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Senescence is a cellular state linked to ageing and age-onset disease across many
mammalian species'?. Acutely, senescent cells promote wound healing®* and prevent
tumour formation®; but they are also pro-inflammatory, thus chronically exacerbate
tissue decline. Whereas senescent cells are active targets for anti-ageing therapy®™,
why these cells formin vivo, how they affect tissue ageing and the effect of their
elimination remain unclear", Here we identify naturally occurring senescent glia
inageing Drosophilabrains and decipher their origin and influence. Using Activator
protein1(AP1) activity to screen for senescence'*", we determine that senescent glia
canappear inresponse to neuronal mitochondrial dysfunction. In turn, senescent
glia promote lipid accumulation in non-senescent glia; similar effects are seenin
senescent human fibroblasts in culture. Targeting AP1 activity in senescent glia
mitigates senescence biomarkers, extends fly lifespan and health span, and prevents
lipid accumulation. However, these benefits come at the cost of increased oxidative
damage in the brain, and neuronal mitochondrial function remains poor. Altogether,
our results map the trajectory of naturally occurring senescent glia in vivo and
indicate that these cells link key ageing phenomena: mitochondrial dysfunction and
lipid accumulation.

Across mammalian species and tissues, ageing is associated with the
onsetof cellular senescence: aninflammatory secretory state adopted
by a minority cell population. Acutely, senescent cells are thought to
promote wound recovery and aid in tumour suppression>** but seemto
be deleterious chronically’. Indeed, periodically eliminating senescent
cells in ageing mice can extend life, improve tissue health and miti-
gate age-onset disease® ", These benefits are attributed to reduced
senescence-associated secretory phenotype (SASP) and associated
inflammation. Yet, fundamental questions about senescent cells remain
tobeaddressed. Mechanisticinsight largely comes fromin vitro stud-
ies or animal models in which senescence is induced®. Whether such
models capture what happens naturally is unclear, as identifying and
manipulatingnaturally occurring senescent cellsin animalsis challeng-
ing. Overall, how and why cells senesce in vivo, as well as their effect on
tissue ageing, largely remains a mystery.

In the Drosophila brain, we previously found the senescence-
associated transcription factor AP1 (refs. 14,18) is chronically active
in a subset of glia after traumatic brain injury and in advanced age®.
These AP1" glia have an abnormal morphology, produce matrix metal-
loproteinase and promote tau pathology®, which are traits of senescent

gliain mice®. Whereas senescent cells have not been reported in the
fly"®, senescence-associated genes are conserved and fly cells can
undergo oncogene-induced senescence in vivo***, Here, we identify
naturally occurring senescent-like glia in Drosophila, and study their
origin and impactin vivo. In ageing fly brains, AP1 becomes active in
asubset of glia that show traits and biomarkers similar to senescent
cellsinmammals. We determine that these senescent AP1" gliaappear
inresponse to neuronal mitochondrial dysfunction and are associated
with lipid droplet (LD) accumulation in non-senescent glia. Similarly,
we find that AP1 activity in human senescent fibroblasts promotes
LDsinnon-senescent fibroblastsin vitro. Reducing AP1activity in glia
prevents hallmarks of senescence, with both beneficial and detrimental
effects to the ageing brain.

AP1" gliahave asenescent phenotype

Asour previous work suggested AP1* glia have senescent features®, we
used a transgenic line with dsRed expressed under the control of an
AP1binding motif (TRE-dsRed)? to characterize when and where AP1*
gliaappearinthebrain. In early life (5-10 days; lifespan, Fig. 1a), there
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Fig.1|APT' gliaappear withage and have asenescent phenotype.a, Lifespan
of genomic AP1reporter line (TRE-dsRed; n =200 flies). b, Representative images
of fly brains showing age-onset AP1activity (dsRed; top) is mostly in glial cells
(repo; bottom). ¢, Quantification of dsRed intensity shows that AP1activity is
higher the central brain (left) versus optic lobes (right) (TRE-dsRed; n=93
brains). See Extended Data Fig. 1a-c for high-magnificationimages and
quantification of dsRed colocalization with glial versus neuronal markers. a.u.,
arbitrary units. d,e, Representative images showing SA-B-Gal activity increases
with age (d) with quantification (e) (TRE-dsRed; n =119 brains). f, Brain yH2Av
levelsincrease with age (TRE-dsRed; n =8 brains perreplicate). For gel source
data, see Supplementary Fig.1a. g, Bulk RNA-seq of brains shows that
senescence-associated genesincrease with age (w'’%; n = 20 brains per
replicate). h, Cells were FACS-isolated from 40-day-old brains for bulk RNA-seq
(repo-GAL4 > TRE-dsRed;UAS-GFP; n =500 cells per replicate). i,j, Expression of

476 | Nature | Vol 630 | 13 June 2024

AP1subunits (dfos, dJun), AP1-target genes (i) and senescence-associated
genes (j) is highestin AP1" glia. See Supplementary Datalfor differential
expression genes. k, Most AP1" gliaare non-dividing by EdU labelling at 40 days
(TRE-dsRed; n=39 brains).1, Analysis of live FACS-isolated cells from 40-day-old
brains shows that AP1" glia are larger (left) with normal DNA content (right)
(n=4,748 neurons, n=14,326 AP1™¢glia, n = 490 AP1" glia). m, Distribution of
YH2Av stainingin fixed FACS-isolated cells from 40-day-old brains (n = 8,609
neurons, n=_845AP1™¢glia, n =302 AP1' glia). For all bar graphs, data shown
aremeans. Each pointinamicroscopy experiment represents one brain; in
immunoblot or bulk RNA-seq experiments it represents one biological replicate.
All datawere collected from two or threeindependent experiments. Pearson’s
correlation (c,e,f). Precise nand Pvalues are in the Source Data. *P-adjusted
<0.05forsequencing data; ***P< 0.001;**P< 0.01, *P< 0.05 for all other data.
Allscalebars,100 pm.



were no dsRed" cells (Fig. 1b,c). By mid-life (roughly 20 days), dsRed"
cellsappeared inthe antennal lobes (diagram, Fig. 1h), which comprise
neurons known to degenerate in early life?. In late life (30-40 days),
dsRed" cells persisted in the antennal lobes and also appeared in the
optic lobes. Costaining with nuclear glial (repo) and neuronal (elav)
antibodies showed most dsRed" cells are repo* (64-100%; Extended
DataFig.1a-c), consistent with our previous work". We asked whether
biomarkers associated with senescence coincide with the appearance
of AP1" glia in age. Senescence-associated (3-galactosidase (SA-B-Gal)
activity®* (Fig. 1d,e) and the fly DNA damage marker, yH2Av (ref. 25),
increased with age (Fig. If). Analysis of bulk RNA-sequencing (RNA-seq)
data from wild-type fly brains (3, 20, 50 days; previously published®)
indicated genes commonly associated with senescence increase with
age, including Gal (B-Gal), dacapo (fly p21 (ref. 27)), inflammatory
transcription factors (fly NF-k3s*, Sting®®) and orthologues of SASP
genes defined in mammals® (Fig. 1g). Thus, as fly brains age, AP1* glia
accumulatein astereotyped regionally progressive manner and mark-
ers of cellular senescence increase.

To determine whether AP1" glia are the source of senescence bio-
markers, we used fluorescence-activated cell sorting (FACS) followed
by bulk RNA-seq to characterize select cell populations from aged
brains (40 days). Gliawere tagged with green fluorescent protein (GFP)
expressed under a constitutively active, glia-specific GAL4 and AP1
activity was identified by dsRed (repo-GAL4>TRE-dsRed,UAS-GFP;
lifespan in Extended Data Fig. 1d) to isolate AP1" glia (dsRed"GFP"),
AP1"¢ glia (dsRed"*®GFP*) and neurons (dsRed"¢GFP"*¢; schematic
in Fig. 1h). Overall, dsRed" cells were rare (roughly 1-3% brain cells),
nearly all were GFP* (Extended Data Fig. 1e), and dsRed*GFP" cells
expressed glial marker genes (Extended Data Fig. 1f). Consistent with
APlactivationin AP1* glia, dFos and dJun (two AP1subunits) were high-
estin AP1" glia, as were AP1-target genes (Fig. 1li and Supplementary
Datal).Senescence-associated genes were also notably elevated in AP1*
glia (Fig. 1j), consistent with an inflammatory secretory phenotype.
Conversely, LamB, encoding a nuclear envelope protein decreased in
senescent cells®, seemed reduced. We explored whether AP1* gliahave
other traits of senescence: cell cycle arrest, increased metabolic activ-
ity, hypertrophy and DNA damage®. Adult fly glia have the capacity to
divide, evidenced by EdU* gliain the setting of braininjury™*2. However,
most AP1" gliawere EdU™through late life (40 days; Fig. 1k), indicating
they neither arise from dividing cells (replicative senescence) nor give
rise tonew cells (cell cycle arrest). Pathway enrichment analysis showed
many metabolic and anabolic pathway genes are highly expressed in
APT" glia, including glycolysis and translation (see Supplementary
Data 2 for all pathways and terms). By flow cytometry analysis, AP1*
gliawere larger thanother cells with normal DNA content (Fig. 11). AP1*
glia had elevated yH2Av staining indicative of DNA damage (Fig. 1m).
Collectively, AP1" glia have a phenotype consistent with senescence.
Herein, we refer to AP1* glia as senescent gliaand, by extension, AP1"®
gliaas non-senescent glia.

