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Pink1 and Parkin regulate Drosophila intestinal stem
cell proliferation during stress and aging

Christopher L. Koehler,'25 Guy A. Perkins,® Mark H. Ellisman,3#4 and D. Leanne Jones' 67

ILaboratory of Genetics, Salk Institute for Biological Studies, La Jolla, CA

2Division of Biological Sciences, *National Center for Microscopy and Imaging Research, Center for Research in Biological Systems, and 4Department of Neurosciences,
University of California, San Diego, La Jolla, CA

>Molecular Biology Insfitute, ®Department of Molecular, Cell, and Developmental Biology, and 7Eli and Edythe Broad Center of Regenerative Medicine and Stem Cell
Research, University of California, Los Angeles, Los Angeles, CA

Infestinal stem cells (ISCs) maintain the midgut epithelium in Drosophila melanogaster. Proper cellular turnover and tis-
sue function rely on tightly regulated rates of ISC division and appropriate differentiation of daughter cells. However,
aging and epithelial injury cause elevated ISC proliferation and decreased capacity for terminal differentiation of
daughter enteroblasts (EBs). The mechanisms causing functional decline of stem cells with age remain elusive; however,
recent findings suggest that stem cell metabolism plays an important role in the regulation of stem cell activity. Here, we
investigate how alterations in mitochondrial homeostasis modulate stem cell behavior in vivo via RNA interference—
mediated knockdown of factors involved in mitochondrial dynamics. ISC/EB-specific knockdown of the mitophagy-
related genes Pink1 or Parkin suppresses the age-related loss of tissue homeostasis, despite dramatic changes in
mitochondrial ultrastructure and mitochondrial damage in ISCs/EBs. Maintenance of tissue homeostasis upon reduction
of Pink1 or Parkin appears to result from reduction of age- and stress-induced ISC proliferation, in part, through induc-
tion of ISC senescence. Our results indicate an uncoupling of cellular, tissue, and organismal aging through inhibition of
ISC proliferation and provide insight into strategies used by stem cells to maintain tissue homeostasis despite severe

damage to organelles.

Introduction

Tissue homeostasis in many adult metazoans is maintained via
the activity of resident somatic stem cells. Through asymmetric,
mitotic divisions, adult stem cells can self-renew to maintain
the stem cell population and, simultaneously, give rise to daugh-
ter cells that can differentiate along a given lineage to replace
lost or damaged cells. The long-term regenerative capacity of a
tissue, therefore, relies heavily on the careful balance between
stem cell self-renewal and the initiation of differentiation. De-
regulation of stem cell function can lead to altered organ func-
tion that is detrimental to overall organismal health and life
span (Jones and Rando, 2011).

Intestinal stem cells (ISCs) maintain the midgut epithelium
in Drosophila melanogaster in a manner similar to their mam-
malian counterparts. Genetic tractability, a simple cell lineage,
and conserved pathways that regulate ISC behavior combine to
make the Drosophila midgut epithelium a powerful model sys-
tem for the study of stem cell regulation and tissue homeostasis.
Regional differences exist along the length of the midgut, al-
though ISCs are involved in maintaining homeostasis through-
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Abbreviations used: EB, enteroblast; EC, enterocyte; esg F/O, esg-mediated
“flip out”; DHE, dihydroethidium; H2AvD, phospho-histone 2A variant D; ISC,
infestinal stem cell; OMM, outer mitochondrial membrane; ROS, reactive oxy-
gen species; SA-B-gal, senescence-associated f-galactosidase; STED, stimula-
tion emission depletion; TEM, transmission EM.
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out (Buchon et al., 2013; Marianes and Spradling, 2013). The
ISCs of the posterior midgut reside adjacent to the basement
membrane and undergo asymmetric division to maintain turn-
over of differentiated epithelial cells (Micchelli and Perrimon,
2006; Ohlstein and Spradling, 2006) or symmetric division to
increase ISC numbers in response to nutritional cues (O’Brien
et al., 2011). Asymmetric ISC division leads to generation of a
new stem cell and a daughter cell, called an enteroblast (EB).
Delta/Notch signaling between the ISC and EB dictates whether
an EB will differentiate into an absorptive enterocyte (EC) or a
secretory enteroendocrine cell (Ohlstein and Spradling, 2007,
Maeda et al., 2008; Liu et al., 2010; Takashima et al., 2011),
though data have indicated that enteroendocrine cells can also
derive directly from ISCs (Biteau and Jasper, 2014; Guo and
Ohlstein, 2015; Zeng and Hou, 2015).

Under normal, homeostatic conditions, the Drosophila
midgut epithelium undergoes slow turnover (Micchelli and Per-
rimon, 2006; Ohlstein and Spradling, 2006), yet ISCs respond
to several intrinsic and extrinsic stimuli that regulate prolifer-
ation (Amcheslavsky et al., 2009, 2011, 2014; Buchon et al.,
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2009a,b; Jiang and Edgar, 2009; Jiang et al., 2009; Lee, 2009;
Biteau and Jasper, 2011; Li et al., 2013; Myant et al., 2013; Tian
and Jiang, 2014). Importantly, ISC proliferation rates increase
significantly in response to chemically induced damage or
pathogenic bacterial infection. Although adaptive ISC divisions
can maintain tissue homeostasis through the replenishment of
lost or damaged cells, uncontrolled ISC division and altered dif-
ferentiation programs can lead to loss of tissue function.

In the Drosophila midgut, aging results in the consistent
manifestation of several ISC-related phenotypes, including
an increase in ISC proliferation and a block in terminal dif-
ferentiation of ISC progeny, as reflected by the accumulation
of polyploid cells that express the ISC/EB marker Escargot
(Esg). Consequently, this leads to alterations in localization of
cell—cell junctional complexes, loss of the typical apical-basal
organization of the epithelial monolayer, and a decline in in-
testinal barrier function (Biteau et al., 2010; Rera et al., 2011;
Resnik-Docampo et al., 2017).

The ISCs are relatively long-lived cells with very few
mitochondria (Fig. 1, A—C). Throughout the lifetime of a fly,
the ISC must give rise to numerous differentiated cells, which
requires extensive mitochondrial biogenesis to expand the mi-
tochondrial mass to cope with increased energy demands. We
recently demonstrated that ISC/EB—specific overexpression
of spargel (srl), the Drosophila homologue of PGCla, a mas-
ter regulator of mitochondrial biogenesis, delays age-related
changes to ISCs and the loss of intestinal homeostasis, leading
to a dramatic increase in life span in both sexes (Rera et al.,
2011). This suggested that mitochondrial metabolism is import-
ant in the regulation of ISC behavior, midgut homeostasis, and
longevity; however, little is known about the role mitochondrial
quality control plays in regulating stem cell function under ho-
meostatic conditions, in response to damage, or with age.

