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ABSTRACT

Zinc finger protein with KRAB and SCAN domains
3 (ZKSCAN3) has long been known as a master
transcriptional repressor of autophagy. Here, we
identify a novel role for ZKSCAN3 in alleviating
senescence that is independent of its autophagy-
related activity. Downregulation of ZKSCAN3 is ob-
served in aged human mesenchymal stem cells (hM-
SCs) and depletion of ZKSCAN3 accelerates senes-
cence of these cells. Mechanistically, ZKSCAN3
maintains heterochromatin stability via interaction
with heterochromatin-associated proteins and nu-
clear lamina proteins. Further study shows that
ZKSCAN3 deficiency results in the detachment of ge-
nomic lamina-associated domains (LADs) from the
nuclear lamina, loss of heterochromatin, a more ac-
cessible chromatin status and consequently, aber-
rant transcription of repetitive sequences. Overex-
pression of ZKSCAN3 not only rescues premature
senescence phenotypes in ZKSCAN3-deficient hM-
SCs but also rejuvenates physiologically and patho-
logically senescent hMSCs. Together, these data re-
veal for the first time that ZKSCAN3 functions as an
epigenetic modulator to maintain heterochromatin
organization and thereby attenuate cellular senes-

cence. Our findings establish a new functional link
among ZKSCAN3, epigenetic regulation, and stem
cell aging.

INTRODUCTION

Zinc finger protein with KRAB and SCAN domains 3
(ZKSCAN3) is a member of the Krüppel-associated box
domain zinc finger protein (KRAB-ZFP) family, the largest
family of transcription regulators of multiple cellular pro-
cesses including cell proliferation, apoptosis and neoplas-
tic transformation in higher vertebrates (1,2). There are
four subfamilies of KRAB-ZFPs, two with KRAB and
C2H2 zinc finger motifs and the other two with an addi-
tional SCAN (SCAN-ZFPs) or DUF3669 domain in the
N-terminus. The KRAB domain functions to repress tran-
scription, while the C2H2 zinc finger domain binds to spe-
cific DNA sequences. The function of the SCAN domain re-
mains poorly understood (1,3). As a member of the SCAN-
ZFP subfamily (4), ZKSCAN3 has been reported to pro-
mote cancer cell proliferation, migration and invasion (5–9).
Emerging evidence has shown that ZKSCAN3 negatively
regulates autophagosome formation and lysosomal biogen-
esis by repressing the expression of autophagy-related genes
including MAP1LC3B, ATG5, ATG12 and ATG3 in hu-
man cancer cells and mouse neurons (10–12). In contrast, a
recent study has reported that Zkscan3-knockout mice ex-
hibit no alterations in the expression of autophagy-related
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genes (13), raising the intriguing possibility that ZKSCAN3
may function in a species- and/or cell-type-specific manner.
Since autophagy is tightly associated with cellular senes-
cence and aging-related human diseases (14,15), whether
ZKSCAN3 exerts a geroprotective role needs to be clarified.

Stem cell exhaustion, which diminishes the regenerative
potential of various adult tissues, is considered to be a ma-
jor contributor to progressive impairment of physiologi-
cal integrity during aging and in aging-associated disorders
(16). Functional degeneration and reduction in the number
of human mesenchymal stem cells (hMSCs) have been ob-
served in physiologically aged individuals and prematurely
aged patients, such as those with Werner Syndrome (17–21).
Evidence suggests that stem cell aging and consequent ex-
haustion are tightly associated with epigenetic alterations
(21,22), however, the key epigenetic regulators responsible
for human stem cell aging remain largely unidentified.