Neuron healthis linked to AP1" glia

Invitromodels have identified potential routes to senescence but why
cells senesce in vivo remains unclear®. To explore this, we considered
the highly stereotyped pattern of AP1* glia: senescent gliafirst appear
inthe antennallobes then the opticlobes. In flies, age-associated loss
of smell (antennal lobe neurons) precedes vision loss (optic lobe neu-
rons)?, suggesting that glial senescence may coincide with neuronal
decline. We FACS-isolated then performed bulk RNA-seq of neurons
(dsRed™eGFP"*#) from young brains (5 days) for comparison to aged
neurons (40 days). Asurprisingly small number of genes changed with
age (n=249;Supplementary Data 3). Upregulated genes (n =143) were
enriched for inflammation related gene ontology terms, similar to
mammalian neurons®, whereas downregulated genes (n =106) mostly
mapped to pathways and terms related to mitochondrial function

(Fig. 2a and Supplementary Data 4). Lactate dehydrogenase mes-
senger RNA increased (Extended Data Fig. 2a), indicating a shift to
fermentation. Aged whole brains had reduced ATP levels (Extended
DataFig.2b), consistent with diminished respiratory gene expression.
Total mitochondrial DNA (mtDNA) also decreased (Extended Data
Fig. 2¢), suggesting reduced mitochondrial content®. Overall, these
dataindicate that mitochondrial function declines with agein neurons,
consistent with fly single-cell RNA-seq data® and work in mammalian
species and other cell types®.

In flies, age-onset mitochondrial dysfunction is characterized by
inner membrane loss: its complexes and their encoding genes*. Of the
46 mitochondrial genes identified by pathway analysis, 33 encoded
inner complex components (Extended DataFig. 2d,e). Thus, to deter-
mine whether mitochondrial dysfunctioninageing neurons contributes
toglial senescence, we performed atargeted RNA interference (RNAi)
screen against the inner complex genes that changed with age in neu-
rons using available RNAi lines (n = 20). Experimental or control RNAi
were expressed under a drug-inducible (RU-486) neuron-specific GAL4
inabackground with the genomic AP1reporter (TRE-dsRed,elav-GS).
RNAiwasinduced atadult eclosion and dsRed was assessed at 10 days
when AP1activity isnormally low (Fig. 1b). There was an effectin seven
lines: three decreased dsRed and four increased dsRed (Fig. 2b); gene
knockdown was confirmed in these cases (Extended Data Fig. 3a). In
theincreased lines, dsRed was mostly glial by repo and elav costaining
(Extended Data Fig. 3b,c). Despite driving RNAi in all neurons, when
dsRed" glia were seen, they were restricted to the antennal and optic
lobes, similar to the pattern seen in normal aged flies: knockdown of
COX5A and NP15.6 activated dsRed* gliain the antennal lobes only, asin
mid-life (Fig.2c middle to Fig. 2d middle); ND42 and ND75 knockdown
phenocopied late life with dsRed* glia also in the optic lobes (Fig. 2c
right to Fig. 2d right). Moreover, we found inner complex RNAi lines
that increased dsRed compromised brain ATP levels (Extended Data
Fig. 3d). We also tested non-inner complex genes vital to mitochon-
drial health: pink1, parkin, marfand opal (refs. 37,38). Expression of
these genes was unchanged in aged neurons (Extended Data Fig. 4a).
Nonetheless, neuronal knockdown of three out of four genesincreased
dsRed at 10 days; again, the pattern of dsRed resembled older brains
and was glial (Extended Data Fig. 4b-e). Altogether, these data suggest
alink between neuronal mitochondrial health and glial AP1 activity.

To gain further insight to these AP1-activating circumstances, we
used an unbiased approach and performed bulk RNA-seq on brains
fromalinewithincreased dsRed (TRE-dsRed;elav-GS>UAS-ND42-RNA
i) and a line with decreased dsRed (>UAS-ND30-RNAi). By principal
components analysis (PCA), samples segregated along PC1 by dsRed
intensity (Fig. 2e). Consistent with dsRed by microscopy, AP1-target
genes notably increased with UAS-ND42-RNAi (Extended Data Fig. 5a
and Supplementary Data 5). RNAi knockdown was specific (Extended
DataFig.5b). Although we expected ND421oss would affect respiration,
most downregulated gene ontology terms related to neuron-specific
pathways and processes (Fig. 2f,g and Supplementary Data 6), suggest-
ing a loss of cellular identity akin to exdifferentiation®. By contrast,
upregulated gene ontology terms suggested a DNA damage response
(Fig. 2h), withupregulation of canonical repair genes (Fig. 2i). By west-
ernimmunoblot, UAS-ND42-RNAi increased DNA damage associated
YH2Av (Fig.2jand Extended Data Fig.5c). Theline with decreased dsRed,
UAS-ND30-RNAi, had only one enriched term (eukaryotic translation)
and DNA damage and neuronal genes were unchanged (Fig. 2g,i and
Supplementary Data 7). These data indicate ND42 loss caused DNA
damage and a loss of neuronal identity, as in normally aged fly and
human neurons®?*, The mechanism of reduced dsRed by ND30 loss
seems distinct.

To extend these findings, we measured expression of a DNA dam-
age gene, Irbp, and neuron-specific genes (DopIR, Vglut) in the other
nine RNAi lines that affected AP1 activity. In the lines that increased
dsRed, Irbpincreased proportional to dsRed protein; DopIR and Vglut

Nature | Vol 630 | 13 June 2024 | 477



Article

Aged neurons *k Cc » -elay-
a 9 b R B TRE-dsRed;elav-GS>
(40 days versus 5 days) UAS-mCherry-RNAi >UAS-COX5A-RNAI >UAS-ND42-RNAi
Downregulated pathways *kk s G R
Metabolism °
*xx
TCA cycle and respiratory electron transport T 1x108 [ — e ©
E)
ATP synthesis by chemiosmotic coupling S
‘ *
Respiratory electron transport § — o S
Complex | biogenesis ] Hkk @ @%
[
TP53 regulates metabolic genes s s r%\]ﬁ‘ °f o
Organelle biogenesis and maintenance el 5x10 o b4 @@?
Mitochondrial biogenesis( L $ °__o_ d 7RE-dsRed
Formation of ATP by chemiosmotic coupling @%% bed T
Cristae formation
NS Y <
.0 ‘L o ZZZ2ZZZz22
Number of genes TIEIEIRG
320 Egage
cozeZno0
Z2240684=2=
e $235252¢
10 332232353
SRR
__ 5
g 0
= Select downregulated g Neuron identity or function genes h Upregulated GO terms
85 GO terms 5-HT1A CadN2 Dop1R1 Cellular process
a Neurogenesis o S N Response to stress
-10 Locomotion 6.000] 5 60001~ — = Cell macromolecule biosyn process
Behaviour » M. Hl 10,0001 41 [ ell response to stress
-15 Neuron development Fl 4.000 U + ncRNA metabolic process
10 0 10 20 Neuron r;ﬁfgﬁg,ﬂi\/ggﬁgﬁg 4,000 ' Oxoacid metabolic process
) Organic acid metabolic process
PC1@1%) Synaptic signalling ‘E 2,000 2,000 5,000 Carngylic acid metabolic grocess
Genotype (colour) Axon %ﬁggrr?eesﬁg 3 DNA metabolic process
O;gg—gs:eg;e;av-g:>gﬁg-N%iO-RN§’i\‘A Regulation of synapsegt%uclure ; 0 0 0 Cell response DNA damag[;eNs)&n;r;\;I:ﬁ
OTRE-dsRed;elav-GS>UAS-mCherry-RNAi comotory behaviour g hi 1 T {RNA metaboli
O TRE-dsRed;elav-GS>UAS-ND42-RNAi Circadian rhythm 3 9 . robot, ms, et eB repar
Learning °E'§§n'ﬂﬁ,'¥ £ 60,000 e . 6.000 1 # = Favan tRNA aa for protein translation
Mot’:l‘ulatlon of s naptlc"transwﬁslon Z° 40.000 . ) Ul # 2,000 o Amino acid ag{iyaAhgﬁ
H ti it A o
) — —— — europeptide signalling E:an\wnl’naé 4,000 1000 DNA biosynthetic process
Courtship behaviour ) Nucleoside diphosphate phosphorylation
E H2AY Associative learning 20,000 2,000 DSB repair via NHEJ
Anaesthesia-resistant memory co o o
Tubul cwowgo 0 0 0 S 9 9
ubulin QB8 2 8 B3
Number of g;nes Number of genes
Cell identity (colour) Genotype (fill)
i k | Il dsRed"®? Il TRE-dsRed;elav-GS>UAS-NP15.6-RNAi
DNA damage genes Irbp Valut Dop1R I dsRed* ] TRE-dsRed;elav-GS>UAS-ND42-RNAi
Irbp Ku80 PCNA 3 o - ga/ famin B (Lam) p21 (dap) P53
s e PR faad . * . 300 * .
900 3 1500 H : S 2° £ 300 —— 1,500 200 O i
H [l 100 m < = 150
600 1,000{ - [ i 5 2 8 Rk * g fgg 1,000 100 :
2 s . s . o exx H
5300H: sooﬂﬂ 501, 2 |8 e g§§ ; @ - o D D O_D D I D
& o 0 ALL R L APt B PR
B k] e e NF-xB () NF-xB (Re) Sting
£ Poiz1, Hsp67Bc Sarm_ & o 8 5 ,000 600 * *
£ x = L] = 2,000 3,000 400 .
o A & M
21000 g %017 f 001 g £ L 000 2,000
. s00] || 10,000 TIIIII TITIIT IIZIis s 1,000 200
o o\ [0 g ILIZIII ILIIIZ I = s !
500 o ¢ ZZZZZ2Z ZZZZ2Z ZZZZZZ £ 0L == 0 0 —
300 5,000 crrrrr xrerc Freesk
o o H o DRESAN T2EgaR T2LBER cse Egfr Mmp1 MmpZ Pyt Timp
078870 97E8TO 2FL5T0 5,000 : 120 e x 50 . . 2w
ZaonaZ Za0paZ Zo0paz ~ 2,0001 . 40
TEEQZS SEESDZS SEEDZS o 4,000 * 20,000 9,000 H
ol Z0) 0% ) g ELZ9 % . , 1,500
SHAROL IPHR0X  IPHRDI 2 3,000 30 . 6,000
SQISP 925D QISFD @ 2,000 . 10,000 1 ,000 201 - 3
3573 33572 3572 3,000
1 000 l D 500 10 | D
m 0 0 o= — =
20 |
= I
§ 10 : Genotype (shape) Cell identity (colour)
~ 0 ! @ TRE-dsRed;elav-GS>UAS-ND42-RNAi (10 days)  [[]JAP1* glia
é_J *Hﬁ A TRE-dsRed;elav-GS>UAS-NP15.6-RNAi (10 days) DAP1 "9 glia
-10 4 M repo-GAL4>TRE-dsRed;UAS-GFP (40 days) CINeurons
20 -+ L - repo-GAL4>TRE-dsRed;UAS-GFP (5 days)
—40 0 40
PC1 (79%)