We hypothesized ISCs would have a stringent mechanism
for the removal of damaged mitochondria to avoid passage of
damaged mitochondria or mitochondrial DNA mutations to dif-
ferentiating daughter cells. Isolation and degradation of dam-
aged mitochondria via selective autophagy (mitophagy) relies
largely on two genes associated with autosomal-recessive ju-
venile parkinsonism: parkin, which encodes an E3 ubiquitin
ligase, and pinkl (phosphatase and tensin homologue-induced
putative kinase 1), which encodes a mitochondria-targeted
serine/threonine kinase. In Drosophila, both pinkl and parkin
mutants exhibit male sterility, loss of normal mitochondrial
morphology, and muscle degeneration (Greene et al., 2003;
Clark et al., 2006). Pink1 acts upstream of Parkin and is sta-
bilized on the outer mitochondrial membrane (OMM) of mi-
tochondria with collapsed membrane potentials (depolarized
mitochondria). Stabilization of Pink1 on the OMM leads to the
recruitment of Parkin, which, in turn, ubiquitinates several pro-
teins on the OMM. Ubiquitinated proteins can be recognized
by Ref(2)P, the Drosophila homologue of p62. Acting as an
adaptor, Ref(2)P links the ubiquitinated cargo to the lipidated
form of Atg8 (the Drosophila homologue of LC3) on a phago-
phore, ultimately leading to mitophagic degradation (Springer
and Kahle, 2011; Youle and Narendra, 2011; Zhu et al., 2013;
Wei et al., 2015). However, mitochondrial quality control is also
achieved through constant remodeling of the mitochondrial net-
work through fission and fusion (Poole et al., 2008, 2010; Twig
et al., 2008; Yang et al., 2008; Kashatus et al., 2011; reviewed
in Benard and Rossignol, 2008; Yang et al., 2008; Westermann,
2012). To identify mechanisms used by ISCs to maintain a

healthy pool of mitochondria, we conducted an RNAI screen
to deplete factors required for mitochondrial dynamics and
examined the effects on the mitochondria, stem cell function,
tissue homeostasis, and longevity. This approach revealed that
depletion of Pink1 and Parkin in ISCs results in changes in ISC
behavior, consistent with the onset of senescence.

To determine whether genes involved in mitochondrial dy-
namics (fission, fusion, movement, and turnover) play a role in
ISC function, we used the ISC/EB—specific, RU486-inducible
5961-Gal4GereSvich (596165) “driver” to direct expression of
UAS-RNAI lines in ISCs/EBs in the adult midgut (see Materials
and methods for specific RNAI lines tested). Use of the drug-
inducible system permits comparison of genetically identical
individuals that are either expressing (+RU486) or not express-
ing (EtOH/—RU486) the transgene of interest. Overexpression
of srl led to a decrease in intestinal dysplasia, as previously re-
ported (Rera et al., 2011). However, in contrast to our expecta-
tions, RNAi-mediated depletion of Pinkl or Parkin resulted in
a drastic improvement in intestinal homeostasis in aged flies.
Manipulation of other factors tested had no significant effect on
ISC maintenance or tissue homeostasis during the time points
assayed (10, 30, and 50 d post-eclosion).

Mutations in the mitochondrial-associated proteins Pink1
and Parkin are among the causative factors in familial forms
of Parkinson’s disease (Henchcliffe and Beal, 2008). In Dro-
sophila, loss-of-function mutations in pinkl or parkin result in
abnormal wing posture, along with several mitochondrial pheno-
types, including defects in mitochondrial function, cristae mor-
phology, and flight muscle mitochondrial morphology (Clark
et al., 2006; Park et al., 2006; Deng et al., 2008). Alternatively,
ubiquitous overexpression of Parkin limits the age-associated
accumulation of polyubiquitin aggregates in the flight muscle
(Rana et al., 2013). To verify the efficacy of Pinkl and Par-
kin RNAI lines, we crossed control RNAi (UAS-mCherryRNAY),
Pink1 RNAi (UAS-pinkIR®N4), or Parkin RNAi (UAS-parkinfNA?)
lines with the ubiquitous Da-Gal4%emeSvitch driver (Fig. S1). Sim-
ilar to pinkl and parkin mutants, ubiquitous expression of Pink1
RNAI or Parkin RNAI resulted in abnormal flight muscle mi-
tochondrial morphology (Fig. S1, A—C), mobility defects (Fig.
S1, D-F), accumulation of polyubiquitin aggregates (Fig. S1,
G-I and G'-I'), and abnormal wing posture (Fig. S1, J and K).

Because the flight muscle mitochondria of pink/ and
parkin mutants demonstrated abnormal cristae morphology,
we sought to determine if RNAi-mediated depletion of Pinkl
or Parkin showed similar mitochondrial phenotypes in ISCs.
Therefore, we used transmission EM (TEM) to examine ISCs
in posterior midguts from young (day 10) and old (day 55)
flies (Fig. 1, A-F). Similar to previous TEM studies, progeni-
tor cells were identified by basal localization within the mid-
gut epithelium, contact with basement membrane, and a lack
of cell—cell contacts with neighboring ECs (Han et al., 2015).
In young flies, pinkI®Ni and parkin®¥4i caused altered cristae
structure and increased electron density in the mitochondrial
matrix (Fig. 1, A'=C’). In aged controls, the mitochondria in
ISCs have a slightly varied morphology, when compared with
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Figure 1. 1SC/EB-specific knockdown of Pink1 or Parkin alters mitochondrial morphology and density. (A-F) Transmission electron micrographs of
midgut progenitor cells in the posterior midgut of 10- or 55-d-old control, Su(H)LacZ;esg-gfp, 596 1-Gal4%5/+;UAS-mCherry®Ai/+ (A and D, n = 4 and
10, respectively), Pink1 knockdown, SufH)LacZ;esg-gfp,5961-Gal45s/UAS-pink1®NA (B and E, n = 3 and 6, respectively), or Parkin knockdown, Su(H)
LacZ;esg-gfp, 596 1-Gal455/ UAS-parkin®™Ai (C and F, n = 3 and 5, respectively) adult flies. Visceral muscle (blue), basement membrane (yellow), and
enterocytes (red) are labeled via pseudocolor. Bars, 1 pm. (A’-F’) Magnified regions outlined in A-F. Bars: (A’~-C’) 1 pm; (D’=F’) 0.5 pm. Arrows indi-
cate swollen or condensed mitochondria, arrowheads show multilamellar bodies (MLBs), and an asterisk denotes electron-dense granule accumulation.
(G-J') Reconstructed, segmented, and surface-rendered mitochondria from electron tomography of midgut progenitors in 55-d-old control, Pink1 knockdown,
or Parkin knockdown posterior midguts (n = 4, 3, and 4, respectively). Outer mitochondrial membrane (OMM; dark blue), inner boundary membrane (IBM;
light blue), and cristae (orange) are shown; the intersections of cristae with the IBM represent cristae junctions. (K-P) Stimulation emission depletion (STED)
microscopy images of mitochondria in the ISCs/EBs from 10- (K-M) or 30-d-old (N-P) flies. UAS-gfo-rome was used to label ISC/EB mitochondria and was
visualized via immunofluorescent staining for GFP (see Materials and methods). Arrows point to ISCs, and asterisks indicate EBs. Bars, 5 pm.
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young controls (Fig. 1 D’); however, knockdown of Pinkl or
Parkin in aged samples resulted in significantly greater num-
bers of abnormal mitochondria, including swollen mitochon-
dria with altered cristae shape, accumulation of multilamellar
bodies, and the appearance of electron-dense granules (Fig. 1,
E’ and F’; and Fig. S1, L, M, and N-N""). Importantly, the al-
terations in mitochondrial morphology were restricted to the
progenitors, as mitochondria in adjacent ECs exhibited wild-
type morphology (Fig. S1, O and P). In contrast to enhanced
tissue homeostasis observed upon ISC/EB—specific expression
of Pinkl RNAI, the expression of Pinkl RNAI in the entero-
cytes via 5966-Gal4%nesvich Jed to loss of the epithelial mono-
layer and increased misexpression of the progenitor cell marker
Escargot (Fig. S2, A-D). These data indicate that perdurance of
RNAI expression into the differentiated cells of the midgut is
not responsible for the observed phenotypes.

