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ABSTRACT

Aging in humans is intricately linked with alter-
ations in circadian rhythms concomitant with phys-
iological decline and stem cell exhaustion. How-
ever, whether the circadian machinery directly reg-
ulates stem cell aging, especially in primates, re-
mains poorly understood. In this study, we found
that deficiency of BMAL1, the only non-redundant
circadian clock component, results in an acceler-

ated aging phenotype in both human and cynomol-
gus monkey mesenchymal progenitor cells (MPCs).
Unexpectedly, this phenotype was mainly attributed
to a transcription-independent role of BMAL1 in sta-
bilizing heterochromatin and thus preventing activa-
tion of the LINE1-cGAS-STING pathway. In senescent
primate MPCs, we observed decreased capacity of
BMAL1 to bind to LINE1 and synergistic activation
of LINE1 expression. Likewise, in the skin and mus-
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cle tissues from the BMAL1-deficient cynomolgus
monkey, we observed destabilized heterochromatin
and aberrant LINE1 transcription. Altogether, these
findings uncovered a noncanonical role of BMAL1 in
stabilizing heterochromatin to inactivate LINE1 that
drives aging in primate cells.

INTRODUCTION

Circadian rhythms regulate sleep—wake cycles, metabolism,
immune function and reproduction in mammals (1-5).
These processes are coordinated by the circadian clock, a
biochemical oscillator that integrates physiological input
signals with distinct oscillatory phases to regulate rhythms
in organismal physiology, behavior and metabolism (1,6-9).
Consequently, circadian dysfunction, presenting as damp-
ened and prolonged rhythmic behavior in both aged mice
and humans, is one of the aging hallmarks (7,10-14). At
the cellular level, senescence is associated with extended cir-
cadian periods, decreased oscillation amplitudes and dys-
function of circadian clock proteins (15,16). At the organ-
ismal level, a dysfunctional circadian clock is a high-risk
factor in multiple aging-associated diseases, including neu-
rodegenerative diseases, osteoarthritis and metabolic disor-
ders (6,10,17). Additionally, substantial studies in mouse
models demonstrate that dysregulation of core circadian
clock components results in premature aging (18,19). On
aggregate, these studies reveal an intertwined relationship
between the circadian clock and aging; however, the under-
lying mechanism remains an enigma.

Brain and muscle ARNT-like protein-1 (BMALL),
a transcription factor that initiates transcriptional-
translational feedback loops (TTFLs) that drive oscillation
of circadian genes, is an indispensable component of the
molecular circadian clock (20-24). Loss of BMALI in mice
leads to a complete loss of circadian rhythmicity in behav-
ior and physiology (20,25-27). Accordingly, Bmall /- mice
have been widely used for studies on the circadian rhythm.
Notably, abnormal BMALI1 expression in mice is correlated
with features of many degenerative disorders and leads
to a shortened life span (19,28-32). Even though existing
studies in mouse models support a correlation between
BMALI and aging, it is still unclear how the underlying
mechanism of BMALIL deficiency leads to accelerated
aging. Furthermore, the expression patterns of rhythmic
genes differ between rodents and non-human primates
(33,34), and given profound species-specific differences in
behavior and biology between them, the knowledge we
gained about BMALI function in mouse models is unlikely
to be directly applicable to diurnal animals. Hence, the role
of BMALI in primate aging awaits further clarification.

Stem cell exhaustion is a well-established hallmark and
driving force of organismal aging (35,36). Mesenchymal
progenitor cells (MPCs), also known as mesenchymal stro-
mal cells, are multipotent stem cells residing in almost all
tissues throughout our body (37). Both physiological aging
and premature aging diseases are characterized by declined
MPC function (38-40). Among the multiple factors con-
tributing to MPC senescence, epigenomic instability, espe-
cially heterochromatin loss, has been verified as a prominent
contributor (41-45). Normal heterochromatin organization

is important for silencing transposable elements (TEs), es-
pecially long interspersed nuclear element-1 (LINE1) ele-
ments, the most abundant autonomous retrotransposons
that are still active in primates (46-48). While LINEls are
usually silenced in young cells, their derepression can trigger
an IFN-I response and sterile inflammation, thus leading
to senescence in human mesodermal cells such as hMPCs
(49,50). However, whether BMALI regulates human stem
cell homeostasis (i.e., through LINE1-associated pathways)
remains unclear.

In this study, we identified a novel role of BMALI in
stabilizing heterochromatin and consequently repressing
LINE]. Ultimately, LINE1’s activation caused by BMALI
deficiency leads to accelerated cellular senescence. Notably,
the function of BMALI in aging regulation is indepen-
dent of its canonical role as a transcription factor regu-
lating the expression of oscillating genes in the circadian
clock machinery. Instead, it is through BMALI’s inter-
action with heterochromatin-associated proteins and nu-
clear lamina components. In senescent hMPCs, we observed
decreased BMALI1 occupancy in heterochromatin, espe-
cially in LINEI regions, which led to destabilized hete-
rochromatin and activation of LINE1 transcription. The
resulting LINEI transcripts then accelerated cellular senes-
cence through the cGAS-STING signaling pathway. Like-
wise, heterochromatin loss and concomitant LINE]1 activa-
tion were also confirmed in the MPCs or tissues (i.e., skin
and muscle) derived from BMALI-deficient cynomolgus
monkey. Overall, we discovered that BMALL in primates,
through its noncanonical role as a heterochromatin stabi-
lizer and epigenetic LINEI1 repressor, protects stem cells
from senescence.

MATERIALS AND METHODS
Cell culture

BMALI*/* human embryonic stem cells (hESCs, line
H9, WiCell Research Institute) and BMALI/~ hESCs
were seeded on feeder cells, a layer of mitomycin C-
inactivated mouse embryonic fibroblasts (MEFs), and cul-
tured in hESC culture medium containing DMEM/F12
(Thermo Fisher Scientific) supplemented with 20% Knock-
out Serum Replacement (Thermo Fisher Scientific), 0.1
mM nonessential amino acids (NEAAs, Thermo Fisher
Scientific), 2 mM GlutaMAX (Thermo Fisher Scientific),
55 wM B-mercaptoethanol (Thermo Fisher Scientific), 1%
penicillin/streptomycin (Thermo Fisher Scientific) and 10
ng/ml bFGF (Joint Protein Central, Incheon, Korea).
Alternatively, hESCs were maintained on Matrigel (BD
Biosciences, San Jose, CA, U.S.A.)-precoated plates with
mTeSR medium (STEMCELL Technologies, Vancouver,
Canada).

hESC-derived MPCs (hMPCs) were seeded on 0.1%
gelatin-precoated dishes and cultured in MPC culture
medium, which contains MEMa (Thermo Fisher Scien-
tific) supplemented with 10% fetal bovine serum (FBS)
(Cat: 10270-106, Lot: 42F1190K, Thermo Fisher Scien-
tific), 1% penicillin/streptomycin, 0.1 mM NEAAs and
1 ng/ml bFGF as previously described (51-54). 10 pM
lamivudine (L1295, Sigma-Aldrich) was supplemented to
MPC culture medium for lamivudine treatment assay in



BMALI”/~ hMPCs. Primary cynomolgus monkey MPCs
(cynMPCs) were also seeded on 0.1% gelatin-precoated
dishes and cultured in MPC culture medium supplemented
with 100 nM tenofovir (BCP02416, BiochemPartner).

Human primary fibroblasts were derived from the upper
eyelid skin of a 28-year-old male individual and cultured
on 0.1% gelatin-precoated dishes with fibroblast culture
medium (high glucose DMEM [Hyclone] supplemented
with 10% fetal bovine serum, 1% penicillin/streptomycin
and 0.1 mM NEAAs) following previous protocols (55).
The skin sample was obtained from blepharoplasty of the
indicated healthy donor under the ethical approval of the
Peking Union Medical College Hospital Institutional Re-
view Board.

CRISPR/Cas9-mediated gene editing in hESCs

CRISPR /Cas9-mediated BMALI gene editing in hESCs
was performed following previously described protocols
(56-58). Briefly, a guide RNA targeting exon 8 of BMALI
was cloned into a pCAGmCherry-gRNA vector (#87110,
Addgene), marking the plasmid as BMALI-gRNA-
mCherry. Next, BMALI*/* hESCs were resuspended
in the plasmid cocktail that contained BMALI-gRNA-
mCherry and pCAG-1BPNLS-Cas9-1BPNLS-2AGFP
plasmid (#87109, Addgene) in Opti-MEM (Thermo Fisher
Scientific). After electroporation by a 4D-Nucleofector
system (Lonza), hESCs were seeded on Matrigel precoated
plates in mTeSR containing ROCK inhibitor (Y-27632,
TOCRIS). Then, mCherry and GFP dual-positive cells
were sorted by fluorescence-activated cell sorting (FAC-
SAria IITu, BD) and seeded for further expansion. hESC
clones were then genotyped by genomic PCR and sequenc-
ing. The introduced single nucleic acid base in the exon 8 of
BMALI resulted in a frameshift mutation and premature
termination of translation. Successful knockout of BMALI
in hESCs was further verified by western blot detection.
Sequences of the sgRNA used for gene editing and primers
used for genotyping were listed in Supplementary Table S1.

Bisulfite sequencing of the OCT4 promoter

Bisulfite sequencing of the OCT4 promoter in BMALI*/*
and BMALI7/~ hESCs in this study was conducted as pre-
viously described (59). First, genomic DNA of BMALI*/*
and BMALI/~ hESCs was extracted using the DNA Ex-
traction Kit (TTANGEN). The extracted DNA was then
bisulfite modified by the CpGenome Fast DNA Modifica-
tion Kit (Millipore) following the manufacturer’s protocol
before amplification of the OCT4 promoter fragments us-
ing the LA Taq Hot Start Version (TAKARA). After PCR
products purification by the PCR Purification Kit (Qiagen),
the OCT4 promoter fragments were cloned into the pM D20
T vector (TAKARA) and sequenced. Primers used for
PCR: me-OCT4 forward: ATTTGTTTTTTGGGTAGT-
TAAAGGT, me-OCT4 reverse: CCAACTATCTTCATCT-
TAATAACATCC (59).

Teratoma formation assay

Teratoma formation analysis of BMALI*/* and BMALI /-
hESCs was performed as previously described (60). In Brief,
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approximately 3 x 10°BMALI*/* or BMALI”/~ hESCs
were resuspended in Matrigel: mTeSR (1:4) solution and in-
jected into the inguinal region of male NOD-SCID mice (6—
8 weeks old). The teratomas were collected 8—10 weeks after
injection and analyzed by immunofluorescence staining.

The use and care of mice involved in this study followed
the Principles for the Application Format for Ethical Ap-
proval for Research Involving Animals and were approved
in advance by the Ethics Review Committee of the Institute
of Biophysics, Chinese Academy of Sciences. The mice used
in this study were purchased from SPF Biotechnology Co.,
Ltd. (Beijing) and reared at 25 £+ 1°C under 12-h light-dark
cycle with food and water fed ad libitum.

hMPC implantation assay

hMPC implantation assay was conducted as previ-
ously described (48,49,61,62). Briefly, approximately 1 x
10BMALI*"* or BMALI/~ hMPCs were transduced with
lentiviruses expressing Luc before being injected into the
tibialis anterior (TA) muscle of nude mice (6-8 weeks old).
Mice were further injected with D-luciferin (GoldBio) and
imaged by an IVIS Spectrum imaging system (Xenogen,
Caliper, Waltham, MA, USA) under ‘auto’ mode at day 0,
3 and 5 post injection of hMPCs.