Fig.2|Neuronal mitochondrial dysfunction triggers senescent AP1' glia.

a, Reactome pathway enrichment shows neuronal mitochondrial function
decreases with age.See Supplementary Data 3 and 4 for differential expression
genesand gene ontology (GO) terms. b, Quantification of dsRed intensity
shows knockdown of inner complex genes in neuronsincreases (red) or
decreases APlactivity (black) relative to control (white) (TRE-dsRed;elav-GS>
UAS-RNAi asindicated on the x axis; n=11-19 brains per genotype). ¢,d, Neuronal
knockdown of inner complex genes elicits AP1" glia (c) similar to natural ageing
(d).See Extended DataFig. 3b,c for quantification and high-magnification
images. e, PCA of bulk RNA-sequenced brains at 10 days of age (n = 20 brains per
replicate). f-i, Neuronal loss of ND42reduces neuron-specific processes (f)

and genes (g) withincreased DNA damage pathways (h) and genes (i). See
Supplementary Data 6 and 7 for enriched terms and differential expression
genes (TRE-dsRed;elav-GS>UAS-ND42-RNAi versus >UAS-mCherry-RNAi).

j, Representativeimmunoblot showing neuronal ND42knockdownincreases

decreased (Fig. 2k and Extended Data Fig. 5d). Gene expression was
unchanged in lines that decreased or did not affect dsRed. Finally,
we fed TRE-dsRed flies the antioxidant drug AD4 (N-acetylcysteine),
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brainyH2Av levels, legend as in e; quantificationin Extended Data Fig. 5c. For
gelsource data, see Supplementary Fig. 1b.k, Real-time qPCR of 10-day-old brains
shows neuronalloss of ND75and NP15.6 (two AP1-activating RNAi lines, b)
increases/rbp while reducing Vglut and DopIR (TRE-dsRed;elav-GS>UAS-RNAI
asindicated onthexaxis; n=20brains per replicate).l, FACS-isolated and bulk
RNA-sequenced 10-day-old RNAi-induced dsRed" cells express senescence-
associated genes (n =500 cells per replicate). See Supplementary Data 8 for
differential expression genes. m, PCA shows 10-day-old RNAi-induced dsRed"
cellscluster with naturally occurring AP1" glia. For bar graphs (g,i,I), datashown
are means. Each pointinamicroscopy experimentrepresentsonebrain,andin
immunoblot, real-time PCRand bulk RNA-seq experimentsit represents one
biologicalreplicate. All datawere collected from two or three independent
experiments. Atwo sample t-test was used (b,k). Precisenand Pvalues arein
the Source Data. *P-adjusted <0.05 for sequencing data; ***P < 0.001; **P < 0.01,
*P<0.05forallother data. All scale bars, 100 pm.

whichreducesreactive oxygen species (ROS) in the setting of mitochon-
drial dysfunction*®. AD4 reduced dsRed at least at 20 days (Extended
Data Fig. 5e,f), suggesting this extent of ROS protection attenuates



AP1lactivity. Collectively, these dataindicate that neuronal mitochon-
drial dysfunctionin ageing is a trigger of glial AP1 activity.

To confirmthat RNAi-induced AP1" glia express senescent hallmarks,
we FACS-isolated and performed bulk RNA-seqon dsRed* and dsRed"®
cells from10-day-old brains from two AP1-activating lines (TRE-dsRed;
elav-GS>UAS-ND42-RNAiand >UAS-NP15.6-RNAi). RNAi-induced dsRed”
cells resembled AP1* glia from aged brains, with high expression of
glial markers (Extended Data Fig. 5g), AP1subunits, AP1-target genes
(Extended DataFig. 5h), senescence-associated genes (Fig. 2l; see Sup-
plementary Data 8 for all differential expression genes) and pathways
(Supplementary Data9). Direct comparison of 10-day-old RNAi-induced
dsRed" cells to 40-day-old naturally occurring AP1" glia by PCA indi-
cated highly similar transcriptional profiles, despite vast differences
in chronological age (Fig. 2m). RNAi-targeted genes were selectively
reduced in dsRed"® cells (Extended Data Fig. 5i), which were mostly
neurons based on cell marker genes (Extended Data Fig. 5g). These
dataindicate that when impaired neuronal mitochondrial function
coincides with a signature of neuronal ageing (DNA damage; loss of
neuralidentity), glial AP1is activated along with a senescence response
that resembles natural ageing.

AP1" glia affect lifespan and health span

Inmice, genetic approaches that continuously eliminate senescent cells
impede wound healing, but intermittent elimination (twice a week)
extends health span and lifespan®”. We used a similar approach to
determine the effect of senescent glia on ageing Drosophila. Glial AP1
activity was blocked continuously (7 days per week) or intermittently
(3or1day perweek) from eclosion of the adult animal, using aninduc-
ibleglia-specific GAL4 (repo-GS; geneSwitch) to express either adomi-
nant negative dFos (UAS-dFos®) or an APl-inactivating phosphatase
(UAS-puc). Timed feeding of the drug RU-486 was used to start and
stop UAS-transgene expression*.. Continuous AP1blockade had no
effect in early life but by mid-life (roughly 20 days), concurrent with
the first appearance of senescent glia in the antennal lobes, survival
noticeably declined (Fig. 3a; top). In the case of UAS-dFos", all ani-
mals died by 30 days. Intermittent blockade for 3 days per week miti-
gated this lethality (Fig. 3a; middle). However, blocking AP1 for 1 day
per week not only extended median and maximum lifespan beyond
controls (vehicle, Fig. 3a, bottom; UAS-GFP, Extended Data Fig. 6a),
but also improved locomotor activity (Fig. 3b), heat stress recov-
ery (Fig. 3c) and reduced brain SA-B-Gal activity in late life (Fig. 3d,e
and Extended Data Fig. 6b), albeit to a lesser extent by UAS-puc than
UAS-dFos®. Continuous blockade with either construct significantly
reduced SA-B-Gal activity (Extended Data Fig. 6¢,d); RU-486 alone
had no effect (Extended Data Fig. 6e). Overall, these data indicate
glial AP1is essential as the fly ages, but mildly dampening AP1 activity
(1day per week) improves animal lifespan and health span relative
to normal ageing, similar to the benefits of targeting senescent cells
inmice.

AP1' glia promote lipid accumulation

To understand the biologic and molecular effect on the brain
when we target senescent glia and extend animal health, we bulk
RNA-sequenced the brains of young (7 days) and aged (42 days) flies,
with or without intermittent glial AP1blockade (repo-GS>UAS-dFos™
or >UAS-puc versus >UAS-GFP; RU-486 1 day per week). We saw a sig-
nificant overlap of differentially expressed genes between AP1 tar-
geting constructs, suggesting a similar effect (Extended Data Fig. 7a;
Supplementary Data 10 lists shared differential expression genes).
Consistent with reduced AP1 activity, AP1-target genes decreased
(Extended DataFig.7b), as did senescence biomarkers (Extended Data
Fig. 7c). However, markers of mitochondrial status—inner complex
gene expression and brain ATP levels—were unchanged (Extended
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Data Fig. 7d,e). Thus, targeting glial AP1 did not alter neuronal
mitochondrial decline with age; these data are consistent with glial
senescence being a secondary response. Rather, the most notable
change was a downregulation of lipid metabolism-related genes
and processes (Fig. 4a and Supplementary Data 11), including pro-
teins that make and store free fatty acids (FFAs) as triacylglycerides
(TAGs) in LDs.

LDs have been increasingly implicated in mammalian brain age-
ing and disease; they accumulate with age*’, LD-laden glia promote
pathology* and variants in lipid-related genes confer disease risk**.
We extended these findings to the fly brain by performing BODIPY
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express lipogenesis genes (cells as in Fig. 1i). k,I, Lipidomic analysis of FACS-
isolated cells from 40-day-old brains (as in Fig. 1h) shows that AP1* gliahave a
distinct composition by relative (k) and total lipid abundance (I). m,n, Analysis
of differentially expressed lipids by log fold change (m) and summed
intensity (n) shows that AP1* gliahave more FFA but fewer TAGs than AP1"¢ glia
(n=100,000 neurons, n=100,000 AP1™*¢glia, n=35,000 AP1' glia per replicate).
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staining for neutral lipids (TAGs) in normal ageing brains. BODIPY' LD
were presentinyoungbrains, mostly in the central brain, and increased
in size and number with age (Fig. 4b,c). To identify the cells in which
LDs accumulate, we depleted TAGs in neurons or in glia by expressing
a TAG lipase from age 20 to 30 days: glial lipase notably reduced LDs
whereas neuronal lipase had no effect (Extended Data Fig. 7f-i), indi-
cating TAGs accumulate in glia with age. Microscopy confirmed that
BODIPY* LD were enriched along tdTom" glial processes and absent
from neuron-rich neuropil (Fig. 4d and Supplementary Video 1).
Although lipogenesis and LD biosynthesis genes increased with nor-
mal brain ageing, coinciding with LD accumulation, gene expression
wasreduced inthe setting of AP1blockade (Fig. 4e and Extended Data
Fig. 8a). When we performed BODIPY staining, we found that inter-
mittent AP1blockade also notably reduced BODIPY* LDs at 42 days
of age (Fig. 4f,g and Extended Data Fig. 8b), to an extent comparable
to glial lipase expression. Whole-brain lipidomic profiling confirmed
that TAGs decreased, consistent with LD loss. There was also astriking
reductionin FFAs (Fig.4h and Extended DataFig. 8c-e), suggesting LD
reductioninthe setting of AP1blockade may be secondary to reduced
lipid synthesis.

