrowheads indicate VSCs. Intensity of Ac expression (magenta) in FUCCI clusters (green and white) of interest was measured and quantified (G, H). Data were
collected as mean + SE; wild-type dorsal (n = 16), ci>pnt-IR dorsal (n = 9), wild-type ventral (n = 16), ci>pnt-IR ventral (n = 9). Student’s t test, *p < 0.05, **p < 0.01.
(E and F) Knockdown of both ac and sc leads to loss of campaniform sensilla in the adults (E), whereas SA-B-gal activity in the wing disc is not affected by ac-sc
knockdown (F). Arrowheads indicate campaniform sensilla on dorsal or ventral radius and senescent cells in the wing disc. The number of campaniform sensilla
was counted and quantified (I). Data were collected as mean + SE; n = 52 (wild-type dorsal radius), n = 23 (nub>ac-RNAi +sc-RNAi dorsal radius), n = 29 (wild-type
ventral radius), and n = 25 (nub>ac-RNAi +sc-RNAi ventral radius). Student’s t test, ***p < 0.001. Intensity of X-gal staining in senescent cells was measured with
ImagedJ and normalized with background (J). Data were collected as mean + SE; wild-type (n = 6), nub>ac-RNAi +sc-RNAi (n = 4) Student’s t test, p > 0.5. Scale
bars, 50um (A, C-F). See Table S1 for genotypes.
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Figure 6. Zfh2-mediated Ras-Pnt signaling promotes campaniform sensilla development via ac-sc

(A) Wing disc from wild-type (left) or nub>zfh2-RNAI (right) larva was subjected to SA-B-gal assay. Arrowheads indicate dorsal senescent cell cluster. Intensity of
X-gal staining in senescent cells was measured with ImageJ and normalized with background (C). Data were collected as mean + SE; wild-type (n = 9), nub>zfh2-
RNAi (n = 12). Student’s t test, ***p < 0.001.

(B) Wing disc from nub>Ras"'? (left) or nub>Ras"'? + zfh2-RNAI (right) larva was subjected to SA-B-gal assay. Intensity of X-gal staining in senescent cells was
measured with ImagedJ and normalized with background (D). Data were collected as mean + SE; nub>Ras"'2 (n = 6), nub>Ras""? + zfh2-RNAI (n = 5). Student’s t
test, *p < 0.01.

(E) Wild-type or nub>zfh2-RNAi wing disc with pnt-lacZ was stained with anti-B-gal antibody. Yellow arrowheads indicate DSCs and VSCs.

(F and G) Campaniform sensilla (arrowheads) on dorsal and ventral radiuses of nub>zfh2-RNAi fly. The number of campaniform sensilla was counted and
quantified (G). Data were collected as mean + SE; n = 52 (wild-type dorsal radius), n = 19 (nub>zfh2-RNAi dorsal radius), n = 29 (wild-type ventral radius), and n =
19 (nub>zfh2-RNAi ventral radius). Student’s t test, **p < 0.001.

(H) Schematic representation of campaniform sensilla development via programmed cell senescence. Zfh2-mediated Ras-Pnt signaling induces programmed
cell senescence, which promotes development of campaniform sensilla on dorsal and ventral radiuses via AS-C. Scale bars, 100 um. See Table S1 for genotypes.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
rabbit anti-Histone H3 (trimethyl K9) abcam Cat# ab5819; RRID: AB_115065
polyclonal
chicken anti-p-galactosidase abcam Cat# ab9361; RRID: AB_307210
mouse anti-Dacapo, DSHB Cat# NP1;
RRID: AB_10805540
rabbit anti-upd antibody Harrison et al.*® N/A

mouse anti-mmp1

mouse anti-mmp1

mouse anti-mmp1

mouse anti-achaete

mouse anti-phospho histone H3

guinea pig anti-Capicua polyclonal
antibody

Rabbit anti-phospho-p44/42 MAPK (Erk1/
2) (Thr202/Tyr204)

Goat anti-rabbit secondary antibody, Alexa
Fluor 488

Goat anti-rabbit secondary antibody, Alexa
Fluor 546

Goat anti-rabbit secondary antibody, Alexa
Fluor 647

Goat anti-chick secondary antibody, Alexa
Fluor 647

Goat anti-mouse secondary antibody,
Alexa Fluor 647

Goat anti-guinea pig secondary antibody,
Alexa Fluor 546

DSHB

DSHB

DSHB

DSHB

Cell Signaling Technology
Tseng et al.*®

Cell Signaling Technology
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# 3A6B4; RRID: AB_579780