Heterochromatin is structurally inaccessible and func-
tionally inactive. It typically comprises a high density of
repetitive DNA elements, such as satellite sequences (e.g.
ALR, Satellite 2 and ACRO1), and transposable elements
(TEs) including short interspersed elements (SINEs) (e.g.
SVA VNTR, SVA for short), long interspersed elements
(LINEs) (e.g. LINE1) and long terminal repeat (LTR)-
retrotransposons (e.g. LTR3B) (23–28). Notably, lamina-
associated domains (LADs), genomic regions that interact
extensively with the nuclear lamina, possess transcription-
ally inactive features similar to heterochromatin (29). Pre-
vious studies have demonstrated that LADs detach from
the nuclear lamina in oncogene-challenged cells (30). Struc-
turally, it has also been reported that chromatin in aged hu-
man cells shows more accessible than that in young counter-
parts (31,32). However, the precise architecture and acces-
sibility alterations of the genome during aging are largely
unknown. This is particularly true for the origin of changes
in repetitive sequence loci within LADs. Additionally, het-
erochromatin disorganization has been reported to corre-
late with abnormal activation of repetitive sequences (such
as LINE1) and give rise to genome instability, which is fre-
quently observed in aged tissues and cells (18,19,33–41). In
contrast, restoration of condensed heterochromatin delays
senescence in human cells (20–22,33), suggesting that the
stability of heterochromatin organization could be an ef-
fective target for intervention against aging (21,23,42,43).
While understanding the mechanisms underlying epige-
nomic instability is important to the field of geroscience, key
stabilizers of heterochromatin that exert a geroprotective ef-
fect have not been comprehensively explored.

Here, by combining CRISPR/Cas9-mediated gene
knockout and human embryonic stem cell (hESC)-directed
differentiation techniques, we generated ZKSCAN3-
deficient hMSCs and discovered that the absence of
ZKSCAN3 resulted in premature aging in hMSCs. In-
depth mechanistic investigation revealed that ZKSCAN3
did not regulate autophagy but functioned as a geropro-
tector to stabilize heterochromatin and counteract hMSC
senescence. This novel function for ZKSCAN3 in the
maintenance of heterochromatin stability is independent
of its role as an autophagy and lysosome regulator, thus
suggesting a new potential role for SCAN-ZFP family
proteins in the regulation of stem cell aging.

MATERIALS AND METHODS

Cell culture

ZKSCAN3+/+ and ZKSCAN3-/- hESCs (derived from
Line H9 from WiCell Research Institute) were cul-
tured either on mitomycin C-inactivated mouse embry-
onic fibroblast (MEF) feeders in hESC medium includ-
ing DMEM/F12 (Thermo Fisher Scientific), 20% Knock-
out Serum Replacement (Thermo Fisher Scientific), 1%
penicillin/streptomycin (Thermo Fisher Scientific), 2 mM
GlutaMAX (Thermo Fisher Scientific), 0.1 mM non-
essential amino acids (NEAAs, Thermo Fisher Scien-
tific), 55 �M �-mercaptoethanol (Thermo Fisher Scien-
tific), and 10 ng/ml bFGF (Joint Protein Central, In-
cheon, Korea) or on Matrigel (BD Biosciences)-coated
plates in mTeSR medium (STEMCELL Technologies).
hMSCs (hESC-derived or primary hMSCs) were cultured
in hMSC medium which contained MEM� basal medium
(Thermo Fisher Scientific), 10% fetal bovine serum (FBS,
Gemcell), 1% penicillin/streptomycin (Thermo Fisher Sci-
entific), 0.1 mM NEAAs (Thermo Fisher Scientific), and
1 ng/ml bFGF (Joint Protein Central, Incheon, Korea).
HEK293T cells were cultured in high glucose DMEM (Hy-
clone) supplemented with 10% FBS (Gibco). There was no
mycoplasma contamination observed during cell culture.

Generation of ZKSCAN3-/- hESCs

CRISPR/Cas9-mediated gene knockout was performed as
previously described (44,45). Briefly, guide RNA was de-
signed to target the ATG codon within exon 3 of the
ZKSCAN3 gene, and then cloned into pCAG-mCherry-
gRNA vector (Addgene #87110). H9 hESCs were cultured
on Matrigel-coated plates and treated with ROCK inhibitor
Y-27632 (Selleck) for 24 hr before being electroporated by
4D-Nucleofector (Lonza) with both 7 �g gRNA vector
and 14 �g pCAG-1BPNLS-Cas9-1BPNLS-2AGFP (Ad-
dgene #87109). Subsequently, cells were plated on Matrigel-
coated plates in mTeSR medium for 48 hr. GFP/mCherry
double-positive cells were then purified by fluorescence ac-
tivated cell sorting (FACS) and cultured on MEF feeders in
hESC culture medium. Guide RNA sequences for targeting
ZKSCAN3 locus and primers used for gene targeting and
off-target identification are listed in Supplementary Table
S1.