In the fly retina, pigment cell LDs accumulate lipids synthesized
by neurons*°. To identify the source of lipids that accumulate in glial
LDs with age, we blocked the master lipogenesis transcription factor,
SREBP, in neurons or gliastarting from 20 days of age. Glial, but not neu-
ronal, SREBP perturbation eliminated LDs at 30 days (Extended Data
Fig. 9a,b), indicating glial lipogenesis contributes to glial LDs. When
we examined lipogenesis genes in FACS-isolated aged cell populations,
denovo lipogenesis genes (FFA/TAG; diagram in Fig. 4i) were highest
in AP1" glia (Fig. 4j and Extended Data Fig. 9¢), identifying senescent
fly glia as lipogenic, consistent with in vitro characterization***. To
further investigate lipid content, we performed lipidomic profiling
on FACS-isolated cells from 40-day-old brains (neurons, AP1™¢ glia,
AP1" glia; Extended Data Fig. 9d). Overall, neurons and AP1"*¢ glia had
asimilar lipid composition whereas AP1* gliawere distinct (Fig. 4k-m
and PCA in Extended Data Fig. 9e). AP1" glia had the highest levels of
most FFA species (34 of 35 measured species), amounting to roughly
twofold greater abundance (Fig. 4n); these data suggest senescent
gliamay be asource of excess FFAs. Yet, TAGs and sphingomyelins (LD
lipids) were highest in AP1"€ glia, then neurons, but were unexpect-
edly lowin senescent AP1" glia (Fig. 4n and Extended Data Fig. 9e-h),
suggesting LDs arein AP1"*¢ glia. Indeed, microscopy showed BODIPY*
LDsrarely colocalized with AP1activity by dsRed (Extended Data Fig. 9i
and Supplementary Video 2). Altogether, these data show FFAs are
repletein AP1" gliawhereas TAGs accumulate in AP1"*¢ glia. Targeting
glial AP1 affects AP1* and AP1"*¢ glia, reducing FFAs and TAGs or LDs,
respectively.

These data suggested that AP1activity in senescent cells can affect
lipid accumulation in non-senescent cells. To further address this,
we turned to mammalian cell culture. IMR9O cells were irradiated to
induce senescence, then transfected with either JUN-targeting short
interfering RNA (siJUN) (to knockdown AP1) or a non-targeting con-
trol (siNTC). Knockdown efficiency of JUN protein was more than 90%
(Fig.5a,b). Cell culture medium was collected 10 days after irradiation
and transferred to naive IMR9O0 cells for 48 hours. Medium from siNTC
transfected cellsinduced LD accumulation by BODIPY staining whereas
medium from siJUN-treated cells had reduced LDs. These dataindicate
LDinductionis non-cellautonomous and promoted by AP1 (Fig. 5c,d).
Taken together with the data from the fly, these findings suggest a
modelinwhichsenescentglia produce factors dependent on AP1that
promote LDs in non-senescent glia (Fig. 5e), reshaping cell and tissue
biology with age.

To determine whether LD reduction when targeting glial AP1is
beneficial, we examined additional features of the brain and animals.
Glial LDs protect the brain from damage by peroxidated lipids in the
setting of mitochondrial ROS*. Consistent with abenefit, eliminating
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LDs by SREBP"" or lipase expression was deleterious (Extended Data
Fig.10a). To investigate the effect of LD loss by AP1 mitigation on
oxidative resilience, we stained for DHE, a marker of oxidative dam-
age, and challenged flies with an oxidative stressor (H,0, feeding).
Despite extended organismal lifespan, the number of DHE" cells in
42-day-old brains increased notably (Extended Data Fig. 10b,c), and
AP1blocked animals were more susceptible to oxidative stress (H,0,
feeding; Extended Data Fig. 10d). In sum, these data show target-
ing senescent glia alters lipid biology of the ageing brain, reducing
lipid synthesis and LDs, which has both positive (extended animal
lifespan and health span) and negative (greater oxidative damage)
effects.
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Discussion

We provide aninvivo characterization of naturally occurring senescent
gliain Drosophila, identifying one cause of senescent cells and their
effect onageing tissue: promoting lipid accumulation. Asin mammals,
senescentgliainflies appear with age in astereotyped and regionalized
manner®, show biomarkers and traits of senescence® and are marked
by AP1activity. Using RNA-seq and a targeted RNAi screen, we deter-
mine thatloss of select mitochondrial genesin neurons can trigger the
senescence of glia. This neural gene loss coincides with greater DNA
damage and aloss of neuronal identity, resembling the natural ageing
process of human neurons®. How neuron health drives glial senescence
remains to be determined: aged neurons could release ROS, mtDNA*8-°
or extrude damaged mitochondria*', all of which can induce senes-
cence in vitro®*>3*, Whether attenuating neuronal demise can delay
glial senescence remains to be determined, as bolstering mitochondrial
health in ageing neurons has proven elusive***, despite the ability to
boost function in disease*®>¢. These findings represent one path to
senescence in vivo; others probably exist. Targeting glial AP1 activ-
ity had a dose-dependent effect on animal health, whereby complete
blockade of AP1was deleterious, but mild dampening extended lifespan
and health span, consistent with intermittent senolysis in mice®. We
determined that mildly dampening glial AP1 activity also reduces LD
accumulation in non-senescent glia. This finding extended to mam-
malian cellsin culture. These data suggest that senescent cells in vivo
may alter lipid storage in non-senescent cells with implications for
age-onset disease in mammalian species and in other tissues.
Among the intriguing questions raised by these data is how senes-
centgliapromote LDs in other glia. Senescent glia have a signature of
increased lipogenesis, similar to mammalian senescent cells*¢, and
are enriched in FFAs; TAGs and LDs are enriched in non-senescent
glia. Although TAGs could be used by senescent glia*, resulting in low
TAG or LD content, it is also possible that FFAs or downstream lipid
species ultimately accumulate in other cells. Such cell-to-cell lipid
transfer could occur by diffusion”, autophagic efflux® or lipid-binding
apolipoproteins®. Alternatively, senescent glia may produce factors
that promote LDs indirectly. Whereas targeting senescent gliais ben-
eficial to animals and eliminates LDs, the effect of LDs in brain age-
ing is less clear. Our data and others indicate LD may be beneficial:
indeed, LDs protect cells from ROS by sequestering harmful peroxi-
dated lipids*’. However, excess glial LDs may impede phagocytosis®®
and promote tau aggregation*®. Overall, although targeting senescent
gliahas an organismal benefit, it fails toaddress a core issue inageing-
mitochondrial dysfunction in neurons. Effective anti-ageing strate-
gies may also require bolstering mitochondrial function in neurons.
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Methods

Fly stocks and maintenance
Flies were raised at 25 °C and 60% relative humidity on standard corn-
meal fly food under a12-12 h light-dark cycle. All experiments were
performed with male flies to minimize biological variance, as male and
female flies age at notably different rates. Flies were transferred to fresh
food vials every 48 h, housed in cohorts of 20 and randomly assigned
to experimental conditions. For geneSwitch (inducible GAL4-UAS)*
experiments, food was prepared with either 100 pl of RU-486 (4 mg ml™
in100% EtOH; Sigma-Aldrich, M8046-1G) or vehicle (100% EtOH), pipet-
ted onto food vials and allowed to dry for 24 h. See Supplementary
Table1inthe Supplementary Information for genotypes and stock
information.

For neuronally expressed UAS-RNAi experiments, flies were collected
onto RU-486 food at adult eclosion (0 days of age) and reared at 29 °C.

For AP1blockade experiments, flies were collected onto vehicle or
RU-486 food at adult eclosion (O days of age). Animals were maintained
on RU-486 continuously (7 days per week) or intermittently (3 or 1 day
perweek) by flipping flies to vehicle food. All experiments and sample
collectionfor1day per week RU-486 treated flies were performed with
animals on vehicle food, specifically at 6 days after last RU-486 feed-
ing to ensure geneSwitch termination*. Controls were selected onthe
basis of assay. For BODIPY experiments, genotype-matched vehicle-fed
animals were used as controls, as GFP interferes with BODIPY detection.

Behavioural assays

To measure survival, the number of dead and/or censored flies was
recorded every 2 days after flipping flies to fresh food; flies were
housed in vials of 20 each, with a minimum of 100 flies per genotype
and experiment, repeated aminimum of two times. To measure climb-
ing, flies were single-housed in empty vials and allowed to acclimate
for 30 min. Climbing was measured by tapping flies to the bottom of
thevial thenrecording height climbed after 30 s over three trials with
a5 min testing interval. Averaged climbing height was determined in
Fiji. Data are expressed as a percentage of the maximum vial height
(8 cm). Heat shock assessment was performed as described in ref. 61.
In brief, flies were transferred to clear plastic 13 ml vials, and each vial
contained 15flies. Vials plus flies were transferred to a water bathfor1 h
at 38.5 °C for stress. The flies were then transferred to fresh food and
allowed torecover overnightat 25 °C then the percentage of flies alive
versus dead were recorded per vial. Oxidative stress (H,0, feeding):
adult flies were single-housed and loaded in the Drosophila Activity
Monitoring system on either 5% sucrose-agar or 1% H,0, sucrose-agar.
Activity was recorded for 10 days then analysed in the R environment
using the rethomics package® to determine time of animal death and
generate survival curves.