Plasmid construction and lentivirus packaging

The generation of plasmids expressing BMAL1 (WT) and
BMALI (A88) followed previous protocols (63). In brief,
cDNA fragments amplified using primers listed in Sup-
plementary Table S1 were cloned into the pLE4 vector
(a gift from Tomoaki Hishida). cDNAs generated by re-
verse transcription of mRNAs from BMALI*/* hMPCs
were used as templates for gene amplification. The se-
quence information of human BMALI (Gene ID: 406) was
obtained from NCBI (https://www.ncbi.nlm.nih.gov/gene/
406). The generation of plasmids expressing KAP1 and
Lamin Bl followed previously described (49,64). Lentivi-
ral CRISPR /Cas9-mediated BMALI knockout assay was
performed as previously described (48). BMALI-targeting
sgRNA (sg-BMALI) or non-targeting control (NTC)
sgRNA (sg-NTC) was cloned into the lentiCRISPRv2 plas-
mid (#52961, Addgene), which carries a hSpCas9 expres-
sion cassette and a U6-driven sgRNA cassette. ShARNA
targeting STING or GL2 was cloned into the pLVTHM
plasmid (#12247, Addgene). HEK293T cells were trans-
fected with the plasmids and lentiviral vectors (psPAX2
(#12260, Addgene) and pMD2G (#12259, Addgene)) using
Lipofectamine 3000 (Invitrogen). At 24—72 h after transfec-
tion, the culture medium of transfected HEK293T was col-
lected and ultracentrifugated at 19,400 x g at 4°C for 2.5 h.
Primers used for plasmid construction were listed in Sup-
plementary Table S1.

hMPC generation and characterization

Directed differentiation of hESCs into hMPCs was per-
formed following previously reported methods with some
modifications (65-67). First, hESCs were individualized
with 0.5 mg/ml dispase (17105041, Invitrogen) and plated
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on ultra-low adherent plates in the same medium for
hESC culture except lower bFGF (5 ng/ml) for em-
bryoid body (EB) formation. Next, EBs were seeded to
Matrigel-precoated dishes in hMPC differentiation medium
(MEMa supplemented with 10% FBS [Cat: 10270-106,
Lot: 42F1190K, Thermo Fisher Scientific], 5 ng/ml TGF,
10 ng/ml bFGF, and 1% penicillin/streptomycin) for 10
days until the spindle-shaped cells growing out from
the EBs reached 95% confluence. Then, EB-outgrowth
cells were passaged by TrypLE™ Express Enzyme (1x)
(Thermo Fisher Scientific) and cultured in MPC medium on
Matrigel-coated plates for the first passage, and then plated
on gelatin-coated dishes hereafter. Finally, the cells were
purified by fluorescence-activated cell sorting (FACSAria
IITu, BD) using hMPC surface markers (CD73, CD90 and
CD105). Antibodies used in flow cytometry analysis were
listed in Supplementary Table S2.

The differentiation capacity of hMPCs was assessed
based on adipogenic-, osteogenic- and chondrogenic-
differentiation assays as previously described (61). The
adipocytes, osteoblasts and chondrocytes that differenti-
ated from hMPCs were correspondingly characterized by
Oil Red O staining (01391, Sigma) and FABP4 immunos-
taining (indicating adipogenesis), von Kossa staining (GMS
80045.3, GenMed Scientific Inc., U.S.A.), and Osteocal-
cin staining (indicating osteogenesis) and toluidine blue
(T3260, Sigma) (indicating chondrogenesis) following the
manufacturer’s instructions.

In vitro synchronization and circadian analysis for hMPCs
and cynMPCs

BMALI"* and BMALI/~ hMPCs or cynMPCs were cul-
tured on gelatin-coated plates in MPC culture medium un-
til 95% confluency. Next, cells were treated with 20 uM
forskolin (52449, Selleck) for 2 h for synchronization. Af-
ter forskolin treatment, cells were washed twice with PBS,
and then recultured in MPC culture medium. Starting from
24 h after synchronization, cells were collected at 4-h inter-
vals for seven time points, and then subjected for RNA ex-
traction and RT-qPCR detection. The circadian oscillations
were verified by nonparametric test JTK_CYCLE following
previous described protocol (68). Both permutation-based
P-values (P) and Benjamini—-Hochberg adjusted Q values
(Q) < 0.05 were considered as rhythmic.

Nuclear and cytoplasmic protein extraction

The extraction of nuclear and cytoplasmic proteins in hM-
PCs and cynMPCs was performed as previously described
(69). More than 5 x 10° living cells were lysed in the Cyto-
plasm lysis buffer containing 10 mM KCI, 10 mM HEPES-
KOH (pH 7.9), 1.5 mM MgCl,, 1 mM DTT, 0.4% NP-40
and 1 x protease inhibitor cocktail (Roche) and rotated for
10 min in 4°C. After centrifuged at 15,000 x g for 5 min, the
supernatant was collected and marked as the cytoplasmic
fraction. The remaining pellets were then resuspended in the
Nucleus lysis buffer that containing 420 mM NaCl, 20 mM
HEPES-KOH (pH 7.9), 0.2 mM EDTA, 0.1 mM EGTA,
25% glycerin, ] mM DTT and 1 x protease inhibitor cock-
tail and vortexed for 1 h in 4°C. After centrifuged at 15,000

x g for 15 min, the supernatant was collected and marked
as the nuclear fraction.

Chromatin fractionation

Chromatin fractionation analysis for hMPCs was per-
formed as previously described with some modifications
(70). At least 1 x 107 hMPCs were cultured on gelatin-
coated plates with MPC culture medium until 98% conflu-
ency. hMPCs were washed with ice-cold PBS, scraped by
cell scrapers, collected to a 15-ml tube, and centrifuged at
180 x g for 5 min. The cell pellets were resuspended in the
Hypotonic buffer containing 10 mM Tris-HCI (pH 7.5), 10
mM KCI, 0.5 mM DTT, 1.5 mM MgCl, and 1 x protease
inhibitor cocktail (Roche) and centrifuged at 500 x g for
10 min. For cytoplasmic fractionation, the cell pellets were
resuspended in the Cytoplasmic fraction lysis buffer, which
contains 50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 2 mM
MgCl,, 0.3% NP-40 and 1 x protease inhibitor cocktail for
10-min rotation at 4°C before centrifugation at 1,000 x g for
10 min. The supernatant was then collected as the cytoplas-
mic fraction. The pellets were washed by the Cytoplasmic
fraction washing buffer containing 50 mM Tris-HCI (pH
7.5), 150 mM NacCl, 2 mM MgCl,, 0.5% NP-40 and 1 x
protease inhibitor cocktail and centrifuged at 1,000 x g for
10 min. For nucleoplasm fractionation, the pellets were re-
suspended in the Nucleoplasmic fraction lysis buffer con-
taining 40 pl Buffer 1 (50% glycerol, 20 mM Tris-HCI [pH
7.5], 75 mM NacCl, 0.85 mM DTT and 0.5 mM EDTA) and
360 wl Buffer 2A (20 mM HEPES [pH 7.6], 1 M urea, 300
mM NacCl, 7.5 mM MgCl, 1 mM DTT, 0.2 mM EDTA
and 1% NP-40) for 10-min vortex and rotation at 4°C fol-
lowed by centrifugation at 15,000 x g for 5 min. The su-
pernatant was then collected as the nucleoplasmic fraction.
The remaining pellets were washed once in the Nucleoplas-
mic fraction washing buffer containing 100 pl Buffer 1 and
900 w1 Buffer 2B (20 mM HEPES [pH 7.6], 1 M urea, 300
mM NaCl, 7.5 mM MgCl,, 1 mM DTT, 0.2 mM EDTA and
1.5% NP-40) and then washed twice by the Buffer 2A. Fi-
nally, the pellets were resuspended in 150 wl chromatin frac-
tion lysis buffer (50 mM Tris-HCI [pH 7.5], 100 mM NacCl,
0.5% sodium deoxycholate and 0.1% SDS) and marked as
the chromatin fraction. All three fractions were boiled at
105°C for 10 min on a thermomixer, followed by protein
quantification for western blot detection.

Western blotting

For western blotting, cells were lysed in SDS buffer (2%
[wt/vol] SDS and 62.5 mM Tris-HCI [pH 6.8]) and the pro-
tein concentration was quantified by BCA quantification
Kit (Dingguo Changsheng Biotechnology Co., Ltd. (Bei-
jing, China)). Quantified lysates were subjected to SDS-
PAGE gels and then electrotransferred to PVDF mem-
branes (Millipore). Next, PVDF membranes were blocked
with 5% milk for 1 h at room temperature and incubated
with primary antibodies at 4°C overnight. After being
washed for three times by TBST (50 mM Tris-HCI [pH 7.4],
150 mM NaCl and 0.1% Tween-20), the PVDF membranes
were then incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies. Immunoreactive bands



were then detected by a ChemiDoc XRS+ system (Bio-Rad)
and statistically quantified by ImageJ software (NIH). Each
image shown in the figures was representative of at least two
independent experiments. Statistical significances were as-
sessed by a two-tailed unpaired Student’s z-test. Antibodies
used in western blotting were listed in Supplementary Table
S2.

Transmission electron microscopy (TEM)

BMALI"* and BMALI7/~ hMPCs and cynMPCs were
cultured on gelatin-coated plates until 95% confluency for
cell collection. Cells were digested by TrypLE™ Express En-
zyme (1x) (Thermo Fisher Scientific) and then centrifuged
at 1,000 rpm for 5 min at 4°C. The supernatant was removed
and the pellets were fixed with 4% paraformaldehyde (PFA)
in PBS (pH 7.4) at 4°C overnight. Then, cells were dehy-
drated in a graded series of ethanol solutions, followed by
permeabilization and embedding in Lowicryl resin HM20.
Finally, 200-nm sections were obtained and imaged using a
100-kV Spirit transmission electron microscope (FEI Com-

pany).

Immunofluorescence staining for cells

Immunofluorescence staining was performed as previously
described (69). In brief, cells seeded on coverslips (Thermo
Fisher Scientific) were washed with PBS, followed by fixa-
tion in 4% PFA for 20 min, permeabilization with 0.4% Tri-
ton X-100 in PBS for 20 min and blocking with 10% don-
key serum in PBS (Jackson Immuno Research) for 1 h at
room temperature. The cells were washed twice with PBS
between each of the above steps. Then, cells were incubated
with primary antibodies in 10% donkey serum in PBS at4°C
overnight. Subsequently, cells were washed with PBS, and
incubated with secondary antibodies and Hoechst 33342
(H3570, Thermo Fisher Scientific, 1:1,000) in 10% donkey
serum for 1 h at room temperature, and then washed with
PBS before being mounted with antifade mounting medium
(H-1000, Vector Labs). Imaging was performed with a Le-
ica SP5 confocal system or a Zeiss LSM900 confocal micro-
scope, followed by quantification and statistical analysis of
fluorescence signals by ImagelJ software (NIH). Cells were
collected from three biological replicates and tissues were
analyzed from at least three slides. The 3D reconstruction
of H3K9me3 staining was performed by serial z-stack sec-
tioning for up to 30 images at 100-nm intervals using a Le-
ica SP5 confocal system, and further processed to perform
3D reconstruction by Imaris software (version 7.4.2) as pre-
viously described (71). Antibodies used in immunofluores-
cence staining were listed in Supplementary Table S2.

SA-B-gal staining assay

SA-B-gal staining was performed as previously described
(48,72). In brief, hMPCs and cynMPCs were plated in
gelatin-coated plates and grown until 70% confluency.
Then, cells were washed with PBS before fixation in fixa-
tion buffer (2% formaldehyde and 0.2% glutaraldehyde) for
5 min at room temperature. After washing with PBS for two
times, fixed cells were stained with staining solution at 37°C
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overnight. The percentage of SA-B-gal-positive cells was
counted in randomly selected fields of view for each repli-
cate using ImageJ software (NIH). Each group has three
biological replicates. Statistical significances were assessed
by a two-tailed unpaired Student’s z-test.

Clonal expansion assay

Clonal expansion assay was performed following previous
guidance (73,74). In brief, hAMPCs or cyn MPCs were seeded
in gelatin-coated six-well plates at a density of 6,000 cells
per well and cultured for 9-12 days. Cells were then washed
twice with PBS, fixed with 4% PFA for 30 min and stained
with 0.2% crystal violet for 1 h at room temperature. Then,
crystal violet-stained plates were scanned by a scanner (EP-
SON V370), and the intensity of each well was analyzed us-
ing Imagel software (NIH). Each group has three biological
replicates. Statistical significances were assessed by a two-
tailed unpaired Student’s #-test.

