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Abstract

Inflammaging refers to low-grade, chronically activated innate immunity that has deleterious effects on healthy lifespan. However, little is
known about the intrinsic signaling pathway that elicits innate immune genes during aging. Here, using Drosophila melanogaster, we pro-
file the microRNA targetomes in young and aged animals, and reveal Dawdle, an activin-like ligand of the TGF-§ pathway, as a physiologi-
cal target of microRNA-252. We show that microRNA-252 cooperates with Forkhead box O, a conserved transcriptional factor implicated
in aging, to repress Dawdle. Unopposed Dawdle triggers hyperactivation of innate immune genes coupled with a decline in organismal
survival. Using adult muscle tissues, single-cell sequencing analysis describes that Dawdle and its downstream innate immune genes are
expressed in distinct cell types, suggesting a cell nonautonomous mode of regulation. We further determine the genetic cascade by which
Dawdle signaling leads to increased Kenny/IKKy protein, which in turn activates Relish/NF-xB protein and consequentially innate immune
genes. Finally, transgenic increase of microRNA-252 and Forkhead box O pathway factors in wild-type Drosophila extends lifespan and
mitigates the induction of innate immune genes in aging. Together, we propose that microRNA-252 and Forkhead box O promote healthy
longevity by cooperative inhibition on Dawdle-mediated inflammaging.
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Forkhead box O (FoxO) proteins, a family of conserved tran-
scriptional factors from Drosophila to humans, have long been as-
sociated with longevity control and tissue homeostasis (Kops
et al. 2002; Hwangbo et al. 2004; Demontis and Perrimon 2010).
We and other groups have identified the binding targets of FoxO
protein from aging Drosophila (Alic et al. 2011). Among the FoxO
targets, the gene Dawdle (Daw), encoding an activin-like ligand of
the TGF-p pathway, is directly bound, and transcriptionally re-

Introduction

Low-grade, chronic, and systemic inflammation is a prominent
aging hallmark across phyla and constitutes a significant risk
factor for pathophysiological decline in older individuals
(McGeer et al. 1996; Chen et al. 2005; Vlad et al. 2008; Zhang
et al. 2013; Guo et al. 2014; Xu et al. 2015). Given such a causal
link, this hallmark has been termed “inflammaging”
(Franceschi et al. 2000). Importantly, inflammaging in human,

mouse, and Drosophila requires the activity of a common set of
downstream innate immune factors, including NF-xB (Nuclear
Factor enhancing the kappa light chains of activated B cells)
and antimicrobial peptides (AMPs) (Adler et al. 2007; Zhang
et al. 2013; Chen et al. 2014), highlighting conserved conse-
quence associated with dysregulated expression of these genes.
However, the intrinsic mechanism that modulates the age-
associated induction of innate immune genes has not been fully
understood.

pressed by FoxO (Bai et al. 2013). However, whether and how
FoxO signaling could modulate inflammaging have not yet been
investigated.

To combat pathogen infection, Drosophila can mount innate
immunity including humoral response by expressing AMPs
through IMD and Toll signaling pathways (Lemaitre et al. 1995,
1996; Hedengren et al. 1999; De Gregorio et al. 2002) and cellular
response that involves melanization, a proteolytic cascade culmi-
nating in the formation of melanin that is deposited on microbial
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invaders (Nappi and Vass 1993; Bidla et al. 2007). In noninfected
Drosophila, aging can lead to the spontaneous induction of innate
immune genes (Pletcher et al. 2002; Cao et al. 2013) and the
steroid-mediated recognition-protein has been suggested to con-
tribute to this age-associated inflammatory phenotype (Zheng
et al. 2018), though additional mechanisms might be involved.
Since studies of bulk gene expression may mask the heterogene-
ity of alterations across individual cells, specific cell types in
complex tissues that mediate inflammaging remain a question to
be addressed.

MicroRNAs (miRNAs) are post-transcriptional repressors,
which bind to the 3'UTRs of target mRNAs and subsequently
elicit RNA-induced silencing complex that requires the
Argonaute (AGO) proteins (Lee et al. 1993; Okamura et al. 2004).
Drosophila Let-7 and miR-125 have been implicated in the regula-
tion of innate immunity (Garbuzov and Tatar 2010). However, the
significance and mechanism by which specific miRNA play dur-
ing adult lifespan remain poorly addressed. Although the isola-
tion of AGO proteins from cultured cells has been used to analyze
bound miRNAs and their target genes (Easow et al. 2007; Chi
et al. 2009; Malmevik et al. 2015), targetome-wide characteriza-
tion of miRNA pathways from aging animals has not been avail-
able. Here using Drosophila, we investigate the miR-regulated
processes by profiling the miRNA targetome from young and
aged animals and identify Daw as a physiological target of
microRNA-252 (miR-252). We further demonstrate a dual inhibi-
tory regulation on Daw by miR-252 and FoxO, which collectively
inhibit the constitutive activation of innate immune genes during

aging.

Materials and methods
Fly culture and stocks

Flies were cultured in standard media at 25°C with 60% humidity
in a 12-h light and 12-h dark cycle unless otherwise specified.
Briefly, standard Drosophila food contains sucrose (36 g/1), maltose
(38¢g/1), yeast (22.5¢/1), agar (5.4g/1), maizena (60g/1), soybean
flour (8.25¢/1), sodium benzoate (0.9¢g/1), methyl-p-hydroxyben-
zoate (0.225 g/l), propionic acid (6.18 ml/l), and ddH,0 to make up
11 of the food. The wild-type (WT) line used was 5905 (FlyBase ID
FBst0005905, w'''®). All fly lines used in this study have been
backcrossed with 5905 for 5 consecutive generations for a uni-
form genetic background, though consecutive backcrossing may
not be sufficient to eliminate all background variation. Fly stocks
used in the present study include: pBID-UAS-HA-Agol (this
study), pBID-UAS-myc-eGFP-3’UTR (this study), pBID-UAS-myc-
eGFP-mirTargets 3'UTR (this study), pBID-UAS-HA-Atg8a (this
study), UAS-Babo.Q302D (Brummel et al. 1999), pBID-genomic-
N(HA)-FoxO (this study), pBID-genomic-miR-252 (this study),
pBID-genomic-N(HA)-Atg8a (this study), pBID-genomic-N(HA)-
Key (this study), pBID-genomic-N(HA)-Rel-C(HA) (this study),
Mhc-GAL4 (Bloomington Drosophila Stock Center, #55132).

CRIPSR/Cas9 mutagenesis

CRISPR/Cas9 mutagenesis was performed as described previously
(Ren et al. 2013). Two sgRNA plasmids for target gene were
injected into fly embryo. Single-fly-PCR assays were used to
screen mutants. To do this, single fly was homogenized in 50 pl
squashing buffer (10 mM Tris buffer (pH 8.5), 25mM NaCl, 1mM
EDTA, 200 pg/ml Proteinase K), then incubated at 37°C for 30 min,
followed by 95°C, 10 min for inactivation. Screen primers for each
target genes were listed in Supplementary Table 4. The virgin
females carrying the deletion were backcrossed into WT (5905)

male flies for 5 consecutive generations for a uniform genetic
background, to mitigate background effects.

Plasmid construction
miRNA reporter

The eGFP fragment was amplified from a common lab-used plas-
mid with primers: F5-ATGGAACAGAAACTCATCTCTGAAGA
GGATCTGGTGAGCAAGGGCGAGGAGCT-3'/R5-TTACTTGTACAG

CTCGTCCATGCCG-3'. The mir-Targets sequence was prepared
by 2 steps. (1), 2 DNA oligos were synthesized by Sangon Biotech,
as: F5'-CGGCTCGAGCTTCACAGCTGGTAGAGCACGGTAGACAGT
TCCTATGCAGAGCACGGTAGACAGTTCCTAAGTGTCCTCGGGAG

CCCTTATCAGCCTTCCGTCCACAGGCCCTTATCAGCCTTCCGTCC
ATTTGCAACCGCAGGACATCTTTACCCAGCAGTATTACTAGACA

TCTTTACCCAGCAGTATTATTGGTCTAGACCG-3'/R5'-CGGTCTAG
ACCAATAATACTGCTGGGTAAAGATGTCTAGTAATACTGCTGGG

TAAAGATGTCCTGCGGTTGCAAATGGACGGAAGGCTGATAAGGG
CCTGTGGACGGAAGGCTGATAAGGGCTCCCGAGGACACTTAGGA
ACTGTCTACCGTGCTCTGCATAGGAACTGTCTACCGTGCTCTACC
AGCTGTGAAGCTCGAGCCG-3'; (2), the 2 single-stranded oligos
were annealed into a duplex (99°C for 5min and then allowed to
cool to room temperature). Each fragment was then ligated into
the pBID-UAS vector (Wang et al. 2012).