FACS-based isolation of AP1*glia, AP1"*¢ glia and neurons for
bulk RNA-seq or lipidomic analysis

Allwork was performed in RNAse-free conditions. To create a cell sus-
pension for FACS-based sorting, adult fly brains (n = 20 brains per repli-
cate for RNA-seq; n = 40 brains per replicate for lipidomic analysis) were
rapidly dissected in Schneider’s mediumwith 45 pM actinomycin D and
stored onice until dissections were complete. Brains were then washed
in cold phosphate-buffered saline (PBS) (3x). A single cell suspension
was achieved by enzymatic and physical dissociation as follows: whole
brainswereincubated in dissociation buffer (300 plof activated papain,
Worthington PAP2 LK003178 and 4.1 pl liberase, Roche 5401119001) at
25°Cat1,000 rpmon ashaker for atotal of 20 min. Duringincubation,
at5and 10 min, tissue was gently homogenized by pipetting. At 15 min,
the entire homogenate was passed through a 25G 5/8 needle (7x). At
20 min, enzymatic activity was halted by the addition of cold Schnei-
der’'smedium. Cells were then strained (35 pM filter), pelleted (800g,
7 min) and resuspended in cold Schneider’s medium with actinomycin

D and 2.5 pl of RNAse inhibitor (Takara Recombinant RNase Inhibitor,
catalogue no.2313A). Cells were resuspended in 250 pl, counterstained
with 5 M 4,6-diamidino-2-phenylindole (DAPI) and 50 nM syto60
(nuclear marker; ThermoFisher, catalogue no. S11342) and sorted by
the Penn Cytomics and Cell Sorting Facility using a BD FACS Aria Il
SORP (100 pM nozzle; purity). Dead cells were excluded through DAPI
uptake. Doublets were excluded through FSC-H by FSC-W and SSC-H
by SSC-W parameters. Nucleated cells were included by syto60. Glia
were identified by GFP, and neurons were GFP negative. AP1 activity
was identified by dsRed. The gating strategy is shown in Extended
Data Fig. 1c.

For bulk RNA-seq, 500 neurons, 500 AP1" gliaand 500 AP1"*¢gliawere
collected per replicate, with four replicates per cell type. For lipidomic
profiling, 100,000 neurons, 100,000 AP1™& glia and 35,000 AP1" glia
were collected per replicate, with 5-6 replicates per cell type. Cells were
immediately frozen at -80 °C until further processing. Total processing
oftissue and cellisolation took roughly 3 h. Datafrom the sort were ana-
lysed using FlowJo v.10.8.1. To generate cell and DNA content plots, cell
populations with different N were overlaid using absolute cell counts
normalized to mode (to the peak height at mode of the distribution).

Forimmunostained FACS-isolated cells, following dissociation and
resuspension as above, cells were fixed in 4% paraformaldehyde for
15 min at room temperature. Cells were washed then resuspended
in 5% normal goat serum (NGS) for 5 min on ice. Cells were next incu-
bated in primary antibody (1:20 mouse anti-yH2Av, DSHB UNC93-5.2.1)
for 30 min at room temperature, washed and incubated in secondary
antibody (1:200 goat antimouse AlexaFluor 647, ThermoFisher Scien-
tific, catalogue no. A-21235) for 30 min at room temperature. Gating
parameters were as above. Cells wereimmediately analysed usinga BD
FACS Aria Il SORP as above.

Bulk RNA-seq and analysis

For sorted cells, RNA isolation, library preparation (SMART-Seq v.4)
and RNA-seq (Illumina2 x 150 40 million paired-end reads per sample;
20 million each direction) were performed by Admera Health. For whole
brains, roughly 10-12 brains were dissected per condition. Total RNA
was extracted using the Zymo RNA clean & concentrator-5 kit (Zymo,
R1013), using their RNA clean-up from the aqueous phase after Trizol/
chloroform extraction protocol plus on-column DNasel treatment.
RNA amount was measured by nanodrop, and integrity was validated
by an Agilent 2100 Bioanalyzer using an RNA nano chip. The RNA-seq
libraries (TruSeqstranded with Poly-A selection) and sequencing (Illu-
mina NovaSeq S4 with 40 million paired-end reads; 2 x 150 bp) were
performed by Admera Health. Four biological replicates were gener-
ated for each sample type, experimental timepoint, condition and
genotype.

Demultiplexed reads passing the quality controlfilter (Q > 30) were
obtained from BaseSpace then merged across sequencing lanes for
eachsample, withroughly 20 million reads total per sample. Paired-end
reads were aligned to the fly genome using HISAT2 (v.2.1.0)®®. The
HISAT2 index was built from FlyBase’s Drosophila melanogaster ref-
erence genome r6.17. Alignment sorted BAM files (samtools v.15) for
eachsample were merged across sequencing runs (picard)®*. Reads that
uniquely aligned to exonic regions were counted with HTSeq (v.0.9.1)%°
with the union setting to produce a count matrix for differential expres-
sionanalysis using the DESeq2 (ref. 66) package in the R environment.
The design model formula was ‘~group’ if there were two or more key
variablesinvolved (thatis, genotype and age) or design model formula
was the single key variable (that is, genotype). Pairwise comparisons
were made between samples (that is, ‘contrast=c(‘group’)’), with an
alpha cut-off of 0.05 with IfcShrink() applied. Gene ontology and Reac-
tome pathway enrichment were performed with tools at Flymine.org,
using all expressed genes as background (n roughly 15,694). Refer to
indicated Supplementary Data for differentially expressed genes
between samples and/or groups across experiments.



Unbiased lipidomics for multiple reaction monitoring profiling
and analysis

For lipidomic profiling cells were FACS-isolated as above. Brains were
rapidly dissected in PBS, pelleted by centrifugation and excess PBS
was removed for freezing at —80 °C until further processing (n=8
brains per replicate; 5-6 replicates per genotype and/or age). Lipid
extracts from FACS-sorted cells and whole-brain samples were pre-
pared using a slightly modified Bligh & Dyer extraction procedure®’.
In brief, the frozen samples were thawed for 10 min at room tempera-
ture, and 200 pl of ultrapure water was added to promote lysis, fol-
lowed by 450 pl of methanol and 250 pl of high-performance liquid
chromatography-grade chloroform. Samples were vortexed for10 s,
resultinginaone-phase solution, andincubated at 4 °C for 15 min. Next,
250 pl of ultrapure water and 250 pl of chloroform were added, creating
abiphasicsolution. The samples were centrifuged at 14,000g for 10 min,
whichresultedinthree phasesinthetubes. The bottom organic phase
containing the lipids was transferred to new tubes, then evaporatedin
avacuum concentrator leaving behind the dried lipid extracts.

Multiple reaction monitoring profiling of the extracted lipids was
performed as described previously®®. The dried lipid extracts were
dissolved in100 pl of methanol:chloroform (3:1 v/v) to make lipid stock
solutions. The lipids were further diluted threefold in the injection
solvent 7:3 methanol:acetonitrile with 10 mM ammonium formate
immediately before analysis. The injection solvent alone without any
lipids was used as the ‘blank’ sample.

Mass spectrometry data were acquired for 3 min by flow injection
(thatis, no chromatographic separation). Briefly, 8 pl of diluted lipid
extractstock solution delivered to the jet streamtechnology ion source
(AJS) source of an Agilent 6495C Triple Quadrupole mass spectrometer.
Multiple reaction monitoring methods were organized into 11 meth-
ods on the basis of the ten main lipid classes based on the LipidMaps
database; see Extended Data Fig. 9d for total n of lipids screened and
Supplementary Data17 for individual species. TAGs were divided into
two separate methods on the basis of fatty acid neutral loss residues.

Statistical analysis was performed using the EdgeR package®. EdgeR
uses a generalized linear model to identify differentially expressed
lipids. The generalized linear modeliis based on the negative binomial
distribution thatincorporates the blank with a dispersion term using
the common dispersion method™. This allows it to model the techni-
cal and biological variability. This method was previously described
indetail inref. 68. Significant lipids were chosen on the basis of a false
discovery rate value <0.1 (ref. 71).

Whole-mount brainimmunofluorescence
A standard protocol was used for fixation and staining. In brief, adult
fly brains were dissected in cold PBS and fixed in 4% paraformalde-
hyde (v/v) for 50 min at room temperature. Brains were washed and
permeabilized in PBS-0.1% Triton-X (PBST; 3%, 10 min). Samples were
blocked in PBST-5% NGS at room temperature for 1 h, then incubated
for24-48 hat4 °Cwith1°antibody (1:25 mouse anti-repo, DSHB 8D12;
1:20 rat anti-elav, DSHB 7E8A10). Brains were washed in PBST then
incubated with fluorescently conjugated 2° antibody for 1 h at room
temperature. For AP1activity (all genotypes containing TRE-dsRed)
and tdTomato, endogenous fluorophore luminescence was measured
without additional antibody staining. Brains were counterstained with
Hoechst (0.10 mg ml™ in PBS) for 15 min, cleared in mounting media
(20 mM Tris pH 8.0, 0.5% N-propyl gallate, 80% glycerol, PBS), mounted
inmounting mediaand cover slipped. Brains were imaged by confocal
microscopy (Leica DM 6000 CS) with identical laser power and gain
settings across experiments. Images were acquired throughout the
full brain at 2 uM steps at 1,024 x 1,024 resolution by x20 (dry) or x63
(oil) objectives.

For BODIPY, brains were dissected and fixed as above then incu-
bated for 24-48 hat room temperature in1:250 dilution of 10 mg mI™

BODIPY 493/503 (Invitrogen D3922) prepared in NGS. Brains were
washed in PBST, counterstained with Hoechst and prepared forimag-
ing as above.

For DHE, fly brains were rapidly dissected in cold Schneider’s
medium, incubated in 60 pM DHE (ThermoFisher, catalogue no.
D11347) for 7 min at room temperature shaking. Brains were washed
in Schneider’s medium (2%, 5 min) then PBS (1x, 5 min), mounted in
mounting mediaand imaged immediately (excitation 488 nm, emission
515-656 nm).

Fiji v.2.0 was used for analysing all images. For TRE-dsRed quantifi-
cation, dsRed was measured in Fiji as raw integrated density in scaled
images of the z stacked brain. For BODIPY 493/503 quantification,
background was first subtracted from scaled images of the z stacked
brains. Automatic thresholding was applied and Analyze Particles
(Analyze>Analyze Particles) was used to determine the number, aver-
age size and total area of BODIPY* droplets.

