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ABSTRACT

Sirtuin 3 (SIRT3) is an NAD+-dependent deacetylase
linked to a broad range of physiological and patho-
logical processes, including aging and aging-related
diseases. However, the role of SIRT3 in regulating
human stem cell homeostasis remains unclear. Here
we found that SIRT3 expression was downregulated
in senescent human mesenchymal stem cells (hM-
SCs). CRISPR/Cas9-mediated depletion of SIRT3 led
to compromised nuclear integrity, loss of heterochro-
matin and accelerated senescence in hMSCs. Further
analysis indicated that SIRT3 interacted with nuclear
envelope proteins and heterochromatin-associated
proteins. SIRT3 deficiency resulted in the detach-
ment of genomic lamina-associated domains (LADs)
from the nuclear lamina, increased chromatin acces-
sibility and aberrant repetitive sequence transcrip-
tion. The re-introduction of SIRT3 rescued the disor-
ganized heterochromatin and the senescence pheno-
types. Taken together, our study reveals a novel role
for SIRT3 in stabilizing heterochromatin and coun-
teracting hMSC senescence, providing new potential

therapeutic targets to ameliorate aging-related dis-
eases.

INTRODUCTION

Mammalian Sirtuins are homologs of Saccharomyces cere-
visiae Sir2 (silent information regulator 2), and require
NAD+ as a cofactor that drives deacetylase activity (1–
4). From unicellular yeast to mammals, the lifespan of
organisms is positively regulated by Sir2 or Sirtuins (5–
11). Mammalian SIRT3, for example, is found primarily in
the mitochondria (12). SIRT3 plays crucial roles in mito-
chondrial homeostasis, metabolic modulation, gene tran-
scription, stress response and genomic stability (13). Hu-
man longevity has been linked to a single nucleotide poly-
morphism (SNP), G477T, in exon 3 of SIRT3, as well as
a variable number of tandem repeats (VNTR) polymor-
phism in intron 5 (14,15). SIRT3 is also implicated in var-
ious age-related pathologies, including osteoporosis, os-
teoarthritis, cardiovascular diseases, metabolic syndrome
and neurodegenerative diseases (2,16). Sirt3-deficient mice
have a shorter lifespan compared to wild-type (WT) mice
(10). This is partially due to heart failure caused by car-
diac mitochondrial dysfunction and reactive oxygen species
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(ROS) dyshomeostasis in hematopoietic stem cells (HSCs)
(10,17). In addition, increased expression of SIRT3 upon
caloric restriction in mice has been associated with the re-
duction of oxidative damage and prevention of age-related
disorders (18,19). However, the roles of SIRT3 in regulating
human stem cell aging remain largely unexplored.

Mitochondrial-localized SIRT3 has been reported to reg-
ulate mitochondrial metabolism via its deacetylation activ-
ity. For instance, SIRT3 deacetylates and activates AceCS2
and HMGCS2 in the mitochondria (20–22), which reg-
ulate the formation of epigenetic modulators acetyl-CoA
and �-hydroxybutyrate. SIRT3 is also found in the nu-
cleus to deacetylate histones (23,24). For example, SIRT3
promotes non-homologous end joining (NHEJ)-dependent
DNA damage repair via the deacetylation of H3K56ac
(23). Although SIRT3 has been implicated in a variety
of biological processes, little is known about the role of
SIRT3 in the regulation of higher-order heterochromatin
organization.

Stem cell senescence and exhaustion contribute to com-
promised regenerative capability, resulting in tissue dys-
function and organismal aging (25–27). Stem cell senes-
cence is accompanied by a variety of epigenetic changes
including disorganized heterochromatin, aberrant DNA
methylation and histone modifications, as well as alter-
ations in nuclear envelope maintenance and mitochon-
drial homeostasis (25,28,29). The discovery of the molec-
ular mechanisms underlying stem cell senescence has pro-
vided novel insights into the process of aging and al-
lowed the development of intervention strategies for aging-
associated disorders (30,31). Given our current understand-
ing of SIRT3, it potentially plays an important role in regu-
lating human stem cell senescence and its molecular mech-
anism has yet to be unraveled.

Here, we revealed a novel role of SIRT3 in preventing
human mesenchymal stem cell (hMSC) senescence, possi-
bly in part via heterochromatin stabilization. We observed
that SIRT3 interacted with nuclear envelope proteins and
heterochromatin-associated proteins. In addition, loss of
SIRT3 led to several heterochromatin-associated abnor-
malities including aberrant nuclear envelope morphology,
heterochromatin loss, the detachment of genomic lamina-
associated domains (LADs) from the nuclear lamina, in-
creased chromatin accessibility and the activation of repet-
itive sequence expression. Consequently, accelerated senes-
cence was observed in hMSCs lacking SIRT3. The re-
introduction of SIRT3 was sufficient to rescue the loss of
heterochromatin and alleviate hMSC senescence pheno-
types. Collectively, we found a new geroprotective role of
SIRT3 in safeguarding heterochromatin of hMSCs.

MATERIALS AND METHODS

Animal experiments

Animal experiments performed in this study were approved
by the Chinese Academy of Sciences Institutional Animal
Care and Use Committee. For teratoma formation assay, 5
× 106 SIRT3+/+ or SIRT3–/– human embryonic stem cells
(hESCs) on Matrigel (BD Biosciences)-coated plates were
collected and mixed with Matrigel: mTeSR (STEMCELL
Technologies) (1:4) solution. Then, the mixture was injected

subcutaneously into the inguinal region of NOD/SCID
mice (male, 6 weeks old). At about 12 weeks after the
injection, the teratoma was collected for further analysis.
The in vivo hMSC transplantation assay was conducted
as previously described (32). In brief, 1 × 106 SIRT3+/+

or SIRT3–/– hMSCs expressing luciferase (Luc) were in-
jected into the tibialis anterior (TA) muscle of nude mice
(male, 6 weeks old). An in vivo imaging system (IVIS) spec-
trum imaging system (XENOGEN, Caliper) was used for
luciferase activity analysis at 1, 3, and 5 days after hMSC
injection.

Cell culture

SIRT3+/+ hESCs (H9 hESCs, WiCell Research) and
SIRT3–/- hESCs were cultured on mouse embryonic
fibroblast (MEF, inactivated with mitomycin C) feeder
cells in hESC culture medium (DMEM/F12 (Thermo
Fisher Scientific), supplemented with 20% Knockout
Serum Replacement (Thermo Fisher Scientific), 1%
penicillin/streptomycin (Thermo Fisher Scientific), 0.1
mM non-essential amino acids (NEAA, Thermo Fisher
Scientific), 2 mM GlutaMAX (Thermo Fisher Scientific),
55 �M �-mercaptoethanol (Thermo Fisher Scientific), and
10 ng/ml bFGF (Joint Protein Central)), or maintained
on Matrigel-coated plates with mTeSR medium. hMSCs
differentiated from hESCs and primary hMSCs were
cultured in hMSC culture medium (Minimum Essential
Medium � (MEM�) basal medium (Thermo Fisher Sci-
entific) supplemented with 10% fetal bovine serum (FBS,
Gemcell, Cat# 100-500, Lot# A77E01F), 0.1 mM NEAA,
1% penicillin/streptomycin, and 1 ng/ml bFGF).

Generation of SIRT3–/– hESCs

CRISPR/Cas9-mediated gene knockout was performed
following previously reported methods with minor modifi-
cations (32,33). In brief, sgRNAs were designed using the
website http://crispr.mit.edu. Sequences representing sgR-
NAs targeting exon 1 or exon 3 of SIRT3 were cloned into
pCAG-mCherry-sgRNA vector (Addgene, #87110). After
treatment with ROCK inhibitor (Y-27632, TOCRIS) for 24
h, pCAG-mCherry-SIRT3 sgRNAs and pCAG-1BPNLS-
Cas9-1BPNLS-2AGFP were simultaneously electroporated
into SIRT3+/+ hESCs by 4D-Nucleofector (Lonza). Cells
were then seeded on Matrigel-coated six-well plates and cul-
tured with mTeSR medium. After 48 h, EGFP/mCherry-
dual-positive cells were sorted by fluorescent-activated cell
sorting (FACS) system (BD FACS Aria II) and seeded on
MEF feeder cells with hESC culture medium. Emerging
clones were manually picked out for further verification.
Genomic DNAs from these hESC clones were extracted
for PCR and DNA sequencing. sgRNA sequences for gene
editing and primers for clone identification and off-target
detection are listed in Supplementary Table S1. SIRT3–/–

hESCs generated by sgRNA #4-mediated gene editing were
used for further analysis in this study.