Generation and characterization of ZKSCAN3+/+ and
ZKSCAN3-/- hMSCs

Differentiation of ZKSCAN3+/+ and ZKSCAN3-/- hM-
SCs from hESCs was performed as previously described
(44,46–52). Briefly, hESCs were cultured on MEF feed-
ers for approximately three days and digested with Dis-
pase (Gibco) to obtain embryoid bodies (EBs) which were
plated in differentiation medium for 72 hr. The EBs were
transferred to Matrigel-coated plates in hMSC differentia-
tion medium (MEM� (Thermo Fisher Scientific), 10% fetal
bovine serum (FBS, Gemcell), 1% penicillin/streptomycin
(Thermo Fisher Scientific), 0.1 mM NEAAs (Thermo
Fisher Scientific), 1 ng/ml bFGF (Joint Protein Cen-
tral, Incheon, Korea) and 5 ng/ml TGF� (Humanzyme))
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for approximately 10 days. Cells were then plated on
Gelatin (Sigma)-coated plates and maintained in hMSC
culture medium until they reached 90% confluence. Next,
the differentiated cells were subjected to FACS to pu-
rify CD73, CD90, and CD105 (hMSC-specific surface
markers)-triple positive hMSCs; hMSC-irrelevant anti-
gens including CD34, CD43, and CD45 were also eval-
uated by FACS analysis. The following antibodies were
used for FACS: anti-CD73-PE (BD Biosciences, 550257),
anti-CD90-FITC (BD Biosciences, 555595), anti-CD105-
APC (BD Biosciences, 17-1057-42), anti-CD34-PE (BD
Biosciences, 555822), anti-CD43-FITC (BD Biosciences,
580198), and anti-CD45-FITC (BD Biosciences, 555482).
Anti-IgG-FITC (BD Biosciences, 555748), anti-IgG-PE
(BD Biosciences, 555749), and anti-IgG-APC (BD Bio-
sciences, 555751) antibodies were used as isotype controls.
Osteoblasts, chondrocytes and adipocytes were differenti-
ated as previously described (48) and characterized by von
Kossa staining (Genmed Scientifics, GMS80045.3), Tolui-
dine blue (sigma) staining and Oil red O staining (Sigma)
respectively, following the manufacturers’ instructions.

Isolation and culture of primary hMSCs

Primary hMSCs were isolated from the gingiva tissues
of different individuals as previously reported, with mod-
ification (22,52). Briefly, the tissues were cut into fine-
grained chippings and digested in TrypLE™ Express En-
zyme (Gibco) plus Dispase (Gibco) at 37◦C for 30 min.
The digested tissues were collected and fully dissociated
by pipetting up and down in hMSC medium. Cell suspen-
sion was then collected and centrifuged at 200 g for 5 min
at room temperature (RT). Subsequently, the supernatant
was removed and the pellet was cultured on Gelatin-coated
plates in hMSC culture medium for ∼14 days.

CNV identification

The genomic DNA from 1 × 106 hESCs or hMSCs was ex-
tracted using a DNeasy Blood & Tissue Kit (Qiagen). To
obtain DNA fragments of approximately 300 base pairs, the
extracted genomic DNA was subjected to ultrasonication
by Covaris. Sequencing libraries were constructed with the
Next DNA Library Prep Reagent Set for Illumina (NEB).
The published R package HMMcopy was used for CNV
identification (53). In brief, the genome was divided into
continuous 500-kb windows with readCounter, and the ab-
solute number of reads detected in each window was calcu-
lated. The copy number with GC and mappability correc-
tions was evaluated with HMMcopy.

Animal experiments

All animal experiments conducted in this study were ap-
proved by the Chinese Academy of Science Institutional
Animal Care and Use Committee. For the teratoma forma-
tion assay, hESCs were cultured on Matrigel-coated plates
and collected in a Matrigel/mTeSR (1:4) solution. Subse-
quently, the mixture was injected into the inguinal region
of NOD/SCID mice (male, 4-6 weeks). Teratoma data was
collected until the tumours reached a size of ∼10 mm in di-
ameter. The hMSC transplantation assay was carried out

as previously described (47). In brief, ∼1 × 106 hMSCs ex-
pressing luciferase were injected into the tibialis anterior
(TA) muscle of nude mice (male, 6-8 weeks). IVIS spectrum
imaging system (XENOGEN, Caliper) was used to detect
luciferase activity at 0, 2 and 4 days after injection.