Cat# 5H7B11; RRID: AB_579779
Cat# 3B8D12; RRID: AB_579781
Cat# anti-achaete; RRID: AB_528066
Cat# 9701; RRID: AB_331535

N/A

Cati# 4370; RRID: AB_2315112

Cat# A-11070; RRID: AB_2534114

Cat# A11035; RRID: AB_2534093

Cat# A21246; RRID: AB_2535814

Cat# A21449; RRID: AB_2535866

Cat# A-21237; RRID: AB_2535806

Cat# A-11074; RRID: AB_2534118

Chemicals, peptides, and recombinant proteins

Shields and Sang M3 insect medium
Alexa 546-conjugated phalloidin
Slow Fade Gold antifade reagent with DAPI

Sigma-Aldrich
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# S3652-500ML
Cat# A22283
Cat# S36937

Critical commercial assays

Senescent Cells Histochemical Staining Kit

Cellular Senescence Detection Kit SPiDER-
pGal

Click-iT® EdU Imaging Kits

Sigma-Aldrich
Dojindo Molecular Technologies

Thermo Fisher Scientific

Cat# CS0030-1KT
Cat# 347-09181

Cat# C10340

Experimental models: organisms/strains

Drosophila melanogaster: w1118

Drosophila melanogaster: Ubi-GFP-E2F11-
230 Ubi-mRFP-NLS-CyclinB1-260

Drosophila melanogaster: upd3-Gal4
Drosophila melanogaster: UAS-Ras'7
Drosophila melanogaster: PntP1-lacZ#2°
Drosophila melanogaster: UAS-rl-RNAi (1ll)
Drosophila melanogaster: UAS-pnt-RNAi
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Bloomington Drosophila Stock Center
Bloomington Drosophila Stock Center

Agaisse et al.®”

Kyoto Stock Center

Shwartz et al.*®

Bloomington Drosophila Stock Center

Vienna Drosophila Resource Center

BDSC Cat#3605
BDSC Cat#55099

N/A

DGGR Cat#107905
N/A

BDSC Cat# 34855
VDRC Cat#v105390

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Drosophila melanogaster: UAS-string Bloomington Drosophila Stock Center BDSC Cat# 4777

Drosophila melanogaster: UAS-ac-RNAi Bloomington Drosophila Stock Center BDSC Cat# 42953

Drosophila melanogaster: UAS-sc-RNAi Bloomington Drosophila Stock Center BDSC Cat# 26206

Drosophila melanogaster: UAS-zfh2-RNAi Bloomington Drosophila Stock Center BDSC Cat# 50643

Software and algorithms

Leica LAS AF software

ImagedJ Software

Leica Microsystems

National Institute of Health, USA

http://www.leica-microsystems.com/
products/microscope-software/

https://imagej.nih.gov/ij/

Excel Microsoft https://products.office.com/en-gb/excel
GraphPad Prism GraphPad https://www.graphpad.com/
Other

Digital Color Camera Leica DFC310 FX
Leica TCS SP8 microscope

Leica Microsystems https://www.leica-microsystems.com/

Leica Microsystems https://www.leica-microsystems.com/
Leica Inverted Microscope for Cell Culture
DMi1

Coolpix p340 Nikon

Leica Microsystems https://www.leica-microsystems.com/

https://www.nikon-image.com/

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental model
Drosophila melanogaster
Flies were maintained at 25°C with a standard cornmeal-yeast food, unless otherwise stated.
All experiment used larvae or adults of both sex except for RasN'” experiment (only females), as UAS-Ras""” transgene is located
on the X chromosome.
Larvae were collected at wandering third instar larval stage except for age-related assays.