Generation and characterization of hMSCs

hMSC differentiation from hESCs was performed as pre-
viously described (34,35). In brief, hESC-derived embry-

http://crispr.mit.edu
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oid bodies were seeded on Matrigel-coated six-well plates in
hMSC differentiation medium containing MEM� (Thermo
Fisher Scientific), 10% fetal bovine serum (FBS, Gemcell),
1% penicillin/streptomycin (Thermo Fisher Scientific), 1
ng/ml bFGF (Joint Protein Central) and 5 ng/ml TGF�
(Humanzyme) for 10 days. The fibroblast-like cells were
then transferred into hMSC culture medium, and derived-
hMSCs were purified by FACS system (BD FACS Aria
II) via selecting CD73, CD90 and CD105 triple-positive
cells. The triple-lineage differentiation potentials of hESC-
derived hMSCs were evaluated by von Kossa staining (os-
teogenesis), Saffron O staining (chondrogenesis), and Oil
red O staining (adipogenesis) (36).

Isolation of primary hMSCs

Primary hMSCs were isolated from an old individual (76
years old) as previously reported (37). In brief, primary hM-
SCs were isolated under the approval of the ethics commit-
tee of 306th Hospital of PLA in Beijing. The gingiva tissues
were processed into small pieces and then digested in Try-
pLE™ Express Enzyme (Thermo Fisher Scientific) plus Dis-
pase IV (Thermo Fisher Scientific) at 37◦C for 30 min. After
digestion, the mixture was filtered with a 70-�m cell strainer
(Falcon) and then centrifuged at 500 g for 10 min. The re-
sulting pellet was resuspended in hMSC culture medium
and transferred into a gelatin-coated 6-well plate for culture.
After about two weeks, the primary hMSCs were collected
using TrypLE™ Express Enzyme (Thermo Fisher Scientific)
for subculture.

DNA methylation analysis of the OCT4 promoter region

DNA methylation analysis of the OCT4 promoter region
was carried out as previously reported (38,39). In brief,
genomic DNAs were extracted using a DNA Extraction
Kit (TIANGEN) and processed for bisulfite treatment us-
ing an EZ DNA Methylation Kit (Zymo Research). Ge-
nomic DNA fragment of the OCT4 promoter region was
amplified using LA Taq DNA Polymerase Hot-Start Ver-
sion (TaKaRa), and subsequently cloned into the pMD20
T vector (TaKaRa). Six clones from each sample were se-
quenced with the universal primer M13. Primers used for
DNA methylation analysis are listed in Supplementary Ta-
ble S1.

Hematoxylin and eosin (H&E) staining

H&E staining was performed as previously described with
modifications (40). In brief, teratomas were fixed in 4%
paraformaldehyde (PFA) and embedded in Tissue-Tek
O.C.T. Compound (Sakura) for cryosections. The cryosec-
tions of teratomas were air-dried for 10 min to remove mois-
ture, washed with PBS and fixed with 4% PFA for 5 min.
The nuclei were stained by the hematoxylin solution (Ser-
vicebio) for 5 min and rinsed in running tap water. Then,
the sections were stained by eosin solution (Servicebio) for
2 min and dipped in 80%, 90% and 100% alcohol. Finally,
the slides with teratoma sections were cleaned with 100%
xylene and mounted with Cytoseal-60 (Stephens Scientific).

Immunofluorescence microscopy

For immunofluorescence analysis, cells seeded on coverslips
(Thermo Fisher Scientific) with a suitable confluence were
fixed in 4% PFA for 15 min, washed with PBS at least three
times, permeabilized using 0.4% Triton X-100 in PBS for
30 min, and then blocked with 10% donkey serum (Jack-
son ImmunoResearch) in PBS for 1 h at room tempera-
ture. Cells were then incubated with indicated primary an-
tibodies in 10% donkey serum in PBS at 4◦C overnight.
Cells were washed at least three times with PBS and incu-
bated with secondary antibodies and Hoechst 33342 (Invit-
rogen, H3570) at room temperature for 1 h, then washed
at least three times with PBS. Finally, the coverslips were
mounted using mounting medium (Vector Labs), and im-
ages were captured with a Leica SP5 confocal system.

Antibodies used for immunofluorescence analysis are
as follows: anti-SOX2 (Santa Cruz, sc-17320), anti-OCT4
(Santa Cruz, sc-5279), anti-NANOG (Abcam, ab21624),
anti-Ki67 (ZSGB-BIO, ZM-0166), anti-�H2AX (Milli-
pore, 05-636), anti-53BP1 (BETYHL, A300-273A), anti-
Lamin B1 (Abcam, ab16048), anti-FLAG (Sigma, F1804),
anti-H3K9me3 (Abcam, ab8898), anti-Lamin A/C (Santa
Cruz, sc-376248), anti-KAP1 (Abcam, ab10483), anti-
HP1� (Cell Signaling Technology, 2616), Alexa 488 donkey
anti-mouse IgG (Invitrogen, A21202), Alexa 568 donkey
anti-rabbit IgG (Invitrogen, A10042) and Alexa 647 don-
key anti-goat IgG (Invitrogen, A21447).

Transmission electron microscopy (TEM)

Transmission electron microscopy was performed as previ-
ously reported (41). In brief, 5 × 106 cells of SIRT3+/+ and
SIRT3–/– hMSCs were collected enzymatically by TrypLE™
Express Enzyme (Thermo Fisher Scientific), washed once
with PBS, and pelleted by centrifugation. Cell pellets were
fixed with 2.5% (vol/vol) glutaraldehyde with Phosphate
Buffer (PB) (0.1 M, pH 7.4), washed four times with PB,
postfixed with 1% (wt/vol) osmium tetroxide in PB for 2 h at
4◦C, dehydrated through a graded ethanol series (30%, 50%,
70%, 80%, 90%, 100%, 100%, 7 min of immersion each) into
pure acetone (10 min of immersion, twice), infiltrated in a
graded mixture (3:1, 1:1, 1:3) of acetone and SPI-PON812
resin (16.2 g SPI-PON812, 10 g DDSA and 8.9 g NMA),
embedded in pure resin with 1.5% BDMA and polymerized
for 12 h at 45◦C and 48 h at 60◦C. The 70-nm ultrathin sec-
tions were obtained using a Leica EM UC6 ultramicrotome,
and then double-stained with uranyl acetate and lead cit-
rate. Images were captured with a Spirit Transmission Elec-
tron Microscope (FEI Company) at 100 kV. Mitochondrial
number per cell and individual mitochondrial size were an-
alyzed from 30 to 40 electron micrographs using ImageJ-
based Fiji software (https://imagej.net/Fiji) (42).

Senescence-associated-�-galactosidase (SA-�-gal) staining
assay

SA-�-gal staining of hMSCs was performed as previously
reported (43). In brief, cells were washed twice with PBS
and fixed in fixation buffer (2% formaldehyde and 0.2%
glutaraldehyde) for 5 min at room temperature. Fixed

https://imagej.net/Fiji


4206 Nucleic Acids Research, 2021, Vol. 49, No. 8

cells were stained with fresh staining buffer (40 mM cit-
ric acid/Na phosphate buffer, 5 mM K4[Fe(CN)6], 5 mM
K3[Fe(CN)6], 150 mM NaCl, 2 mM MgCl2, 1 mg/ml X-gal
(AMRESCO, 0428-25G)) at 37◦C overnight. Images were
captured with a microscope digital camera (Olympus). The
numbers of SA-�-gal-positive cells were determined with
ImageJ.

Clonal expansion assay

Briefly, 2 000 cells were seeded in each well of a 12-well plate,
and cultured for 12-14 days before cells were completely
confluent. Then, cells were fixed with 4% PFA for 30 min
and stained with 0.2% crystal violet (Biohao, C0520) for 1
h at room temperature and washed with running tap water.
The relative cell density was quantified using ImageJ.