Western blot

Cells were lysed using SDS lysis buffer (containing 4%
SDS and 100 mM Tris-HCl (pH=6.8)) and boiled at 105◦C
on a thermomixer for 10 min. Protein samples were di-
luted (ranging from 1:10 to 1:20) and protein concen-
tration was measured by BCA kit. About 20 �g pro-
tein per sample was subjected to SDS-PAGE and electro-
transferred to a PVDF membrane (Millipore). The mem-
brane was blocked with 5% skim milk (powder from BBI
Life Sciences) and incubated with primary antibodies for
∼12 hr at 4◦C, then with horseradish peroxidase (HRP)-
conjugated secondary antibodies. The visualization and
data processing were performed by a ChemiDoc XRS
system (Bio-Rad). Antibodies used in this study were as
follows: anti-ZKSCAN3 (Santa Cruz, sc-515285), anti-
HP1� (Cell Signaling Technology, #2616S) and anti-KAP1
(Abcam, Ab22553), anti-Lamin B1 (Abcam, Ab16048),
anti-LBR (Abcam, Ab32535), anti-P16 (BD Bioscience,
550834), anti-P21 (Cell Signaling Technology, #2947), anti-
�-actin (Santa Cruz, sc-69879), anti-Flag (Sigma, F1804)
and anti-GAPDH (Sigma, G8795).

DNA and RNA analyses

A DNA extraction kit (TIANGEN, Beijing, China) was
used to extract genomic DNA. PCR on genomic DNA
was performed using PrimeSTAR reagents (TAKARA).
The primers used for genomic DNA PCR are listed in
Supplementary Table S1. For total RNA extraction, cells
were collected in TRIzol (Thermo Fisher Scientific) and ge-
nomic DNA was removed using a DNA-free kit (Thermo
Fisher Scientific). GoScript Reverse Transcription System
(Promega) was used to generate cDNA. Quantitative re-
verse transcription PCR (RT-qPCR) was carried out with
the qPCR Mix (TOYOBO) using a CFX384 Real-Time
PCR system (Bio-Rad). The primers used for RT-qPCR
are listed in Supplementary Table S2. For RNA-seq, 1.5
�g total RNA was constructed into a sequencing library
using the Next Ultra RNA Library Prep Kit for Illumina
(NEB) following the manufacturer’s protocol. The libraries
were then sequenced on Illumina Hisses X-Ten platforms
with paired-end 150-bp sequencing. Quality control and se-
quencing were done by NoVo gene Bioinformatics Technol-
ogy.

RNA-seq data processing

RNA-seq data processing was performed as previously
described (50,54,55). The quality of RNA-seq reads was
inspected with FASTQC software (v0.11.6). Low quality
reads and Illumina adaptors were removed by TrimGalore
(v0.4.4 dev) with default parameters. Trimmed reads were
mapped to the UCSC human hg19 genome with HISAT2
software (v2.1.0) (56). Transcriptional expression levels of
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annotated genes were determined using HTSeq (v0.6.1)
(57). Differentially expressed genes (DEGs) were identi-
fied using DESeq2 (58) with a cut-off Benjamini-Hochberg-
adjusted P value < 0.05 and an absolute fold change (FC)
of > 1.5 (|log2FC| > 0.58). The Euclidian distance (R) was
based on DESeq2 regularized-logarithm (rlog) normalized
read counts. Autophagy- and lysosome-related genes were
obtained from the KEGG database (https://www.genome.
jp/kegg/) and are listed in Supplementary Table S3.

For repetitive sequence analyses (59), trimmed and fil-
tered reads were aligned to the human hg19 genome
(RepEnrich2 provided setup) using Bowtie2 (v2.2.9).
RepEnrich2 software was used to assign unique and multi-
mapped reads to repetitive sequences. Differentially ex-
pressed repetitive sequence analysis was performed with
DESeq2 (58) on the fractional counts data. Repetitive se-
quences with an adjusted P value < 0.05 and |log2FC| >
0.3 were considered statistically significant. GO term en-
richment analysis was performed using Toppgene (https://
toppgene.cchmc.org/) with an adjusted P value < 0.05 (60).
The differentially expressed genes and repetitive sequences
are listed in Supplementary Table S3.