Several studies have demonstrated a relationship between
mitochondrial ultrastructure and energetic state of the mito-
chondria (Hackenbrock, 1966; Benard and Rossignol, 2008).
Specifically, mitochondria tend to exist in two major forms
in vivo: orthodox and condensed. Larger matrix volumes and
inner boundary membranes that are closely opposed to the outer
mitochondrial membrane are characteristics of orthodox mito-
chondria, which correlate with low respiratory activity. Con-
versely, in periods of high respiratory activity, a mitochondrion
can adopt the condensed configuration, in which the matrix vol-
ume is drastically decreased and the cristae become enlarged
and often irregular with expanded cristae junctions (Hacken-
brock, 1966). We conducted detailed, 3D electron tomographic
reconstructions to ascertain whether the observed changes in
mitochondrial morphology upon knockdown of Pink1 or Parkin
represented an orthodox to condensed transition (Fig. 1, G-J
and G'-J’). In unperturbed ISCs, the mitochondria tended to
adopt an orthodox morphology, indicating that mitochondria of
normal ISCs had low respiratory output (Fig. 1, G and G’). Con-
versely, many mitochondria within Pinkl- or Parkin-depleted
progenitor cells adopted an ultracondensed structure with en-
larged intracristal space accompanied by reduced matrix vol-
ume (Fig. 1, H-J and H'-J’"). Therefore, it appears that ISC/
EB-specific reduction of the mitophagy-associated proteins
Pink!1 or Parkin causes changes in mitochondria that are typi-
cally associated with higher respiratory output. We performed
several assays, including live imaging with the potentiometric
dyes tetramethylrhodamine ethyl ester and MitoTracker red, in
an attempt to determine whether intestinal progenitor cell mito-
chondria did, in fact, have higher respiratory outputs; however,
technical limitations rendered the results inconclusive.

Proper function of Pinkl and Parkin is essential for the
efficient elimination of damaged mitochondria via mitophagy;
therefore, in addition to altered mitochondrial substructure, loss
of Pinkl or Parkin function could affect mitochondrial abun-
dance and network formation. We examined the effect of Pink1/
Parkin depletion on the mitochondrial network of ISCs/EBs via
stimulated emission depletion (STED) microscopy. The mito-
chondrial networks appeared much more fused upon progenitor-
specific depletion of Pink1 or Parkin (Fig. 1, L, M, O, and P) in
comparison to controls (Fig. 1, K and N). Because Pink1/Par-
kin activity results in Mfn ubiquitination and degradation, the
increasingly fused mitochondrial networks may be the result of
decreased Mfn turnover. In contrast, aging resulted in the accu-
mulation of more punctate mitochondria in the ISCs of control
flies, but not in ISCs depleted of Pink1 or Parkin (Fig. 1, com-

pare K with N-P, arrows). Collectively, these data demonstrate
that progenitor-specific RNAi-mediated depletion of Pinkl or
Parkin disrupts normal mitochondrial structure in ISCs/EBs.

Recent studies indicate that changes in metabolism-associated
factors such as altered nutrient availability, mitochondrial
abundance, or electron transport chain function can impact
ISC behavior and tissue homeostasis in the Drosophila midgut
(O’Brien et al., 2011; Rera et al., 2011; Wang et al., 2011; Hur
etal., 2013). Given the influence of Pink1 and Parkin on cellular
metabolism via their roles in mitophagy, we investigated the
effect of progenitor-specific loss of Pinkl or Parkin on tissue
homeostasis in the posterior midgut. To assay tissue homeo-
stasis, we performed several assays for phenotypes that consis-
tently manifest as a consequence of aging in the fly including:
increased ISC mitoses (pHH3" cells), expanded expression of
the ISC/EB marker Esg, and loss of the epithelial monolayer.

To test whether midgut homeostasis is affected by loss of
Pink1 or Parkin in the progenitor cells, we used an inducible
esg-mediated “flip-out” (esg F/O) system (Jiang et al., 2009)
to generate clones in which all ISCs/EBs and their progeny ex-
press a UAS-RNAI construct of interest, as well as UAS-gfp.
After rearing flies at 18°C, transgene expression was induced 1
to 2 d after eclosion by culturing flies at 29°C. Clonal expansion
was assayed after 7 or 25 d (Fig. 2, A—C and A'-C"). Interest-
ingly, although the number of cells per clone is the same across
all groups after 7 d of transgene induction (Fig. 2 D, left), loss
of Pinkl or Parkin significantly reduced the mean number of
cells per clone after 25 d (Fig. 2 D, right). Furthermore, loss of
Pink1 or Parkin resulted in significantly smaller clonal areas at
7 and 25 d after clone induction (Fig. 2 E).

As the esg F/O system is engineered to label the progen-
itor cells and their progeny, we expected many of the flip-out
clones to include large, differentiated ECs under normal con-
ditions. Indeed, in the control groups, the mean area of each
clone, which included large, polyploid ECs (Fig. 2, A and A’),
increases over time (Fig. 2 E). However, clones expressing ei-
ther pinkI®V4i or parkin®A" demonstrated a noticeable lack of
ECs, even 25 d after clone induction (Fig. 2, B, B’, C, and C’).
The lack of differentiated cells and smaller clone sizes could be
the result of either a lack of ISC mitotic divisions or induction
of cell death upon differentiation in Pink1/Parkin knockdown
clones. To test the first possibility, we measured ISC prolifer-
ation in guts from esg F/O flies 7 or 25 d after induction of
transgene expression. We found that basal proliferation rates of
ISCs in the young, male midgut were low enough as to be un-
detectable by pHH3 staining in either control (mCherry®N¥4?) or
test (pinkI®¥4 or parkin®¥A) groups (Fig. 2 F), but an increase
in ISC proliferation was detected in guts from older control
males. Interestingly, the previously described age-associated
increase in ISC mitoses was almost completely abrogated in the
Pink1/Parkin knockdowns (Fig. 2 F). These data indicate that
the reduced clone size and clone cell numbers observed upon
RNAi-mediated knockdown of Pink1 or Parkin are caused by a
decrease in ISC proliferation rather than the increase normally
observed as a consequence of aging.