Lentivirus production

HEK293T cells were co-transfected with indicated lentivi-
ral overexpression plasmids and lentiviral packing vectors
including psPAX2 (Addgene, #12260) and pMD2.G (Ad-
dgene, #12259). The medium containing lentiviral parti-
cles were harvested at 48 h and 72 h after transfection, and
lentiviral particles were concentrated by ultracentrifugation
at 19 400 g at 4◦C for 2.5 h.

Plasmid construction

SIRT3-FLAG cDNA was generated from the cDNA of
SIRT3+/+ hMSCs via PCR amplification and then cloned
into the pLE4 empty vector (a kind gift from Dr. To-
moaki Hishida) by using NovoRec® plus One-step PCR
Cloning Kit (Novoprotein, #NR005) according to the man-
ufacturer’s instructions and confirmed by DNA sequencing.
Cloning primers are listed in Supplementary Table S1.

Co-immunoprecipitation (co-IP)

Co-IP assay was carried out as previously reported (37).
In brief, HEK293T cells transfected with plasmids express-
ing SIRT3-FLAG or Luc-FLAG were lysed in CHAPS lysis
buffer (120 mM NaCl, 0.3% CHAPS (Sigma, C900480), 1
mM EDTA, 40 mM HEPES, pH 7.5, and cOmpleteTM pro-
tease inhibitor cocktail (Roche)) at 4◦C for 2 h with rota-
tion, and then centrifuged at 12 000 g at 4◦C for 30 min to
collect the supernatants. The supernatants were mixed with
anti-FLAG Affinity Gel (Sigma, A2220) and rotated at 4◦C
overnight. The resulting immunocomplexes were washed
with CHAPS lysis buffer three times, incubated with FLAG
peptide in CHAPS lysis buffer at 4◦C for 2 h with rotation
to competitively elute SIRT3-interacting protein complexes
by anti-FLAG Affinity Gel, and then centrifuged at 3 000
g at 4◦C for 5 min. Finally, the resultant supernatants were
boiled in 1× SDS loading buffer for 10 min and processed
for western blot analysis.

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

LC-MS/MS was performed as previously reported (37).
Briefly, eluted proteins from the co-IP assay were separated

using 12% SDS-PAGE gel and then stained with Coomassie
blue. Protein bands stained by Coomassie blue were cut
from the SDS-PAGE gel, subjected to decoloration and de-
hydration, and then digested with sequencing-grade Trypsin
(Worthington). Peptides were extracted from the resulting
gel pieces, dried, and then dissolved in 0.1% formic acid.
Subsequently, the dissolved peptides were separated with a
C18 reverse phase column and then eluted for mass spec-
trometry analysis using a nanoLC-Q EXACTIVE Mass
Spectrometer (Thermo Fisher Scientific, San Jose, CA,
USA). Raw data were processed with the MaxQuant (Ver-
sion 1.3) and Proteome Discoverer (Version 1.4). False dis-
covery rate (FDR) was analyzed with Percolator and set
to 1% as the threshold of the peptide confidence parame-
ter. Proteins with the log2 peak area ratio (44) of SIRT3-
FLAG and Luc-FLAG [log2 (SIRT3-FLAG/Luc-FLAG)]
> 3 were considered as potential SIRT3-interacting pro-
teins. Gene Ontology Cellular Component (GO-CC) terms
analysis was performed using Metascape (45). These poten-
tial SIRT3-interacting proteins and enriched GO-CC terms
are listed in Supplementary Table S2.

Western blot analysis

Cells were lysed in 1× SDS lysis buffer (62.5 mM Tris–
HCl (pH 6.8), 2% (wt/vol) SDS) and boiled for 10 min at
105◦C. Whole cell lysates were quantified using a Pierce®

Microplate BCA Protein Assay Kit (Thermo Fisher Scien-
tific, #23252), and then mixed with 1× SDS loading buffer.
The prepared samples were subjected to SDS-PAGE sepa-
ration and electrotransferred to PVDF membranes (Milli-
pore). Membranes were then blocked with 5% non-fat milk
at room temperature and incubated with the indicated pri-
mary antibodies overnight at 4◦C. After several washes, the
membranes were incubated with appropriate secondary an-
tibodies conjugated with horseradish peroxidase (HRP) for
1 h at room temperature. The visualization and data pro-
cessing of western blot results were obtained using a Chemi-
Doc XRS+ system (Bio-Rad) and analyzed with ImageJ.

Antibodies used for western blot analysis are as fol-
lows: anti-SIRT3 (Cell Signaling Technology, 2627), anti-
SIRT3 (Cell Signaling Technology, 5490), anti-SIRT3 (Ab-
cam, ab189860), anti-SIRT3 (Sigma, S4072), anti-SIRT3
(Abgent, AP6242a), anti-P16 (BD Bioscience, 550834),
anti-P21 (Cell Signaling Technology, 2947), anti-�-Tubulin
(Immunoway, YM3030), anti-GAPDH (Santa Cruz, sc-
365062), anti-�-Actin (Santa Cruz, sc-69879), anti-COX
IV (Cell Signaling Technology, 4850), anti-KAP1 (Abcam,
ab10483), anti-Lamin B1 (Abcam, ab16048), anti-FLAG
(Sigma, F1804), anti-LAP2 (BD Bioscience, 611000),
anti-HP1� (Cell Signaling Technology, 2616), anti-HP1�
(Cell Signaling Technology, 2619), anti-LBR (Abcam,
ab32535), HRP-conjugated goat anti-mouse IgG (Jackson
ImmunoResearch Laboratories, 115-035-003) and HRP-
conjugated goat anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, 111-035-003).

RNA and DNA purification and analyses

For RNA analysis, total RNAs were first extracted using
TRIzol Reagent (Thermo Fisher Scientific) and genomic
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DNAs were removed with a DNA-free Kit (Thermo Fisher
Scientific). Then, cDNAs were reverse-transcribed using
the GoScript Reverse Transcription system (Promega) and
quantitative PCR (qPCR) was conducted using the SYBR
Green qPCR Mix (TOYOBO) in a CFX384 Real-Time sys-
tem (Bio-Rad). Primers used for qPCR analysis are listed in
Supplementary Table S1.

For DNA analysis, genomic DNAs were first extracted
using a DNA Extraction Kit (TIANGEN) and PCR
was then performed using PrimeSTAR DNA Polymerase
(TaKaRa) following the manufacturer’s protocols. Primers
used for PCR amplification are listed in Supplementary Ta-
ble S1.

Quantification of relative mtDNA content

Mitochondrial DNA (mtDNA) content was measured ac-
cording to the method described by Venegas et al. (46)
with minor modifications. The mtDNA content was de-
fined as the relative ratio between mitochondrial gene
(tRNALeu(UUR)) copy number and simultaneously mea-
sured copy number of a nuclear gene (�-2-microglobulin,
�2M) using qPCR analysis. The qPCR analysis was con-
ducted using a Bio-Rad CFX384 Real-Time system with
the SYBR Green qPCR Mix (TOYOBO). Briefly, total
hMSC DNAs were purified using Genomic DNA Buffer
Set/Genomic-tip 20/G Kit (QIAGEN). 0.5 ng genomic
DNAs were used to perform qPCR assays, which gener-
ated a datasheet with the CT value for each qPCR. Relative
mtDNA content was measured by the difference in �CT be-
tween the tRNALeu(UUR) and �2M genes, which was calcu-
lated as (�2M average CT) – (tRNALeu(UUR) average CT) =
�CT, 2 × 2(�CT) = mtDNA content. qPCR primers used to
calculate mtDNA content are listed in Supplementary Ta-
ble S1.

Three-dimensional (3D) imaging analysis

3D image reconstruction was conducted using Imaris soft-
ware as previously reported (47–49). In brief, SIRT3-
deficient hMSCs were transduced with lentiviruses express-
ing SIRT3-FLAG, and then prepared for immunofluores-
cence analysis. Primary antibodies used were anti-FLAG
(Sigma, F1804) and anti-Lamin B1 (Abcam, ab16048).
Imaging was captured with a Leica SP5 confocal system.
All images were acquired in an 8-bit TIFF format at 512 ×
512 pixels resolution. Z-stacks were taken at 200-nm inter-
vals. The image stacks were delivered into the Imaris soft-
ware package (Bitplane Scientific Solutions) to generate 3D
surface reconstruction images of confocal z-stacks. Using
Imaris software, the ‘Surfaces’ tool was used to create a 3D
rendering of each channel. Using these rendered surfaces, a
surface–surface colocalization function was used to visual-
ize and calculate the amount of overlapping area between
the SIRT3-FLAG surface and Lamin B1 surface.