Fly DNA transgene
RT-PCR amplification was conducted using RNA extract from
whole flies, with primers: Agol: F5'-ATGTACCCATACGATGTTC
CAGATTACGCTTATCCAGTTGGACAACAGTC-3'/R5-TTAGGCAA
AGTACATGACCTTCTTG-3'. Genomic transgene covering the
FoxO, miR-252, Atg8a, Key, and Rel genes was prepared by PCR am-
plification from fly DNA extract. Fusion PCR was used between
upstream and gene body sequences, or upstream, gene body, and
downstream sequences, with PCR primers:

FoxO (N'-HA tag): upstream: F5'-GAGACGGAGACCGAGACGG
C-3'/R5'-TTTTGTGAGCTCAGTCGGGC-3'.

F5-GCCCGACTGAGCTCACAAAA-3'/R5'-AACATCGTATGGGTA
CATGGGGTAGAAAAGTTCGTTG-3’; gene body: F5'-TACCCATACG
ATGTTCCAGATTACGCTATGGACGGCTACGCGCAGGA-3'/R5'-
CAATTGAGCTCTAAGCGAAGCTG-3'; and downstream:

F5-CAGCTTCGCTTAGAGCTCAATTG-3'/R5-ACATCTCTTGCA
TTGTGCATGC-3'.

F5-GCATGCACAATGCAAGAGATGT-3'/R5'-CCCACTGAACTGG
CCGGTTT-3".

miR-252:

F5-AGAGAGCGAGTGCGATTAAA-3'/R5-CGTTGCTCCGGTGGT
CCGGT-3'.

Atg8a (N'-HA tag): upstream:

F5'-GCCCGAGTAAATGTAGCGCA-3'/R5'-AACATCGTATGGGTA
CATGATTGCAATGAAGAGGTAATTG-3'; and gene body:

F5’-TACCCATACGATGTTCCAGATTACGCTAAGTTCCAATACA
AGGAGGAGC-3'/R5-TTTTAGCACATGCTCTCCTTATG-3'.

Key (N'-HA tag): upstream:

F5'-TAGATCCGTATCAGCGCGAT-3'/R5'-AACATCGTATGGGTA
CATGTCTCCGTTGTCGCGGT-3'; and gene body:

F5'-TACCCATACGATGTTCCAGATTACGCTTCGGACGAAGAGT
CATTCGT-3'/R5-AATTTGTGATATCCGCAACACG-3'.

Rel (N'-HA tag/C’-HA tag): upstream:

F5-TTGCTCTGGGGCTTCATCGC-3'/R5'-AACATCGTATGGGTA
CATAGTCCGTATCAATCCAATATTTCTG-3'; gene body:

F5-TACCCATACGATGTTCCAGATTACGCTAACATGAATCAGT
ACTACGACCTG-3'/R5-AGCGTAATCTGGAACATCGTATGGGTAA
GTTGGGTTAACCAGTAGGG-3'; and downstream:
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F5'-GTTCCAGATTACGCTTGATTATGTATTGAATGTTGATCAA
TAA-3'/R5'-GCGCATAAGTACATGTATGAT-3'.

Transgenesis

For ¢C31-mediated site-specific integration, DNA was clone into
the pBID vector (Wang et al. 2012), with the insertion site being
chromosome 2L: 5,108,448 or 3L: 11,070,538. Fly microinjection
and transgenesis followed standard procedures. Transgenic flies
were backcrossed with 5905 (FlyBase ID FBst0005905, w''*8) for 5
consecutive generations.

Adult emergence assay

Ten vials of one-to-one cross were set and maintained at stan-
dard condition. Four days after egg laying, adult flies were
dumped. Total number of adult progenies were counted.

Lifespan assay

Adult virgin female flies were collected at the day of eclosion and
maintained at 20 flies per vial at 25°C with 60% humidity and a
12-h light/12-h dark cycle. Flies were transferred to new vials ev-
ery other day and scored for survival. For each cohort, 20 vials (20
adult flies per vial) were used. The Prism software (Graphpad)
was used to draw the survival curve and statistical analysis.

AGO1 Rip-Seq

Adult fly lysates

To induce Agol transgene expression in adults, pBID-UAS-HA-
Agol transgenic flies were recombined with the Tubulin-
GeneSwitch-GAL4 line, and adult flies were fed with standard me-
dia containing 100 pg/ml Mifepristone (Sigma). After 3- or 30- day
induction, 200mg whole flies were collected into a 15-ml centri-
fuge tube and immediately frozen in liquid nitrogen. Flies were
pulverized to fine powder using a liquid nitrogen cooled mortar
and pestle. Resulted fine powder was resuspended in 1ml
Hypotonic Buffer (20 mM HEPES (pH 7.9), 2mM MgCl,, 10 mM KCI,
1 x protease inhibitor (Sigma), 100 U/ml RNase OUT (Invitrogen),
1mM DTT (Fisher), 100 U/ml SUPERase In RNase Inhibitor,
400 uM VRC (New England Labs, S1402S) in a 1.5-ml microcentri-
fuge tube and incubated on ice for 20min. Nuclei were removed
by centrifugation at 10,000 g for 20 min. The supernatant was ad-
justed to 150mM KCl, 20% glycerol. A total of 20 ul lysates were
taken as input sample.

AGO1 immunoprecipitation

Our immunopurification method was modified from Easow’s pro-
tocol (Easow et al. 2007). A total of 200 ul monoclonal anti-HA
conjugated agarose beads (Sigma) were washed once with 1ml
0.1IM glycine-HCl (pH 2.5, Beyotime) and equilibrated with 1ml
0.2M Tris-HCl (pH 8). The beads were then blocked in 1ml wash
buffer (20mM HEPES, pH 7.9, Sigma), 150 mM KCl, 20% glycerol
(Invitrogen), 0.1% NP-40, 20 U/ml SUPERase In RNase Inhibitor
(Ambion) containing 0.23 mg/ml heparin (Sangon Biotech) for 2h
at 4°C with rotation. The ~980 pl lysates were incubated with the
beads for 1h at 4°C. The beads were collected and washed with
1ml Wash Buffer for 3 times each for 2min. A total of 200 pul
washed beads were saved as Rip sample.

RNA extraction and analysis

Input and Rip samples were brought up to a total volume of
500 ul with Wash Buffer. The samples were then digested with
1g/ml Proteinase K and 0.5% SDS for 30min at 55°C, and RNA
was extracted using acid phenol-CHCI3 (pH 4.5, Ambion).
Northern blots for miRNAs were described below. gPCR for

reporter gene was described below. For RNA-seq, 200-400ng of
RNA was used to generate sequencing library using NEB DNA li-
brary prep kit. The quality of libraries was checked by
Bioanalyzer 2100 (Agilent). The quantification was performed by
gRT-PCR with a reference to a standard library. The libraries were
pooled together in equimolar amounts to a final 2nM concentra-
tion. The normalized libraries were denatured with 0.1 M NaOH
(Sigma). Pooled libraries were sequenced on the Illumina Miseq
platform with single end 100 bp.

polyA-selected RNA-seq

Muscles were dissected from 40 adult flies of indicated ages and
homogenized in a 1.5-ml tube containing 1ml of TRIzol Reagent
(Thermo Fisher Scientific). RNA isolation was followed in accor-
dance with manufacturer’s instruction. RNA was resuspended in
DEPC-treated Rnase-free water (Thermo Fisher Scientific). TURBO
DNA free kit was used to remove residual DNA contamination
according to manufacturer’s instruction (Thermo Fisher
Scientific). A total of 1 ug of total RNA was used for sequencing li-
brary preparation. PolyA-tailed RNAs were selected by NEB Next
Poly(A) mRNA Magnetic Isolation Module (NEB), followed by the
library prep using NEBNext Ultra RNA library Prep Kit for
Mlumina according to manufacturer’s instruction (NEB). The li-
braries were checked and pooled as described above. Pooled de-
nature libraries were sequenced on the Illumina Miseq, NextSeq
550, or Hiseq 2500 platforms with single end 100 bp.

Single nucleus/cell sequencing
Cell isolation

Eight muscles were dissected using a dissecting scissor in 200 pl
Schneider’s Drosophila Medium (Thermo Fisher) and transferred
to a tube containing 200pl ice-cold Schneider’s Drosophila
Medium. Muscles were dissociated at 500 rpm for 30 min at 25°C
in a Thermo-shaker (Eppendorf) in 50ul of dispase (3mg/ml,
Sigma), 75pl collagenase I (100mg/ml, Invitrogen), and 125pl
trypsin-EDTA (0.05%, Invitrogen). The enzymatic reaction was
reinforced by Tissue Grinding Pestle (BBI Life Sciences) every
5min and ceased by adding 10% fetal bovine serum (Gibco). The
mixture was passed through a 40-um cell strainer (FALCON) and
centrifuged at 500g for 5min at 4°C. After centrifugation, cells
were washed with 1ml ice-cold DPBS (Gibco) solution for 3 times,
resuspended in 500 ul DPBS with 0.04% BSA, passed through a 40-
pum strainer (Millex) and counted. Ten microliters of the single-
cell suspension was stained with PI (YEASEN) and Hoechst 3342
(Invitrogen), loaded on a hemocytometer (QIUJING), and counted
under a Leica microscope (DMI6000B, Leica). A final concentra-
tion of 900~1,500 cells/ul with cell viability above 90% was used
for the following single cell RNA-seq experiments. The cell sus-
pension was loaded immediately onto the 10x Genomics Single
Cell Instrument to minimize the time between cell preparation
and chip loading.