Cell cycle analysis

The proportion of S phase cells was quantified as previously
described (59,75). Briefly, 5 x 10° digested BMALI*/* and
BMALI7/~ hMPCs were digested by TrypLE™ Express En-
zyme (1x) (Thermo Fisher Scientific) and then centrifuged
at 1,000 rpm for 5 min. The supernatant was removed and
the pellets were fixed in 70% ethanol at —20°C overnight.
On the next day, the fixed pellets were washed by PBS
and then incubated in PBS containing 0.1% Triton X-100,
0.2 mg/ml RNase A (B100675-0500, Sangon biotech) and
0.02 mg/ml propidium iodide (P3566, Molecular Probes) at
room temperature for 30 min. After incubation, the propor-
tion of S phase cells was then assayed by FACS (BD FACS
Calibur). Each group has three biological replicates.

LINEI1 retrotransposition assay

LINE]1 retrotransposition assay in hMPCs was performed
following protocols as previously reported (49,76). In brief,
fluorescence intensity of eGFP and mCherry in hMPCs
were evaluated at 72 h after the transient transfection of
plasmid DNA carrying p99-GFP-LRE3-Cherry construct
(a gift from Alysson R. Muotri) using Lipofectamine™ 3000
Kit (L3000015, Thermo Fisher Scientific) (76). Cells from
each group with three biological replicates were digested
and washed by cold PBS before being analyzed by FACS
(BD FACS Calibur). In order to calculate the adjusted
retrotransposition rates of LINEI, the percentage of eGFP-
positive cells out of live cells was normalized by the trans-
fection efficiency, which was determined by the ratio of
mCherry-positive cells to the total live cell number.

Enzyme-linked immunosorbent assay (ELISA)

The levels of 2°3’-cGAMP and IFN-a in the culture
medium were analyzed by ELISA (CAYMAN, 501700 for
2’3’-cGAMP and Invitrogen, BMS216 for IFN-a). The
ELISA was conducted following the manufacturers’ in-
structions and quantified by a microplate reader (Thermo
Fisher Scientific, MK3).
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Co-immunoprecipitation (Co-IP)

Co-immunoprecipitation (Co-IP) assay was performed as
previously described (72). HEK293T cells transfected with
plasmids expressing FLAG-Luc, FLAG-BMAL1 (WT)
and FLAG-BMALLI (A88), as well as hMPCs and cynM-
PCs, were lysed using CHAPS lysis buffer (120 mM NacCl,
1 mM EDTA, 40 mM HEPES [pH 7.5], 0.3% CHAPS and
1 x complete protease inhibitor cocktail [Roche]) at 4°C for
5 h and were centrifuged at 14,500 x g at 4°C for 45 min.
For Co-IP with exogenous proteins in HEK293T cells, the
supernatants were incubated with FLAG antibody-coupled
beads (A2220, Sigma) and rotated at 4°C overnight. For
Co-IP with endogenous proteins in hMPCs and cynMPCs,
the supernatants were incubated with BMALI1 antibody
(ab3350, Abcam) and rotated at 4°C overnight, then an-
other 5 h incubation at 4°C with rotation after adding Pro-
tein A/G-PLUS Agarose beads (sc-2003, Santa Cruz). The
beads were then washed for at least six times with CHAPS
buffer, then eluted with FLAG peptides or boiled at 105°C
for 10 min on a thermomixer with 1 x SDS loading buffer,
followed by protein concentration quantification and west-
ern blotting.

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) analysis and protein identification

The gel bands containing the protein samples were manu-
ally excised and digested following methods as previously
described (48). The solution of digested gel bands was
then applied to a sample vial for LC-MS analysis, which
was performed on a Q Exactive (Thermo Fisher Scientific)
equipped with an Easy n-LC 1000 HPLC system (Thermo
Fisher Scientific). Further MS analysis was performed with
Q Exactive mass spectrometer (Thermo Fisher Scientific)
in a data-dependent acquisition mode, which allowed the
MS data acquired at a high resolution 70,000 (m2/z 200)
across the mass range of 300-1,600 m2/z. Then, the raw data
were transferred to analysis for protein identification with
Proteome Discovery (version 1.4) using Sequest HT search
engine. We searched data against UniProt human protein
database (updated on 02-2016). FDR (false discovery rate)
analysis by Percolator was set to < 1% for protein identifica-
tion, and the peptide confidence was set as high for peptide
filter.

Generation of BMAL1 knockout cynomolgus monkey

Healthy female and male cynomolgus monkeys of proven
fertility were chosen as oocyte donors and sperm donors.
Superovulation, sperm and oocyte collection, CRISPR in-
jection and embryo transfer were performed as previously
described (77,78). Oocyte donors were intramuscularly in-
jected with recombinant human follicle-stimulating hor-
mone (thFSH, GONAL-F, Merck Serono) daily for 8 days,
followed by injection of recombinant human chorionic
gonadotropin (thCG, OVIDREL, Merck Serono) on day
9. Oocytes were collected by laparoscopy 33-36 h after
rhCG administration. Mature oocytes at stage Metaphase
IT (MII) were subjected to intracytoplasmic sperm injec-
tion (ICSI). To prepare sgRNA and SpCas9 mRNAs for

embryo injection, T7-cynBM ALI sgRNA and T7-SpCas9-
expressing plasmids were linearized and in vitro transcribed
with MEGAscript T7 and mMESSAGE mMACHINE T7
ULTRA Kits (Thermo Fisher Scientific). Eight to ten hours
after ICSI, the zygotes were injected with SpCas9 (50 ng/ 1)
and cynBMALI sgRNA (25 ng/pl). The zygotes were
transferred into surrogate females at the pronuclear stage
and early pregnancy diagnosis was performed by ultra-
sonography around one month after embryo transfer. The
sequences of sgRNA used for gene editing and primers used
for genotyping were listed at Supplementary Table S1.

The use and care of cynomolgus monkeys involved in
this study followed the Principles for the Application For-
mat for Ethical Approval for Research Involving Animals
and were approved in advance by the Ethics Committee
of Sun Yat-sen University. The monkeys used in this study
were housed at the Blooming Spring Biological Technology
Development Co., Ltd, which is accredited by the Associa-
tion and Accreditation of Laboratory Animal Care Interna-
tional (AAALAC). All monkeys were under careful surveil-
lance and daily fed with monkey feed, drinking water and
supplemented with fruits and vegetables.

Isolation and culture of primary cynMPCs

Primary cynMPCs were isolated from the bone marrow
of BMALI** and BMALI /- cynomolgus monkeys. First,
bone marrow samples from the posterior/anterior super il-
iac spine were extracted using puncture needles that were
moistened with heparin (Sigma; H3149-500KU-9). Then,
the bone marrow diluted with equal volume of PBS was
slowly added to the upper layer of Ficoll-Paque PLUS (GE
healthcare; 1.077 g/ml) for centrifugation at 2,000 rpm for
20 min at room temperature. The middle misty mononu-
clear layer was carefully aspirated and transferred into a
15-ml tube and washed with 10% FBS in PBS. After cen-
trifuging at 1,000 rpm for 5 min, the pellets generated were
incubated with red blood cell lysis buffer for 5 min at room
temperature and then washed with 10% FBS in PBS. Af-
ter centrifuging at 1,000 rpm for 5 min, the pellets were
resuspended in cynMPC culture medium and plated onto
gelatin-coated plates for further cell culture.

Hematoxylin and Eosin (H&E) staining

For histological analysis, skin and muscle tissues from
BMALI"* and BMALI7/~ cynomolgus monkeys were
fixed with 4% PFA for 2 days, embedded in paraffin and sec-
tioned at 5-pm intervals. The sections were deparaffinized
and rehydrated by xylene and graded series of ethanol
(100%, 100%, 95%, 80%, 70%, and 50%), and then washed
by distilled water followed by staining with hematoxylin so-
lution (Servicebio, China). After 5-min incubation of hema-
toxylin, the sections were washed with running water, dif-
ferentiated with 1% acid alcohol, and washed with running
tap water again until the nuclei were stained to a suitable in-
tensity. Next, the sections were counterstained in the eosin
(Solarbio), followed by dehydration in a grader series of
ethanol (50%, 70%, 80%, 90%, 95%, 100%, and 100%), and
immersion in xylene. Finally, the sections were mounted on
the coverslip with neutral balsam for long-term preserva-
tion.



Immunohistochemical staining

Immunohistochemical ~staining of BMALI™* and
BMALI”/~ cynomolgus monkey tissues was performed
following the DAB staining method (79,80). Briefly, after
deparaffinization and rehydration, sections were treated
with sodium citrate buffer (pH 6.0) (ZLI-9065, ZSGB-BIO)
for antigen retrieval followed by 0.4% Triton X-100 for
permeabilization and 3% H,0, for endogenous peroxi-
dases blocking. Then, the sections were incubated with
primary antibodies at 4°C overnight. After incubation with
HRP-conjugated secondary antibodies, DAB application,
and hematoxylin counterstain, the sections were then
dehydrated and mounted on the coverslip with neutral
balsam for long-term preservation. Antibodies used in im-
munohistochemical staining were listed in Supplementary
Table S2.

Immunofluorescence staining for tissues

Immunofluorescence  staining of BMALI*/* and
BMALI7/~ cynomolgus monkey tissues was conducted
as previously described (55,81-82). In short, the paraffin-
embedded sections were boiled in sodium citrate buffer
(pH 6.0) for antigen retrieval after deparaffination and
rehydration. Then, the sections were treated with 0.4%
Triton X-100 for permeabilization and 10% donkey serum
for blocking. Primary antibodies were then applied at 4°C
overnight. After several washes with PBS, the sections
were incubated with secondary antibodies and Hoechst
33342 (Thermo Fisher Scientific). Finally, the sections
were mounted with Antifade Mounting Medium (Vector
Laboratories, H-1000) after several washes with PBS.
The images were obtained by a ZEISS LSM900 confocal
system and the mean fluorescence intensity of H3K9me3
were measured by the Imagel software (NIH). Antibod-
ies used in immunofluorescence staining were listed in
Supplementary Table S2.

RT-qPCR and RNA-seq

TRIzol (Thermo Fisher Scientific) was used for the to-
tal RNA extraction of hMPCs, cynMPCs, and tissues de-
rived from cynomolgus monkeys following previous proto-
cols (63). cDNA was generated using the Go Script Reverse
Transcription System (Promega) according to the manufac-
turer’s protocol. The resulting cDNA was then subjected to
RT-gPCR amplification following MIQE guidelines (83) in
ABI QuantStudio 5 Real-time system (Life Technologies).
Data were evaluated on GraphPad Prism 6 and statisti-
cal significances were assessed by unpaired Student’s z-test.
Primers used for RT-qPCR detection were listed in Supple-
mentary Table S3.

For RNA-seq, a NEBNext® Ultra™ RNA Library Prep
Kit for Illumina® was used for library construction and Il-
lumina HiSeq X-Ten or NovaSeq 6000 platforms were used
for paired-end sequencing with 150-bp read length. Quality
control and sequencing for RNA were performed by Novo-
gene Bioinformatics Technology Co., Ltd.
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DamlID-seq

DamlID-seq was performed as described with some modifi-
cations (84). In brief, the Dam and Dam-EMD lentiviruses
generated from HEK293T cells were concentrated by ul-
tracentrifugation at 19,400 x g for 2.5 h. The virus pellets
were resuspended in PBS. BMALI*/* and BMALI”/~ hM-
PCs were seeded in six-well dishes at 2 x 10° cells per well.
Each group had three biological replicates. The next day,
the culture medium was replaced with 2 ml of fresh culture
medium containing either Dam or Dam-EMD lentivirus.
At 72 h after transduction, cells were harvested, and ge-
nomic DNA was isolated using a TTANamp Genomic DNA
Kit (Tiangen, DP304). Dpnl enzyme (R0176S, New Eng-
land Biolabs) digestion, adaptor ligation, Dpnll enzyme
(R0543S, New England Biolabs) digestion, PCR amplifi-
cation and purification were performed as previously de-
scribed (84). For adaptor trimming, the amplified DNA was
sonicated and digested with Alwl (R0513S, New England
Biolabs) enzyme. The DNA library was constructed usir(g
a NEBNext® Ultra™ DNA library prep Kit for Illumina
(E7370S, New England Biolabs). The libraries were pooled
and subjected to paired-end sequencing with 150-bp read
length on Illumina NovaSeq 6000 platform by Annoroad
Gene Technology Company (Beijing, China).