Measurement of mitochondrial mass, reactive oxygen species
(ROS) and mitochondrial membrane potential (MMP)

For mitochondrial mass measurement, cells were incubated
with 10 �M of nonyl acridine orange (NAO, Invitrogen,

#A1372) for 10 min at 37◦C and then measured by flow cy-
tometry (BD LSRFortessa).

Total cellular ROS levels were measured using 2.5 �M
H2DCFDA (Invitrogen, #C6827) and mitochondrial ROS
levels were determined using 2.5 �M MitoSOX Red (Invit-
rogen, #M36008). Cells were stained with H2DCFDA or
MitoSOX Red for about 20 min at 37◦C in the dark, and
then analyzed by flow cytometry (BD LSRFortessa).

MMPs of hMSCs were measured with the Cell
MeterTM JC-10 Mitochondrial Membrane Potential
Assay Kit (AAT Bioquest, #22801) following the manu-
facturer’s instructions and a previous study (50). In brief,
cells were incubated with 1× JC-10 dye-loading solution at
37◦C for 15-30 min, then analyzed by flow cytometry (BD
LSRFortessa). The ratio of fluorescence intensities Ex/Em
= 490/590 (JC-10 aggregate emission) and 490/530 nm
(JC-10 monomer emission) (FL590/FL530) was calculated
to define MMP levels.

H2O2 concentration measurement

To determine the total H2O2 levels in the cells, Amplex
Red Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen,
#A22188) was used according to manufacturer’s instruc-
tions. Cells were lysed in lysis buffer and then centrifu-
gated at 20 000 g at 4◦C for 10 min. The resultant super-
natants were plated in a black, clear bottom 96-well plate.
The samples along with serial dilutions of H2O2 for the
standard curve were reacted with the working solution at
room temperature for 30 min, protected from light. Fluo-
rescence measurements of reaction product were performed
(excitation = 530 nm, emission = 590 nm) using a BioTek
spectrophotometer. Each point of the standard curve and
the cell samples were measured in triplicate.

Whole genome sequencing

Whole genome sequencing was performed as previously de-
scribed (37,51). Briefly, the total genomic DNAs per du-
plicate were extracted from 1 × 106 cells using a DNeasy
Blood & Tissue Kit (QIAGEN). DNA quality control, li-
brary construction and sequencing on Illumina HiSeq X
Ten platforms were performed in Novogene Bioinformatics
Technology Co., Ltd following standard protocols.

CNV analysis

Briefly, after quality control and adaptor trimming, reads
were aligned to the human hg19 genome. Then the num-
ber of reads for each consecutive 500-kb window was
counted using readCounter function in hmmcopy utils
(https://github.com/shahcompbio/hmmcopy utils). The
R/Bioconductor package HMMcopy (v1.26.0) (52) was
used to correct copy number, GC content and mappability.

RNA-seq

Library preparation and sequencing were performed as pre-
viously reported (53). Briefly, total RNAs were extracted
using TRIzol Reagent, genomic DNAs were removed us-
ing the DNA-free Kit and mRNAs were purified by Poly

https://github.com/shahcompbio/hmmcopy_utils
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(A) enrichment. Library construction was conducted using
a NEBNext® Ultra™ Directional RNA Library Prep Kit
for Illumina (NEB) according to the manufacturer’s instruc-
tion. Library quality control and sequencing on Illumina
HiSeq X Ten platforms were performed by Novogene Bioin-
formatics Technology Co., Ltd.

RNA-seq data processing

RNA-seq data processing was performed as previously de-
scribed (32). First, low-quality reads and adaptors were
removed using TrimGalore (v0.4.4 dev) (54). Clean reads
were aligned to the UCSC human hg19 genome us-
ing HISAT2 software (v2.1.0) (54). Counts for anno-
tated genes were generated using HTSeq (v0.6.1) (55). The
R/Bioconductor package DESeq2 (56) was used to iden-
tify differentially expressed genes with a cutoff Benjamini-
Hochberg adjust P-value less than 0.05 and |log2(fold
change)| > 0.58. Enrichment analysis was performed using
Toppgene (57) (https://toppgene.cchmc.org/) with adjusted
P-value < 0.05.

For repetitive elements analysis, after quality control
and adaptor trimming, reads were aligned to the human
hg19 genome (RepEnrich2 provided setup) using Bowtie2
(v2.2.9). Unique and multi-mapped reads were assigned
to repetitive elements using RepEnrich2 software. Differ-
entially expressed repetitive elements were analyzed with
edgeR (58) on the fractional counts data. Repetitive ele-
ments with a Benjamini-Hochberg adjusted P-value of less
than 0.05 and |log2(fold change)| > 0.5 were considered as
significant (59).

DamID-seq

Library preparation and sequencing for DamID-seq were
performed as previously described (37). In brief, SIRT3+/+

or SIRT3–/– hMSCs were transduced with lentiviruses ex-
pressing Dam-only or Dam-Emerin (EMD). Cells were col-
lected at 72 h after transduction and genomic DNAs were
isolated using a DNeasy Blood & Tissue Kit (QIAGEN).
Genomic DNAs were subjected to DpnI digestion, adaptor
ligation, DpnII digestion, PCR amplification, purification,
sonication, and AlwI digestion. DNA library construction
was conducted using a NEBNext Ultra DNA Library Prep
Kit for Illumina (New England Biolabs). Library quality
control and sequencing using Illumina HiSeq X Ten plat-
forms were performed by Novogene Bioinformatics Tech-
nology Co., Ltd.

DamID-seq data processing

DamID-seq data processing was performed as previously
described (37,51). First, low-quality reads were removed
and Dam and Dam-EMD adaptor sequences were trimmed
using TrimGalore (v0.4.4 dev) software. Clean reads were
aligned to the UCSC human hg19 genome using bowtie2
(v2.2.9) with default parameters. Reads aligned to mi-
tochondrial DNA (chrM) or with low mapping quality
(MAPQ score < 10) were removed using samtools (v1.9).
Duplicate reads were also removed using Picard for fu-
ture analysis. To eliminate bias introduced by sequencing

depth, replicates for each sample were merged and the same
numbers of high-quality reads were randomly sampled for
merged bams. To quantify the DamID signals, we calculated
the log2 ratio of Dam-EMD and Dam signals [log2 (Dam-
EMD/Dam)] for each 10-base-pair (bp) bin using deep-
Tools (version 3.3.0) software. The R/Bioconductor pack-
age HMMt was used to identify LADs (60).

Identification of LAD-localized repetitive elements and
protein-coding genes

Analysis of LAD-localized repetitive elements and protein-
coding genes was performed as previously described (51)
with some modifications. Briefly, the annotations of repet-
itive elements (from HOMER) or protein-coding genes
were intersected with LAD regions using the findOver-
lapPairs function in R/Bioconductor package Genomi-
cRanges (v1.36.0). Repetitive elements with DamID signals
≥ 0 and protein-coding genes with overlapping ratios ≥ 0.8
were identified as LAD-localized repetitive elements and
protein-coding genes, respectively.

Determination of expression levels of LAD-localized repeti-
tive elements

To determine the expression levels of repetitive elements
within LAD regions, cleaned reads from RNA-seq were re-
aligned to the human hg19 genome using STAR (v5.21)
as previously described (61). The normalized read counts
were calculated by RPKM (reads per kilobase per million
mapped reads) for each 10 bp using the bamCoverage func-
tion and then the expression level of each repetitive element
within LAD regions was calculated using the multiBigwig-
Summary function.