The esg F/O system induces expression of transgenes in
the midgut progenitor cells, as well as any resulting progeny;
therefore, the effects of Pink1/Parkin loss on ISC behavior could
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result from non—cell autonomous activity caused by knockdown
in differentiated progenitor cells. To determine if depletion of
Pink1 or Parkin specifically in ISCs or EBs was sufficient to re-
duce ISC proliferation and gut turnover, we directed expression
of UAS-pinkI®4 or UAS-parkin®4 to ISCs, EBs, or both cell
types. Using an esg-Gal4 driver under the control of the tem-
perature-sensitive fub-Gal80" transgene (referred to as esg®),
expression was restricted to ISCs/EBs of the adult midgut for 25
d by shifting the flies to 29°C. In contrast to controls, the previ-
ously reported, age-associated misexpression of esg was signifi-
cantly reduced upon Pinkl or Parkin depletion (Fig. S2, E-E"’
and F). Furthermore, ISC-specific expression of pinkl or parkin
RNAI along with a UAS-2X-yfp reporter (ISC-Gal4; Wang et al.,
2014) also revealed an abrogation in the normal increase in ISC
number 25 d after induction of the RNAI transgenes (Fig. 2 G
and Fig. S2, G-G"’). In addition, ISC-specific depletion of
Pink1 or Parkin was sufficient to cause a significant reduction
in ISC proliferation (Fig. 2 H). Similarly, specific knockdown
of Pink1 or Parkin in EBs using a temperature-sensitive version
of the Su(H)Gal4 driver (EB-Gal4; Zeng et al., 2010) resulted
in fewer EBs 25 d after induction of the RNAI (Fig. 2 I and Fig.
S2, H-H"’). Interestingly, EB-directed knockdown of Pinkl or
Parkin also resulted in a non—cell-autonomous reduction in ISC
proliferation (Fig. 2 J). These data indicate that either Pinkl

Day 25: Su(H)Gal4,UAS-mCD8:gfp ; tub-Gal80'

comparisons to determine significantly differ-
ent median values. *, P < 0.05; **, P <0.01;
*** P <0.001; **** P <0.0001.

or Parkin can act independently in ISCs or EBs to inhibit the
age-associated increase in ISC proliferation.

Because increased ISC proliferation and esg misexpres-
sion are intimately linked with age, it was important to de-
termine whether the different fly lines being compared have
similar life spans to avoid misinterpretation of the data based
on different rates of aging. We preformed life span assays using
the 5961CeneSwirch (596165) driver; this allowed drug inducible
expression of the RNAI transgenes to avoid any differences that
could be attributed to different genetic backgrounds. In addi-
tion, we crossed the 596195 driver to UAS-mCherry®¥ to val-
idate its use as a control in other assays. In all cases, our data
indicated that progenitor specific knockdown of mCherry (con-
trol), Pink1, or Parkin had no effect on life span (Fig. S3, A-C).

Our findings indicate that progenitor-specific loss of Pinkl or
Parkin results in the suppression of ISC proliferation and esg
misexpression with age, which accompany severe alterations
in mitochondrial morphology. However, it was not apparent
whether suppression of ISC proliferation was restricted to aging
or whether loss of Pink1/Parkin would suppress induction of

Role of Pink1 and Parkin in intestinal stem cells
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Figure 3. Progenitor-specific depletion of Pink1 or Parkin limits the normal proliferative response fo stress in the young midgut. (A-C’) Representative
immunofluorescence images of the posterior midgut of 10-d-old flies treated for 48 h with sucrose control (5% sucrose) or bleomycin (5 pg/ml in 5% su-
crose) at 29°C. Bars, 20 pm. (D) Quantification of mitotic cells in the posterior midgut of flies from A-C’ in response to bleomycin-induced stress (ng,, =
20,21, 14,14, 11, and 13). Significance determined via Kruskal-Wallis test with a Dunn’s post test for multiple comparisons. (E-G’) Immunofluorescence
images of the posterior midgut of 10-d-old flies housed at 25°C on standard cornmeal/molasses medium supplemented with 25 pg/ml RU486 to induce
transgene expression before 48 h exposure to either sucrose control (5% sucrose) or bleomycin (5 pg/ml bleomycin in 5% sucrose) medium. Bars, 20 pm.
(H) Quantification of H2AvD stain intensity in the nuclei of GFP-negative cells from E-G'. (I) Quantification of esg-gfp reporter activity in the posterior midgut
of flies from E-G’. For H and |, ng,,, = 31, 22, 23, 32, 23, and 21. Each group of conditions represents means + SEM and was analyzed independently



ISC proliferation in young flies as a result of other stimuli. To
test for any proliferative defects upon Pink1/Parkin loss in the
young gut, we induced a stress response by feeding the flies the
DNA-damaging agent bleomycin. When fed to flies, bleomycin
induces an increase in ISC division without affecting the fate
of the progeny (Amcheslavsky et al., 2009). We used the esg”
driver to selectively deplete Pinkl or Parkin in the progenitor
cells of the gut for 7 d before bleomycin feeding. Under homeo-
static conditions, the Drosophila midgut is largely quiescent;
evidence of proliferation via pHH3 staining is elusive in young
(7 d old) male midguts (Fig. 2 F). In bleomycin-fed controls, a
significant increase in ISC proliferation was observed (Fig. 3,
A, A’, and D). However, the increase in ISC proliferation in
response to chemically induced damage was significantly at-
tenuated upon knockdown of either Pink1 or Parkin (Fig. 3, B,
B’, C, C’, and D), indicating that depletion of Pink1 or Parkin
was sufficient to block ISC proliferation in response to age and
damage. Similar results were obtained using 5967 to drive
expression of additional UAS-pinklRNAi and UAS-parkinRNAi
lines (Fig. S3 G). We confirmed that bleomycin caused similar
levels of DNA damage across the treatment groups by staining
for phospho-histone 2A variant D (H2AvD), a histone variant
that accumulates in response to DNA damage (Clarkson et al.,
1999; Amcheslavsky et al., 2009), in flies expressing RNAi
transgenes in ISCs/EBs for 10 d before bleomycin feeding. Nu-
clear intensity of H2AvD in ECs increased dramatically upon
bleomycin feeding (Fig. 3, E-G’ and H) in all samples, indicat-
ing significant damage across genotypes.