Immunofluorescence staining

5 × 105 cells were seeded on coverslips (Thermo Fisher Sci-
entific), washed with PBS and fixed with 4% paraformalde-
hyde (PFA) for 30 min and permeabilized with 0.4% Tri-
ton X-100 in PBS for 30 min at RT. After washing with
PBS three times, the cells were blocked with 10% don-
key serum (Jackson ImmunoResearch) in PBS for 1 hr at
RT. The cells were then incubated with primary antibod-
ies in 10% donkey serum at 4◦C overnight. Afterwards,
cells were washed with PBS and stained with secondary an-
tibodies and Hoechst 33342 (Thermo Scientific) for 1 hr
at RT. A Leica SP5 confocal system was used for imag-
ing. Antibodies used in this study were as follows: anti-
Ki67 (ZSGB-BIO, ZM0166), anti-53BP1 (Bethyl Labora-
tories, A300-273A), anti-FOXA2 (Cell Signaling Technol-
ogy, 8186S), anti-SMA (Sigma, A5228), anti-TuJ1 (Sigma,
T2220), anti-H3K9me3 (Abcam, Ab8898), anti-NANOG
(Abcam, Ab21624), anti-OCT3/4 (Santa Cruz, sc-5279),
anti-SOX2 (Santa Cruz, sc-17320), and anti-LAP2 (BD
Bioscience, 611000), anti-HP1� (Cell Signaling Technology,
#2616S), and anti-Lamin A/C (Santa Cruz, sc-376248).

SA-�-gal staining

The SA-�-gal staining of hMSCs was conducted as previ-
ously described (50).

Clonal expansion assay

2,000 cells were seeded in each well of 12-well culture plates
and cultured for ∼2 weeks, after which point cells were fixed
with 4% PFA for 30 min and stained with 0.2% crystal violet
(Biohao, C0520) for 30 min at RT. The relative colony area
was then measured using ImageJ.

Lentivirus packaging

HEK293T cells were co-transfected with lentiviral overex-
pression plasmids and lentiviral vectors psPAX2 (Addgene

#12260) and pMD2.G (Addgene #12259). The viral parti-
cles were collected at 48 hr and 72 hr after transfection and
concentrated by ultracentrifugation at 19 400 g for 2.5 hr.

Plasmid construction

ZKSCAN3, KAP1, HP1α cDNAs were generated from
hMSC cDNA via PCR amplification and then cloned into
pLE4 vector that had been pre-cleaved by XhoI and MluI (a
kind gift from Dr. Tomoaki Hishida) (22). Cloning primers
are listed in Supplementary Table S2.

Cell cycle analysis

hESCs and hMSCs were collected and fixed in 70% ethyl
alcohol overnight at −20◦C. Cells were then washed with
PBS and stained in buffer containing 0.1% Triton X-100,
0.2 mg/ml RNase A and 0.02 mg/ml propidium iodide at
37◦C for 30 min. Next, samples were analysed with an LSR-
Fortessa cell analyser (BD), and data were analysed using
the ModFit software.

Co-immunoprecipitation (Co-IP)

The Co-IP experiments were performed as previously de-
scribed (52). Briefly, HEK293T cells were transfected with
Flag-Luc and Flag-ZKSCAN3 plasmids, collected and
lysed in CHAPS lysis solution (containing 0.3% CHAPS,
40 mM HEPES, 120 mM NaCl, 1 mM EDTA, and com-
plete protease inhibitor cocktail (Roche) at pH 7.5) at 4◦C
for 2 hr, following which the samples were centrifuged at
12 000 g at 4◦C for 30 min. The supernatants were col-
lected and mixed with anti-Flag antibody (Sigma, F1804)
coupled with beads (ANTI-FLAG® M2 Affinity Gel), and
rotated overnight at 4◦C. After centrifugation at 900 g at
4◦C for 2 min, the supernatant was discarded and the beads
were washed with CHAPS buffer three times. Samples were
eluted by Flag peptides (Sigma) at 4◦C for 2 hr. After cen-
trifugation, the supernatant was collected, mixed with 5
x SDS loading buffer and denatured at 105◦C on a ther-
momixer for 10 min in preparation for western blot analy-
sis.