ATAC-seq

Library preparation and sequencing were performed as pre-
viously reported (51). Briefly, 50 000 SIRT3+/+ or SIRT3–/–

hMSCs were washed twice with 500 �l ice-cold PBS and dis-
sociated in 50 �l lysis buffer (10 mM Tris-HCl pH 7.4, 10
mM NaCl, 3 mM MgCl2, 0.1% (v/v) Nonidet P-40 Sub-
stitute). The sample was then centrifuged at 500 g for 10
min at 4◦C, followed by incubation at 37◦C for 30 min sup-
plemented with 50 �l transposition reaction mix (10 �l
5× TTBL buffer, 4 �l TTE mix and 36 �l nuclease-free
H2O) from the TruePrep DNA Library Prep Kit V2 for Il-
lumina (Vazyme Biotech). After tagmentation, fragmented
DNAs were purified with AMPure XP beads (Beckman
Coulter). TruePrep DNA Library Prep Kit V2 for Illumina
and TruePrep Index Kit V2 for Illumina (Vazyme Biotech)
were used to amplify the library. Libraries were purified and
selected using AMPure XP beads. Library quality control
and sequencing using Illumina HiSeq X Ten platforms were
performed by Novogene Bioinformatics Technology Co.,
Ltd.

ATAC-seq data processing

For ATAC-seq data analysis, quality control and adaptor
trimming were first performed by TrimGalore (v0.4.4 dev).

https://toppgene.cchmc.org/
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Clean reads were then aligned to the human hg19 genome
using Bowtie2 (v2.2.9) with default parameters. Reads
aligned to mitochondrial DNA (chrM) or with low map-
ping quality (MAPQ score < 10) were removed using
samtools (v1.9) (62). Duplicate reads were also removed
using Picard software (v1.113). To avoid the bias intro-
duced by sequencing depth, replicates for each sample were
merged and the same numbers of high-quality reads were
randomly sampled for merged bams. Each read was ex-
tended by 250 bp and normalized by RPKM for each
10-bp using bamCoverage function in deepTools (v3.3.0)
software (63).

After excluding blacklisted regions, peak calling was per-
formed using MACS2 (v2.1.2) with parameter “–nomodel
–shift 0 –extsize 250” (64). Genome annotations for ATAC-
seq peaks were performed using the annotatePeaks func-
tion in HOMER software (65). The R/Bioconductor pack-
age DiffBind (v2.12.0) (66) was used to identify differen-
tial peaks occupancy with the DESeq2 method. Consensus
peaks with absolute fold difference > 1 and FDR < 0.05
were considered as differentially enriched peaks. Remaining
peaks were classified as shared peaks.

Statistical analysis

Statistical data are presented as the means ± SEM. Two-
tailed Student’s t-test was conducted using the GraphPad
Prism 8 software. P < 0.05 (*), P < 0.01 (**) and P < 0.001
(***) are considered statistically significant.

RESULTS

Downregulation of SIRT3 during hMSC senescence

SIRT3 downregulation has been put forward as an indicator
of aging in mice (17,67). To determine the expression pat-
tern of SIRT3 during human stem cell senescence, we first
evaluated SIRT3 expression in replicative senescent hM-
SCs that were characterized by the upregulation of classical
senescence markers P16 and P21 and the downregulation of
nuclear lamina and heterochromatin-associated proteins in-
cluding Lamin B1, KAP1, LAP2, HP1� and HP1� (Figure
1A and Supplementary Figure S1A). We observed that the
protein levels of SIRT3 were decreased in replicative senes-
cent hMSCs (Figure 1A).

SIRT3 deficiency accelerates hMSC senescence

To explore a potential geroprotective role of SIRT3
in hMSCs, we knocked out SIRT3 in hESCs using
CRISPR/Cas9-based gene editing (Figure 1B and Supple-
mentary Figure S1B). Gene editing using sgRNAs led to
a single base-pair insertion (G/C) in exon 3 of SIRT3, re-
sulting in the depletion of SIRT3 (Figure 1B-C and Sup-
plementary Figure S1B-D). No off-target cleavage was de-
tected at the top ten predicted sites (Supplementary Fig-
ure S1E). Genome-wide copy number variation (CNV)
and karyotype analysis demonstrated that genomic stabil-
ity and integrity were maintained in SIRT3–/– hESCs (Fig-
ure 1D and Supplementary Figure S1F). As observed in
SIRT3+/+ hESCs, SIRT3–/– hESCs expressed pluripotency
markers including NANOG, SOX2 and OCT4 (Figure 1E

and Supplementary Figure S1G). In addition, SIRT3 defi-
ciency did not affect DNA hypomethylation at the OCT4
promoter in hESCs (Supplementary Figure S1H). To eval-
uate the differentiation potential of SIRT3–/– hESCs, we
conducted teratoma formation analysis and observed com-
parable differentiation capacities into three germ layers
relative to SIRT3+/+ hESCs (Supplementary Figure S1I).
Immunofluorescence staining and flow cytometry analy-
sis further showed comparable Ki67-positive cells, cell cy-
cle status, and mitochondrial mass in both SIRT3+/+ and
SIRT3–/– hESCs (Figure 1F and Supplementary Figure S1J
and K). Altogether, these data indicate that SIRT3 may be
dispensable for the maintenance of genomic stability and
pluripotency in hESCs.

We then differentiated SIRT3+/+ and SIRT3–/– hESCs
into hMSCs (Figure 2A). Both SIRT3+/+ and SIRT3–/–

hMSCs expressed canonical hMSC markers such as CD73,
CD90 and CD105 (Supplementary Figure S2A). SIRT3
ablation in hMSCs was verified by western blot analy-
sis (Figure 2B). The genomic integrity of SIRT3–/– hM-
SCs was well maintained as shown by CNV analysis (Sup-
plementary Figure S2B). Compared with SIRT3+/+ hM-
SCs, SIRT3–/– hMSCs were able to differentiate into all
three lineages including adipocytes, chondrocytes and os-
teoblasts, though with a reduced ability to differentiate
toward adipocytes or chondrocytes (Supplementary Fig-
ure S2C-E). SIRT3–/– hMSCs exhibited retarded cellular
growth as indicated by impaired hMSC proliferation, re-
stricted clonal expansion, decreased Ki67-positive cells, re-
duced S phase and prolonged G2/M phase (Figure 2C-E
and Supplementary Figure S2F). Moreover, SIRT3 defi-
ciency accelerated hMSC senescence, as manifested by in-
creased senescence-associated �-galactosidase (SA-�-gal)
staining, upregulated expression of IL6, IL8 and P21,
downregulated expression of Lamin B1 and LAP2, and
larger nuclei and increased DNA damage (Figure 2F-J). We
next evaluated the in vivo retention ability of SIRT3–/– hM-
SCs and found accelerated decay of SIRT3–/– hMSCs at
the engrafted sites (Figure 2K). These findings indicate that
SIRT3 prevents hMSCs from accelerated senescence.

SIRT3 interacts with nuclear lamina proteins and
heterochromatin-associated proteins

Given that SIRT3 has been implicated in regulating mi-
tochondrial homeostasis (68), we evaluated mitochondrial
function in SIRT3–/– hMSCs using a series of indices. Elec-
tron microscopy analysis revealed that SIRT3 knockout in
hMSCs led to an increase in mitochondrial number and
a decrease in mitochondrial size (Supplementary Figure
S2G). Consistently, mitochondrial mass and mitochondrial
DNA copy number were also increased in SIRT3–/– hMSCs
(Supplementary Figure S2H and I). In addition, flow cy-
tometry analysis showed that the absence of SIRT3 in hM-
SCs resulted in increased mitochondrial and cellular ROS
levels (Supplementary Figure S2J-L), along with decreased
mitochondrial membrane potential (Supplementary Figure
S2M). These findings suggest that SIRT3 plays an impor-
tant role in the maintenance of mitochondrial homeostasis
in hMSCs.
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Figure 1. Downregulation of SIRT3 in senescent hMSCs and generation of SIRT3-deficient hESCs. (A) Western blot analysis of SIRT3, P16 and P21
expression in replicative senescent hMSCs. Early passage (EP), passage 4 (P4); late passage (LP), P14. �-Tubulin was used as loading control. Data are
presented as the means ± SEM. n = 3. *P < 0.05; **P < 0. 01; ***P < 0. 001. (B) Schematic diagram of SIRT3 gene editing strategy using CRISPR/Cas9-
mediated non-homologous end-joining (NHEJ) in hESCs. The SIRT3 sgRNA is shown in blue. 1-bp insertion (shown in red) was identified by DNA
sequencing. (C) Western blot analysis of SIRT3 in SIRT3+/+ and SIRT3–/– hESCs. GAPDH was used as a loading control. Data are presented as the
means ± SEM. n = 3. ***P < 0.001. (D) Copy number variation (CNV) analysis of SIRT3+/+ and SIRT3–/– hESCs by whole genome sequencing. (E)
Immunofluorescent (IF) images of pluripotency markers NANOG, SOX2 and OCT4 and phase-contrast images for SIRT3+/+ and SIRT3–/– hESCs. Scale
bar, 25 �m (IF images) and 250 �m (phase-contrast images). (F) Immunofluorescence analysis of Ki67 in SIRT3+/+ and SIRT3–/– hESCs. Scale bar, 10
�m. The statistical analysis of Ki67-positive cells is shown on the right. Data are presented as the means ± SEM. n = 3. ns, not significant.