Knockdown of Pinkl, but not Parkin, also significantly
inhibited the stress-induced expansion of the esg-gfp reporter,
although Parkin knockdown samples showed a strong trend
for reduced esg-gfp expansion (Fig. 3 I). The effect of Pink1/
Parkin depletion on stress-induced expansion of esg* cells was
further confirmed using several additional RNAI lines against
Pink1 and Parkin, all of which demonstrated either a significant
reduction or downward trend in expansion of esg (Fig. S3 H).
We speculated that the increased severity of the DNA damage
in Parkin-depleted samples (Fig. 3 H) resulted in an elevated
stress stimulus, thus overcoming the proliferative inhibition of
the ISCs. Importantly, in uninduced controls in which 5961¢5
is not active, neither the UAS-pinkI®Ni nor UAS-parkin®NAi
transgene limited expansion of esg-gfp reporter expression or
demonstrated an increase in H2AvD intensity upon bleomycin
feeding when compared with controls (Fig. S3, I and J, right).
Interestingly, despite attenuating the ISC response to EC dam-
age, there is no reduction in survivorship compared with con-
trols when Pink1 or Parkin knockdown flies were aged in vials
supplemented with bleomycin (Fig. S3, D-F). We previously
reported that flies lacking ISCs did not demonstrate decreased
survival under control conditions; however, these flies had de-
creased rates of survival in response to bleomycin exposure
(Resende et al., 2017). Collectively, these data indicate that
limited renewal of the midgut epithelium is sufficient to avoid

premature death, but ISC/EB ablation can sensitize the animals
to chemically induced damage.

As the age-associated increase in ISC proliferation was
suppressed upon ISC- or EB-specific knockdown of Pinkl or
Parkin (Fig. 2, G-J), we wanted to determine if cell type specific
knockdown had similar results in young flies fed bleomycin.
We once again used ISC-Gal4 and EB-Gal4 drivers to deplete
Pink1 or Parkin in the ISCs or EBs, respectively. ISC-specific
loss of Pinkl or Parkin inhibited the bleomycin-induced in-
crease in ISC numbers and inhibited the increase in the number
of pHH3* cells (Fig. 3, J and K; and Fig. S3, K-M and K'-M’).
Alternatively, EB-specific knockdown of Pinkl or Parkin lim-
ited the expansion of EBs caused by bleomycin feeding but did
not inhibit ISC proliferation (Fig. 3, L and M; and Fig. S3, N-P
and N'-P’), as expected. Therefore, EB-specific knockdown
affected ISC proliferation differently in aged versus bleomy-
cin-stressed midguts (compare Fig. 2 J with Fig. 3 M). This
discrepancy may be caused by the EC-specific damage caused
by bleomycin, which results in elevated Upd3 signaling from
the damaged ECs to ISCs that still express Pink1 and Parkin.

Because Pinkl and Parkin function is critical for the identi-
fication and elimination of depolarized mitochondria, loss-
of-function mutations in either gene can result in increased
production of reactive oxygen species (ROS; Abramov et al.,
2011). To determine whether depletion of Pink1/Parkin in the
intestinal progenitors has a functional effect on the mitochon-
drial network, we assayed endogenous ROS production in the
midgut upon ISC/EB—specific knockdown of Pinkl or Parkin.
As an indirect measure for ROS production, we used a GFP
reporter for the antioxidant gene gstD1 (Sykiotis and Bohmann,
2008). In young flies with relatively quiescent ISCs, we found
that gstDI reporter expression in ISC/EBs was lower than the
surrounding ECs (Fig. 4, A—A""). Upon knockdown of either
Pink1 or Parkin, the expression of gstD1 is elevated in the ISCs/
EBs, when compared with controls (Fig. 4, B-B’* and C-C"’).
To account for variations between immunofluorescent stains, we
quantified the ratio of GFP signal within progenitor cells versus
the ECs immediately adjacent to the ISCs/EBs (Fig. 4 D).

A previous study demonstrated that the shift from a quies-
cent ISC to a proliferative state upon aging or exposure to mito-
genic conditions is due, in part, to inactivation of Nrf2/CncC, a
master regulator of cellular redox state (Hochmuth et al., 2011).
Interestingly, our data indicate that despite increased ROS lev-
els in the ISCs of Pink1/Parkin knockdown samples, the stem
cells do not proliferate. This suggests that loss of Pink1/Parkin
in midgut progenitor cells inhibits proliferation despite display-
ing an intrinsic pro-proliferative phenotype.

To determine if the changes to ROS levels persisted
when ISCs divide more rapidly, we used live imaging of aged

with one-way ANOVA followed by Dunnett’s post test. (] and K) Quantification of the proportion of ISCs in the posterior midgut (J) or mitotic ISCs (K) upon

ISC-specific knockdown of mCherry, Pink1, or Parkin in 10-d-old flies treated with bleomycin (n

w=11,11,10,12,11, and 10). (L and M) Quantification

of the proportion of EBs in the posterior midgut (L) or mitotic ISCs (M) upon EB-specific knockdown of mCherry, Pink1, or Parkin in flies stimulated with
bleomycin at 10 d of age (ng,, = 24, 11, 15, 27, 16, and 15). Datasets J and L represent means = SEM and were analyzed using one-way ANOVA fol-
lowed by a Dunnett’s post test to determine significant differences in means. For datasets K and M, sucrose control versus bleomycin groups were analyzed
independently using a Kruskal-Wallis test for nonparametric data followed by a Dunn’s post test for multiple comparisons to determine significantly different

median values. *, P < 0.05; **, P <0.01; ***, P <0.001.
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Figure 4. Pink1 or Parkin depletion results in elevated ROS in the intestinal progenitor cells of the young or aged midgut. (A-C’) Representative
immunofluorescence images of the posterior midguts of 10-d-old flies bearing a GstD-GFP reporter construct. Expression of UAS-Td-Tomato along with
mCherryfNAi (A; control), pink 1RNAY (B) or parkin®™Ai (C) was accomplished with the 5961-Gal4GS driver. Gal4%s activity was stimulated by supplementing
25 pg/ml RU486 throughout adulthood. (D) Quantification of GstD:GFP signal from A-C reported as a ratio of GFP within the boundary of the ISCs/EBs
versus the adjacent ECs [ng,, = 12, 11, and 11). Data are means + SEM. (E-G"’) Example images from live-mounted posterior midguts stained with DHE
from 50-d-old flies. RNAi construct expression was induced by feeding 25 pg/ml RU486 throughout adulthood to flies carrying the 5961-Gal4Gs driver
and mCherry®N4i (E; control), pink1RNAi (F), or parkin®NAi (G). Dotted lines mark 1SCs/EBs as indicated by esg-gfp reporter expression (E'-G’). Bars, 10 pm.
(H) Quantification of the ratio of DHE within the I1SCs/EBs to adjacent ECs. Data are means + SEM. A total of 10 ISC/EB:EC comparisons were made for
each gut (nisc/es.ec comparisons = 60, 30, and 50). Datasets were analyzed by one-way ANOVA and a Dunnett’s post test. **, P < 0.01; **** P < 0.0001.

guts (50 d old) stained with dihydroethidium (DHE), a dye
whose fluorescence intensity increases upon oxidation. Simi-
lar to the gstD1I reporter expression in the young guts, we find
that ROS levels were lower in cells positive for esg (Fig. 4,
E-E’’" and H). In contrast, ISC/EBs depleted of Pinkl or Par-
kin exhibited elevated levels of ROS, when compared with the
surrounding ECs (Fig. 4, F-G'* and H). These data indicate
that the functional effect of loss of the mitophagic machinery
exhibits effects as early as day 10 and persists throughout the
life of the fly, resulting in elevated ROS levels in the progeni-
tor cells throughout life.