ChIP-qPCR and ChIP-seq

ChIP-qPCR and ChIP-seq were performed as previously
described with some modifications (48,85). In brief, h(MPCs
and cynMPCs were crosslinked in 1% (vol/vol) formalde-
hyde in 10% FBS in PBS for 8-12 min at room temper-
ature, and then terminated by incubation with 125 mM
glycine. Samples were then centrifuged and the resulting
pellets were lysed by lysis buffer (1% SDS, 50 mM Tris-HCI
[pH 8.0], 10 mM EDTA) for 5 min on ice. Sonication was
performed for 10 min with a Covaris S220 Focused Ultra-
sonicator until chromatin were sheared to an average frag-
ment length of 100-300 bp. After sonication, samples were
centrifugated at 12,000 x g for 10 min at 4°C and the result-
ing supernatants were then incubated with Protein A Dyn-
abeads (Thermo Fisher Scientific) pre-conjugated with anti-
BMALI, anti-H3K9me3 or anti-IgG antibodies. Samples
were subsequently eluted and reverse cross-linked in elution
buffer at 68°C for 3 h in a thermomixer. The eluted DNA
was isolated using phenol-chloroform-isoamyl alcohol ex-
traction and precipitated by isopropanol. Then, the precip-
itated DNA was purified by ethanol and diluted by dis-
tilled water for further RT-qPCR detection or sequencing
library construction. Primers used for RT-qPCR detection
were listed in Supplementary Table S3. For ChIP-seq, li-
brary construction was conducted using KAPA Hyper Prep
Kit (KAPA Biosystems, KK8504) and Index Primers Set 1
for [llumina (New England Biolabs (NEB), E7335L) follow-
ing the manufacturer’s instructions.

ATAC-seq

ATAC-seq was performed as previously described with mi-
nor modifications (49). In brief, a total of 30,000 cells were
lysed with 50 wl of lysis buffer (10 mM Tris-HCI [pH 7.4], 10
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mM NaCl, 3 mM MgCl,, 0.1% [vol/vol] Nonidet P40 Sub-
stitute), followed by Tn5 transposition with 50 pl of trans-
position reaction mix (10 wl of 5 x TTBL buffer, 4 pl of
TTE mix and 36 pl of nuclease-free H,O) from a TruePrep
DNA Library Prep Kit V2 for Illumina (Vazyme Biotech)
at 37°C for 30 min. The libraries were amplified using the
TruePrep DNA Library Prep Kit V2 for Illumina (Vazyme
Biotech). Finally, libraries were sequenced on Illumina No-
vaSeq platforms with paired-end sequencing with 150-bp
read length.

RNA-seq data processing

Raw paired-end reads were trimmed by Trim Galore
software (version 0.4.5) (https://github.com/FelixKrueger/
TrimGalore). Then, the cleaned reads were mapped to
the cynomolgus macaque (Macaca Fascicularis) MacFas5.0
genome obtained from UCSC genome browser database
using hisat2 (version 2.0.4) (86). Read counts for each
gene were calculated by HTSeq (version 0.11.0) with only
high-quality mapped reads (mapping quality > 20) (87).
Differentially expressed genes (DEGs) between tissues de-
rived from BMALI** and BMALI7~ cynomolgus mon-
keys were calculated by R package DESeq?2 (version 1.22.2)
with the cutoff set to ‘the adjusted P-value < 0.05 and the
absolute logy(fold change) > 0.5’. Gene Ontology (GO) and
pathway enrichment analysis were conducted by Metascape
(88).

For calculating differentially expressed repetitive ele-
ments (REs) in cynMPCs and cynomolgus monkey tis-
sues, trimmed reads were mapped to the cynomolgus mon-
key (Macaca Fascicularis) MacFas5.0 genome obtained
from UCSC genome browser database using STAR soft-
ware (version 2.5.2b) (89). Then, the read counts for each
RepeatMasker-annotated repeats of MacFas5.0 genome
were calculated by featureCounts (version 2.0.0) (90) with
only high-quality mapped reads (mapping quality > 20).
Differentially expressed repetitive elements were identified
by R package DESeq2 (version 1.30.1) with the cutoff set
to ‘the absolute logy(fold change) > 0.2 and the adjusted
P-value < 0.05° (91).

DamID-seq data processing

Raw reads of Dam and Dam-EMD data for BMALI*/*
and BMALI/~ hMPCs were trimmed by Trim Galore soft-
ware (version 0.4.5). Trimmed reads were mapped to the
UCSC human (Homo sapiens) hgl9 genome using Bowtie
2 (version 2.2.9) (92). PCR duplicates were removed with
the MarkDuplicates.jar program in Picard tools (version
1.119). Then, reads were sorted with SAMtools (version
1.6) (93). Replicates for each sample were merged for
downstream analysis. DamID signals in BMALI*/* and
BMALI/~ hMPCs were calculated as the log, ratio of the
Reads Per Kilobase per Million mapped reads (RPKM) of
the Dam-EMD and Dam signals [logy(Dam-EMD/Dam)].
The DamlID signals were visualized for each 2,000-base pair
(bp) bin using the bamCompare program in deepTools (ver-
sion 2.5.4) software (94).

To define the LAD regions in BMALI*/* and BMALI ™/~
hMPCs, we first calculated the DamlID signals in

BMALI*/* and BMALI/~ hMPCs for each 25-kb
bin. Then, LADs were identified by the R package hid-
den Markov models with t emissions (HMMt) (version
0.1) (https://github.com/dinovski/asDamID/blob/master/
scripts/hmmt_functions.R). Genomic enrichment for
LADs and iLADs (inter-LADs) was conducted by anno-
tatePeaks.pl program in homer2 (version v4.10.3) software
(95). In order to compare the DamID signals of the
repetitive elements localized in LAD regions in BMALI*/*
and BMALI/- hMPCs, RepeatMasker-annotated repeats
located in the LAD regions of BMALI™/* hMPCs were
identified as LAD-localized repetitive elements. LAD-
localized repetitive elements with DamlID signals > 0
in BMALI™/* hMPCs were kept for statistical analysis
of DamID signals in both BMALI*/* and BMALI7/~
hMPCs.

ChIP-seq data processing

For the processing of H3K9me3 ChIP-seq data, raw reads
were trimmed with Trim Galore software (version 0.4.5).
Trimmed reads were mapped to the human (Homo sapi-
ens) hgl9 genome obtained from UCSC genome browser
database using Bowtie 2 (version 2.2.9) (92). Duplicated
reads were discarded by MarkDuplicates.jar program in Pi-
card tools (version 1.119). Then, reads were sorted with
SAMtools (version 1.6) (93). To minimize the effect of se-
quencing bias and depth, replicates for each sample were
merged. Then, the same number of high-quality reads in
BMALI** and BMALI”/~ hMPCs were randomly se-
lected for downstream analysis. For H3K9me3 peak calling,
SICER (version 1.1) was used with the parameters set to ‘-
w 1000 -g 10’ (96). Only H3K9me3 peaks with FDR < 0.01
were retained for downstream analysis.

For the classification of H3K9me3-enriched LADs, we
calculated the H3K9me3 signals for each LAD region.
Then LAD regions were partitioned into ‘H3K9me3-
enriched LADs’ and ‘Other LADs’ by robust k-means anal-
ysis with two clusters using R package pheatmap (ver-
sion 1.0.12). Then the log, ratios of H3K9me3 signals
for each H3K9me3-enriched LAD between BMALI**
and BMALI”/~ hMPCs were visualized by R package
RIdeogram (version 0.2.2) (97).

ATAC-Seq data processing

For ATAC-seq data processing, raw reads were trimmed
with Trim Galore software (version 0.4.5). Cleaned reads
were mapped to the human (Homo sapiens) hgl9 genome or
the cynomolgus macaque (Macaca Fascicularis) MacFas5.0
genome obtained from UCSC genome browser database
using Bowtie 2 (version 2.2.9) with the parameters ‘ -X
2000 -N 1 -L 25 —no-mixed —no-discordant -t’ (92). Dupli-
cate reads were removed with the MarkDuplicates.jar pro-
gram in Picard tools (version 1.119). To minimize the ef-
fect of sequencing bias and depth, replicates for each sample
were merged. ATAC peaks were called by MACS?2 (version
2.1.1.20160309) (98). Called peaks with g-value < 0.01 were
retained for downstream analysis. Genomic distribution of
ATAC peaks were annotated by annotatePeaks.pl program
in homer2 (version 4.10.3) software (95).
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Figure 1. (A) Western blot analysis of BMALI in EP (P5) and LP (P16) hMPCs. 3-Tubulin and NUP358 were used as the loading control for the cytoplasmic
and nuclear fractions, respectively. Western blots shown on the left are representative of three independent experiments. Quantitative data on the right are
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Assessment of the reproducibility of the sequencing data

To evaluate the reproducibility of the H3K9me3 ChIP-seq,
ATAC-seq and DamID-seq data, whole genome enrich-
ment levels (RPKM values) or DamID signals at 2-kb res-
olution were calculated by bamCoverage or bamCompare
program in deepTools software (version 3.5.0) and the Eu-
clidean distance was calculated in R (version 4.0.3). To
evaluate the reproducibility of RNA-seq data, Euclidean
distance was calculated by DESeq2 regularized logarithm
(rlog)-normalized read counts. Lower Euclidean distances
mean higher correlations.

Statistical analysis

Data are presented as the means + SEM. P-value (P) was
analyzed by two-tailed Student’s r-test using GraphPad
Prism 6 software.

RESULTS
BMALT1 plays a geroprotective role in hMPCs

To investigate whether human MPC (hMPC) senescence
was associated with a change in the cellular distribution of
BMALI, we examined its protein levels in both the cyto-
plasmic and nuclear fractions of hMPCs at both early pas-
sage (EP) and late passage (LP) (Figure 1A and Supple-
mentary Figure SIA-C). In replicative senescent LP hM-
PCs, we found through western blot analysis that nuclear
BMALI1 was reduced, concomitant with an increase of cy-
tosolic BMALLI (Figure 1A). These data demonstrate that
BMALI is preferentially excluded from the nucleus in senes-
cent hMPCs and suggest that a nucleocytoplasmic redistri-
bution of BMALI might have a functional role in the pro-
cess of cellular senescence.

To investigate the function of BMALI in hMPC senes-
cence, we generated BMALI-deficient human embryonic

stem cells (hESCs) (Figure 1B). Through CRISPR /Cas9-
mediated non-homologous end joining (NHEJ), we in-
troduced a single nucleotide insertion to the exon 8 of
BMALI in hESCs, causing a homozygous frameshift mu-
tation and early translation termination of the BMALI
transcript (Supplementary Figure S1D). Successful knock-
out of BMALI in both the nuclear and cytoplasmic frac-
tions in hESCs was verified by western blotting (Supple-
mentary Figure S1E). We found that genomic integrity and
pluripotency were well maintained in BMALI/~ hESCs,
as manifested by a normal karyotype (Supplementary Fig-
ure S1F), typical expression of pluripotency markers (Sup-
plementary Figure S1G) and DNA hypomethylation at the
OCT4 promoter (Supplementary Figure S1H). In teratoma
formation assay, we demonstrated that BMALI/~ hESCs
retain the pluripotency, as reflected by their capacity to dif-
ferentiate into cell types of all three embryonic germ lay-
ers (Supplementary Figure S11). Consequently, BMALI*'*
and BMALI/~ hMPCs derived from corresponding hESCs
expressed typical hAMPC surface markers, including CD73,
CD90, CD105, CD166, CD29 and HLA-ABC, but did
not express non-hMPC surface markers such as CD34,
CD43, CD45, CD164, CD14 and CD19 (Figure 1B, C and
Supplementary Figure S1J and K). Both BMALI*/* and
BMALI7~ hMPCs were able to further differentiate into
osteoblasts, chondrocytes and adipocytes with comparable
efficiency (Supplementary Figure S1L). As expected, analy-
sis of transcript levels of classic BMALI-targeted genes (i.e.
NRIDI, NRID2, PERI and PER3) demonstrated damp-
ened or disrupted oscillation in BMALI/~ hMPCs, con-
firming that deficiency of BMALI results in the dysregu-
lated cellular circadian activity (Figure 1D).