Previous studies have indicated the important function
of nuclear-localized SIRT3 in a set of biological processes
(24). To investigate the molecular mechanism underlying
hMSC senescence phenotypes caused by SIRT3 deficiency,
especially its function in the nucleus, we sought to iden-
tify novel SIRT3-interacting nuclear proteins. To this end,
FLAG-tagged SIRT3 was expressed in HEK293T cells and
immunoprecipitation (IP) was performed using an anti-
FLAG antibody-conjugated affinity gel followed by LC-
MS/MS (IP-MS) analysis (Figure 3A). As expected, many
SIRT3-interacting proteins were mitochondrial-localized
proteins identified previously (Figure 3B and Supplemen-
tary Table S2), such as IDH2 (Supplementary Figure S3A),

a known SIRT3 substrate (18). Intriguingly, there were
also many SIRT3-interacting proteins located in the nu-
cleus including the nuclear envelope protein, Lamin B1,
and the heterochromatin-associated protein KAP1 (Fig-
ure 3B and C, Supplementary Figure S3A and Table S2).
Co-immunoprecipitation (co-IP) verified the interaction be-
tween SIRT3 and Lamin B1 (Figure 3D and E), as well as
other nuclear-localized proteins including the heterochro-
matin proteins KAP1, HP1� and HP1� , and the nuclear
envelope protein LBR (Figure 3D-E and Supplementary
Figure S3B). Interactions between SIRT3 and these nuclear
proteins were further supported by the presence of SIRT3
protein in the nuclear fraction in subcellular fractionation
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Figure 2. SIRT3 deficiency accelerates hMSC senescence and cellular dysfunction. (A) Schematic diagram showing the generation of SIRT3+/+ and
SIRT3–/– hMSCs from hESCs. (B) Western blot analysis of SIRT3 in SIRT3+/+ and SIRT3–/– hMSCs at EP (P4). �-Actin was used as a loading control.
(C) Growth curve showing cumulative population doubling of SIRT3+/+ and SIRT3–/– hMSCs. Data are presented as the means ± SEM. n = 3. ns, not
significant; *P < 0.05; ***P < 0.001. (D) Clonal expansion analysis of SIRT3+/+ and SIRT3–/– hMSCs at EP (P4) and LP (P9). Data are presented as
the means ± SEM. n = 3. ***P < 0.001. (E) Immunofluorescence analysis of Ki67 in SIRT3+/+ and SIRT3–/– hMSCs at EP (P4) and LP (P9). Scale bar,
25 �m. The statistical analysis of Ki67-positive cells is shown on the right. Data are presented as the means ± SEM. n = 3. **P < 0.01; ***P < 0.001. (F)
SA-�-gal staining of SIRT3+/+ and SIRT3–/– hMSCs at EP (P4) and LP (P9). Scale bar, 50 �m. Data are presented as the means ± SEM. n = 3. **P < 0.01;
***P < 0.001. (G) RT-qPCR analysis for the expression of IL6, IL8, LMNB1 (Lamin B1) and TMPO (LAP2) in SIRT3+/+ and SIRT3–/– hMSCs at EP
(P4) and LP (P9). Data are representative of three independent experiments. (H) Western blot analysis of P21, LAP2 and SIRT3 in SIRT3+/+ and SIRT3–/–

hMSCs at EP (P4) and LP (P9). �-Tubulin was used as loading control. Data are presented as the means ± SEM. n = 3. **P < 0.01; ***P < 0.001. (I)
Nuclear area analysis in SIRT3+/+ and SIRT3–/– hMSCs at EP (P4) and LP (P9). Nuclei were stained with Hoechst 33342 and nuclear area was measured
with ImageJ. Scale bar, 5 �m. Data are presented as the means ± SEM. n ≥ 150. ***P < 0.001. (J) Immunofluorescence analysis of �H2AX and 53BP1
in SIRT3+/+ and SIRT3–/– hMSCs at EP (P4) and LP (P9). Scale bar, 10 �m. The statistical analysis of �H2AX and 53BP1 double-positive cells is shown
on the right. Data are presented as the means ± SEM. n = 3. **P < 0.01; ***P < 0.001. (K) Photon flux from tibialis anterior (TA) muscles of nude mice
transplanted with SIRT3+/+ (left) or SIRT3–/– hMSCs (right) expressing luciferase. Luciferase activity in TA tissue was detected using an in vivo imaging
system (IVIS). Data are presented as the means ± SEM. n = 5. ns, not significant; *P < 0.05.
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Figure 3. SIRT3 interacts with nuclear lamina and heterochromatin-associated proteins. (A) Schematic workflow of co-IP followed by LC-MS/MS analysis
for identifying SIRT3-interacting proteins. FLAG-tagged Luc was used as negative control. (B) Gene Ontology Cellular Component (GO-CC) enrichment
analysis of SIRT3-interacting proteins identified by mass spectrometry. (C) Lamin B1 and KAP1 were identified as novel interacting proteins of SIRT3
by mass spectrometry. (D) Co-IP analysis for the interactions between indicated proteins and SIRT3-FLAG in HEK293T cells. (E) Co-IP analysis for the
interactions of KAP1, Lamin B1, HP1� with SIRT3 in SIRT3–/– hMSCs. (F) Western blot analysis of SIRT3 in the fractions of nucleus and mitochondria
isolated from SIRT3+/+ hMSCs. The black arrow indicates the expected position of SIRT3. Lamin B1 and COX IV were used as marker proteins for nuclear
and mitochondrial fractions, respectively. (G) Three-dimensional reconstruction images showing the colocalization of SIRT3 with Lamin B1 in SIRT3–/–

hMSCs expressing FLAG-tagged SIRT3. SIRT3 (FLAG) is shown in green, Lamin B1 is marked in red and the colocalization of SIRT3 and Lamin B1 is
shown in yellow. Scale bar, 4 �m. (H) Immunofluorescence analysis of H3K9me3 in SIRT3+/+and SIRT3–/– hMSCs at EP (P4) and LP (P9). Scale bar, 25
�m. Data are presented as the means ± SEM. n > 200. ***P < 0.001. (I) Immunofluorescence analysis of Lamin A/C in SIRT3+/+and SIRT3–/– hMSCs
at EP (P4) and LP (P9). Scale bar, 25 �m. The white arrow indicates abnormal nuclear envelope. The statistical analysis of abnormal nuclear envelope is
shown on the right. Data are presented as the means ± SEM. n = 3. **P < 0.01. (J) Western blot analysis of Lamin B1, KAP1 and HP1� in SIRT3+/+

and SIRT3–/– hMSCs at EP (P4) and LP (P9). �-Tubulin was used as loading control. Data are presented as the means ± SEM. n = 3. *P < 0.05; **P <

0.01; ***P < 0.001.
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Figure 4. DamID-seq and ATAC-seq analyses in SIRT3+/+ and SIRT3–/– hMSCs. (A) Schematic diagram showing the workflow for DamID-seq library
preparation and sequencing. Dam-Emerin expression in hMSCs drives the methylation of adenines near the nuclear envelope by the DNA adenine methyl-
transferase (Dam). Genomic DNA sequence containing Dam-methylated sites was specifically cut using Dpn I, PCR amplified, and then used for library
construction and high-throughput sequencing. A parallel control ‘Dam only’ was used to account for background Dam signals. (B) Line plot (left) and
heatmaps (right) showing reduced DamID signals [log2 (Dam-EMD/Dam)] at LAD regions in SIRT3–/– hMSCs compared to SIRT3+/+ hMSCs at EP
(P4) and LP (P9). (C) Ideogram showing the loss of DamID signals in SIRT3–/– hMSCs compared to those in SIRT3+/+ hMSCs at LP (P9) over 23
chromosomes. The color key from blue to red represents relatively low to high DamID signals in SIRT3–/– hMSCs compared to those in SIRT3+/+ hM-
SCs. (D) Line plots showing the loss of DamID signals at heterochromatin regions and LAD-localized satellite repetitive elements in SIRT3–/– hMSCs



4214 Nucleic Acids Research, 2021, Vol. 49, No. 8

assay (Figure 3F). To further interrogate the newly identi-
fied interactions between SIRT3 and these nuclear proteins
in hMSCs, we transduced SIRT3–/– hMSCs with lentivi-
ral vectors expressing FLAG-tagged SIRT3. 3D reconstruc-
tion of z-stack images capturing FLAG and Lamin B1 im-
munofluorescence revealed that SIRT3 and Lamin B1 co-
localized at the nuclear periphery in addition to its pri-
mary localization in the mitochondria (Figure 3G). Taken
together, these findings imply a potentially uncharacterized
role of SIRT3 in the nucleus, likely via the interaction with
nuclear lamina and heterochromatin-associated proteins.