In mammals, oncogene expression can lead to cellular se-
nescence via increased ROS levels (Lee et al., 1999). That
invertebrates also demonstrate a ROS-dependent cellular se-
nescence phenotype has only recently been revealed. In the

Drosophila imaginal epithelium, compromised mitochondrial
function in conjunction with oncogenic Ras expression can
lead to cellular senescence (Nakamura et al., 2014). Because
we observed increased ROS levels in the ISCs/EBs of young
and aged flies and a decrease in ISC proliferation, we inves-
tigated the possibility that ISCs depleted of Pinkl or Parkin
adopt a senescence-like phenotype and, therefore, are incapa-
ble of dividing. We first tested the midguts for markers of cellu-
lar senescence, such as senescence-associated [-galactosidase
(SA—p-gal) and HP-1 (Nakamura et al., 2014). Knockdown
of Pinkl or Parkin, mediated by the esgGAL4 driver, caused
elevated SA—f-gal activity in many of the diploid cells of the
posterior midgut (Fig. 5, A—C"). Elevated SA-p-gal levels re-
mained even after 7 d of recovery from RNAi-induced knock-
down (Fig. 5, D-D'""). Furthermore, Pink1/Parkin depletion
resulted in elevated HP-1 levels in the esg* cells of the pos-
terior midgut (Fig. 5, E-H, arrows indicate esg* cells, ISCs,
and EBs, whereas asterisks indicate polyploid, esg= cells,
and ECs). HP1 levels remained unchanged in the differenti-
ated cells of the midgut (Fig. 5 I). An additional marker of
senescence, H3K9 trimethylation, was also elevated upon
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Figure 5. Progenitor-specific depletion of Pink1/Parkin results in up-regulation of senescence-associated markers and continued proliferation defects after
RNAi repression. (A-C’) Representative senescence-associated p-galactosidase (SA-Bgal) activity in the P3/P4 region of the posterior midgut. SA-Bgal activ-
ity was imaged via differential interference contrast, and 1SCs/EBs are shown in green via visualization of endogenous esg-Gal4>UAS-gfp Progenitor-spe-
cific knockdown of Pink1 (B) or Parkin (C) results in the appearance of SA-Bgal activity in the posterior midgut with strong expression in some of the small,
diploid, esgGFP+ cells (B’ and C’). (D) Schematic of experimental design to determine if senescence-associated markers remain affer repression of RNAi ex-
pression. (D'-D""") SA-Bgal activity assays from midguts after 7 d of RNAi expression followed by 7 d of recovery (regular gene expression). (E-G) Example
immunofluorescent images showing HP1 stain in the posterior midgut of 7-d-old flies upon expression of mCherry®™Ai (E; control), pink18NAi (F), or parkinkNAi
(G). Arrows denote ISC nuclei, and asterisks mark the nuclei of differentiated midgut cells. Bars, 20 pm. Quantification (from E-G) of mean nuclear HP1
intensity is shown for GFP* (H; ng,/cai, = 14/843, 13/879, and 6/374) or GFP- (1) cells (ngys/ceis = 14/2,320, 13/2,509, and 6/2,509). (J-1) Example
immunofluorescent images from the posterior midgut of 7-d-old flies showing H3K9-trimethylation up-regulation in the nuclei of ISCs/EBs depleted of Parkin.
Arrows indicate nuclei of GFP-positive cells. Bars, 20 pm. (M and N) Quantification (from J-L) of GFP+ cells (M; ng,,/cai, = 11/350, 10/348, and 6/210)
and GFP- cells (N; ngy/cois = 11/1,280, 10/1,036, 6/1,335). (O) Model of experimental design to test functional senescence upon recovery from Pink1
or Parkin depletion in the midgut progenitor cells. (P) Quantification of the number of actively dividing cells in the posterior midgut as outlined by the exper-
iment in O (ng,, = 14, 13, 14, 16, 15,14, 17,15, and 16). H, |, M, and N were analyzed via one-way ANOVA followed by Dunnett's post tests. P was
analyzed using a Kruskal-Wallis test followed by Dunn’s multiple comparisons test. *, P < 0.05; **** , P < 0.0001. All graphs represent means + SEM.
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progenitor-specific knockdown of Parkin (Fig. 5, J-N). These
data indicate that several hallmarks of cellular senescence are
elevated in the intestinal progenitor cells in response to knock-
down of Pink1/Parkin in ISCs/EBs.

Because knockdown of Pinkl or Parkin resulted in pro-
liferative defects in the ISCs and several senescence-associated
markers were expressed in ISCs upon Pink1/Parkin depletion,
we next sought to determine if the ISCs are truly senescent
upon ISC/EB-specific knockdown of Pinkl or Parkin and
unable to reenter the cell cycle. To test for functional senes-
cence, we used the temperature-inducible esg F/O approach de-
scribed prevously (Fig. 2; Jiang et al., 2009). The esg F/O flies
were crossed to UAS-mCherry®™Ai (control), UAS-pinkI¥NAi) or
UAS-parkin®™4i at 18°C to repress RNAi expression during de-
velopment. Upon eclosion, adult flies were moved to 29°C to
induce expression of the RNAi constructs for 7 d. After 7 d
of knockdown, the flies were returned to 18°C to once again
repress the RNAi expression and allow ISCs/EBs to recover for
another 7 d. At this point, flies were assayed for gut proliferation
(fed samples), fed 5% sucrose for 48 h (sucrose), or fed 5 ug/ml
bleomycin in 5% sucrose for 48 h (bleomycin) to stimulate ISC
division (Fig. 5 O). All samples in the fed and sucrose condi-
tions showed very little or no ISC proliferation (Fig. 5 P, left and
middle). Interestingly, however, midguts that had been pulsed
with pinkI®¥At or parkin®¥ in ISCs/EBs had significantly fewer
dividing ISCs upon bleomycin feeding when compared with
controls (Fig. 5 P, right). These data indicate that the prolifer-
ative defect in ISCs upon Pink1 or Parkin depletion is largely
irreversible. When taken together with the expression of several
senescence-associated factors upon Pink1/Parkin knockdown,
our data indicate that loss of Pink1 or Parkin in midgut progeni-
tor cells results in a state resembling cellular senescence.