Whole-mount brainimmunohistochemistry for SA--Gal activity
A protocol was adapted’ for staining in fixed dissected whole Dros-
ophila brains. In brief, adult fly brains were dissected in cold PBS
and fixed in 2% paraformaldehyde and 0.2% glutaraldehyde (v/v) for
30 min at room temperature. Brains were washed in PBS (3%, 5 min)
thenincubated in 150 pl of X-Gal staining solution (40 mM citric acid
phosphate buffer, 5 mM potassium hexanocyanoferrate(ll) trihy-
drate, 5 mM potassium hexanocyanoferrate(lll), 150 mM NaCl,2 mM
MgCl,-6H,0, 2.44 mM x-Gal) at 37 °C in the dark shaking (300 rpm)
for a predetermined time on the basis of genotype (roughly 12-24 h).
Brains were washed in PBS (3%, 5 min) and cleared in mounting media
as above overnight. Brains were imaged on APO16 microscope and
staining was quantified in Fiji v.2.0 by converting to ared, green and
blue stack and measuring area and median value in the red channel
only. Inverted density was calculated by subtracting median grey value
from255and normalized to controls processed in parallel to account
for variability across experiments.

Westernimmunoblot

Fly brains were rapidly dissected in cold PBS (n = 8 brains per biologi-
calreplicate), then homogenizedin 5 pl of sample buffer per brain (1x
Laemmli Buffer (Bio-Rad, catalogue no.161-0737), 1x cOmplete mini
EDTA-free protease inhibitor cocktail, 1 mM phenylmethylsulfonyl
fluoride (Sigma, catalogue no.P7626), 50 pl 3-mercaptoethanol (BME):
Sigma, catalogue no. M6250). Samples were denatured (98 °C for
3 min) before loading onto 4-12% Bis-Tris gel. Volume equivalent of
one brain per sample was runin 1x MES buffer, transferred to 0.45 pM
nitrocellulose membrane overnight by electrophoresis. Membranes
were stained by Ponceau S to confirm transfer. Membranes were
blocked in 3% bovine serum albumin in 1x Tris-buffered saline, 0.1%
Tween 20 detergent, incubated in primary antibody overnight at
4 °C (1:200 mouse anti-yH2Av, DSHB UNC93-5.2.1; 1:2,000 mouse
anti-tubulin, DSHB AA4.3). Blots were incubated with 1:5,000 dilu-
tion of species-appropriate HRP-conjugated secondary antibody for
1hatroom temperature, then detected by ECL (Cytiva (formerly GE
Healthcare Life Sciences), catalogue no. RPN2232) using an Amersham
Imager 600. Quantification was performed in Fiji by region of interest.
Sample protein was normalized to the loading control alpha tubulin.
Mammalian cells were lysed in modified RIPA buffer and blotted using
standard techniques as previously described” using an antibody toJUN
(1:1,000; Cell Signaling Technology, catalogue no. 9165).

Cell proliferation by EdU labelling

Flies were maintained on 0.2 mM EdU food from eclosion through
dissection. EdU staining was performed according to the manufac-
turer’s protocol (Click-iT EdU Imaging Kit; ThermoFisher, catalogue no.
mpl0338). In brief, brains were dissected and fixed as above forimmu-
nohistochemistry. Following permeabilization, brains were incubated
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in Click-iT reaction mixture overnight at 4 °C. Brains were washed,
counterstained with Hoechst, cleared, mounted and imaged as above.

Mitochondrial function assay

Theratio of ATP/cytotoxicity was determined using the Promega Mito-
chondrial ToxGlo Assay (G8001). The manufacturer’s instructions were
followed. Assay lysates consisted of individual dissected fly brains
(n=3-4brains per genotype or condition) across aminimum ofthree
experiments. Samples were always normalized to parallel processed
controls.

mtDNAPCR

A protocol was adapted for measuring mtDNA in adult fly heads™.
For head collection, whole flies were anaesthetized by CO,, frozen by
submersion in liquid nitrogen, then vortexed to separate heads from
bodies. Total cellular DNA was extracted by homogenizing five heads
(per replicate) in30 pl working solution (10 mM Tris-HCI, pH 8.0,1 mM
EDTA, 0.1% Triton-X-100 and 10 pg ml™ protease K). Samples were then
incubated at 37 °Cfor 60 min, and followed by inactivation of protease
Kat 95 °Cfor10 min. Head cuticles were pelleted by centrifuging sam-
ples at 12,000g for 10 min at room temperature. Supernatants were
transferred into a new tube, before measuring DNA concentration by
Nanodrop. mtDNA was quantified using nuclear DNA (GAPDH) as con-
trolinreal-time quantitative PCR (qPCR). Primer sequences: mtDNA-F1,
GAATTAGGACATCCTGGAGC and mtDNA-R1, GCACTAATCAATTTC
CAAATCC; GAPDH-F1, GACGAAATCAAGGCTAAGGTCG and GAPDH-R1,
AATGGGTGTCGCTGAAGAAGTC.

Real-time qPCR

Total RNA wasisolated from fly brains or heads (n = 8-20 per replicate)
by RNeasy Mini Kit (Qiagen, catalogue no. 74104), with on-column
removal of genomic DNA (Qiagen, catalogue no.79254). Complemen-
tary DNA (cDNA) was prepared from total RNA (Applied Biosystems,
catalogue no.4368814) then quantified by Qubit ssDNA Assay (Invitro-
gen, catalogue no. Q10212). Real-time qPCR reactions were set up using
Fast SYBR Green reagents (ThermoFisher, catalogue no. 4385612) in
384-well plates with 20 ng of cDNA per reaction and analysed on a ViiA
7 Real-Time PCR System (Applied Biosystems). Relative expression was
determined using the AACT method. For each sample, mean CT values
were determined from 2-3 technical replicates. ACT was determined
relative tothe housekeeping gene, S-tubulin. AACT was then calculated
as fold change relative to the control group. Real-time qPCR primers
were sourced from FlyPrimerBank™ or previous publications, BLASTd
against the Drosophila genome for specificity and optimized by serial
dilution curve and melt curve analysis. See Supplementary Table 2 for
primer sequences.

Mammalian cell culture

IMR90 primary human fibroblasts (ATCC CCL-186) were grown at 37 °C,
3.5% 0,,5% CO,, in Dulbecco’s modified Eagle’s medium (Gibco, cata-
logue no.10313-121) with 10% FBS (Corning, catalogue no. 35-011-CV),
1% penicillin-streptomycin (Gibco, catalogue no.15140-122) and 2 mM
glutamine (Gibco, catalogue no. 25030-081). Cultures were checked
routinely for mycoplasma contamination. Irradiation senescence was
induced by 20 Gray of X-ray irradiation of 20-30% confluent cells. Cells
were split after returning to confluence 3 days after irradiation. On
days 4 and 7 after irradiation, cells were transfected with a pool of
four small-interfering RNA against JUN (Dharmacon siGENOME) or
non-targeting control (siNTC #3, Dharmacon siGENOME) to a final
concentration of 100 nM with 0.8% Dharmafect reagent following the
manufacturer’s protocol. Medium was changed 18-20 h after each
transfection. Medium from days 8-10 after irradiation, or from normal
proliferatingIMR90 cells cultured in parallel, was collected, centrifuged
at500gfor3 mintoremove whole cellsand large debris, thenadded to
20-30% confluent proliferatingIMR90 cells plated on 96-wellimaging

plates (Perkin Elmer, catalogue no. 6055302) for 48 h. Cells were fixed
in10% neutral buffered formalin (Epredia, catalogue no. 9400-1) and
stained with 500 pg mi DAPland 5 pg mI™ BODIPY 493/503 (Cayman,
catalogue no. 25892) in PBS. Automated imaging of cells was done on
aNikon Ti2 microscope and images were analysed in NIS Elements.

Statistical analysis

Statistical analysis and data visualization were performed in the REnvi-
ronment using RStudio with base R and packages as indicated includ-
ing with tidyverse (dplyr, ggplot2), ggrepel, cowplot, ggsurvplot. No
statistical method was used to predetermine sample sizes; standard
sample sizes for Drosophila, pooled across two or three independent
experiments, were used. See the Source Datafiles for data and statisti-
cal reporting corresponding to each main and Extended Data figure.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

RNA-seqdatathat support the findings of this study have been depos-
ited in the Gene Expression Omnibus (accession codes GSE263926,
GSE263927, GSE263928, GSE263929). Raw and processed lipidomic data
are available on GitHub: https://github.com/chopralab/drosophila_
brain_lipidomics_Byrns_et_all. Source data are provided with this paper.

61. Perlegos, A. E., Shields, E. J., Shen, H., Liu, K. F. & Bonini, N. M. Mettl3-dependent m(6)A
modification attenuates the brain stress response in Drosophila. Nat. Commun. 13, 5387
(2022).

62. Geissmann, Q., Garcia Rodriguez, L., Beckwith, E. J. & Gilestro, G. F. Rethomics: an R
framework to analyse high-throughput behavioural data. PLoS ONE 14, e0209331
(2019).

63. Kim, D., Langmead, B. & Salzberg, S. L. HISAT: a fast spliced aligner with low memory
requirements. Nat. Methods 12, 357-360 (2015).

64. Picard Toolkit, https://github.com/broadinstitute/picard (Broad Institute, GitHub
Repository, 2019).

65. Anders, S., Pyl, P. T. & Huber, W. HTSeg-a Python framework to work with high-throughput
sequencing data. Bioinformatics 31, 166-169 (2015).

66. Love, M. ., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

67. Bligh, E. G. & Dyer, W. J. A rapid method of total lipid extraction and purification. Can. J.
Biochem. Physiol. 37, 911-917 (1959).

68. Guttenplan, K. A. et al. Neurotoxic reactive astrocytes induce cell death via saturated
lipids. Nature 599, 102-107 (2021).

69. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. EdgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics 26, 139-140
(2010).

70. McCarthy, D. J., Chen, Y. & Smyth, G. K. Differential expression analysis of multifactor
RNA-seq experiments with respect to biological variation. Nucleic Acids Res. 40,
4288-4297 (2012).

71.  Hochberg, Y. B. A. Y. Controlling the false discovery rate: a practical and powerful
approach to multiple testing. J. R. Stat. Soc. Ser. B Stat. Methodol. 57, 289-300 (1995).