Notably, we found that BMALI deficiency in hMPCs led
to an accelerated senescence phenotype, reflected as prema-
ture growth arrest (Figure 1E), compromised clonal expan-
sion ability (Figure 1F), decreased percentage of S-phase
cells (Figure 1G), and Ki67-positive cells (Figure 1H). Con-

presented as the means + SEM. Two-tailed unpaired Student’s r-test. (B) Schematic diagram for the generation of BMALI™/* and BMALI/~ hESCs
and hMPCs. (C) Western blot analysis of BMALI in EP (P4) BMALI*/* and BMALI/~ hMPCs. 8-Tubulin and NUP358 were used as the loading
control for the cytoplasmic and nuclear fractions, respectively. (D) Relative mRNA levels of the indicated genes in EP (P4) BMALI*/* and BMALI /-
hMPCs at the indicated time points after forskolin synchronization. The RT-qPCR data shown above were further analyzed by JTK _Cycle analysis to
determine the rhythmicity and amplitude of the peaks (peaks with permutation-based P-values (P) and Benjamini-Hochberg adjusted Q-values (Q) < 0.05
were considered rhythmic); AR, arrhythmic. AMP, amplitude. Data are presented as the means & SEM. n = 4 wells. Data shown are representative of
two independent experiments. GAPDH was used as the reference gene. (E) Growth curve analysis of BMALI"/* and BMALI~/~ hMPCs. Arrowhead
indicates the passage number for growth arrest of BMALI/~ hMPCs. n = 3 biological replicates. (F) Clonal expansion analysis of LP (P9) BMALI*/*
and BMALI-/~ hMPCs. Data are presented as the means = SEM. n = 3 biological replicates. Two-tailed unpaired Student’s r-test. (G) Cell cycle analysis
of LP (P9) BMALI*/* and BMALI/~ hMPCs. Data are presented as the means &+ SEM. n = 3 biological replicates. Two-tailed unpaired Student’s r-test.
(H) Immunofluorescence staining of Ki67 in LP (P9) BMALI*/* and BMALI/~ hMPCs. Data are presented as the means + SEM. n = 3 biological
replicates with each replicate containing > 100 cells; scale bars: 50 wm. Two-tailed unpaired Student’s r-test. (I) SA-B-gal staining of LP (P9) BMALI™/*
and BMALI/~ hMPCs. Data are presented as the means + SEM. n = 3 biological replicates; scale bars: 100 wm. Two-tailed unpaired Student’s ¢-test. (J)
Immunofluorescence staining of 53BP1 and yH2AX in LP (P9) BMALI"/* and BMALI /- hMPCs. Dashed lines indicate the nuclear boundaries of the
53BPI and yH2AX double-positive (> 2 dots) cells. Data are presented as the means + SEM. n = 3 biological replicates with each replicate containing >
100 cells; scale bars: 25 wm. Two-tailed unpaired Student’s ¢-test. (K) In vivo implantation assay of LP (P9) BMALI*/* and BMALI "/~ hMPCs. Photon
flux from the tibialis anterior (TA) muscles of nude mice transplanted with BMALI*/* or BMALI~/~ hMPCs. Quantitative analysis of luciferase activity
in the TA muscles was detected by an in vivo imaging system (IVIS). Data are presented as the means = SEM. n = 8 biological replicates. Two-tailed
unpaired Student’s #-test. (L) Top, schematic diagram showing the strategy for the generation of BMALI A88 mutant. Bottom, RT-qPCR detection of
indicated genes in EP (P4) BMALI*/* hMPCs transduced with lentiviruses expressing GAL4 and EP (P4) BMALI~/~ hMPCs transduced with lentiviruses
expressing GAL4, BMALI (WT) or BMALI (A88) at P2 post transduction. Data are presented as the means + SEM. n = 4 wells. GAPDH was used as
the reference gene. Data shown are representative of two independent experiments. Two-tailed unpaired Student’s z-test. (M) SA-B-gal staining of EP
(P4) BMALI"/* hMPCs transduced with lentiviruses expressing GAL4 and EP (P4) BMALI/~ hMPCs transduced with lentiviruses expressing GAL4,
BMALI (WT) or BMALI (A88) at P2 post transduction. Data are presented as the means + SEM. n = 3 biological replicates; scale bars: 100 wm. Two-
tailed unpaired Student’s #-test. (N) Clonal expansion analysis of EP (P4) BMALI*/* hMPCs transduced with lentiviruses expressing GAL4 and EP (P4)
BMALI”~ hMPCs transduced with lentiviruses expressing GAL4, BMAL1 (WT) or BMALI (A88) at P2 post transduction. Data are presented as the
means + SEM. n = 3 biological replicates. Two-tailed unpaired Student’s #-test.
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Figure 2. (A) Schematic diagram of the mass spectrometry strategy for identifying BMALI interacting candidates in HEK293T cells. FLAG-Luc was used
as a control. (B) GO terms and pathways enrichment analysis of BMALI interacting candidates that were identified by mass spectrometry. (C) Detailed in-



3334 Nucleic Acids Research, 2022, Vol. 50, No. 6

sistently, we observed an increased ratio of SA-B-gal posi-
tive cells (Figure 11) and elevated levels of DNA damage re-
sponse in BMALI/~ hMPCs (Figure 1J). Moreover, when
implanted into the tibialis anterior (TA) muscles of im-
munodeficient mice, BMALI/~ hMPCs underwent accel-
erated in vivo decay relative to BMALI*/* hMPCs (Fig-
ure 1K). Meanwhile, accelerated cellular senescence due
to BMALLI inactivation was also observed in early pas-
sage BMALI"/* hMPCs and human primary fibroblasts
transduced with lentiviruses encoding CRISPR /Cas9 and a
sgRNA targeting BMALI (Supplementary Figure S2A-F).
Altogether, these data revealed that BMALI plays a gero-
protective role in various human cellular senescence models.

BMALT1 antagonizes cellular senescence independently of its
canonical circadian activity

The BMALIL protein carries a transactivation domain
(TAD) in its C-terminus, which enables BMALI to co-
operate with other circadian regulators like CRY1 or
CBP (p300) to induce the expression of its circadian tar-
get genes (99-101). Accordingly, deletion of the BMALI1
TAD results in transcriptional inactivation of circadian
genes and, consequently, dysregulation of the cellular circa-
dian clock (99,102). To determine whether the senescence-
antagonizing function of BMALI1 depends on its role
in transcriptional regulation, we generated a BMALI1 C-
terminal truncated mutant that lacks the TAD (BMALI1
(A88), which lacks amino acids 539-626) (Figure 1L). As
expected, hMPCs harboring BMAL1 A88 mutant showed
a compromised ability in transcriptional activation of the
downstream target genes (NRID2 and PER3) (Figure 1L).
However, when we expressed the BMALI A88 mutant in
BMALI/~ hMPCs, we found that it rescued the senescence
phenotypes to a similar extent as that of wild-type (WT)
BMALI (Figure IM, N and Supplementary Figure S2G).
From these data, we concluded that BMALI counteracts
stem cell aging in a manner independent of its canonical
circadian function.

BMALL is required for maintaining heterochromatin in hM-
PCs

We next investigated whether BMALI1 regulates hMPC
senescence through unknown interacting partners beyond

those included in the circadian machinery. By immunopre-
cipitation followed by mass spectrometry analysis (IP-MS)
(Figure 2A), we retrieved peptides corresponding to a panel
of annotated human proteins as potential interacting part-
ners with BMALI1 (Supplementary Table S4). In addition
to circadian rhythm-related proteins, we identified proteins
involved in nuclear envelope architecture or chromatin or-
ganization (Figure 2B and C). Through Co-IP assays in
HEK?293T cells and hMPCs, we verified that both exoge-
nous and endogenous BMALI are associated with the nu-
clear lamina protein Lamin B1, as well as heterochromatin-
associated proteins including HP1a and KAP1 (Figure 2D
and E).

Given that nuclear envelope and heterochromatin-
associated proteins are essential in heterochromatin main-
tenance, we hypothesized that BMALI1 via its interact-
ing partners plays a role in heterochromatin modulation
(103-105). We found decreased protein levels of Lamin
B1 and heterochromatin-associated proteins KAP1, HP 1«
and HPly (Figure 2F), accompanied by enlarged nuclei
(Figure 2G and Supplementary Figure S2H) and hete-
rochromatin loss in BMALI7/~ hMPCs (Figure 2G, H
and Supplementary Figure S2H). Overexpressing Lamin
BI and heterochromatin-associated protein KAPI coun-
teracted the decreased H3K9me3 intensity (Figure 2I)
and rescued the senescent phenotypes in BMALI”~ hM-
PCs, the latter manifested as a decrease in SA-B-gal pos-
itive cells (Figure 2J) and an increase in the cellular pro-
liferation ability (Figure 2K and Supplementary Figure
S2I). These results identified an important role of BMALI1
in stabilizing heterochromatin and regulating hMPC
senescence.

Heterochromatin is destabilized at LINE1 elements in
BMALI/- hMPCs

In BMALI/~ hMPCs, we detected compromised expres-
sion levels of nuclear meshwork proteins and heterochro-
matin proteins as well as erosion of nuclear periph-
eral heterochromatin. Next, we asked if BMALI safe-
guards epigenome integrity, and especially heterochro-
matin. To answer this question, we first implemented
DNA adenine methyltransferase identification (DamlID)
and H3K9me3 chromatin immunoprecipitation followed by
high-throughput sequencing (ChIP-seq) assays to study the
reorganization of peripheral heterochromatin (also known

formation illustrated that KAP1 and Lamin B1 were identified as BMALI interacting candidates by mass spectrometry. The BMALI interacting candidates
identified by mass spectrometry are listed in the Supplementary Table S4. (D) Co-IP analysis of Lamin Bl, KAP1 and HPl« with exogenous FLAG-tagged
BMALI (WT) and FLAG-tagged BMALI1 (A88) in HEK293T cells. (E) Co-IP analysis of Lamin Bl, KAP1 and HPla with endogenous BMALI in EP
(P4) BMALI"/* hMPCs. (F) Western blot analysis of the protein levels of heterochromatin associated proteins and nuclear lamina protein Lamin B1 in
LP (P9) BMALI*/* and BMALI~/~ hMPCs. B-Actin was used as a loading control. Quantitative data on the right are presented as the means + SEM. n =
3 biological replicates. Two-tailed unpaired Student’s 7-test. (G) 3D reconstruction of z-stack immunofluorescence images of H3K9me3 (red) and Lamin
A/C (green) in LP (P9) BMALI*/* and BMALI~/~ hMPCs. Scale bars: 2 um. Quantitative data of the mean nuclear size (top) and the mean fluorescence
intensity of H3K9me3 (bottom) in LP (P9) BMALI™/* and BMALI~/~ hMPCs are presented as the means = SEM. 1 = 3 biological replicates with each
replicate containing 100 cells. Two-tailed unpaired Student’s z-test. Related to Supplementary Figure S2H. (H) Transmission electron microscopy (TEM)
analysis of the peripheral heterochromatin in LP (P9) BMALI*/* and BMALI~/~ hMPCs. The percentages of cells with compromised nuclear peripheral
heterochromatin are presented at the bottoms of the TEM images. Scale bars: 2 wm. (I) Immunofluorescence staining of H3K9me3 in EP (P4) BMALI /-
hMPCs transduced with lentiviruses expressing GAL4, KAP1 or Lamin Bl at P2 post transduction. Dashed lines indicate the nuclear boundaries of the
cells with decreased H3K9me3 signals. Data are presented as the means + SEM. n = 3 biological replicates with each replicate containing 100 cells; scale
bars: 25 wm. Two-tailed unpaired Student’s -test. (J) SA-B-gal staining of EP (P4) BMALI/~ hMPCs transduced with lentiviruses expressing GAL4,
KAPI or Lamin Bl at P2 post transduction. Data are presented as the means + SEM. n = 3 biological replicates; scale bars: 100 wm. Two-tailed unpaired
Student’s r-test. (K) Clonal expansion assay of EP (P4) BMALI/~ hMPCs transduced with lentiviruses expressing GAL4, KAP1 or Lamin Bl at P2 post
transduction. Data are presented as the means + SEM. n = 3 biological replicates. Two-tailed unpaired Student’s 7-test.
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as lamina-associated domains, LADs) and the redistribu-
tion of heterochromatic marks (Supplementary Figure S3A
and B). Our data demonstrated a global decrease of the
lamina-association score (DamlID signal) across LAD re-
gions, indicative of a general detachment of LADs from
the nuclear lamina in BMALI~/~ hMPCs (Figure 3A-C and
Supplementary Figure S3C). BMALI depletion also led to
decreased heterochromatic mark H3K9me3 in LADs (Fig-
ure 3D-F and Supplementary Figure S3D and E), con-
sistent with the observed erosion of heterochromatin un-
derneath the nuclear envelope assessed by immunofluores-
cence staining and transmission electron microscopy (Fig-
ure 2G, H and Supplementary Figure S2H). Furthermore,
chromatin accessibility increased in the whole genome
but more dramatically so in LADs, as evidenced by As-
say for Transposase-Accessible Chromatin using sequenc-
ing (ATAC-seq) (Figure 3G-I and Supplementary Figure
S3F), further indicating a decompacted state for LADs
upon BMALI deficiency. Repetitive elements (REs), such
as LINEs and LTRs, are sealed in LADs and are highly
decorated with the heterochromatin mark H3K9me3 (Sup-
plementary Figure S3G) (106,107). Notably, LINEI, one of
the few families of REs that are still active in primates, is
highly enriched within LADs (108,109) but suffered from a
dramatic loss of DamlID signal strength upon BMALI de-
ficiency (Figure 3J and Supplementary Figure S3H). Con-
sistently, decreased H3K9me3 occupancy and increased
chromatin accessibility were also observed in LINEI] in
BMALI7~ hMPCs (Figure 3K-M). Taken together, our
data indicated that BMALI deficiency resulted in disorga-
nization of LADs and derepression of the LINE1 elements
harbored in LADs (Figure 3N).