Nuclei isolation

Thirty muscles were dissected within less than 5 min and trans-
ferred to a tube which was then put in liquid nitrogen immedi-
ately to snap freeze. Tissue samples were homogenized using a
glass Dounce tissue grinder (Sigma) 10 times with pestle A fol-
lowed by a 70-um cell strainer (FALCON), and 20 times with pestle
B followed by a 40-pm cell strainer (FALCON) in 2ml of ice-cold
Nuclei EZ lysis buffer (Sigma) with 0.4 U/pl RNaseOut
(Invitrogen). Nuclei were centrifuged at 1,000g for 5min at 4°C,
washed with 1ml Nuclei EZ lysis buffer with 0.4 U/ul RNaseOut
and incubated on ice for 5min. After centrifugation, the nuclei
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were washed in 1ml Nuclei Suspension Buffer (NSB) consisting of
1x PBS, 1% BSA (absin), and 0.2 U/pl RNaseOut (Invitrogen) for 3
times. Isolated nuclei were resuspended in 1ml NSB, filtered
through a 40-um cell strainer and counted 10 ul of the single nu-
cleus suspension in NSB was stained with PI (YEASEN) and
Hoechst 3342 (Invitrogen), loaded on a hemocytometer (QIUJING),
and counted under a Leica microscope (DMI6000B, Leica). A final
concentration of 900~1,500 nuclei/ul was used for the following
single nucleus RNA-seq experiments. The nuclei suspension was
loaded immediately onto the 10x Genomics Single Cell
Instrument to minimize the time between nuclei preparation and
chip loading.

Library preparation

The nuclei/cell suspension was loaded for 10x Genomics run fol-
lowing the Single Cell 3’ Reagent Kits v2 User Guide. The
Chromium Single Cell 3’ Library Kit v2 (10x Genomics), Single
Cell 3’ Gel Beads Kit v2 (10x Genomics), and Single Cell A Chip Kit
v2 (10x Genomics) were used for single cell barcoding, cDNA syn-
thesis and library preparation following manufacturer’s instruc-
tions.

Sequencing

The quality of libraries was checked by Bioanalyzer 2100
(Agilent). The quantification was performed by qRT-PCR with a
reference to a standard library. The libraries were pooled together
in equimolar amounts to a final 2nM concentration. The normal-
ized libraries were denatured with 0.1 M NaOH (Sigma). Pooled li-
braries were sequenced on the Illumina Miseq/Next-seq platform
with a paired-end run sequencing of 26 bp on read 1 and 98 bp on
read 2.

Quantitative PCR

RT-qPCR

RNA extractions were done as described above. One microgram
of total RNA was used for reverse transcription by polyT primers
using SuperScript III First-strand synthesis system for RT-PCR
(Thermo Fisher Scientific). Analysis was performed using the
QuantStudio 6 Flex real-time PCR system with SYBR selected
master mix (Thermo Fisher Scientific). The 2*4“T method was
used for quantification upon normalization to the RP49 gene as
internal control. Primers for target genes were listed in
Supplementary Table 6.

Small RNA-qPCR

Total RNA extractions were down as described above. cDNA of
miRNA was synthesized using Tagqman MicroRNA Reverse
Transcription Kit (Thermo Fisher Scientific) according to the sup-
plier's recommendations. RT- and g-PCR primer sets, dme-miR-
252-5p, and 2S rRNA were purchased form Thermo Fisher
Scientific. Analysis was performed using the QuantStudio 6 Flex
real-time PCR system with Tagman Universal PCR Master Mix II
(Thermo Fisher Scientific). The 27#4“T method was used for
quantification upon normalization to the 2S rRNA gene as inter-
nal control.

Small-RNA northern

For small-RNA northern, input RNA (3 pug) and Rip RNA (0.1pg)
was fractionated on a 15% TBE-urea precast PAGE gel (Life
Technologies) with 1x TBE buffer, and then transferred onto a
Hybond nylon membrane (GE Healthcare) with 0.5x TBE buffer.
The RNA blots were prehybridized with Ambion Oligohyb (Life
Technologies), and then incubated with radioactive labeled RNA

probes for ~12h to overnight. RNA probes were used and made
by the Ambion Maxiscript-T7 In Vitro Transcription Kit (Life
Technologies), supplemented with P*2-labeled UTP. Oligo DNA
templates were prepared by annealing 2 single-stranded DNA oli-
gos into a duplex (99°C for 5min and then allowed to cool to
room temperature). Oligos used were: miR-34-5p: 5'-GATAATACG
ACTCACTATAGGGAGA-3'/5-AAAAAATGGCAGTGTGGTTAGCTG
GTTGTGTCTCCCTATAGTGAGTCGTATTATC-3'; miR-277-3p: 5'-
GATAATACGACTCACTATAGGGAGA-3'/5-TAAATGCACTATCTG

GTACGACATAAATGCACTATCTGGTACGACATCTCCCTATAGTG

AGTCGTATTATC-3; miR-8-3p: 5'-GATAATACGACTCACTATAG
GGAGA-3'/5'-TAATACTGTCAGGTAAAGATGTCTAATACTGTCAG
GTAAAGATGTCTCTCCCTATAGTGAGTCGTATTATC-3'; 2S rRNA:
5'-GATAATACGACTCACTATAGGGAGA-3'/5-TGCTTGGACTACA

TATGGTTGAGGGTTGTATCTCCCTATAGTGAGTCGTATTATC-3'.

Bioinformatic analyses

RIP-seq

Sequencing reads were mapped to the reference genome flybase
dmé6_r6.05 with STAR2.3.0e (Dobin et al. 2013) by default parame-
ters. The read counts for each gene were calculated by HTSeg-
0.5.4e (Anders et al. 2015) htseq-count with parameter “-s no.”
The count files were used as input to R package DESeq (Anders
and Huber 2010) for normalization and the Rip-enriched genes
were defined at a log2(Rip/Input) cut-off 1 and adjusted P-value
cut-off of 0.01. To direct compare Rip enrichment of genes be-
tween 3 and 30days, log2FC were quantile normalized. For ge-
nome browser visualization, wig files were generated from bam
files by IGVTools with parameter “z 5 —-w 25 —e 250" and dis-
played by IGV-2.3.6 (Robinson et al. 2011). Cumulative fraction
for daw wig profile was calculated with R ecdf function and P-
value was calculated with Kolmogorov-Smirnov test by compar-
ing to uniform distributed CDF. GO term analysis was performed
by David (Huang da et al. 2009). For miRNA targetome construc-
tion, computational predicted miRNA targets were downloaded
from TargetScanFly (Kheradpour et al. 2007) and DIANA-microT
(Maragkakis et al. 2011) website and scored by their Rip enrich-
ment. The miRNA-mRNA interaction network was displayed by
Cytoscape 3.4.0 (http://cytoscape.org).

PolyA-selected RNA-seq

Sequencing reads were mapped to the reference genome dmé6 or
flybase dm6_r6.05 with STAR2.3.0e by default parameter. The
read counts for each gene were calculated by HTSeq-0.5.4e
htseg-count with parameters “-s no.” The count files were used
as input to R package DESeq for normalization and the differen-
tial expression genes were set at a P-value cut-off of 0.01 and
log2FC of 1. GO term analysis was performed by David.

Single cell/nucleus sequencing analysis

Raw data from 10x Genomics were each processed (alignment,
barcode assignment and UMI counting) with Cell Ranger (version
3.0.0) count pipeline. The Cell Ranger reference index was built
upon the third 2017 FlyBase release (Drosophila melanogaster
16.19). Median saturation was calculated as the median of the
Sequencing Saturation metric reported by the Cell Ranger soft-
ware.

Single-nuclei data preprocessing

Reads were filtered to build high-quality single-cell data. A data-
set of 10,209 nuclei from WT (FlyBase ID FBst0005905, w''*®) and
mir-252°?% foxo®*! double mutants was generated using a cus-
tomized method to select the quality nuclel with filtering metrics
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applied as follows. First, to remove empty droplets, we used
the emptyDrops function in DropletUtils (v1.6.1) R package (Lun
et al. 2019) with the default parameter. Subsequently, the
isOutlier function in scater (v1.14.4) R package (McCarthy et al.
2017) was used to detect the outliner nuclei and genes. QC met-
rics included Unique Molecular Identifiers (UMI), gene expres-
sion, the proportion of mitochondrial transcripts, ribosomal
protein transcripts, and ribosomal RNA; any one of the criteria
failed to pass the quality settings was considered to be of low
quality and discarded. Third, we used DoubletFinder (v2.0.2) R
package (Kiselev et al. 2019) and doubletCells function in scran
(v1.14.5) R package (McCarthy et al. 2017) to detect and discard
doublet. Finally, we removed the mitochondrial genes, ribosomal
protein genes, and ribosomal RNA from sequence reads.