72. Debacg-Chainiaux, F., Erusalimsky, J. D., Campisi, J. & Toussaint, O. Protocols to detect
senescence-associated beta-galactosidase (SA-betagal) activity, a biomarker of
senescent cells in culture and in vivo. Nat. Protoc. 4, 1798-1806 (2009).

73. Miller, K. N. et al. PGC-1a integrates a metabolism and growth network linked to caloric
restriction. Aging Cell 18, €12999 (2019).

74. Hu,Y.etal. FlyPrimerBank: an online database for Drosophila melanogaster gene expression
analysis and knockdown evaluation of RNAi reagents. G3 3, 1607-1616 (2013).

Acknowledgements We thank the Penn Cytomics and Cell Sorting Resource Laboratory and
S. Tian for performing FACS-based cell isolation and flow cytometry analysis. We thank

M. Kayser and B. Mainwaring for guidance and use of the Drosophila Activity Monitoring system.
We thank L. Goodman and H. Bellen for providing fly lines. This work was supported by grant
nos. T32-AG000255 and F31-NS111868 (to C.N.B.); F32-AG066459-02 and K99-AG073450-01
(to K.N.M.); K99HL147212 (to S.L.Z.); T32-GM007179-47 (to V.S.C.) and RO1-NS120960, The
Paul Allens Frontiers Group Distinguished Investigators Program grant no. GRT-00000774,
The Kingenstein-Simons fellowship in neuroscience (to F.C.B.); grant nos. RO1-AG031862-13
and RO1-AG071861-01 (to P.D.A.); the Howard Hughes Medical Institute (to A.S.); the United
States Department of Defense USAMRAA award no. W81XWH2919665, National Institure of
Mental Health grant no. RF1-MH128866 and National Center for Advancing Translation
Sciences ASPIRE challenge and reduction-to-practice awards including U1I8TRO04146

(to G.C.); Arnold O. Beckman Postdoctoral Fellowship in Chemical Instrumentation (to C.E.R.);
grant no. R35-NS097275 (to N.M.B.). Stocks obtained from the Bloomington Drosophila Stock
Center (NIH P4A0OD018537) were used in this study.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE263926
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE263927
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE263928
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE263929
https://github.com/chopralab/drosophila_brain_lipidomics_Byrns_et_all
https://github.com/chopralab/drosophila_brain_lipidomics_Byrns_et_all
https://github.com/broadinstitute/picard

Author contributions C.N.B. conceived the study, performed and supervised experiments,
analysed and interpreted data and wrote the manuscript with guidance from N.M.B. A.E.P.
helped perform FACS, RNA-seq, heat shock, enzyme-linked immunosorbent assay and
real-time gPCR experiments, analysis and manuscript preparation. Z.J. helped with revision
experiments. F.R.C. devised the Drosophila SA-B-Gal activity protocol. K.N.M. performed
and analysed mammalian in vitro experiments. A.R.S. provided unpublished RNA-seq data.
S.L.Z. and A.S. advised on FACS-isolation of cells from fly brains. P.M., C.H.B., C.E.R.

and G.C. performed lipidomic profiling and interpretation. C.N.B. performed RNA-seq
computational analysis. C.H.B. performed lipidomic computational analysis. A.S., V.S.C.,
F.C.B., P.D.A. and G.C. provided input on revisions. All authors reviewed and revised the
manuscript.

Competing interests G.C. is the Director of the Merck-Purdue Center funded by Merck Sharp
& Dohme, a subsidiary of Merck, and is a cofounder of Meditati Inc. and BrainGnosis Inc. The
remaining authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-024-07516-8.

Correspondence and requests for materials should be addressed to Nancy M. Bonini.

Peer review information Nature thanks the anonymous reviewers for their contribution to the
peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.1038/s41586-024-07516-8
http://www.nature.com/reprints

Article

a Nucleated dsRed+ cell bodies

2 uM thick slices, distance from anterior brain surface (antennal lobe)

TRE-dsRed, 40 d TRE-dsRed, 40 d

o
100% repo™, elav™ 50 100

elav+

repo+

IS
S
.

@
g
.
.
Lifespan (%)

50%

n
1)

% of total nucleated dsRed+ cells

=)

Total dsRed"repo* cells per brain
.

0% 0

0 5 10 15 20

19 32 15 31 26 44 51 22 46 54 55
Total dsRed+ cells in z-stacked whole brain Total dsRed"elav* cells

per brain
f

e repo-GAL4>TRE-dsRed, UAS-GFP

/

FSC-A

~
[ x
i ZZ‘OySSC-A

| -
10 dsRed-GFP+
| 29.6% - -

Pan-glial

repo+dsRed+ cell bodies

elav+dsRed+ cell bodies

IncRNA:CR34335

Cell identity (color)
Neurons
AP1™ glia

1,

repo

Rl =

SSC-A °
— X

syto60

(live nuclear)

SSC-A

Pan-neuronal

5000 10000 15000 20000 25000 0 9000

=1

IncRNA:noe

vl —

X 3
dapi
95.8%

' GsRed-GFP- FSC-W

o100 524

Glia subtype

X
FSC-H

G

6000 06700 16405 26705 36705 [ 10000 20000 30000

Eaat1 indy

O

moody Vmat

E

wrapper

1=

LARD . LARY LAY e | TrenT
0 10° 10 10

D 93.3%

da
SSC-w

X
SSC-H

Other

D 91.3%

010000 30000

025000 75000 0 5000 ' 15000 0 1000 3000 © 2500 7500 O 500010000 0 10000 30000 0 5000 15000

Extended DataFig.1|APlisactiveinasubset of gliawith age.

a, Representatives high magnificationimages ofa40 d brain showing the
co-localization of AP1activity (dsRed) with glial (repo) or neuronal (elav)
markers. b, Proportion of dsRed+ cellsin 40 d brains (x-axis shows total
number) positive for repo (green), elav (blue) or neither (grey), with the total
number of dsRed+repo+and dsRed+elav+cellsshownin (c).d, Lifespan of
genotype used for FACS-isolation of neurons, AP1"# glia, and AP1+glia (n =100
flies). e, Representative gating strategy used for FACS-based isolation of neurons
(dsRed"™eGFP"®¢), AP1"*¢ glia (dsRed"**GFP +) and AP1+glia (dsRed+GFP +) for
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Normalized read count
bulk RNA-sequencing. f, Expression of neuronal and glial marker genesin
FACS-isolated and bulk RNA-sequenced neurons, AP1"*¢glia, and AP1+glia
(repo-GAL4 > TRE-dsRed,UAS-GFP; n =500 cells per replicate). For all bar
graphs, dataare mean. Each pointinamicroscopy experiment representsone
brainandinbulk RNA-sequencing experiments it depicts one biological
replicate. Alldatawere collected from two or three independent experiments.
Precise nand Pvalues are provided in the Source Data. *P-adjusted<0.05 for
sequencingdata; ***P < 0.001; **P<0.01,*P< 0.05 for all other data.
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Extended DataFig.2|Neuronal mitochondrial functiondeclinesinage.

a, BulkRNA-sequencing of FACS-isolated neurons shows lactate dehydrogenase
expressionincreases with age (repo-GAL4 > TRE-dsRed,UAS-GFP; n =500 cells
perreplicate). b, Brain ATP, measured as aratio of ATP to cytotoxicity markers,
decreases with age (w"’; n=37 brains). ¢, Total brainmtDNA, measured by PCR,
decreases withage (w'%; n =8 brains per replicate). d, Schematic showing the
complexes associated with the (e) 33inner complex genes reducedin aged

neurons, with expressionin AP1+gliashown for comparison. See Supplementary
Data3for full figure DE genes. For all bar graphs, data are mean. Each pointin
ATP/cyto toxicity experiment represents one brain, and in mtDNA experiment
and bulkRNA-sequencing experimentsit depicts one biological replicate. All
datawere collected from two or threeindependent experiments. Precise nand
Pvalues are provided in the Source Data. *P-adjusted<0.05 for sequencing data;
***P<0.001;**P<0.01,*P<0.05for all other data.
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Extended DataFig.3|Neuronalknockdown of selectinner complex genes
activatesglial AP1. a, Gene expression by real-time qPCR of RNAi target gene
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control (black) (n=8brains perreplicate). b, Proportion of dsRed+cellsin10d
brains (x-axis shows total number) positive for repo (green), elav (blue) or neither
(grey); genotypesas noted in figure. ¢, Representatives high magnification
images of 10 d brains showing co-localization of AP1activity (dsRed) with
nuclear glial (repo; middle) and neuronal (elav) antibodies in four of the AP1

activatingRNAilines. d, Brain ATP, measured asaratio of ATP to cytotoxicity
markers, in10 d brains with neuronal RNAi expression relative to UAS-mCherry-
RNAI. Forbargraph (d), dataare mean. Each pointin ATP/cytotoxicity experiment
represents onebrain, andinreal-time qPCR experiments it depicts one biological
replicate. Alldatawere collected from two or three independent experiments.
Precise nand Pvalues are provided in the Source Data. *P-adjusted<0.05 for
sequencing data; ***P<0.001;**P< 0.01,*P< 0.05for all other data.
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Extended DataFig. 5| Neuronal mitochondrial health triggers senescent
AP1+glia.a, Bulk RNA-sequencing of brains shows that neuronal loss of ND42
increases AP1subunits and AP1-target genes (n =20 brains per replicate).
Supplementary Data 7 for DE genes. b, ND42 and ND30 levels are selectively
reduced with neuronal UAS-RNAI. ¢, Neuronal loss of ND42increases yH2Av
proteinlevelsat10 d age (n =8 brains per replicate). d, Real-time qPCRof 10 d
brains shows that neuronal knockdown of mitochondrial genes increases Irbp
whilereducing Vglut and DopIR (n =20 brains per replicate). e, Feeding TRE-
dsRed flies the anti-oxidant drug AD4 reduces brain AP1activity by dsRed at
20 d withrepresentative images in (f). FACS-isolated and bulk RNA-sequenced