LINEI1 elements are repressed via the heterochromatin stabi-
lization maintained by BMAL1

Next, we sought to investigate whether BMALI maintains
the repressive state at LINEI1 elements by binding to the
genomic regions of LINE1. Using ChIP-qPCR assays, we

confirmed that BMALI was associated with LINE1 regions
(Figure 4A). Consistently, loss of BMALI occupancy led
to weakened H3K9me3 intensity at LINE1 regions (Figure
4B). Given that all evidence points to a decompaction of
LINE1 in BMALI7/~ hMPCs, we evaluated the activation
of LINEI elements at both RNA and protein levels. As ex-
pected, the levels of LINEI transcripts and LINE1 ORF-
encoded proteins were markedly upregulated in BMALI7/~
hMPCs (Figure 4C and D). Because aberrant LINE1 ex-
pression is linked to an elevated retrotransposon activity
(49,50), we next set out to detect the de novo LINE] retro-
transposition events in both BMALI"/* and BMALI "/~
hMPCs using a previously reported LINE1 reporter system
(49,50,76). As expected, BMALI-deficient hMPCs showed
a higher frequency of LINEI retrotransposition (Figure
4E). Consistently, DNA contents of LINEI were increased
in BMALI7~ hMPCs compared to that of the wild-type
counterparts (Figure 4F).

Although the BMAL1 A88 mutant failed to initiate tran-
scription of its target genes (Figure 1L), it retained the abil-
ity to form complexes with heterochromatin-associated and
nuclear lamina proteins (Figure 2D). Ectopically expressed
BMALI (WT) and BMAL1 (A88) in BMALI/~ hMPCs
restored its occupancy in LINEI regions and effectively
reestablished H3K9me3 domains (Figure 4G), thereby re-
pressing LINEI activation (Figure 4H and I). Further-
more, by introducing BMALI or BMAL1 A88 mutant,
heterochromatin was reestablished (Figure 4J), and cellu-
lar senescence was alleviated in BMALI/~ hMPCs (Figure
IM, N and Supplementary Figure S2G). Taken together,
these results supported a noncanonical role of BMALI in
stabilizing heterochromatin and silencing LINE1 (Figure
4K).

Derepression of LINE1 induces interferon response and

SASP in BMALI/~ hMPCs

Mounting evidence suggests that intermediates of activated
LINELI transposition, i.e. cytosolic LINE1 cDNA, can be

BMALI** and BMALI/~ hMPCs. Left, metaplot showing the DamID signals (logy(Dam-EMD/Dam)) ranging from 25 kb upstream to 25 kb down-
stream of LADs in LP (P9) BMALI*/* and BMALI/~ hMPCs. Right, violin plot showing the DamID signals (logz(Dam-EMD/Dam)) in LADs in LP
(P9) BMALI** and BMALI~~ hMPCs. The white dots represent the median values, and the white lines represent the interquartile range (IQR) from
smallest to largest. Two-sided Wilcoxon signed-rank test. (C) Representative tracks of DamID signals and identified LAD regions in LP (P9) BMALI*/*
and BMALI "/~ hMPCs. (D) Heatmap showing the H3K9me3 signals (RPKM) ranging from 0.3 Mb upstream to 0.3 Mb downstream of H3K9me3-
enriched LADs (top panel) and other LADs (bottom panel) in LP (P9) BMALI*/* and BMALI~ hMPCs. The color key from white to blue indicates
low to high H3K9me3 signal. (E) H3K9me3 signals in H3K9me3-enriched LADs in LP (P9) BMALI*/* and BMALI"/~ hMPCs. Left, metaplot showing
the H3K9me3 signals (RPKM) in H3K9me3-enriched LADs in LP (P9) BMALI*/* and BMALI/~ hMPCs. Right, violin plot showing the H3K9me3
signals (logo(RPKM + 1)) in H3K9me3-enriched LADs in LP (P9) BMALI*/* and BMALI~/~ hMPCs. The white dots represent the median values, and
the white lines represent the interquartile range (IQR) from smallest to largest. Two-sided Wilcoxon signed-rank test. (F) Chromosome ideogram showing
the relative H3K9me3 signals in H3K9me3-enriched LADs across the 23 chromosomes of LP (P9) BMALI/~ hMPCs compared to BMALI*/* hMPCs.
The color key from blue to amaranth indicates low to high relative H3K9me3 level. (G) Heatmap showing the ATAC signals (RPKM) ranging from 3
kb upstream to 3 kb downstream of LAD-localized ATAC peak centers (top panel) and iLAD-localized ATAC peak centers (bottom panel) in LP (P9)
BMALI** and BMALI~/~ hMPCs. The color key from white to amaranth indicates low to high chromatin accessibility. (H) Metaplot showing the ATAC
signals (RPKM) ranging from 3 kb upstream to 3 kb downstream of LAD-localized ATAC peak centers (left panel) and iLAD-localized ATAC peak
centers (right panel) in LP (P9) BMALI*/* and BMALI/~ hMPCs. (I) Ring plot showing the count of ATAC peaks in LADs and iLADs in LP (P9)
BMALI** and BMALI/~ hMPCs. (J) Metaplot showing the DamID signals (log,(Dam-EMD/Dam)) ranging from 3 kb upstream to 3 kb downstream
of LAD-localized LINEI regions in LP (P9) BMALI*/* and BMALI/~ hMPCs. (K) Violin plot showing the H3K9me3 signals (logo(RPKM + 1)) in
LINEIs localized in H3K9me3-enriched LADs in LP (P9) BMALI*/* and BMALI /- hMPCs. The white dots represent the median values, and the white
lines represent the interquartile range (IQR) from smallest to largest. Two-sided Wilcoxon signed-rank test. (L) Violin plot showing the ATAC signals
(log2(RPKM + 1)) for ATAC peaks in LAD-localized LINE1 regions in LP (P9) BMALI*/* and BMALI~/~ hMPCs. The white dots represent the median
values, and the white lines represent the interquartile range (IQR) from smallest to largest. Two-sided Wilcoxon signed-rank test. (M) Ring plot showing
the count of ATAC peaks in indicated repetitive elements in LADs in LP (P9) BMALI*/* and BMALI~/~ hMPCs. (N) Diagrams summarizing epigenomic
alterations in BMALI/~ hMPCs detected by DamID-seq, H3K9me3 ChIP-seq and ATAC-seq.
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recognized by cGAS, thus triggering a type I interferon
response and senescence-associated secretory phenotype
(SASP) (49,110,111). We observed that BMALI deficiency
led to an elevated level of cytosolic LINE1 cDNA that can
be immunoprecipitated with cGAS (Figure 5A). Also, up-
regulation of 2’3’-cGAMP, a cGAS downstream nucleotide
messenger, and activation of the interferon response and
SASP were all features of BMALI~/~ hMPCs (Figure SB—
D); whereas either expression of BMALI1 or overexpres-
sion of heterochromatin modulators, i.e. KAP1 and Lamin
B1, restrained the aberrant transcription of LINE1 and
thus downregulated the activated interferon response and
SASP-associated genes caused by BMALI deficiency (Fig-
ure 5SE). In parallel, treatment with the reverse-transcriptase
inhibitor lamivudine, which has been reported to inhibit
the synthesis of LINE1 ¢cDNA (49,112), effectively atten-
uated the LINE]1 retrotransposition (Figure 5F and G), in-
terferon response and SASP (Figure SH) caused by BMALLI
deficiency. It is worth noting that the restraint of LINEI1
by lamivudine treatment can also counteract cellular senes-
cence in BMALI/~ hMPCs, as evidenced by decreased SA-
B-gal positive cells (Figure 5I) and increased cellular pro-
liferative ability (Figure 5J and K). Moreover, ablation of
cGAS signaling in BMALI/~ hMPCs by silencing STING
(Figure 5L) contributed to decreased transcriptional levels
of interferon response and SASP-associated factors, such
as IFNA, MMPI15 and MMP24 (Figure 5SM) and allevi-
ated hMPC senescence phenotypes (Figure SN-P). These
data substantiated that BMALI deficiency promotes cel-
lular senescence via an intensified interferon response and
SASP caused by derepressed LINE1 elements (Figure 5Q).

BMALI1 association with LINE1 is impaired during cellular
senescence

To further dissect BMALI involvement in regulating hMPC
senescence, we performed chromatin fractionation assay in
EP and LP hMPCs. We detected a decreased BMALI oc-
cupancy in the chromatin fraction (Supplementary Figure

S4A), which suggested that BMALI is less capable of bind-
ing to chromatin in LP hMPCs. ChIP-qPCR further con-
firmed the compromised binding of BMALI at LINE] re-
gions, accompanied by decreased H3K9me3 intensity dur-
ing replicative senescence (Supplementary Figure S4B and
C). In line with the data showing a loss of heterochromatin
or BMALI1 occupancy at LINEls, we observed increased
expression levels of both LINE1 mRNA and ORF1p and
ORF2p proteins in LP hMPCs (Supplementary Figure S4D
and E). In addition, LINEI DNA contents were upregu-
lated in replicatively senescent hMPCs (Supplementary Fig-
ure S4F), indicating increased retrotransposition activity.

LINEL1 is activated in BMALI7/~ cynomolgus monkey stem
cells and tissues

We next evaluated whether the non-canonical role we had
discovered for BMALI1 might be conserved in non-human
primate models. As we saw in senescent hMPCs, the nu-
clear content of BMALI was also decreased with replica-
tive senescence in primary MPCs derived from cynomolgus
monkey (cynMPCs) (Figure 6A and Supplementary Fig-
ure S4G-I). Senescent cynMPCs also showed a decrease
in BMALI and H3K9me3 occupancy at LINE1 regions
(Supplementary Figure S4J), accompanied by decreased
H3K9me3 intensity (Supplementary Figure S4K). Concur-
rently, LINE1 transcription and translation levels were ele-
vated (Supplementary Figure S4L. and M), accompanied by
an increase in LINE1 DNA contents in LP cynMPCs (Sup-
plementary Figure S4N). Altogether, these data indicated
that BMALI1 occupancy is reduced at LINE1 regions dur-
ing senescence in hMPCs and cynMPCs, suggesting a con-
served role of BMALI in counteracting excessive LINE]
activation in primate aging.