Cellular senescence is a potent tumor-suppressive mech-
anism, yet numerous recent studies have indicated that the
presence of senescent cells can contribute to age-related tissue
degeneration through the induction of a senescence-associated
secretory phenotype (Coppé et al., 2008) and elevated levels of
ROS (Passos et al., 2010). Here, we demonstrate that a block
in mitochondrial turnover via depletion of Pinkl and Parkin
results in hallmarks of senescence in Drosophila 1SCs. Specif-
ically, we show that ISC/EB—specific reduction of Pinkl and
Parkin leads to significant intracellular damage and alterations
to mitochondrial morphology (Fig. 1 and Fig. S1, L-P). These
changes in mitochondrial ultrastructure correlate with a block
in the uncontrolled ISC proliferation normally present in aged
animals and induced in response to acute intestinal damage
(Figs. 2 and 3; Fig. S2, E-H"’; and Fig. S3, G-P’). The block in
ISC proliferation is observed in the presence of high levels of
ROS in Pink1- and Parkin-depleted ISCs (Fig. 4), which would
normally stimulate ISC division. Lastly, we show that several
hallmarks of senescence are elevated in ISCs upon depletion of
Pink1 or Parkin and that ISCs appear to be functionally senes-
cent, as stress-induced proliferation remains limited even after
RNAI repression is relieved (Fig. 5). Collectively, our results
indicate that progenitor-specific mitochondrial dysfunction un-
couples cellular and tissue aging, in part, through induction of
ISC senescence and suggest that ISCs use mitophagy as one
strategy to maintain a healthy complement of mitochondria.
The role of mitochondria in enhancing the onset of senes-
cence has been recently reported in mammals (Correia-Melo
et al., 2016), and our data reveal that a similar relationship is
present in invertebrates.

Fly food and husbandry

Flies were cultured in vials containing standard cornmeal medium (in
wt/vol, 1% agar, 3% brewer’s yeast, 1.9% sucrose, 3.8% dextrose, and
9.1% cornmeal). Flies carrying the drug-inducible Gal4/UAS system,
GeneSwitch (Osterwalder et al., 2001; Roman et al., 2001), were cul-
tured at 25°C; transgene induction was performed by supplementing
the food with 25 ug/ml of the steroid hormone mifepristone (RU486,
M8046; Sigma-Aldrich). Flies carrying the temperature-inducible
Gal4/UAS system, TARGET (McGuire et al., 2004), were crossed
at 18°C to repress transgene expression. Upon eclosion, flies were
cultured at 29°C to induce Gal4-dependent expression. In all cases,
flies were flipped to fresh media every 2 or 3 d. Male flies were used
in all assays described.

RNAi screen for mitochondria-related genes affecting tissue
homeostasis and ISC proliferation

The following transgenic lines were used in this assay: UAS-dPGC-1
(Rera et al., 2011), UAS-dPGC- 18N and UAS-drp:HA (obtained from
D.W. Walker, University of California, Los Angeles, Los Angeles,
CA), UAS-drp®™4i (FBst0027682), UAS-Opal®™i (FBst0032358),
UAS-marf®Ai - (FBst0031157), UAS-tamas® A (FBst0031098),
UAS-milton®™i  (FBst0028385), UAS-miro®i (FBst0027659),
UAS-RalA®M (FBst0029580), UAS-PinkI®4" (FBst0031170), and
UAS-Parkin®"4 (FBst0037509). These transgenic lines were crossed to
5961-Gal495|UAS-gfp™ flies, and the progeny were aged at 25°C for
10, 30, or 50 d. Tissue homeostasis was assayed by tissue morphology,
GFP expression, ISC proliferation, and mitochondrial morphology.

Drosophila strains

The following TRiP (Transgenic RNAi Project, Harvard Medical
School) RNAI lines were obtained from the Bloomington Stock Center:
UAS-PinkI®Ni (BL#31170, FBst0031170), UAS-PinkI®¥ (BL#31262,
FBst0031262), UAS-Pink1®¥i (BL#38262, FBst0038262), UAS-Parkin®Mi
(BL#31259, FBst0031259), UAS-Parkin®4 (37509, FBst0037509),
UAS-Luciferase®™ 4 (BL#31603, FBst0031603), and UAS-mCherry®Ni
(BL#35785, FBst0035785). An additional UAS-Parkin®¥i line was
obtained from the Vienna Drosophila Resource Center (v104363,
FBst0476221). RU486-inducible 59619 (FBti0150383) and 5966¢5
(FBti0150384) drivers were described previously (Nicholson et al.,
2008) and provided by H. Jasper (Buck Institute for Research on Aging,
Novato, CA). The esg-GFP enhancer trap line (P01986, FBtp0051138)
was obtained from L. Cooley (Yale School of Medicine, New Haven,
CT) as part of the FlyTrap collection. The reporter lines UAS-GFP™i
(BL#8443, FBst0008443) and UAS-LacZ"s (BL#3956, FBst0003956)
were acquired from Bloomington. w;esg-Gal4,UAS-GFP,tubGal80™/
CyO; UAS-fip,act>CD2>Gal4/Tm6b (escargot F/O) line was ob-
tained from B. Edgar (Huntsman Cancer Institute, Salt Lake City,
UT). Su(H)Gal4,UAS-GFPP/CyO;tubGal80"™/MKRS (EB-Gal4) and
esgGal4, UAS-2xYFP/CyO;Su(H)Gal80, tubGal80™/TM3, Sb (ISC-
Gal4) were gifts from S. Hou (Center for Cancer Research, National
Cancer Institute, Frederick, MD). Da-GalGeSvicch was obtained from
D.W. Walker. The UAS-roGFP"i* was a gift from R. Demarco (Univer-
sity of California, Los Angeles, Los Angeles, CA).

Bleomycin feeding experiments

For experiments with Gal80“-dependent induction, flies were collected
1 or 2 d after eclosion and shifted to 29°C on standard cornmeal/molas-
ses medium for 7 d before being transferred to treatment vials. In ex-
periments with GeneSwitch-based induction, flies were collected 1 or 2
d after eclosion and reared on standard medium for 10 d at 25°C before
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being transferred to treatment vials. Treatment vials consisted of empty
vials containing a folded KimWipe saturated with 750 ul of uninduced
control (0.25% vol/vol ethanol in 5% sucrose), induced control (25 pg/
ml RU486 in 5% sucrose), uninduced treatment (0.25% vol/vol ethanol
and 5 pug/ml bleomycin in 5% sucrose), and induced treatment (25 pg/
ml RU486 and 5 pg/ml bleomycin in 5% sucrose).