LC-MS/MS analysis and protein identification

The eluted proteins from Co-IP were separated on a 10%
SDS-PAGE gel and stained with Coomassie brilliant blue.
After decolouration, the gel slice containing proteins of
interest was cut and subjected to dehydration (in 100%
acetonitrile), reduction (with 10 mM DTT in 25 mM
NH4HCO3 for 45 min at 56◦C) and alkylation (with 40 mM
iodoacetamide in 25 mM NH4HCO3 for 45 min at RT in the
dark) (22,52). Proteins were then digested into peptides by
sequencing grade trypsin (Worthington) overnight at 37◦C.
The resultant peptides were homogenized in 0.1% formic
acid and separated by the online Easy-nLC 1000 system
(Thermo Fisher Scientific) with a C18 reverse-phase col-
umn. The column was eluted with a linear gradient of 5–
30% acetonitrile in 0.2% formic acid at a rate of 300 nl/min
for 100 min. The mass spectra was acquired by nanoLC-
Q EXACTIVE (Thermo Fisher Scientific) equipped with a

https://www.genome.jp/kegg/
https://toppgene.cchmc.org/
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nano-ES ion source (Proxeon Biosystems). Full scan spec-
tra (from m/z 300 to 1600) was acquired in the Orbitrap
analyzer with a resolution of 60 000 at 400 m/z after the
accumulation of 1 000 000 ions. The five most intense ions
in each scan were selected for collision-induced dissociation
(CID) fragmentation in the linear ion trap after 3000 ions
were accumulated. The maximal filling time was set at 500
ms for the full scans and 150 ms for the MS/MS scans. The
dynamic exclusion list was defined as a maximum of 500
entries with a maximum retention period of 60 sec and a
relative mass window of 10 ppm.

The raw files were processed using MaxQuant software
(v1.3.0.5). The generated peak list files were analysed with
Thermo Proteome Discoverer (1.4.0.288) based on the
UniProt-proteome-human database (update-20160226).
The parameters for analysing were set as follows: trypsin
enzyme; up to two missed cleavages; alkylated cysteine as
fixed modification; oxidized methionine as variable modifi-
cations. MS tolerance was 10 ppm while MS/MS tolerance
was 0.02 Da. The required false discovery rate (FDR) was
set to 1% at peptide and protein levels, and the minimum
length for the acquired peptide was set to seven amino
acids. At least one unique or razor peptide per protein
group was required for protein identification. ZKSCAN3
interaction proteins are listed in Supplementary Table S4.

Transmission electron microscope (TEM)

ZKSCAN3+/+ and ZKSCAN3-/- hMSCs were collected en-
zymatically by TrypLE (Gibco) and centrifuged at 1500 g
for 5 min at RT. The pellets were fixed with 4% glutaralde-
hyde in PBS at 4◦C overnight. Samples were dehydrated
in a graded series of ethanol, infiltrated and embedded in
Lowicryl resin HM20. Two hundred nanometre sections
were obtained and imaged by a Spirit transmission electron
microscope (FEI Company) operating at 100 kV.

Telomere length analysis

Detection of telomere length by qPCR and Southern
blotting was conducted as previously described (51). The
primers used for detection of telomere length are listed in
Supplementary Table S2.

Induction of endogenous expression of ZKSCAN3 by using
CRISPR-dCas9 transcriptional activation system

The CRISPR/dCas9-mediated gene activation was per-
formed as previously described (61,62). In brief, guide
RNA targeting the transcriptional start site (TSS) locus of
ZKSCAN3 and two non-targeting controls (NTCs) were
constructed into lentiSAM v2 vector (Addgene #75112).
For the production of lentivirus particles, HEK293T cells
were co-transfected with lentiviral sgRNA plasmids or
lentiMPH v2 (Addgene #89308), along with psPAX2 (Ad-
dgene #12260) and pMD2.G (Addgene #12259). For the
induction of endogenous expression of ZKSCAN3, RS-
hMSCs were co-transduced with the produced LentiSAM
v2 and LentiMPH v2 as described above to transcription-
ally activate the expression of ZKSCAN3 for 48 hr before
selected with blasticidin and hygromycin for 7 days. The

selected cells were collected for the subsequent analysis of
ZKSCAN3 mRNA and protein expression levels and senes-
cence phenotypes.

ELISA analysis of the secretion of MCP1 and IL6

To analyse the protein secretion of MCP1 and IL6
in hMSCs, the supernatants from ZKSCAN3+/+ and
ZKSCAN3-/- hMSCs were gathered and centrifuged at 500
g for 5 min at RT. Then the supernatants were incubated
with MCP1 or IL6 antibody-coated ELISA plates accord-
ing to the manufacturer’s manual (MCP1 (R&D Systems),
IL6 (BioLegend)). Finally, the positive signals were detected
at 450 nm by using Synergy H1 (BioTek) and the measure-
ments were normalized by cell numbers for data analysis.