SIRT3 deficiency leads to loss of heterochromatin and dere-
pression of repetitive sequences

To specifically examine the effects of SIRT3 depletion
on the regulation of nuclear envelope and heterochro-
matin organization in hMSCs, we further conducted elec-
tron microscopy analysis, and examined the heterochro-
matin mark H3K9me3 (69). Both approaches showed
that SIRT3 deficiency accelerated the loss of heterochro-
matin in hMSCs over passaging (Figure 3H and Sup-
plementary Figure S3C). Meanwhile, the percentage of
cells with an irregular nuclear envelope in SIRT3–/– hM-
SCs was much higher compared with that in SIRT3+/+

hMSCs (Figure 3I). In addition, western blot analysis
demonstrated decreased expression of nuclear envelope and
heterochromatin-associated proteins including Lamin B1,
KAP1 and HP1� in SIRT3–/– hMSCs (Figure 3J).

Lamina-associated domains (LADs) comprise the ge-
nomic heterochromatin regions associated with the nuclear
lamina (70,71). It has been reported that heterochromatin
disorganization and loss of LADs are defined drivers of ag-
ing (29,31,37,51,69). To further dissect the role of SIRT3 in
heterochromatin regulation, we used DNA adenine methyl-
transferase identification with high-throughput sequenc-
ing (DamID-seq) to map LAD regions in SIRT3+/+ and
SIRT3–/– hMSCs (Figure 4A and Supplementary Figure
S4A and B, Table S3). We found that the DamID signals
were decreased in SIRT3–/– hMSCs (Figure 4B-C and Sup-
plementary Figure S4C), especially those at heterochro-
matin regions and satellite, rRNA and LTR repetitive se-
quences within LADs (Figure 4D and Supplementary Fig-
ure S4D and E). These data indicate detachment of LADs
from the nuclear lamina associated with heterochromatin
loss, consistent with morphological anomalies in the nuclei
of SIRT3–/– hMSCs. In line with the DamID-seq results,

data from assay for transposase accessible chromatin using
sequencing (ATAC-seq) revealed a more open chromatin
state in the absence of SIRT3 (Figure 4E–H, Supplemen-
tary Figure S4F–I and Table S3), especially in LADs and
LAD-localized repetitive sequences (satellite, rRNA, LTR)
(Figure 4F–H and Supplementary Figure S4H and I). Con-
sistent with the changes in chromatin state, further RNA
sequencing (RNA-seq) and reverse transcription and quan-
titative PCR (RT-qPCR) analysis showed that the expres-
sion of most repetitive elements including satellite, rRNA
and LTR, was increased in SIRT3–/– hMSCs compared
with SIRT3+/+ hMSCs (Figure 4I-K, Supplementary Fig-
ure S4J-O, and Table S4). These findings demonstrate that
SIRT3 deficiency in hMSCs leads to loss of heterochro-
matin, detachment of LADs from the nuclear lamina, and
enhancement of transcription from genomic repetitive se-
quences. Meanwhile, we observed decreased DamID sig-
nals, increased chromatin accessibility and transcription of
LAD-localized protein-coding genes in SIRT3–/– hMSCs
compared with those in SIRT3+/+ hMSCs (Supplementary
Figure S4P-R), further indicating a more open and active
chromatin state of LAD regions upon SIRT3 deficiency.

Re-introduction of SIRT3 attenuates heterochromatin loss
and hMSC senescence

To further evaluate the role of SIRT3 in regulating het-
erochromatin homeostasis and hMSC senescence, we re-
introduced SIRT3 in SIRT3–/– hMSCs (Figure 5A). The
re-introduction of SIRT3 not only promoted the expres-
sion of heterochromatin markers H3K9me3, HP1�, KAP1,
but also increased the protein level of Lamin B1 and re-
duced nuclear envelope irregularity (Figure 5B-F). Con-
comitantly, increased proliferation ability and decreased
SA-�-gal-positive cells were observed in SIRT3–/– hMSCs
upon the re-introduction of SIRT3 (Figure 5G-I). Likewise,
promoting heterochromatin condensation by overexpres-
sion of heterochromatin proteins KAP1 or nuclear lamina
protein Lamin B1 also attenuated the senescence of SIRT3-
deficient hMSCs (Figure 5J-L).

Next, we overexpressed SIRT3 in primary hMSCs iso-
lated from an old individual, and observed increased expres-
sion of heterochromatin-associated markers and reduced
abnormal nuclear envelope (Figure 5M-P). Furthermore,
overexpression of SIRT3 alleviated senescence in physiolog-
ically aged hMSCs (Figure 5Q-S). Altogether, these results

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
compared to those in SIRT3+/+ hMSCs at EP (P4) and LP (P9). (E) Schematic diagram showing the workflow for ATAC-seq library preparation and
sequencing. (F) Left, heatmaps showing the ATAC signals within LAD and inter-LAD regions in SIRT3+/+ hMSCs and SIRT3–/– hMSCs at LP (P9).
Right, violin plot showing the ATAC signals within LADs in SIRT3+/+ hMSCs and SIRT3–/– hMSCs at LP (P9). ***P < 0.001. (G) Left, the distribu-
tion of differential ATAC-seq peaks within LAD or inter-LAD regions of SIRT3–/– hMSCs compared to those of SIRT3+/+ hMSCs at LP (P9). Right,
violin plots showing increased accessibility at heterochromatin regions and LAD-localized satellite repetitive elements in SIRT3–/– hMSCs compared to
those in SIRT3+/+ hMSCs at LP (P9). ***P < 0.001. (H) Representative tracks of DamID-seq and ATAC-seq signals showing decreased DamID signals
along with increased ATAC-seq signals within LAD regions in SIRT3–/– hMSCs compared to those in SIRT3+/+ hMSCs at LP (P9). (I) RNA-seq anal-
ysis showing repetitive elements (REs) that were differentially expressed in SIRT3–/– hMSCs compared to those in SIRT3+/+ hMSCs at EP (P3) and LP
(P7). (J) Line plots showing decreased DamID signals, increased chromatin accessibility and upregulated expression levels of LAD-localized repetitive
sequences in SIRT3–/– hMSCs at LP (P7 for RNA-seq and P9 for DamID-seq and ATAC-seq) compared to SIRT3+/+ hMSCs using a conjoint analysis
of DamID-seq, ATAC-seq and RNA-seq. LAD-localized repetitive sequences with higher expression levels in SIRT3–/– hMSCs at LP (P7) were processed
for conjoint analysis. (K) Heatmap showing the relative RNA expression levels of repetitive elements in SIRT3–/– hMSCs compared to those in SIRT3+/+

hMSCs at EP (P4) and LP (P9) using RT-qPCR analysis. Expression levels of repetitive elements were normalized to SIRT3+/+ hMSCs at EP (P4). Data
are representative of three independent experiments.
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Figure 5. Overexpression of SIRT3 alleviates hMSC senescence. (A) Western blot analysis showing the levels of SIRT3 and FLAG-tagged proteins in
SIRT3–/– hMSCs (P6) expressing Luc-FLAG or SIRT3-FLAG. �-Actin was used as loading control. (B) Immunofluorescence analysis of H3K9me3 in
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indicate that SIRT3 exerts a geroprotective role in hMSCs
at least in part by stabilizing heterochromatin.