Survivorship

All progeny from parental crosses were collected within 24 h of eclo-
sion and allowed to mate for 2 d before sorting for the appropriate
genotypes using light CO, anesthesia. Flies were housed in a 25°C in-
cubator kept on a 12 h light/dark cycle. For standard life span experi-
ments, the flies were housed at a density of 20 flies per vial and flipped
to new vials with standard cornmeal/molasses medium containing ei-
ther ethanol (0.25% vol/vol as vehicle for uninduced GeneSwitch con-
trols) or 25 pg/ml RU486 every 2 or 3 d. For bleomycin survivorship
experiments, flies were collected as before but aged to 10 d on standard
food containing either 25 pg/ml RU486 or 0.25% vol/vol ethanol before
being transferred to treatment vials described in the previous section.

Immunostaining and microscopy
The Drosophila gastrointestinal tract was dissected into 4% parafor-
maldehyde in PLP buffer and fixed for 1 h at room temperature. The
tissue washes were performed with PBT (I1x PBS and 0.1% Triton
X-100). Antibody incubations were performed in PBT supplemented
with 3% BSA and 0.02% sodium azide. Primary antibodies incubated
at room temperature for at least 4 h or overnight at 4°C; secondary
antibody incubations were 2 h at room temperature. Fixed and stained
tissue was whole mounted in Vectashield mounting medium containing
DAPI from Vector Laboratories. Primary antibodies used in this study
included mouse a-FK?2 (polyubiquitin; 1:200; Enzo Life Sciences), rab-
bit a-GFP (1:5,000; A11122; Molecular Probes), mouse a-GFP (1:200;
A11120; Molecular Probes), chicken a-GFP (1:1,000; Aves Labs Inc.),
rabbit a-pGal (1:2,000; Cappel), rabbit a(phospho-histone-H3 (1:200;
06-570; EMD Millipore), rabbit a-H2AvD pS137 (1:200; 600-401-
914; Rockland), and mouse a-BGal (1:20; 40-1a), mouse a-Armadillo
(1:20; N2 7A1), mouse a-HP1 (C1A9), and mouse a-Prospero (1:100;
MRI1A; Developmental Studies Hybridoma Bank).

Superresolution images were obtained from a custom-build
STED superresolution microscope currently reaching a resolution
of ~30 to 40 nm.

Image analysis

For quantification of ISCs/EBs, clone number and size, H2AvD inten-
sity, or pHH3 in the posterior midgut, images were acquired at room
temperature using a 40x objective on either a ZEISS LSM 780 confo-
cal microscope running Zen software (ZEISS) or an Axio Observer.
Z1 (ZEISS) fitted with an ApoTome running AxioVision software.
To image the entire posterior midgut, three to five images were taken
to cover the area from the pylorus to the posterior aspect of the iron/
copper region, corresponding to the P3 to P4 region of the Drosophila
midgut (Marianes and Spradling, 2013). Each image was acquired as a
three-plane Z-stack spaced at 0.75 um. Raw images were converted to
max intensity projections using ImageJ. Image features were quantified
with custom CellProfiler pipelines.

EM

The gastrointestinal tract was dissected into 2% EM-grade glutaral-
dehyde in PBS and fixed for 1 h at room temperature and then 2 h
on ice. Samples were washed in PBS before embedding in soft agar.
Tissues underwent secondary fixation in 1% osmium tetroxide plus
0.3% potassium ferricyanide. Guts were then en bloc stained with 2%

uranyl acetate, dehydrated in ethanol, and embedded in EPON epoxy
resin. For standard TEM, thin sections were mounted on slot grids and
stained with uranyl acetate and lead citrate. Images were acquired using
a Libra 120 PLUS EF-TEM transmission electron microscope (ZEISS)
or a 100CX transmission electron microscope (JEOL). For tomographic
studies, both sides of semi-thick sections were coated with gold par-
ticles and tilt series collected using an FEI Titan 80-300 (CTWIN)
IVEM/STEM. Tomographic reconstructions and 3D models of mito-
chondria were generated with IMOD and TxBR.

Senescence-associated f-galactosidase assay

Full, intact midguts were stained for senescent cells using the Senes-
cence Cells Histochemical Staining kit (CS0030; Sigma-Aldrich). In
brief, 10-d-old flies were anesthetized by covering the culture vial with
ice until the flies fell to the bottom of the vial. Flies were immediately
dissected into 1x PBS. Dissection of flies from all of the genotypes
to be analyzed would take place in a 15-min window, after which the
remainder of the staining protocol would be performed as follows. Guts
were washed twice with 1x PBS before being lightly fixed for 5 min at
room temperature in 1x fixation buffer. Guts were washed three times
in 1x PBS before being incubated in 1x staining mixture (mixed as per
kit instructions) at 37°C for 30 min. After staining, the midguts were
washed in 1x PBS and mounted in 1x PBS on Superfrost Plus micro
slides (VWR 48311-703). The guts were images immediately on an
Axio Imager A2 microscope (ZEISS) using Zen imaging software or
an Axio Observer.Z1 fitted with an ApoTome.

Statistical analysis

When datasets followed a normal distribution, significance was deter-
mined via one-way ANOVA followed by a Dunnett’s multiple com-
parison test. When data were nonnormally distributed (typically pHH3
count data), a nonparametric Kruskal-Wallis analysis was used fol-
lowed by a Dunn’s multiple comparison test. Any deviations from this
standard are noted in the text.

Online supplemental material

Fig. S1 contains data demonstrating the effect of ubiquitous Pinkl or
Parkin knockdown on mitochondrial morphology in the flight muscle,
wing posture, and climbing ability. These phenotypes are similar to
those observed in Pink1 and Parkin mutants, which provides evidence
for the efficacy of the Pink1 and Parkin constructs in vivo. Furthermore,
quantification of the frequency of progenitor cell mitochondrial abnor-
malities (as observed by TEM) upon progenitor-specific knockdown
of Pinkl or Parkin is provided. Fig. S2 demonstrates the cell-specific
nature of the observed phenotypes upon Pinkl or Parkin knockdown
and indicates that the phenotypes are not caused by perdurance of the
RNAI construct into the differentiated ECs. In addition, representative
immunofluorescent images from progenitor-, ISC-, and EB-specific
knockdown of Pinkl or Parkin are included. Fig. S3 contains lifespan
and survivorship data that shows progenitor-specific knockdown of
Pink1 or Parkin does not affect lifespan or survivorship under bleomy-
cin-induced stress. Despite having no effect on survivorship, several
additional Pinkl and Parkin RNAi lines were analyzed as redundant
controls; these lines also limited the stress-induced proliferative re-
sponse of ISCs. Lastly, representative immunofluorescent images of
bleomycin-stressed guts from ISC- or EB-specific Pink1 or Parkin
knockdown samples are included.
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