To further investigate the mechanism of BMALI’s
geroprotective role in primates, we used CRISPR/Cas9-
mediated gene editing to generate BMALI/~ cynomol-
gus monkey, from which we derived primary cynMPCs
lacking BMALI1 (Figure 6B and Supplementary Figure

ChIP-qPCR detection of H3K9me3 enrichment at indicated regions of LINE1 in LP (P9) BMALI*/* and BMALI/~ hMPCs. Data are presented as the
means + SEM. n = 4 wells. Data shown are representative of two independent experiments. Two-tailed unpaired Student’s ¢-test. (C) RT-qPCR detection of
LINE1 mRNA levels in LP (P9) BMALI*/* and BMALI/~ hMPCs. Data are presented as the means + SEM. n = 4 biological replicates. ACTB was used
as the reference gene. Two-tailed unpaired Student’s r-test. (D) Western blot detection of LINE1-ORF1p and LINE1-ORF2p in LP (P9) BMALI™/* and
BMALI”~ hMPCs. B-Actin was used as the loading control. Quantitative data are presented as the means = SEM. n = 3 biological replicates. Two-tailed
unpaired Student’s #-test. (E) Quantification of the de novo LINEI retrotransposition events in LP (P9) BMALI*/* and BMALI -/~ hMPCs. Left, schematic
diagram of the de novo LINE retrotransposition assay. Right, quantification of the de novo LINEI retrotransposition events in LP (P9) BMALI*/* and
BMALI/~ hMPCs are presented as the means + SEM. n = 3 biological replicates. Two-tailed unpaired Student’s ¢-test. (F) qPCR detection of LINEI
DNA contents in LP (P9) BMALI*/* and BMALI /- hMPCs. Data are presented as the means + SEM. n = 4 biological replicates. 5S rDNA was used
as the reference gene. Two-tailed unpaired Student’s z-test. (G) ChIP-qPCR detection of BMALI and H3K9me3 at 3’UTR region of LINE1 sequences.
Left, ChIP-qPCR detection of enrichment of FLAG-tagged BMALI at 3’UTR region of LINE1 sequences in EP (P4) BMALI/~ hMPCs transduced
with lentiviruses expressing GAL4, BMAL1(WT) or BMALI (A88) at P2 post transduction. Right, ChIP-qPCR detection of H3K9me3 enrichment at
3'UTR region of LINEI sequences in EP (P4) BMALI~/~ hMPCs transduced with lentiviruses expressing GAL4, BMALI(WT) or BMALI (A88) at
P2 post transduction. Data are presented as the means = SEM. n = 4 wells. Data shown are representative of two independent experiments. Two-tailed
unpaired Student’s #-test. (H) RT-qPCR detection of LINEI mRNA levels in EP (P4) BMALI -/~ hMPCs transduced with lentiviruses expressing GAL4,
BMALI (WT) or BMALI (A88) at P2 post transduction. Data are presented as the means + SEM. n = 3 biological replicates. ACTB was used as the
reference gene. Two-tailed unpaired Student’s #-test. (I) Western blot detection of LINEI-ORF1p levels in EP (P4) BMALI/~ hMPCs transduced with
lentiviruses expressing GAL4, BMAL1 (WT) or BMALLI (A88) at P2 post transduction. B-Actin was used as the loading control. Data are presented as the
means + SEM. n = 3 biological replicates. Two-tailed unpaired Student’s z-test. (J) Immunofluorescence staining of H3K9me3 and Lamin A/C in EP (P4)
BMALI/~ hMPCs transduced with lentiviruses expressing GAL4, BMAL1 (WT) or BMAL1 (A88) at P2 post transduction. Dashed lines indicate the
nuclear boundaries of the cells with decreased H3K9me3 signals. Quantification of mean fluorescence intensity of H3K9me3 are presented as the means
+ SEM. n = 3 biological replicates with each replicate containing 100 cells; scale bars: 25 wm. Two-tailed unpaired Student’s z-test. (K) Diagram showing
that BMALI, together with KAP1, HPla, Lamin B1 and other heterochromatin regulators, acts as a complex that binds to LINEI regions and represses
its activation.
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Figure 5. (A) Co-immunoprecipitation of cGAS with cytoplasmic LINEI ¢cDNA in LP (P9) BMALI"/* and BMALI~/~ hMPCs. Left, schematic diagram
of the ChIP-qPCR strategy for measuring the level of cGAS-immunoprecipitated cytoplasmic LINEI cDNA. Right, quantitative data of the levels of
cytoplasmic LINE1 cDNA immunoprecipitated by cGAS in LP (P9) BMALI"/* and BMALI/- hMPCs. Data are presented as the means & SEM. n = 4
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S5A-C). As we had detected in hMPCs, NRID2 oscilla-
tions were compromised, and NRIDI, PERI and PER3
amplitudes dampened in BMALI”/~ cynMPCs relative to
WT cynMPCs, confirming the disrupted classic function of
BMALI in the non-human primate model (Supplementary
Figure S5D). Further analysis of cynMPCs derived from
BMALI”~ monkey revealed phenotypes congruent with
those we had observed in BMALI /- hMPCs, such as im-
paired clonal expansion ability (Figure 6C), decreased per-
centage of Ki67-positive cells (Figure 6D), increased per-
centage of SA-B-gal-positive cells (Figure 6E), and an ele-
vated DNA damage response (Figure 6F). Hence, BMALI
deficiency led to accelerated senescence in cynMPCs.

Next, we asked whether BMALI1’s geroprotective func-
tion in monkey MPCs relied on its ability to maintain hete-
rochromatin and to repress LINEI, as we demonstrated in
hMPCs. Co-IP analysis verified that BMALI forms a simi-
lar complex with KAP1, HPla and Lamin B1 in cynMPCs
(Figure 6G). Consequently, BMALI~/~ cynMPCs pheno-
copied BMALI7~ hMPCs, demonstrating downregulation
of heterochromatin-associated proteins and nuclear lamina
protein (Figure 6H), concomitant with enlarged nuclear size
(Figure 61 and Supplementary Figure SSE), disorganized
heterochromatin (Figure 61, J and Supplementary Figure
S5E) and increased chromatin accessibility (Figure 6K, L
and Supplementary Figure S5F), especially in LINE1 re-
gions (Figure 6M). Most importantly, LINE1 activation
manifests as dramatically upregulated transcription (Figure
6N and Supplementary Figure S5G), protein levels (Figure
60) and elevated DNA contents (Figure 6P) in BMALI "/~
cynMPCs, similar to the observations in LP cynMPCs. Fur-
thermore, activation of the cGAS-STING pathway and
transcription induction of interferon response and SASP

factors were observed in BMALI~/~ cynMPCs (Figure 6Q—
S). In summary, these results indicated that BMALI reg-
ulates monkey MPC senescence by stabilizing heterochro-
matin architecture in LINEI regions, analogous to its func-
tion in human stem cells.

Ultimately, we sought to understand whether the
BMALI-deficiency induced senescence we had character-
ized in cell models also extended to affect tissues. To this
end, we collected skin and muscle biopsies from BMALI*/*
and BMALI/~ cynomolgus monkeys to evaluate their het-
erochromatin states, LINE1 expression levels and aging
defects. In both skin and muscle tissues from BMALI/~
cynomolgus monkey, we found decreased H3K9me3 inten-
sity (Supplementary Figure S6A and B). Moreover, through
RNA-seq analysis, we discovered that LINE1 elements
are concordantly upregulated in both monkey tissues and
MPCs (Figure 6N and Supplementary Figure S6C and D).
Similar to the activated interferon response and SASP ob-
served in aged hMPCs, genes highly correlated with an
activated inflammatory response and aging were dramat-
ically elevated in monkey MPCs, skin, and muscle tissues
with BMALI deficiency (Supplementary Figure S6E). Cor-
respondingly, p21, the molecular marker for aging, and
53BP1, the DNA damage marker, were both increased
(Supplementary Figure S6F-I). Furthermore, skin thick-
ness (Supplementary Figure S6J) and cross-sectional arca
(CSA) of muscle fibers (Supplementary Figure S6K) were
decreased, indicating tissue degeneration of BMALI /-
cynomolgus monkey (113-116). Taken together, using hu-
man and cynomolgus monkey mesenchymal progenitor cell
models and tissues, we document a cell-autonomous role
of BMALLI in repressing LINEI1 by stabilizing heterochro-
matin, thereby modulating senescence.

wells. Data shown are representative of two independent experiments. Two-tailed unpaired Student’s ¢-test. (B) ELISA detection of 2°3’-cGAMP levels in
culture medium of LP (P9) BMALI*/* and BMALI /- hMPCs. Data are presented as the means - SEM. n = 3 biological replicates. Two-tailed unpaired
Student’s #-test. (C) Heatmap showing the mRNA levels of indicated genes in LP (P9) BMALI*/* and BMALI/~ hMPCs. Data are presented as the
mean values of three biological replicates. The color key from gray to red indicates low to high of the relative expression level. ACTB was used as the
reference gene. (D) ELISA detection of IFN-a levels in culture medium of LP (P9) BMALI*/* and BMALI/~ hMPCs. Data are presented as the means
+ SEM. n = 3 biological replicates. Two-tailed unpaired Student’s r-test. (E) Heatmap showing the mRNA levels of indicated genes in EP (P4) BMALI /-
hMPCs transduced with lentiviruses expressing GAL4, BMALI, KAPI and Lamin Bl at P2 post transduction. Data are presented as the mean values
of three biological replicates. The color key from gray to blue indicates high to low of the relative expression level. ACTB was used as the reference gene.
(F) Quantification of the de novo LINE] retrotransposition events in BMALI/~ hMPCs (P7) treated with vehicle or lamivudine at P2 post transduction.
Data are presented as the means + SEM. n = 3 biological replicates. Two-tailed unpaired Student’s 7-test. (G) qPCR detection of LINE1 DNA contents
in BMALI/~ hMPCs (P7) treated with vehicle or lamivudine at P2 post treatment. Data are presented as the means &= SEM. n = 4 wells. Data shown are
representative of two independent experiments. 5S rDNA was used as the reference gene. Two-tailed unpaired Student’s -test. (H) Heatmap showing the
mRNA levels of indicated genes in BMALI/~ hMPCs (P7) treated with vehicle or lamivudine at P2 post treatment. Data are presented as the mean values
of four wells. The color key from gray to blue indicates high to low of the relative expression level. ACTB was used as the reference gene. (I) SA-B-gal staining
in BMALI7/~ hMPCs (P7) treated with vehicle or lamivudine at P2 post treatment. Data are presented as the means = SEM. n = 3 biological replicates;
scale bars: 100 pm. Two-tailed unpaired Student’s t-test. (J) Clonal expansion assay of BMALI/~ hMPCs (P7) treated with vehicle or lamivudine at P2
post treatment. Data are presented as the means = SEM. n = 3 biological replicates; Two-tailed unpaired Student’s z-test. (K) Immunofluorescence staining
of Ki67 in BMALI”/~ hMPCs (P7) treated with vehicle or lamivudine at P2 post treatment. Data are presented as the means = SEM. n = 3 biological
replicates with each replicate containing > 100 cells; scale bars: 50 wm. Two-tailed unpaired Student’s z-test. (L) Western blot analysis of STING levels in EP
(P4) BMALI~/~ hMPCs transduced with lentiviruses expressing sh-GL2 and sh-STING at P2 post transduction. B-Actin was used as the loading control.
(M) Heatmap showing the mRNA levels of indicated genes in EP (P4) BMALI/~ hMPCs transduced with lentiviruses expressing sh-GL2 and sh-STING
at P2 post transduction. Data are presented as the mean values of 3 biological replicates. The color key from gray to blue indicates high to low of the relative
expression level. ACTB was used as the reference gene. (N) SA-B-gal staining in EP (P4) BMALI/~ hMPCs transduced with lentiviruses expressing sh-
GL2 and sh-STING at P2 post transduction. Data are presented as the means & SEM. n = 3 biological replicates; scale bars: 100 wm. Two-tailed unpaired
Student’s #-test. (O) Clonal expansion assay of EP (P4) BMALI /- hMPCs transduced with lentiviruses expressing sh-GL2 and sh-STING at P2 post
transduction. Data are presented as the means &= SEM. n = 3 biological replicates; two-tailed unpaired Student’s z-test. (P) Immunofluorescence staining
of Ki67 in EP (P4) BMALI/~ hMPCs transduced with lentiviruses expressing sh-GL2 and sh-STING at P2 post transduction. Data are presented as the
means = SEM. n = 3 biological replicates with each replicate containing > 100 cells; scale bars: 50 wm. Two-tailed unpaired Student’s z-test. (Q) Schematic
diagram showing how LINEI triggers the activation of cGAS-STING pathway and interferon and SASP response in BMALI~/~ hMPCs. Lamivudine
treatment or STING knockdown in BMALI"/~ hMPCs blocks the activation of cGAS-STING pathway and SASP response induced by LINEI.
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Figure 6. (A) Schematic diagram illustrating the isolation and culture of EP (P5) and LP (P13) BMALI*/* cynMPCs and western blot analysis of BMAL1
in EP (P5) and LP (P13) BMALI*/* cynMPCs. B-Tubulin and NUP358 were used as the loading control for the cytoplasmic and nuclear fractions,
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DISCUSSION

Aging is known to be correlated with dampened oscilla-
tion of clock gene expression (32,117). However, the im-
pact of circadian protein deregulation in cellular senes-
cence in primates is virtually unknown. In the past few
decades, BMALI has become well-known as a transcrip-
tion factor regulating metabolism, mitochondrial biogen-
esis, bone development and so on (29,118,119). Here, we
discovered a transcription-independent role for BMALL in

to LINEI1 regions, which led to the activation of LINEI1
and ultimately cellular senescence. More importantly, we
showed that BMALI’s moonlighting role as a gatekeeper
of LINEI1 derepression is conserved in primates, emphasiz-
ing the BMALI1-heterochromatin axis as a potential mech-
anism for attenuating primate aging.