10 ddsRed+and dsRed"#cells from two AP1-activatinginner complex RNAi
lines showing (g) expression of neuronal and glial marker genes, (h) AP1
subunits and AP1target genes and (j) RNAi-targeted genes (n =500 cells per
replicate). See Supplementary Data 8 for DE genes. For all bar graphs, dataare
mean. Each pointinamicroscopy experiment representsonebrain,andin
westernimmunoblot, real-time qPCR and bulk RNA-sequencing experiments
itonebiological replicate. All datawere collected from two or three
independent experiments. Precise nand Pvalues are provided inthe Source
Data. *P-adjusted<0.05 for sequencing data; ***P < 0.001; **P< 0.01,*P< 0.05
forall other data.
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Extended DataFig. 6 | Blocking glial AP1activity extends lifespanand
mitigates SA-B-Gal activityinage. a, Lifespan of flies with glial AP1activity
blocked by UAS-puc or UAS-dFosDN for 1d/wk relative to UAS-GFP controls
(n=100flies per genotype and condition). Grey lines indicate days animals were
fed the geneSwitch activating drug, RU-486.b, Representativeimages fromone
experimental replicate showing SA-B-Gal activity decreases when glial AP1
activity is blocked for1d/wk (RU-486). ¢, Quantification of brain SA-B-Gal
activity withglial AP1activity blocked for 7 d/wk by expression of puc (left) or
dFosDN (right), with representative images shownin (d). e, Quantification of
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brain SA-B-Gal activity from flies (TRE-dsRed) maintained on vehicle or RU-486
7d/wk from eclosion with representative images (right). Each pointina
microscopy experiment represents one brain. All data were collected from
two or threeindependent experiments. Kaplan-Meier Survival with pairwise
comparison by Log-Rank test (a). Two-way ANOVA with Tukey’s comparison
(c,e). One-way ANOVA with Tukey’s comparison (d). Precise nand Pvalues are
providedinthe Source Data. *P-adjusted<0.05 for sequencing data; ***P < 0.001;
**P<0.01,*P<0.05forall other data.
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Extended DataFig.7|Blocking glial AP1for1d/wkreducessenescence

biomarkersintheagingbrain, but does notimprove mitochondrial health.

a, Hypergeometric comparisonshowing thereisasignificant overlap of DE
genesbetween the two AP1targeting complexes, UAS-puc or UAS-dFosDN.

b, Blocking glial AP1activity reduces age-onset expression of (b) AP1subunits,
APl-target genes and (c) senescence biomarkersin age while (d) inner complex
genes are unchanged. See Supplementary Data10 for DE genes. e, Age-onset
reductioninbrain ATP, measured as aratio of ATP to cytotoxicity markers,
persistsageinthesetting of blocking glial AP1activity (n =27 brains). TAG

lipase (f, Lip4 or h,bmmr) expression starting fromage 20 d reduces BODIPY +LD
at30 d whenexpressed inglia (repo-GS >) but not neurons (elav-GS >), with
representative images shownin (g,i). Forall bar graphs, dataare mean. Each
pointinamicroscopy and ATP/cyto toxicity experiments represents one brain,
andinbulk RNA-sequencing experiments it depicts one biological replicate. All
datawere collected from two or three independent experiments. Precise nand
Pvalues are provided in the Source Data. *P-adjusted<0.05 for sequencing data;
***p < (0.001;**P<0.01,*P<0.05forall other data.
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Extended DataFig.9|See next page for caption.



Extended DataFig.9|FFAs are abundantin AP1+gliawhile TAGs are
abundantin AP1"¢glia. a, Blocking SREBP activity by SREBP" expression
fromage20dreduces BODIPY + LD at30 d whenexpressed in glia (repo-GS >)
but not neurons (elav-GS >), with representative images shownin (b).

¢, Lipogenesis pathway genes (FFA to lipid droplet) in bulk RNA-sequenced
FACS-isolated cells fromaged brains (data asin Fig.1h-j). d, Total number of
lipid species screened in FACS-isolated cells and whole brains, according to lipid
class. e, Principal component analysis of lipidomic profiling of FACS-isolated
cells,where each pointrepresents one biological replicate (n=100,000
neurons,n=100,000 AP1"#glia, n=35,000 AP1+gliaperreplicate). f, Log, fold
change of summed intensity of DE lipids by class between FACS-isolated cell
populations with the comparison asindicated ony or x axis. g, Summed

intensity of DE lipids by lipid class, with differential comparison defined as
FDR < 0.10 for AP1+glia vs neurons or AP1+glia vs AP1"¢ glia. h, Maximum
summed intensity, where maximum value was defined by the highest summed
intensity among three cell populations for agiven lipid class. i, Representative
image showing BODIPY + LD do not co-localize with AP1+glia by dsRed. Bar
graphsin(c) represent mean; datain (g-h) represent summed values across
biological replicates. Each pointin amicroscopy experiment represents one
brain, and inbulk RNA-sequencing experiments it depicts one biological
replicate. Precise nand Pvalues are provided in the Source Data. *P-adjusted
<0.05 forsequencing data; FDR < 0.10 for lipidomic data; ***P < 0.001; **P< 0.01,
*P<0.05forall other data.
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Extended DataFig.10 | Blocking glial AP1activity for1d/wkincreases
oxidative markers and reduces H202resilience. a, Expressing Lip4 (left) or
SREBPM (right) inglia for 7 d/wk reduces animal lifespan (n =100 flies per
condition). b, Brain DHE staining at 42 d increases when glial AP1blocked for
1d/wk (RU-486), with quantificationin (c). d, Blocking glial AP1 activity for

1d/wkreducesanimalresilience to1% H202 feeding. Datarepresent mean
survival (n=20, twoindependent experiments). Each pointinamicroscopy
experimentrepresentsone brain. Precise nand Pvalues are providedinthe
Source Data. *P-adjusted<0.05 for sequencing data; ***P < 0.001; **P < 0.01,
*P<0.05forall other data.
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mouse anti-repo (DSHB cat.8D12)
rat anti-elav (DSHB cat.7E8A10)

Western immunoblots:

mouse anti-gH2AV (DSHB cat. UNC93-5.2.1)

mouse anti-tubulin (DSHB cat. AA4.3

rabbit anti-JUN (Cell Signaling Technology cat. 9165)

For FACS-sorting of fixed cells:
mouse anti-gH2AV (DSHB cat. UNC93-5.2.1)

Secondary antibodies:

goat anti-mouse Alexafluor488 (ThermoFisher Scientific cat. A28175)
goat anti-rat Alexafluor647 (ThermoFisher Scientific cat. A-21247)
goat anti-mouse AlexaFluor647 (ThermoFisher Scientific cat. A-21235)

Validation All antibodies used in this study are well-validated in prior work and were validated for use prior to study.
repo: well-established glial marker in Drosophila, see https://dshb.biology.uiowa.edu/8D12-anti-Repo
elav: well-established neuronal marker in Drosophila, see https://dshb.biology.uiowa.edu/8D12-anti-Repo
aTubulin: well-established, correct band size, see https://dshb.biology.uiowa.edu/AA4-3
gH2AV: well-established neuronal marker in Drosophila, see https://dshb.biology.uiowa.edu/UNC93-5-2-1
JUN: see https://www.cellsignal.com/products/primary-antibodies/c-jun-60a8-rabbit-mab/9165
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) IMR90 cells are human fibroblasts isolated from normal lung tissue derived from a 16-week old female; cells were obtained
from ATCC (CCL-186).

Authentication The cells were not authenticated.
Mycoplasma contamination Cultures were checked routinely for mycoplasma contamination.

Commonly misidentified lines  |MR90 is not a commonly misidentified line.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals All animals were males.
Wild animals This study did not involve wild animals.
Reporting on sex All animals were males to control for sex-based differences in aging and lifespan.

Field-collected samples  This study did not involve field-collected samples.

Ethics oversight n/a (all live animals were invertebrates, ethical approval and oversight not required).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks n/a

Novel plant genotypes  n/a

Authentication n/a
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Flow Cytometry

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

All work was performed in RNAse-free conditions. To create cell suspension for FACS-based sorting, adult fly brains (n=20 per
biological replicate) were rapidly dissected in cold Schneider’s media with 45 uM actinomycin D and stored on ice until
dissections were complete. Brains were then washed in cold PBS (3x). A single cell suspension was achieved by enzymatic/
physical dissociation as follows: whole brains were incubated in dissociation buffer (300 ul activated papain, Worthington
PAP2 LK003178 and 4.1 ul liberase, Roche 5401119001) at 25C at 1000 rpm for a total of 20 min. During incubation, at 5 and
10 min, tissue was gently homogenized by pipetting. At 15 min, the entire homogenate was passed through 25G 5/8 needle
(7x). At 20 min, enzymatic activity was halted by the addition of cold Schneider’s medium. Cells were then strained (35 uM
filter), pelleted (800g, 7 min) and resuspended in cold Schneider’s medium with actinomycin D and 2.5 ul RNAse inhibitor
(Takara Recombinant RNase Inhibitor, 2313A). Cells were resuspended in 250 ul, counterstained with 5 uM DAPI (live/dead)
and 50 nM syto60 (nuclear; ThermoFisher S11342) and sorted by the Penn Cytomics and Cell Sorting Facility using a BD FACS
Aria Il SORP (100 uM nozzle; purity).

BD FACS Aria Il SORP (100 uM nozzle; purity)
FlowJo v.10.8.

For setting initial gating parameters, 20,000 cells were sorted of which 5486 cells passed all parameters (660/20 RedA,
450.50 Violet-A, FSC-HxFSC-W, SSC-HxSSC-W). From this population, 58 cells (0.3%) were AP1+ glia (dsRed+GFP), 1213 cells
(6.1%) were AP1neg glia (dsRednegGFP+) and 3008 cells (15%) were neurons (dsRednegGFPneg). This abundance is
representative of all samples.

Dead cells were excluded through DAPI uptake. Doublets were excluded through FSC-H by FSC-W and SSC-H by SSC-W
parameters. Nucleated cells were included by syto60. Glia were identified by GFP while neurons were GFP negative. AP1
activity was identified by dsRed. Gating strategy in Extended Data Fig.1c.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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