Dimensionality reduction and clustering

The filtered matrix was then used as input for Seurat (Stuart
et al. 2019). The Seurat pipeline was executed on a combined
dataset of WT and mir-252%% foxo**! double mutants. Data were
log-normalized with a scale factor of 10*. Variation driven by in-
dividual batches was regressed out from the normalized, scaled
data. For further downstream analysis, the most variable genes
(2,000) were selected using FindVariableGenes with default param-
eters. The graph-based method from Seurat was used to cluster
nuclei. The PCA was selected as dimensional reduction tech-
nique. To visualize the data, UMAP dimensionality reduction was
performed, using the first 50 PCAs, as instructed by a Jack Straw
resampling test. Clusters were identified by a shared nearest
neighbor, using a resolution of 0.4. And the clusters were con-
firmed by centroid-based clustering (K-means) and Density-
based clustering (HDBSCAN). Some of these clusters were manu-
ally modified. A total of 17 clusters were confirmed for the final
UMAP.

Markers identification

We used marker genes to infer the predominant cell type within
each cluster in Seurat. For clusters, a set of markers genes
(Supplementary Table 1) was defined by FindConservedMarkers of
the nuclei grouped in each cluster against the remaining nuclei.
Signature marker genes were defined based on the Wilcoxon
rank-sum test with Bonferroni corrected P-value <0.05 and log2
(mean gene expression across nuclei in cluster/mean gene ex-
pression across nuclei in other clusters) of 0.25.

Comparison of bulk tissue mRNA with single nuclear RNA
transcriptomic profiles

To compare gene expression data between bulk mRNA-seq and
sNuc-seq, we performed Pearson’s correlation analysis. Only
genes that detected in both datasets were used for the analysis.
For sNuc-seq data, we calculated the average normalized UMI ex-
pression for each gene. For bulk data, gene counts were converted
to counts per million reads mapped (CPM). And then log-
transformed data was used for the plot. P <0.05 was considered
statistically significant.

Differential proportion analysis

To detect changes in cell proportions between WT and mutants,
we used differential proportion analysis as described by Farbehi
etal. (2019). P < 0.01 was considered statistically significant.

Western blot assay

Twenty muscles were harvested and homogenized in a 1.5-ml
tube containing 200pl 2x Laemmli Sample Buffer (BIO-RAD)

provided with 5% BME. Samples were then heated at 95°C for
5min and centrifuged at 10,000 g for 3 min. Resulted supernatant
was loaded onto a NUPAGE 12% Bis-Tris Gel (Thermo Fisher
Scientific, Carlsbad, CA, USA), and then transferred by electro-
phoresis to a polyvinylidene fluoride membrane (Millipore,
Germany). The corresponding primary antibodies were diluted
1:5,000 and incubated with the membranes at 4°C overnight, the
secondary antibodies were diluted 1:5,000 and incubated for 2h
at room temperature. The signals were detected using ECL
(Thermo Fisher Scientific) by Amersham Imager 600 (GE
Healthcare, Sweden). The signal intensity was quantified by
ImageQuant TL (GE Healthcare). Three biological replicates were
done for each experiment.

Luciferase assay

Luciferase assay was performed using standard approaches (Liu
et al. 2012). Specifically, 1 x 10° S?R+ cells were plated and bathed
in 200 pl complete medium in each well of a 96-well plate. The
next day, 8 ng of pIZ-Firefly, 400 ng of pIZ-miR-252, and 400 ng of
plZ-renilla-3'UTR (daw WT or mutant reporters) were transfected
by Effectene (Qiagen). Two days post transfection, luminescence
assays were performed by Dual-Glo Luciferase Assay System
(Promega). The miR-252 seed sequences in the 3'UTR of Daw
gene was noted in Fig. 1c.

Small-RNA sequencing

We followed Wang's protocol in performing small-RNA sequenc-
ing (Wang et al. 2016). Fly head and muscle tissues were dissected
in ice-cold 1x phosphate-buffered saline solution (Sangon
Biotech), and total RNA was isolated using Trizol according to
the manufacturer’s instructions (Life Technologies). DNA was
removed using the Ambion TURBO DNA-free Kit (Life
Technologies). RNA was then fractionated using 15% TBE-urea
precast PAGE gels (Life Technologies). Small RNA of 20-29nt was
sliced from the gel and recovered using the ZR Small-RNA PAGE
Recovery Kit (Zymo Research). To determine library quality, gRT-
PCR was used to quantify the library concentration. The normal-
ized libraries were denatured with 0.1 M NaOH solution (Sigma).
Pooled libraries with different barcodes were sequenced on the
[llumina Miseq platform.

Small-RNA Sequencing analysis

Adapter sequence was removed using FASTX (http://hannonlab.
cshl.edu/fastx_toolkit/). Reads without adapter, shorter than
18nt or mapped to rRNAs were filtered out. For annotating
miRNAs, we used miRDeep?2 (Friedlédnder et al. 2008). Drosophila
genome release 6 from FlyBase was used as reference. The
miRNA precursor and mature miRNAs were from miRBase.
miRNA isoform statistics were carried out according to miRDeep2
output, and reads were restricted with perfect match.

Results

miRNA targetomes from young and aged
Drosophila

To study miRNA pathways, we developed a strategy to generate
the miRNA targetome in adult animals by immunoprecipitating
AGO1 protein, followed by polyA-selected RNA sequencing (AGO1
RIP-seq) (Supplementary Fig. 1a). We validated this strategy first
by confirming the ability of AGO1 pulldown to enrich the mature
forms of miR-34-5p (multiple isoforms), miR-277-3p (2 isoforms),
and miR-8-3p (single isoform), but not fly 2S ribosomal RNA
(Supplementary Fig. 1b). This strategy was further validated
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Fig. 1. miRNA targetomes for adult, aging Drosophila. a) Scatter plot (left panel) showed AGO1-enriched genes from young and aged flies. Candidate
target genes were sorted into 3 categories based on their enrichment at 3 days only (blue), 30 days only (red) or both 3 and 30 days (yellow). Gene
Ontology analysis (right panel) indicated enriched biological processes for each category. Dotted line indicates P = 0.01. Candidate targets were
identified from 2 biological replicates of 3- and 30-day flies (enrichment criteria: log2(Rip/Input) > 1, adj. P < 0.01). Genotype: gene-switch tubulin-GAL4,
PBID-UAST-HA-Ago1 (see Materials and Methods for further details). Whole flies were used. b) Genome browser view (top panel) illustrates the Daw
transcript in input vs AGO1 RIP-seq profiles. This enrichment was further enhanced with age (bottom panel). The increase of Daw enrichment was
calculated by deducting 3-day enrichment from that of 30 days, and was then plotted cumulatively for each 25 bp along the Daw transcript. P value
was calculated using Kolmogorov-Smirnov test against uniform distribution. c) Potential miR-252 target site in 3'UTR of Daw transcripts (top panel).
The site was predicted by both microT_CDS and TargetScan. Blue color illustrated nucleotides mutated to disrupt pairing between miR-252 and Daw.
The 3'UTRs of WT or mutant were subsequently cloned downstream of the firefly luciferase. Luciferase assays (bottom panel) revealed a silencing
effect between miR-252 and Daw, which was dependent on the WT, but not mutated, miR-252 binding site in the 3'UTR of Daw (for quantification:
mean * SEM of 3 biological repeats; Student’s t-test). d) gRT-PCR analysis confirmed that miR-252-5p, the guiding strand of miR-252, had an age-
dependent increase. qRT-PCR was from muscles of female flies aged at 3, 15, 30, and 45 days. Genotype: 5905 (for quantification: mean + SEM of 3

biological repeats; Student’s t-test).

using a miRNA reporter approach. We constructed transgenic
flies, expressing a transgene with the coding region for green
fluorescence protein (eGFP) fused with either a standard 3'UTR as
the control reporter or a miRNA reporter with the 3’'UTR embed-
ded with target-mimicking sequences for 3 highly abundant
miRNAs in adult flies, miR-276a-3p, miR-184-3p, and miR-8-3p
(Supplementary Fig. 1c). In flies that expressed the control re-
porter and miRNA reporter at comparable levels, AGO1 pull
down resulted in 8-fold enrichment of the miRNA reporter com-
pared to that of control (Supplementary Fig. 1c), indicating that
this strategy could specifically identify mRNA transcripts actively
targeted by endogenous miRNAs. Using this strategy, we systemi-
cally analyzed the mRNAs associated with the AGO1 protein by
RNA-seq. Inspection of select genes known to be miRNA targets
found enrichment by Agol RIP-seq (Supplementary Fig. 1d). In
contrast, Gapdh2 and AlphaTub84B, 2 housekeeping genes that
are not targeted by miRNA, showed no such enrichment
(Supplementary Fig. 1d). Combined, these data establish that
the AGO1 RIP-seq strategy can be used to profile in vivo miRNA
targetome.