DISCUSSION

In this study, we have uncovered a novel role for SIRT3
in safeguarding hMSCs from senescence. First, we found
reduced SIRT3 expression in hMSCs undergoing senes-
cence. Secondly, SIRT3 depletion accelerated senescence
in hMSCs. Thirdly, SIRT3 interacted with nuclear lamina
proteins and heterochromatin-associated proteins, thus in-
volved in nuclear envelope and heterochromatin organiza-
tion. Finally, the re-introduction of SIRT3 restored hete-
rochromatin and rescued hMSC senescence. In summary,
these observations suggest a new role of SIRT3 in the stabi-
lization of heterochromatin architecture and the alleviation
of hMSC senescence (Supplementary Figure S5), thus pro-
viding novel insights into the epigenetic mechanisms regu-
lating human stem cell homeostasis.

We gained these insights through generating SIRT3-
deficient hESCs using CRISPR/Cas9-editing and obtained
SIRT3-null hMSCs through directed differentiation, which
provides a valuable platform for current and future investi-
gations into the role of SIRT3 in regulating human stem cell
homeostasis. Based on these models, we found that SIRT3
was dispensable for the maintenance of hESC pluripotency.
Besides, SIRT3 deficiency in hESCs did not induce any
abnormality in the nuclear envelope, consistent with pre-
vious studies describing the tolerance of cellular defects
in pluripotent stem cells (72). In contrast, SIRT3-deficient
hMSCs (a type of somatic stem cells) exhibited accelerated
senescence with a variety of cellular dysfunctions, indicat-
ing a cell-type specific role of SIRT3 in regulating stem
cell homeostasis. In addition to SIRT3, other Sirtuins, such
as SIRT6 and SIRT7, have been implicated in protecting
hMSCs from accelerated senescence (37,73), suggesting the
conservation of different Sirtuin family members in regulat-
ing hMSC homeostasis.

As an important epigenetic layer in aging regulation, het-
erochromatin is characterized by extensive enrichment of
repetitive sequences, which are often repressed under nor-
mal conditions (69,74). By contrast, their aberrant activa-
tion has been implicated in senescence and in aging-related
disorders (51,69,75–79). By showing that SIRT3 inter-
acted with nuclear envelope proteins and heterochromatin-
associated proteins and that SIRT3 deficiency resulted in
reduced heterochromatin, decreased association between
LADs and nuclear lamina, increased heterochromatin ac-
cessibility, and aberrant activation of repetitive sequences,
our study revealed a novel role of nuclear SIRT3 in stabiliz-
ing heterochromatin organization and counteracting hMSC
senescence. Likewise, a nucleolar Sirtuin, SIRT7 has re-
cently been reported as a geroprotective heterochromatin
stabilizer (37). Furthermore, previous studies have reported
that SIRT6 and SIRT7 deficiency both result in the dere-
pression of LINE1 repetitive sequences, thus triggering the
innate immune response and accelerating cellular senes-
cence (37,80–82).

Previous studies have investigated the role of SIRT3 in the
regulation of cellular senescence, and most of them attribute
it to the modulation of mitochondrial functions (17,67,83).
Consistently, we observed profound mitochondrial defects
including increased mitochondrial ROS levels in SIRT3-
deficient hMSCs. Mitochondrial ROS may not only af-
fect DNA and histone modifications via the modulation of
epigenetic modifiers (84,85), but also lead to heterochro-
matin loss (86). Therefore, it is possible that mitochondrial-
localized SIRT3 may also contribute to safeguarding hM-
SCs from senescence.

Taken together, we identified SIRT3 as a novel hete-
rochromatin safeguard to counteract hMSC senescence. To-
gether with the known knowledge of SIRT3 in the mito-
chondria, our study uncovered a new nuclear activity of
SIRT3 in rejuvenating aged human stem cells. These find-
ings not only strengthen our understanding of the epige-
netic regulation of heterochromatin during human cellu-
lar senescence but also provide potential druggable tar-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
SIRT3–/– hMSCs (P6) expressing Luc or SIRT3. Scale bar, 25 �m. Data are presented as the means ± SEM. n > 300. ***P < 0.001. (C) Immunofluorescence
analysis of HP1� in SIRT3–/– hMSCs (P6) expressing Luc or SIRT3. Scale bar, 25 �m. Data are presented as the means ± SEM. n > 300. ***P < 0.001.
(D) Immunofluorescence analysis of KAP1 in SIRT3–/– hMSCs (P6) expressing Luc or SIRT3. Scale bar, 25 �m. Data are presented as the means ±
SEM. n > 300. ***P < 0.001. (E) Immunofluorescence analysis of Lamin B1 in SIRT3–/– hMSCs (P6) expressing Luc or SIRT3. Scale bar, 25 �m. Data
are presented as the means ± SEM. n > 300. ***P < 0.001. (F) Immunofluorescence analysis of Lamin A/C in SIRT3–/– hMSCs (P6) expressing Luc
or SIRT3. Scale bar, 25 �m. The white arrow indicates abnormal nuclear envelope. The statistical analysis of abnormal nuclear envelope is shown on the
right. Data are presented as the means ± SEM. n = 3. *P < 0.05. (G) Clonal expansion analysis of SIRT3–/– hMSCs (P6) expressing Luc or SIRT3. Data
are presented as the means ± SEM. n = 3. ***P < 0.001. (H) Immunofluorescence analysis of Ki67 in SIRT3–/– hMSCs (P6) expressing Luc or SIRT3.
Scale bar, 25 �m. The statistical analysis of Ki67-positive cells is shown on the right. Data are presented as the means ± SEM. n = 3. ***P < 0.001. (I)
SA-�-gal staining of SIRT3–/– hMSCs (P6) expressing Luc or SIRT3. Scale bar, 50 �m. Data are presented as the means ± SEM. n = 3. **P < 0.01. (J)
Clonal expansion analysis of SIRT3–/– hMSCs (P6) expressing Luc, KAP1 or Lamin B1. Data are presented as the means ± SEM. n = 3. **P < 0.01;
***P < 0.001. (K) Immunofluorescence analysis of Ki67 in SIRT3–/– hMSCs (P6) expressing Luc, KAP1 or Lamin B1. Scale bar, 25 �m. The statistical
analysis of Ki67-positive cells is shown on the right. Data are presented as the means ± SEM. n = 3. ***P < 0.001. (L) SA-�-gal staining of SIRT3–/–

hMSCs (P6) expressing Luc, KAP1 or Lamin B1. Scale bar, 50 �m. Data are presented as the means ± SEM. n = 3. **P < 0.01; ***P < 0.001. (M)
Immunofluorescence analysis of H3K9me3 in primary hMSCs (P10) expressing Luc or SIRT3. Scale bar, 25 �m. Data are presented as the means ± SEM.
n > 300. ***P < 0.001. (N) Immunofluorescence analysis of HP1� in primary hMSCs (P10) expressing Luc or SIRT3. Scale bar, 25 �m. Data are presented
as the means ± SEM. n > 300. ***P < 0.001. (O) Immunofluorescence analysis of KAP1 in primary hMSCs (P10) expressing Luc or SIRT3. Scale bar, 25
�m. Data are presented as the means ± SEM. n > 300. ***P < 0.001. (P) Immunofluorescence analysis of Lamin A/C in primary hMSCs (P10) expressing
Luc or SIRT3. Scale bar, 25 �m. The white arrow indicates abnormal nuclear envelope. The statistical analysis of abnormal nuclear envelope is shown on
the right. Data are presented as the means ± SEM. n = 3. **P < 0.01. (Q) Clonal expansion analysis of primary hMSCs (P10) expressing Luc or SIRT3.
Data are presented as the means ± SEM. n = 3. *P < 0.05. (R) Immunofluorescence analysis of Ki67 in primary hMSCs (P10) expressing Luc or SIRT3.
Scale bar, 25 �m. The statistical analysis of Ki67-positive cells is shown on the right. Data are presented as the means ± SEM. n = 3. ***P < 0.001. (S)
SA-�-gal staining of primary hMSCs (P10) expressing Luc or SIRT3. Scale bar, 50 �m. Data are presented as the means ± SEM. n = 3. ***P < 0.001.
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gets for the development of novel therapeutic strategies
to prevent stem cell decay and ameliorate aging-related
diseases.
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