From an epigenomic angle, we found decreased interac-
tion between the nuclear lamina and LADs, loss of the con-
stitutive heterochromatic mark H3K9me3 and increased
chromatin accessibility in BMALI/~ hMPCs, which co-

stabilizing heterochromatin and protecting hMPCs against
senescence by repressing LINE1. Using CRISPR/Cas9-
mediated gene editing in combination with directed differ-
entiation, we generated BMALI1-deficient hESCs and their
hMPC derivatives, providing valuable isogenic models to in-
vestigate the roles of BMALI in regulating human stem cell
homeostasis. BMALI deficiencies in both hMPCs and cyn-
MPC:s led to the loss of perinuclear heterochromatin and
simultaneously accelerated cellular senescence. Further me-
chanical analysis revealed that BMALI forms complexes
with Lamin Bl and heterochromatin-associated proteins
KAPI and HPla to stabilize heterochromatin. Using the
DamlID assay in BMALI-deficient hMPCs to track the
maintenance of LADs, the gene-poor regions of chromo-
somes that interact with the nuclear lamina (107), com-
bined with H3K9me3 ChIP-seq and ATAC-seq, we fur-
ther demonstrated a profound heterochromatin dysregula-
tion, especially the derepression of LINE1. By evaluating a
BMALI mutant lacking the transactivation domain (TAD),
we demonstrated that the ability of BMALI to stabilize
heterochromatin did not reside with its transcriptional ac-
tivity. The exclusion of BMALI from the nucleus during
hMPC aging decreased the capacity of BMALI binding

incided with previous observations in other senescent cell
models (44,45,104,120-123). Mechanistically, we demon-
strated that BMALI forms complexes with nuclear lam-
ina components and heterochromatin-associated proteins
to maintain heterochromatin stability. Mutation or reduc-
tion of heterochromatin components such as HP1 or de-
fection in nuclear lamina have been identified as the ma-
jor risk for aging-associated heterochromatin structure loss
(42,44,104,124-128). Consistently, decreased protein lev-
els of heterochromatin components KAP1, HPla and nu-
clear lamina protein Lamin Bl accompanied by hete-
rochromatin loss were observed in BMALI1 deficient hM-
PCs and cynMPCs. Moreover, ectopically expressed het-
erochromatin modulators KAP1 and Lamin Bl counter-
acted the H3K9me3 loss and rescued cellular senescence
phenotypes in BMALI~/~ hMPCs, further confirming that
compromised heterochromatin is the mediator of BMALI-
deficiency induced cellular senescence. Meanwhile, previ-
ous studies have also identified several important regula-
tors of heterochromatin in senescence, such as Rb, SIRT6,
SIRT7 and ZKSCAN3 (16,48,49,62,64,125,129). Whether
BMALI stabilizes heterochromatin through collaboration
with other regulators remains to be further investigated.

respectively. Quantitative data are presented as the means + SEM. n = 3 independent experiments. Two-tailed unpaired Student’s ¢-test. (B) Western blot
analysis of BMALI in BMALI*/* and BMALI/~ cynMPCs (P3). -Tubulin and NUP358 were used as the loading control for the cytoplasmic and
nuclear fractions, respectively. (C) Clonal expansion assay of BMALI*/* and BMALI/~ cynMPCs (P5). Data are presented as the means = SEM. n =
3 independently cultured wells. Two-tailed unpaired Student’s ¢-test. (D) Immunofluorescence staining of Ki67 in BMALI*/* and BMALI"/~ cynMPCs
(P5S). Data are presented as the means + SEM. n = 3 replicates from independently cultured wells with each replicate containing > 100 cells; scale bars: 50
pm. Two-tailed unpaired Student’s r-test. (E) SA-B-gal staining in BMALI*/* and BMALI~/~ cynMPCs (P5). Data are presented as the means &= SEM.
n = 3 independently cultured wells; scale bars: 100 wm. Two-tailed unpaired Student’s 7-test. (F) Immunofluorescence staining of 53BP1 and yH2AX
in BMALI*/* and BMALI "/~ cynMPCs (P5). Dashed lines indicate the nuclear boundaries of the 53BP1 and yH2AX double-positive (> 2 dots) cells.
Data are presented as the means = SEM. n = 3 replicates from independently cultured wells with each replicate containing > 100 cells; scale bars: 25 pm.
Two-tailed unpaired Student’s #-test. (G) Co-IP analysis of KAP1, Lamin Bl and HP1a with endogenous BMALI protein in BMALI*/* cynMPCs (PS5).
(H) Western blot analysis of the protein levels of heterochromatin associated proteins and nuclear lamina protein Lamin Bl in BMALI*/* and BMALI /-
cynMPCs (P5). B-Actin was used as the loading control. Quantification of protein levels are presented on the right as the means + SEM. n = 3 independently
cultured wells. Two-tailed unpaired Student’s z-test. (I) 3D reconstruction of z-stack immunofluorescence images of H3K9me3 (red) and Lamin A /C (green)
in BMALI*/* and BMALI~/~ cynMPCs (P5); scale bars: 2 wm. Quantitative data of the mean nuclear size (top) and the mean fluorescence intensity of
H3K9me3 (bottom) of BMALI*/* and BMALI/~ cynMPCs are presented as the means -+ SEM. n = 3 replicates from independently cultured wells with
each replicate containing 100 cells. Two-tailed unpaired Student’s 7-test. Related to Supplementary Figure SSE. (J) Transmission Electron microscopy
(TEM) analysis of the heterochromatin architecture at the nuclear periphery in BMALI*/* and BMALI~/~ cynMPCs (P5). The percentages of cells with
compromised nuclear peripheral heterochromatin are presented at the bottom of each TEM image; scale bars: 2 pm. (K) Ring plot showing the count of
ATAC peaksin BMALI*/* and BMALI"/~ cynMPCs (P5). (L) Ring plot showing the count of ATAC peaks in indicated repetitive elements in BMALI/*
and BMALI7/~ cynMPCs (P5). (M) Metaplot showing the ATAC signals (RPKM) ranging from 3 kb upstream to 3 kb downstream of LINE1-localized
ATAC peak centers in BMALI*/* and BMALI/~ cynMPCs (P5). (N) Volcano plot showing the differentially expressed LINE1 elements in BMALI /-
cynMPCs compared to BMALI™/* cynMPCs (P5). (O) Western blot detection of LINEI-ORF1p and LINE1-ORF2p in BMALI*/* and BMALI /-
cynMPCs (P5). B-Actin was used as the loading control. Quantitative data are presented as the means & SEM. n = 3 independently cultured wells. Two-
tailed unpaired Student’s #-test. (P) qPCR detection of LINE1 DNA contents in BMALI*/* and BMALI /- cynMPCs (P5). Data are presented as the
means + SEM. n = 3 independently cultured wells. 5S rDNA was used as the reference gene. Two-tailed unpaired Student’s 7-test. (Q) ELISA detection
of 2°3’-<cGAMP levels in culture medium of BMALI*/* and BMALI/~ cynMPCs (P5). Data are presented as the means + SEM. n = 3 independently
cultured wells. Two-tailed unpaired Student’s t-test. (R) RT-qPCR detection of MMP9 mRNA levels in BMALI*/* and BMALI/~ cynMPCs (P5). Data
are presented as the means + SEM. n = 4 wells. ACTB was used as the reference gene. Data shown are representative of two independent experiments.
Two-tailed unpaired Student’s ¢-test. (S) RT-qPCR detection of IFNE mRNA levels in BMALI*/* and BMALI/~ cynMPCs (P5). Data are presented as
the means = SEM. n = 4 wells. ACTB was used as the reference gene. Data shown are representative of two independent experiments. Two-tailed unpaired
Student’s ¢-test.



Repetitive elements, especially LINE1 elements, are en-
riched at and safeguarded by heterochromatic regions
(107,129). In this study, we delineated a cell-autonomous
role of BMALI in stabilizing heterochromatin, repressing
LINE]1 therein, and thus counteracting senescence. This is
in line with previous reports that > 10% of BMALI1 binding
sites were mapped within TEs by ChIP-seq in mouse liver
(130,131), while its overall binding to chromatin in the same
tissue was dampened with age (117). Similarly, we found de-
creased BMALI1 occupancy in the chromatin fraction, espe-
cially at LINEI regions, leading to the activation of LINE1
during senescence in various cells in primates. The role
of BMALI in regulating repetitive elements was also sup-
ported by a recent study that suggested the involvement of
BMALI in safeguarding telomeric heterochromatin (132).
Collectively, these studies demonstrated the noncanonical
and cell-autonomous function of core circadian proteins in
regulating chromatin homeostasis.

As a result of heterochromatin loss, activated LINEI
elements have been proven to be, to a considerable ex-
tent, the cause of genomic instability and inflammation,
thereby accelerating senescence (50,129,133). Consistently,
we found that derepression of LINEI contributes to the
activation of the cGAS-STING pathway and SASP in
BMALI7~ hMPCs. In support of this mechanism, blocking
the LINE1-cGAS-STING-SASP cascade, either through
treatment with a reverse-transcriptase inhibitor or by silenc-
ing the expression of STING, rejuvenated senescent hM-
PCs with BMALI deficiency. We revealed that BMALI1 an-
tagonizes primate stem cell senescence by stabilizing hete-
rochromatin to suppress the LINE1-cGAS-STING-SASP
axis. Our study, along with previous research, emphasizes
that stabilizing heterochromatin-associated proteins and
nuclear lamina proteins or inhibiting the cGAS-STING
pathway are mechanisms that counteract cellular senes-
cence (48,49,64,129,133). In conclusion, for the first time,
our findings provide clear evidence and underlying mech-
anism for the role of BMALI in regulating cellular senes-
cence in primates. Although our conclusion is to a certain
extent limited by the number of non-human primate indi-
viduals available in this study, we found additional evidence
in a recent work with another BMALI deficient cynomol-
gus monkey model generated by different sgRNAs that
also exhibited an upregulation of inflammation- and aging-
associated genes in the blood sample (33). Yet future investi-
gations with a larger cohort of BMALI deficient individuals
are needed to further confirm the role of BMALI in regulat-
ing primate aging. The moonlighting function of BMALI,
independent of the canonical circadian machinery, may re-
flect the cell-autonomous regulation during cellular aging.
Moreover, lamivudine supplementation prevented cellular
senescence triggered by BMALI deficiency, which indicates
the possibility of identifying other compounds for the treat-
ment of aging-associated disorders in the future.
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