We then characterized miRNA targetome in adult flies at 3d
of age (young) and 30d of age (aged) (Fig. 1a). We set 2-fold en-
richment of read counts between IP and input as the cut-off
(Supplementary Fig. 1a). Based on 2 independent experiments,
we were able to identify 1,130 and 1,171 candidate target genes
from young and aged animals, respectively (Fig. la and
Supplementary Table 1). Among them, 303 candidate target
genes were only identified when animals were young (Fig. 1a).
Gene Ontology (GO) analysis indicated that their roles were
mainly involved in development (Fig. 1a). On the other hand, 344
candidate target genes were unique in aged animals, with known
functions involved in post-developmental events, such as cell ad-
hesion, cell fate determination, cell motion, and transcription
(Fig. 1a). Of note, 827 candidate target genes were found in both 3
and 30 days, with their biological functions associated with devel-
opmental processes (Fig. 1a). It was noteworthy that AGO1-
associated mRNA genes tended to express longer transcripts
compared to that of nonenriched genes (Supplementary Fig. 2).

Since miRNA profile can directly influence the composition of
miRNA targetome, we next determined the expression of miRNAs
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during adult lifespan. Small-RNA-seq analysis using head and
muscle tissues identified 110 miRNAs expressed in 3- and/or 30-
day-old flies (Supplementary Table 2). We subsequently com-
bined miRNA targetome with computational algorithms,
microT_CDS (Maragkakis et al. 2011) and TargetScan
(Kheradpour et al. 2007), aligning specific miRNAs with their pu-
tative targets based on the predicted miRNA binding sites
(Supplementary Table 3). Taken together, our findings reveal a
network of mRNA targets that might define insights into the
miRNA-regulated events in young and aged adult flies.

Daw is a target of miR-252

Targetome analysis identified Daw, a pro-aging factor, that was
revealed by our early study (Bai et al. 2013). Daw was significantly
enriched in both 3- and 30-day AGO1 RIP-seq profiles; moreover,
this enrichment was higher in 30 days than in 3 days (Fig. 1b), im-
plicating an age-modulated, post-transcriptional regulation on
Daw by miRNA pathways. Both microT_CDS and TargetScan
analyses noted 1 target site of miR-252-5p (hereinafter referred to
as miR-252) within the 3'UTR of Daw (Fig. 1c). To determine
whether miR-252 could regulate Daw through this site, we gener-
ated a Renilla luciferase reporter with the coding region of lucif-
erase fused with the 3'UTR of Daw. This luciferase reporter was
transfected into Drosophila S2R* cells in the presence of miR-252
overexpression. We found that upregulation of miR-252 led to
60% reduction in the expression of this Daw-3'UTR reporter com-
pared to that of the control reporter (Fig. 1c). We generated a con-
struct with a mutation that disrupted seed pairing between miR-
252 and its putative binding site (Fig. 1c). The ability of miR-252
to regulate the expression of this mutant Daw 3'UTR reporter
was significantly reduced compared to that of WT reporter
(Fig. 1c). These results validated that the silencing effect of miR-
252 was dependent on the its binding site in the 3'UTR of Daw
mRNA.

miR-252 and FoxO control organismal survival by
repressing Daw

Our previous study implicates that Daw gene is transcriptionally
repressed by FoxO protein in fly muscle tissues (Bai et al. 2013).
Our current data suggested an additional layer of repression on
Daw mRNA by miR-252 at the post-transcriptional level.
Consistently, small-RNA gRT-PCR analysis from muscle tissues
of WT flies revealed that miR-252 had an increase with age
(Fig. 1d), correlating with age-augmented enrichment of Daw in
the AGO1 RIP-seq (Fig. 1b).

To investigate the biological significance of this dual-
inhibitory regulation, we compared adult phenotypes using flies
depleted of both FoxO and miR-252 with that of single mutation
alone. We used CRISPR/Cas9-mediated genomic editing (Ren
et al. 2013) to obtain loss-of-function alleles, mir-252°%® and
foxo®*! (Supplementary Table 4). Flies lacking FoxO activity had a
defect in preadult survival, evidenced by the reduction in the
numbers of flies eclosed into the adult stage compared to WT
(Fig. 2a). In congruence with a previous study by Yamamoto and
Tatar (2011), foxo mutant flies, when developed into adult, exhib-
ited a shortened lifespan (Fig. 2b). While mir-252 mutants alone
had little effect on adult emergence (Fig. 2a) or age-associated
mortality (Fig. 2b), loss of both miR-252, and FoxO resulted in fur-
ther decline in pre-adult survival (Fig. 2a) and adult lifespan
(Fig. 2b).

To ensure that the mutant phenotypes were attributable to
specific genes, we generated genomic transgenes for miR-252 and
FoxO, which expressed these genes under their respective

endogenous regulatory elements (Supplementary Fig. 3).
Restoring the expression of either miR-252 or FoxO to the double
mutants rescued adult emergence (Fig. 2c) and adult survival
(Fig. 2d), suggesting that these defects were due to the loss of
miR-252 and FoxO.

To address whether above defects were caused by an abnor-
mal increase of Daw, we lowered the level of Daw by combining
double mutants with daw®*®, a deficiency mutant generated by
CRISPR/Cas9 (Supplementary Table 4). Assessment of adult
emergence and adult survival phenotypes revealed rescue effects
(Fig. 2, e and {). Altogether, these data indicate that FoxO and
miR-252 cooperate in repressing Daw at the transcriptional and
post-transcriptional level, respectively (Fig. 2g). Double mutant
flies exhibit enhanced defect in organismal survival compared to
either single mutant alone, suggesting that FoxO and miR-252 ex-
ert a dual-inhibitory effect on Daw expression.

Deregulated Daw triggers hyper activation of
innate immune genes

Interestingly, we observed that mutant flies carried melanotic
tumors, characterized by small black spots deposited in the cuti-
cle of abdomen (Fig. 3a), which is one of the key markers of im-
mune activation in Drosophila. Quantitative assessment showed
that melanotic tumors were detectable in mir-252 single mutant
(3%) and foxo single mutant (8%) at low levels. The extent of mel-
anization was enhanced in mir-2529%% foxo®**! double mutants
(30%), which was rescued by daw deficiency (14%).

Above observation prompted us to investigate global changes
of gene expression, especially the innate immune pathways.
Since we and other groups have indicated that age-related activi-
ties of Daw are associated with muscle tissues in Drosophila (Bai
et al. 2013; Demontis et al. 2014), we performed polyA-selected
RNA-sequencing using primarily thoracic muscles for this and
subsequent experiments. GO analysis revealed that “innate im-
mune response” and closely related processes were highly upre-
gulated in mir-252%% foxo“**! mutants, whereas mitochondrial
and energy metabolism-related pathways were enriched for
downregulated genes (Fig. 3b). This result was validated by qRT-
PCR analysis on select genes of innate immune pathways
(Supplementary Fig. 4). Furthermore, detailed examination
revealed dynamic shift in gene expression of innate immune
pathways in different mutant backgrounds. The extent of im-
mune activation was mild in mir-252 single mutant but became
elevated in foxo single mutant (Fig. 3, c and d). Such immune acti-
vation was further enhanced in mir-252% foxo®*! double
mutants, which can be rescued by daw mutation (Fig. 3, c-e).
Distinct shifts in gene profiles (Fig. 3c) were correlated with the
extent by which Daw was abnormally increased, as well as patho-
physiological deteriorations, including melanization, preadult le-
thality, and reduced lifespan, suggesting that Daw might define
an effect that couples innate immune hyper activation with a
rapid decline in organismal survival.