METHOD DETAILS

Drosophila culture conditions and stains

The following stocks were used: w1118, Ubi-GFP-E2F11-230 Ubi-mRFP-NLS-CyclinB1-260 (lll) (BL 55099), gstD-GFP (X) (a gift from
D. Bohmann), upd3-Gal4 (Il) (a gift from H. Agaisse), ci-Gal4 (Il), nub-Gal4 (Il), ap-Gal4 (Il), UAS-RasN'7(X) (Kyoto Stock Center),
UAS-r-RNA[TRIP-HMS00175 (1) UAS-Ras""(ll), UAS-zfh2-RNA[TRF-HMC03043 ) - pntp1-lacZt%2° (a gift from B. Shilo), UAS-pnt-
RNA[YPRC-v105390 1) | (JAS-ac-RNAiTFF-HMS02646 (1)) (JAS-sc-RNAITRF-IF02104 (1)) sca-Gal4 (1) (BL6479), pnt-Gal4 NP172874 f)).

SA-B-gal staining

Senescent Cells Histochemical Staining Kit (CS0030, Sigma-Aldrich) was used to detect SA-B-gal activity. Larvae were dissected in
PBS and then fixed with PFA. After washing with PBS 3 times, larvae were incubated in the Staining Mixture for 7 days at 37°C.
Images were taken with a stereomicroscope.

Ex vivo culturing of wing disc
L3 larvae were dissected and cultured in Shields and Sang M3 insect medium (Sigma) with 2% FBS, 0.5% penicillin-streptomycin
and 0.1 ug/mL Ecdysone (dissolved with 10% isopropanol first) for 24h in room temperature.’”

SPIiDER-pgal staining

Cellular Senescence Detection Kit SPIDER-BGal (SG-03, Dojindo Molecular Technologies) was used to analyze SA-B-gal activity.
After dissecting in PBS, larvae or pupae were fixed with PFA and washed with PBS, then incubated in SPiDER-Bgal working solution
for 1h at 37°C. Images were taken with a Leica SP8 confocal microscope (Leica).

Histology

Larval tissues were stained with standard immunohistochemical procedures using chick anti--galactosidase polyclonal antibody
(Abcam, 1:500), rabbit anti-Histone H3 (trimethyl K9) polyclonal antibody (Abcam, 1:50), mouse anti-Dacapo (Developmental Studies
Hybridoma Bank, 1:6, for 7 days), rabbit anti-upd antibody (a gift from D. Harrison, 1:500), mouse anti-mmp1 (DSHB, 1:100 from
1:1:10 cocktail of 3A6B4, 3B8D12 and 5H7B11), mouse anti-achaete antibody (Developmental Studies Hybridoma Bank, 1:500),
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mouse anti-phospho histone H3 antibody (Cell Signaling, 1:50), Capicua polyclonal antibody (a gift from Iswar Hariharan, 1:300),
Rabbit anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody (Cell Signaling, 1:50), rat anti-Pnt antibody (1:10) or Alexa
546-conjugated phalloidin (Molecular Probes, 1:50) and were mounted with DAPI-containing SlowFade Gold Antifade Reagent
(Molecular Probes). For EdU labeling, larvae were dissected in Schneider’s medium and incubated in 1x EdU solution (Click-iT
EdU Imaging Kits; Thermo Fisher Scientific C10340) for 10 min. After fixation and washing, tissues were incubated in EAU cocktail
for 30 min and were mounted as described above. Images were taken with a Leica SP8 confocal microscope (Leica).

Wing image
Adult flies were incubated in a glycerol/ethanol mixture (1:1) for 1 day. Then wings were dissected from adult files then mounted with
the glycerol/ethanol mixture and imaged with microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

The percentage of antibody staining/fluorescence marker-positive cells in SA-p-gal-elevated clusters was calculated in each disc by
dividing the marker-positive area by SA-B-gal-elevated area.

The intensity of Tri-methylated H3K9 was quantified in individual nuclei, which was visualized by DAPI staining, and was normalized
to the corresponding DAPI intensity.

Cell sizes were measured by ImageJ based on the outline of phalloidin staining.

The normalization of SA-B-gal intensity was conducted by dividing the intensity of senescence markers by the background
intensity.

The number of campaniform sensilla was counted and was compared with the mean number of campaniform sensilla on wild-type
wings.

The percentage of antibody staining/fluorescence marker-positive cells in senescent clusters was calculated in each disc by
dividing the marker-positive area by FUCCI GFP and RFP-positive area.

Data were analyzed using Student’s t test for single comparisons. Bar graphs represent the mean + SE. All n values correspond to
biological replicates. Statistical significance is indicated as follows: ***p < 0.001, *p < 0.01, *p < 0.05, and n.s. (not significant)
for p > 0.05.
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