It was possible that age-related activity of miR-252 might be
mediated by many mRNA targets, in addition to Daw. To address
this, we deleted the miR-252 binding site on Daw 3'UTR via
CRISPR/Cas9 (Fig. 3f and Supplementary Table 4). We then asked
whether this mutant, daw-3’UTR®?, recapitulated defects as those
conferred by the loss of miR-252 (Fig. 3f). Consistently, daw-
3'UTR®? foxo“*’double mutants exhibited preadult lethality
(Fig. 3g), melanization (Fig. 3h), and hyper activation of innate im-
mune genes as assessed by the RNA-seq experiment (Fig. 3i), sug-
gesting that age-related activity of miR-252 is mediated mainly
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Fig. 2. FoxO and miR-252 promote organismal survival by repressing Daw. a) Flies deficient in both FoxO and miR-252 show strong defect in adult
emergence. Eclosed adult flies for indicated genotypes were counted. To name new mutants, a superscript amended to the gene contained a letter c
denoting CRISPR/Cas9 method followed by the size of genomic deletion. All mutants have been backcrossed with WT for 5 times to ensure a uniform
genetic background (see Supplementary Table 4 and Materials and Methods for further details). Genotypes: WT: 5905. mir-252°328/¢328_foxo431/c431 iy
252328 fox0“*3t: mir-252°%%8 foxo*31/mir-252°%%%, foxo**! (for fly quantification: mean * SD of 10 biological repeats; Student’s t-test). b) Flies deficient in
both FoxO and miR-252 show strong defect in adult survival. foxo mutants had a shortened lifespan. While mir-252 mutants alone had little effect on
adult survival, flies lacking both FoxO and miR-252 showed a decline in lifespan. Genotypes as in (a) (for lifespan assay: 25°C; n > 200 female flies per
genotype for curve; log-rank test). c) Genomic transgene of FoxO or miR-252 significantly rescues preadult lethality. Based on the mating scheme (top
panel), progeny counts of expected and observed genotype were shown (bottom). Genotypes: mir-252°*%8 foxo®*: mir-2523%8, foxo®*3/mir-2523%8,
foxo®*3L. Foxo (+)/+; mir-252°%?® foxo®**": pBID-genomic-N(HA)-Foxo/+; mir-252°*% foxo“3!/mir-252°*%, foxo“3'. miR-252 (+)/+; mir-252%3? foxo“***: pBID-
genomic-miR-252/4; mir-252328, foxo“**/mir-2523?¢, foxo°***. Chi-square test. d) Genomic transgene of FoxO or miR-252 significantly rescues age-
associated mortality. Adding back either FoxO or miR-252 to double mutants significantly rescued adult lifespan. Genotypes as in (c). Lifespan assay as
in (b). e) Decreasing Daw significantly rescues preadult lethality. Adult emergence test as in (c), with different mating scheme (top panel) and progeny
counts (bottom). Genotypes: mir-252<%?% foxo*3%: mir-252°%?%, foxo“*3*/mir-252*?%, foxo“***. daw**8/+-; mir-252%?8 foxo“***: daw**#/+-; mir-2523?8, foxo=**'/
mir-252°%2 foxo®**!, Lifespan assay as in (b). f) Decreasing Daw significantly rescues age-associated mortality. Genotypes as in (e). Lifespan assay as in
(b). g) Dual-inhibitory regulation on Daw by FoxO and miR-252, at the transcriptional and post-transcriptional level, respectively.

through Daw and that proper regulation on Daw requires the
miR-252 binding site on Daw 3'UTR.

mir-252 and foxo mutants advance key features of
inflammaging

We next asked how gene profiles in single and double mutants
were compared with age-associated activation of innate immune
genes that naturally occur in WT aging flies. Consistent with
above experiments, we used dissected muscle tissues. We tran-
scriptionally profiled WT animals of 3, 15, 30, and 45 days of age.
Comparative analysis of RNA-seq profiles demonstrated that sin-
gle and double mutants at 3 days already triggered a gene profile
of innate immune hyper activation reminiscent of chronic in-
flammation observed in older WT animals (Fig. 4), indicating that
normal activities of miR-252 and FoxO might be critical in pre-
vention of age-associated induction of innate immune genes.

Thus, loss of miR-252 and FoxO lead to key characteristics of ac-
celerated inflammaging, evidenced by temporally advanced in-
duction of innate immune genes and consequentially shortened
lifespan.

Single-cell sequencing reveals Daw and innate
immune genes in discrete cell types

Since our above data showed the induction of innate immune
genes at the bulk level, we performed single-cell sequencing to
determine the composition and functional states of different cell
types in mir-252°?® foxo“**! double mutants. Consistent with bulk
RNA-seq experiment, we used 3-day-old flies for single-cell
analysis. While analyzing single whole-cell suspensions from fly
thoracic muscle tissues, we noticed over-represented sequence
reads (>90%) from muscle mitochondria (Supplementary Fig. 5a).
To avoid this bias, we developed a strategy to isolate individual
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Fig. 3. Deregulated Daw triggers hyper activation of innate immune genes. a) Mutant flies develop melanization marks. Melanotic tumors were
highlighted by arrows. For indicated genotypes, the percentage of flies at 3 days of age carrying melanotic tumors was counted. Genotypes: WT: 5905.
Mir-252328/6328 fox0c431/CA3L iy 052328 fox0°43L: mir-252328 foxo 3L /mir-252°%%8, foxo°**t, daw°%/+; mir-252°2%8 foxo°*3t: dawe*°%/+; mir-252°328, foxo*3Y/
mir-252°%% foxo®** (for quantification of melanization marks: mean + SD of 3 biological repeats with more than 50 flies for each replicate). b) GO
analysis (biological processes) reveals immune hyperactivation in miR-252 foxo double mutants. RNA-seq was from muscle tissues of 3-day-old female
flies. Genotypes: WT: 5905. mir-252°*28 foxo3%: mir-252°*%, foxo“***/mir-252<*%%, foxo“*** (n = 328 for upregulated genes, log? (fold change) > 1, adj. P <
0.01; n = 143 for downregulated genes, log2 (fold change) < —1, adj. P < 0.01). c, d) Genes (n = 186) upregulated in foxo miR-252 double mutants but
rescued by daw deficiency were profiled for Heatmap c) and Box Plot d). Genotypes as in (a). RNA-seq as in (b) (for Box Plot: normalized read counts
relative to WT (log2 transformed). Student t-test, mean + SEM. miR-25232%/¢328. 0 34 + 0.04. foxo“*/***!; 0.68 + 0.04. foxo™**! miR-252%%: 1.64 + 0.06.
daw**¥/*; foxo™3! miR-252%%: 0.84 = 0.05). €) GO analysis (biological process) indicates that genes (n = 186) rescued by daw**®'* are highly enriched in
innate immune pathways. f) The Daw gene locus and a diagram for a small deletion generated on the 3'UTR of Daw transcript. The CRISPR/Cas9
method was used to induce site-specific deletion of 82nt DNA that contained the miR-252 binding sites. g) Flies deficient in both foxo and daw-3'UTR
show strong defect in adult emergence. Eclosed adult flies for indicated genotypes were counted. Genotypes: WT: 5905. daw-3"UTR?/<€2, foxo®431/¢431,

daw—3 ’UTRCSZ/C82; )COXOC43 1/c431 (

for fly quantification: mean * SD of 10 biological repeats; Student’s t-test). h) Mutant flies develop strong melanization

marks. Melanization counts as in (a). Genotypes: WT: 5905. daw-3'UTR®?#2; foxo“3/*43! (for quantification: mean + SEM of 3 biological repeats;
Student’s t-test). i) GO analysis (biological processes) reveals an immune hyperactivation in daw-3’UTR foxo double mutants. RNA-seq as in (b).

Genotypes: WT: 5905. daw-3’UTR % 82; foxo¢431/¢431,

nuclei for transcriptome analysis (sNuc-seq) using droplet micro-
fluidics (10x Genomics), which consistently yielded lower se-
quence reads mapped to mitochondria (Supplementary Fig. 5, b
and c). Overall, 81.38% of reads aligned to genomes, among which
65.28% mapped to exons, 8.12% mapped to introns, and 1.36%
mapped to intergenic regions. We finally retained 10,209 nuclei
for further analysis (5,689 nuclei for WT and 4,520 nuclei for mir-
252978 fox0™3! double mutants) (Fig. 5a). On average, each nu-
cleus sample contained between 100 and 2,000 UMIs and

between 60 and 900 genes. We obtained similar number and dis-
tribution of transcripts and genes per nucleus in WT and
double mutants (Supplementary Fig. 5, d and e). Importantly,
sNuc-seq showed high concordance when compared with bulk
RNA-seq from genotype-matched fly tissues (Supplementary Fig.
5f), validating the performance of sNuc-seq approach.

The 10K filtered cells were clustered using Seurat 3.0 (Stuart
et al. 2019) into 17 distinct clusters. We used principal compo-
nent analysis (PCA) dimension reduction followed by graph-
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Fig. 4. Loss of mir-252 and foxo accelerates inflammaging. Heat map
shows that innate immune genes are upregulated during natural aging,
and this pattern of increase is dramatically advanced in 3-day-old
mutants of indicated genotypes. RNA-seq was from muscle tissues of
femnale flies. Genotypes: WT: 5905. atg8a“*?%/*?° mir-252°328/¢328 qqy-
B’UTRCSZ/CSZ.fOXOC431/C431. daUJ-B’UTRCSQ/CSZ;fOXOC431/C431. mir_252c328foxoc431:
mir-252°%28 foxo*3%/mir-252°%?%, foxo***,

based clustering, which was visualized by Uniform Manifold
Approximation and Projection (UMAP) (Fig. 5a). Numbers of
detected UMIs and genes were comparable among all clusters
(Supplementary Fig. 5g). Each cluster contained nuclei from all
samples, indicating overall reproducible transcriptional identi-
ties between WT and mutants. We performed differential ex-
pression analysis to identify marker genes that were
significantly enriched in particular clusters. We subsequently
defined cell clusters to known cell types based on outspoken sig-
nature genes identified in the clusters (Fig. 5b, Supplementary
Fig. 6a, and Supplementary Table 5). However, due to the lack of
cell-type specific markers, 3 clusters remained unannotated at
our UMAP.

We observed major cellular responses between WT and
mutants. To determine whether changes in the percentage of cell
population were greater than expected by chance, we used a
permutation-based analysis as described previously (Farbehi
et al. 2019). This analysis revealed a significant increase of hemo-
cytes in double mutants (Fig. 5c), consistent with the observation
of mir-2524% foxo“*! flies that exhibited dramatically enhanced
melanization. Muscle cells, on the other hand, were decreased,
likely reflective of a degenerative process in the mutants (Fig. 5¢).

As an activin-like ligand of the TGF-B pathway, the transcrip-
tion of Daw was mainly found in cells enriched for fat body
marker genes (Fig. 5, d and e and Supplementary Fig. 6b), whereas
a distinct cell cluster represented transcriptional response of in-
nate immune genes, including the expression of AttB, AttC, DptA,
DptB, Dro, and Mtk genes (Fig. 5, d and e and Supplementary Fig.
6b). We therefore named this cluster “activated immune cells.” At
the single-cell level, expression of Daw and innate immune genes
were consistently increased in mutants (Fig. Se). Taken together,
single-cell sequencing analysis reveals that Daw and innate im-
mune genes appear to be expressed in distinct cell types, suggest-
ing a potentially noncell autonomous interaction.

Kenny and Relish are downstream innate
immune regulators

To determine the downstream effectors that mediate inflammag-
ing, we asked whether particular immune regulatory genes might
be involved. Previous study has implicated a signaling cascade by
which Daw activates its downstream effector Smox, a transcrip-
tional repressor, which in turn downregulates the expression of
Atg8a gene of the autophagy pathway (Bali et al. 2013).
Consistently, in miR-2529%% foxo“*! double mutants, Atg8a was
transcriptionally downregulated, but the level of decrease was
mitigated by daw®**® (Fig. 6a).

A recent study has shown that the turnover of Kenny (Key)
protein, the Drosophila IKKy homolog of the IkB kinase complex,
requires Atg8a protein-mediated selective autophagy (Tusco
et al. 2017); we therefore characterized the role of Key. For this
study, we constructed a genomic transgene that expressed
tagged Key protein under its endogenous pattern (Supplementary
Fig. 7a). In mir-252°%8 foxo“**! double mutants where Atg8a had
partial loss, the level of Key protein was elevated as shown by
western immunoblot (Fig. 6b). Given this increase at the protein
level, we tested whether decrease of Key could rescue the life-
span phenotype. To do this, we generated a deficiency mutant,
key“*?, by CRISPR/Cas9 mutagenesis (Supplementary Table 4). In
the background of key™®’, lifespan defect in mir-252°?% foxo®3!
double mutants were mitigated (Fig. 6c). Moreover, abnormal
melanization and induction of innate immune genes were atten-
uated (Fig. 6, d and e).

Prompted by the report that Relish (Rel) protein, a Drosophila
NF-kB homolog, is activated by IkB kinase complex-induced pro-
teolytic cleavage (Silverman et al. 2000), we further examined the
role of Rel in mir-252 and foxo-regulated hyper-activation of in-
nate immunity. To assess its change at the protein level, we
made a genomic transgene with protein tags at both N’ and C’
termini of the Rel protein, such that the cleaved forms could be
detected (Fig. 7b). Western immunoblot from muscle tissues
identified cleaved forms of the Rel protein being increased in mir-
252°%28 fox0“**! double mutants (Fig. 6f). As was found for Key, the
partial loss of Rel using rel’®, a CRISPR/Cas9-derived deficiency
(Supplementary Table 4), mitigated the defects in mir-252<%
foxo®**! double mutants, including lifespan (Fig. 6g), melanization
(Fig. 6h), and the expression of innate immune genes (Fig. 6i).
These data together determine that Key and Rel are downstream
regulators that contribute to the abnormal induction of innate
immune genes in the double mutants.

FoxO, Atg8a, and miR-252 promote longevity by
repressing inflammaging

Notably, our recent study has noted that Daw signaling is in-
creased in old flies (Chang et al. 2020). We therefore interrogated
how aging affected FoxO pathway factors and whether
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Fig. 5. sNuc-seq reveals cell-specific expression for Daw and innate immune genes. a) Visualization by UMAP plots of clustering of all 10,209 single-
nucleus expression profile (top panel), and of WT and double mutants (bottom panel). Each dot represents a single nucleus that is color coded by cell
type. Single-nucleus RNA-seq was from muscle tissues of 3-day-old female flies. Genotypes: WT: 5905. mir-252%2% foxo®*3™: mir-252<%2%, foxo“***/mir-
252328 fox0*3!. b) Heatmap showing expression of cluster-specific genes in cell groups defined in (a). c) Cell population percentages between WT and
mir-252°*? foxo“**! double mutants determined to be significantly modulated according to differential proportion analysis (P < 0.01). d) Expression of
Daw and innate immune genes (AttB, AttC, DptA, DptB, Dro, and Mtk) genes as visualized on UMAP plots. e) Relative expression of Daw and innate
immune genes as indicated in distinct clusters between WT and mir-252°*?® foxo*! double mutants.

modulation of FoxO and miR-252 in WT flies could repress
inflammaging. Analysis of aging transcriptome from muscle tis-
sues showed that FoxO and its upstream regulator Pten
(Stambolic et al. 1998; Oldham et al. 2002) and its downstream
effectors Thor and Atg8a were decreased in gene expression with
age (Fig. 7a). Concomitant with their transcriptional decline,
FoxO and Atg8a proteins, as indicated by genomic transgenes of
tagged proteins (Supplementary Fig. 8a), were reduced in aged
compared to young flies (Fig. 7b). In contrast, the levels of Key
and Rel proteins were instead upregulated (Fig. 7b).

Given these results, we tested whether increased expression of
FoxO, miR-252, and Atg8a in WT flies could retard inflammaging.
Assessment of lifespan indicated that, overexpression of FoxO,
miR-252, and Atg8a by genomic transgenes promoted longevity (ex-
tension from 12% to 20% of median lifespan) (Fig. 7c). An

independent lifespan analysis was performed with similar results
(Supplementary Fig. 8b). Coupled with lifespan extension, the age-
induced innate immune genes were substantially attenuated upon
overexpression of FoxO, miR-252, or Atg8a under their endogenous
patterns (Fig. 7d). These results combined with above evidence
demonstrate that inflammaging might be induced by a parallel re-
duction of FoxO activity and that pro-life benefits of FoxO pathway
factors and miR-252 might be at least in part attributed to their ef-
fect in repressing Daw-mediated inflammaging.

Discussion

The expression of pro-inflammatory genes in older individu-
als becomes spontaneously upregulated, conferring negative
impacts on adult lifespan. Thus, a question in the biology of
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Fig. 6. Kenny and Relish are downstream innate immune regulators. a) Atg8a is downregulated in miR-252 foxo double mutants, but this decrease is
partially rescued by daw deficiency. Normalized read counts from RNA-seq datasets were used. RNA-seq was from muscle tissues of 3-day-old female
flies. Genotypes: WT: 5905. mir-252328/¢328_fox0c431/e431 iy 9526328 £ox0431: mir-252328, fox0°3Y/mir-252228, foxo“3!. daw>%/+; mir-252°%2¢ foxo®*>%:
daw=**8/+; mir-252°*%8 foxo“*3!/mir-252°*%8 foxo“**! (for quantification: mean + SEM of 3 biological repeats; Student’s t-test). b) The steady-state level of
Key protein is significantly increased in miR-252 foxo double mutants. Western immunoblot was from muscle tissues of 3-day-old female flies.
Genotypes: WT: pBID-genomic-N(HA)-Key/+. mir-252°%28 foxo®*31: pBID-genomic-N(HA)-Key/+; mir-252°3%8, foxo®**!/mir-252328, foxo“**! (for
quantification: mean * SEM of 3 biological repeats; Student’s t-test). Reducing Key partially rescues defects in mir-252 foxo double mutants, including
lifespan c), melanization d), and innate immune induction e). gRT-PCR analysis was from muscle tissues of 3-day-old female flies. Genotypes: mir-
252328 fox0“3L: mir-252°3%8, foxo“*3!/mir-252%% foxo®*** and key“>*%/-+; mir-252°3?8 foxo3: key“3%%/+; mir-252°3%8, foxo“*3!/mir-252%%, foxo“**! (for lifespan
assay: 25°C; n > 200 female flies per genotype for curve; log-rank test (for quantification of melanization marks: mean + SD of 3 biological repeats with
more than 50 flies for each replicate. For quantification of gqRT-PCR result: mean =+ SE of 3 biological repeats; Student’s t-test). f) The Rel protein and its
cleaved forms (indicated by arrowhead) are increased in miR-252 foxo double mutants. Western immunoblot and quantification as in (b). Genotypes:
WT: pBID-genomic-N(HA)-Rel-C(HA)/+. mir-252°*% foxo®**': pBID-genomic-N(HA)-Rel-C(HA)/+; mir-252?, foxo**1/mir-252°%?%, foxo**. rel deficiency
partially rescues defects in mir-252 foxo double mutants, including lifespan g), melanization h), and innate immune induction i). Lifespan assay as in (c),
melanization count as in (d), and qQRT-PCR as in (e). Genotypes: mir-252°% foxo®*': mir-252°% foxo3'/mir-252°%, foxo>* and rel*®’*/+; mir-252°32%
foxo®*3L: rel®®”>/4; mir-252928, foxo®**/mir-252328, foxo=**.
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Fig. 7. FOXO signaling pathways promote adult survival by repressing inflammaging. a) FOXO signaling components, including Pten, FoxO, Thor, and
Atg8a, show decreased expression with age. Normalized read counts from RNA-seq datasets of indicated age relative to 3 days were used. RNA-seq was
from muscle tissues of female flies. Genotypes: WT: 5905 (for quantification: mean + SEM of 3 biological repeats; Student’s t-test). b) Western
immunoblot shows that while FoxO and Atg8a proteins become reduced with age, Key and Rel proteins are instead upregulated. Western immunoblot
was from muscle tissues of 3- and 45-day-old female flies. Genotypes: pBID-genomic-N(HA)-FoxO/+. pBID-genomic-N(HA)-Atg8a/+. pBID-genomic-
N(HA)-Key/+ and pBID-genomic-N(HA)-Rel-C(HA)/+ (for quantification: mean + SEM of 3 biological repeats; Student’s t-test). c) Genomic transgene of
miR-252, Foxo, and Atg8a promotes longevity. Genotypes: WT: 5905. FoxO (+)/+: pBID-genomic-N(HA)-FoxO/+. Atg8a (+)/+:pBID-genomic-N(HA)-
Atg8a/+. miR-252 (+)/+: pBID-genomic-miR-252/+ and Foxo (+)/miR-252 (+): pBID-genomic-N(HA)-Foxo/pBID-genomic-miR-252 (for lifespan assay:
25°C; n > 200 female flies per genotype for curve; log-rank test). d) Age-associated innate immune genes are downregulated. Genotypes as in (c). gPCR
analysis was from muscle tissues of 3- and 45-day-old female flies (for quantification: mean + SEM of 3 biological repeats; Student’s t-test). e) Model.
FoxO, a conserved transcriptional factor, and miR-252 negatively regulate Daw, at the transcriptional and post-transcriptional level, respectively.
Activated Daw causes the reduction of Atg8a-mediated selective autophagy on Key/IKKy protein, which in turn activates Rel/NF-«B protein and
consequentially upregulation of innate immune genes. During natural aging, while miR-252 is increased, FOXO signaling is decreased. As a
consequence, Key, Rel proteins, and expression of downstream innate immune genes become increased. Activities of Key and Rel might not be
sufficient to mediate all aspects of observed gene profiles, and it is possible, as indicated by the question mark, that additional immune regulators
might be involved. Combined, miR-252 and FoxO repress inflammaging through dual inhibition on Daw of TGF-B pathway.

aging is to identify the genes and pathways that refrain
inflammaging. Our study in Drosophila reveals a dual-
inhibitory mechanism by miR-252 and FoxO, to mitigate
Daw-induced innate immune genes in aging animals (Fig. 7e).
Our genetic evidence demonstrates an intracellular signaling
cascade downstream of Daw by decreasing the expression of
Atg8a which in turn increases Key and Rel of immune effec-
tors, to promote inflammaging. Transgenic increase of miR-
252 and FoxO pathway factors in WT Drosophila extends life-
span and mitigates the expression of age-associated induc-
tion of innate immune genes.

miRNAs have emerged as critical modulators in post-
transcriptional gene regulation. While each miRNA may be

predicted to potentially regulate hundreds of target genes (Bartel
2009), it is possible that many miRNAs exert their physiological
roles mainly through just a few target mRNAs. As noted,
Drosophila genome encodes 258 distinct miRNAs (Kozomara and
Griffiths-Jones 2014). We were able to detect 110 miRNAs present
in adult head and muscle of post-mitotic tissues, corresponding
to 1,161 candidate mRNA targets as identified by miRNA targe-
tomes. While some candidate targets modulate the biological
processes relevant to post-mitotic and fully differentiated cell
fate, it is noteworthy that significant amounts of enriched
mRNAs from adult AGO1 RIP-seq are developmental genes, e.g.
Egfr and Fng of imaginal disc development, Blimp-1 of respiratory
system development, Kni and Mew of neural development,
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among others. Our previous report notes that some of age-
associated effects of fly miR-34 require adult-onset silencing of
Eip74EF gene, an ETS domain transcription factor essentially in-
volved in steroid hormone pathways during development (Liu
et al. 2012). If this mode of regulation expands into additional de-
velopmental genes and processes as implicated by the present
study, one of the roles that miRNAs might play in the adult stage
is to tune down developmental genes, thereby promoting adult
transition and physiology.

The current study provides the first atlas of miRNA-regulated
targets and their temporal dynamics in the adult life cycle, a re-
source that allows in-depth functional characterization of spe-
cific miRNAs and their targets. Based on this knowledge, we
further reveal Daw as a direct target of miR-252. It is important to
mention that many miRNA null mutants yield no discernible
phenotypes (Yamagishi et al. 2015; Sherrard et al. 2017); thus, the
question of how significant a role of particular miRNA plays in
gene regulation remains open. Our findings suggest that FoxO
protein coordinates with miR-252 to achieve the robust silencing
on Daw gene, at the transcriptional and post-transcriptional lev-
els, respectively. While mir-252 single mutant exhibits mild phe-
notype, mir-252 and foxo double mutants yield much stronger
deficits than either single mutant alone. We propose that miR-
252 activity, enhanced by its age-modulated expression, defines a
safeguard mechanism that controls the induction of inflamma-
tion as a result of fluctuations in the activity of FoxO protein. Our
study suggests a paradigm by which miRNA pathways coordinate
with transcriptional regulatory mechanism to tightly control the
output of gene expression.

FOXO signaling has been implicated in a wide range of biologi-
cal processes. Whereas FoxO protein by itself can directly trans-
activate a small number of genes encoding AMPs upon microbial
infection (Becker et al. 2010), we present evidence that reducing
FoxO elevates the activity of key immune factors and spontane-
ous induction of a much broader category of genes pertaining to
chronically activated innate immunity. Consistently, FoxO4-null
mice exhibit higher basal levels in mucosal immunity compared
to WT littermates (Zhou et al. 2009), which aligns with the report
that murine TGF-B pathway promotes cellular senescence and
cardiac aging marked with strong pro-inflammatory responses
(Lyu et al. 2018). These findings together with our data heighten a
conserved mechanism that may underline innate immune ho-
meostasis from Drosophila to mammals. Given our genetic evi-
dence in flies, it is tempting to speculate a crosstalk between
FOXO and TGF-B in the regulation of inflammaging in mamma-
lian system.

Previous bulk gene expression studies show the induction of
innate immune genes during inflammaging. However, direct as-
sessment of cell types that mediates this transcriptional response
has not yet been available. In the current study, we provide ge-
netic evidence that Daw, encoding an activin-like ligand, can ad-
vance inflammaging if not properly regulated. It is therefore an
intriguing question as to how exactly a ligand transduces this
highly interconnected event within a tissue microenvironment.
We used single-nucleus RNA-seq of fly tissues to identify tran-
scriptomic changes in specific cell types. Our results show that
Daw transcript is primarily found in the cells enriched for fat
body marker genes, while innate immune genes are expressed in
distinct cell clusters. Although we cannot determine whether
these cell types are completely different or same cells under dis-
tinct states, our data potentially indicates a cell non-autonomous
regulation from Daw to the induction of innate immunity.
Despite the fact that our sNuc-seq approach detects a lower

number of RNA than single-cell RNA-seq, as it excludes tran-
scripts outside the nucleus, it is still sensitive to capture cell-type
specific transcriptional response, if dramatic enough, consequen-
tial to the activation of Daw. Single-nucleus RNA-seq, on the
other hand, holds the technical advantages when applied to tis-
sues that have extraordinary diversity of cell morphology, size,
and mitochondria content.

Finally, our recent data in Drosophila reveals that the number
of FoxO-bound genes reduces dramatically in older animals
(Birnbaum et al., 2019). Our current study further determines an
age-dependent decline in gene expression of FoxO pathway fac-
tors, thus in good congruence with the finding that the activity of
FOXO signaling is decreased during normal aging. Consistently,
Daw signaling has been shown to increase in old flies (Chang
et al. 2020). In a reciprocal experiment, transgenic increase of
FoxO pathway factors and miR-252 under their endogenous pat-
terns in WT animals is sufficient to promote longevity and miti-
gate age-associated induction of innate immune genes. These
observations, as well as the insight from previous studies, suggest
that the initiation of inflammaging might be at least partially at-
tributed to age-associated decline in the FOXO signaling.

Data availability

The raw data files of sequencing experiments have been depos-
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cell/nucleus RNA-seq, the accession number is GSE142655.
Supplemental material is available at GENETICS online.
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