Chromatin immunoprecipitation (ChIP)-qPCR and ChIP-
seq

ChIP-qPCR and ChIP-seq were performed according to
previous protocols with slight modifications (22,44). Briefly,
1 × 106 hMSCs were crosslinked with 1% (vol/vol)
formaldehyde diluted in PBS for 8 min or 12 min. The
reaction was stopped by incubation in 0.125 M Glycine
for 5 min at RT. After washes with PBS, cells were re-
suspended in ice-cold lysis buffer (50 mM Tris–HCl, 10
mM EDTA, 1% SDS, pH 8.0) for 5 min. After sonication
by a Bioruptor® Plus device (Diagenode), supernatants
were incubated overnight at 4◦C with Protein A/G dyn-
abeads (Thermo Fisher Scientific, 10004D) conjugated with
anti-H3K9me3 (Abcam, Ab8898), anti-ZKSCAN3 (Santa
Cruz, sc-515285), or rabbit IgG (Cell Signaling Technol-
ogy, 2729S)/mouse IgG (Santa Cruz, sc-69786). Subse-
quently, elution and reverse cross-linking were performed
at 68◦C for 3 hr on a thermomixer. DNA was then isolated
by the phenol–chloroform–isoamylalcohol extraction and
ethanol precipitation method, after which purified DNA
was subjected to qPCR for evaluation of H3K9me3 or
ZKSCAN3 occupation at repetitive sequences. The primers
used for ChIP-qPCR are listed in Supplementary Table
S2. For H3K9me3 ChIP-seq, the DNA fragments were
used to construct the library with the incorporation of
spike-in controls via KAPA Hyper Prep Kits with PCR
Library Amplification/Illumina series (KK8504) following
the manufacturer’s instructions for subsequent analyses.

ChIP-seq data processing

First, the genome sequences for human (hg19) and
drosophila (dm3) were merged to a combined genome se-
quence. To avoid confusion caused by use of the same
chromosome names, all human chromosomes were iden-
tified by a ‘hg19 ’ prefix and all drosophila chromosomes
by a ‘dm3 ’ prefix. A custom Bowtie2 index was built
from this mixed genome sequence using the ‘bowtie2-build’
command. After removing low quality reads and Illumina
adapters, cleaned reads were mapped to this custom li-
brary using Bowtie2 (v2.2.9) with default parameters. The
resultant SAM files were split, such that reads mapping
to human chromosomes (hg19 ) and reads mapping to
drosophila chromosomes (dm3 ) were placed in two sepa-
rate files. We used reads aligning to human chromosomes
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for downstream analysis and reads aligning to drosophila
chromosomes to calculate the ChIP-Rx ratio (denoted as
Rx) as previously described (63,64):

Rx =
(

1
SP

∗ 107
)

/

(
1

I P
∗ 107

)
,

in which SP is the number of reads aligning to drosophila
chromosomes in the target sample and IP indicates input
reads. For downstream analysis, reads from mitochondrial
DNA and the Y chromosome, and reads with low mapping
quality (MAPQ score < 10) were removed using samtools
(v1.9) (65). Duplicated reads were also identified and re-
moved for future analysis using Picard software (v1.113).
To visualize the ChIP-seq signals, we calculated the normal-
ized read counts by RPKM (reads per kilobase per million
mapped reads) for each 10 bp bin and multiplied by Rx us-
ing bamCoverage function in deepTools (v3.3.0) software
with parameter ‘-scaleFactor’ (66).

Identification of ‘H3K9me3 mountains’ across genome

First, we called H3K9me3 peaks using SICER (v1.1) with
the parameter ‘-w 500 -g 5’ (67), and removed all the peaks
with a cut-off FDR (false discovery rate) as more than 1%.
Then we calculated H3K9me3 signals (CPM, count per mil-
lion) for each H3K9me3 peak, ranked H3K9me3 peaks by
increasing CPM, and plotted the H3K9me3 occupancy. In
these plots, we identified an obvious inflection point, after
which the H3K9me3 signals increases dramatically; inflec-
tion points in these curves were calculated using R pack-
age inflection (v1.3.5). We further defined H3K9me3 peaks
above the inflection point to be ‘H3K9me3 mountains’. The
locations of ‘H3K9me3 mountains’ are listed in Supplemen-
tary Table S5.

ATAC-seq

A total of 50,000 cells of ZKSCAN3+/+ and
ZKSCAN3-/- hMSCs were washed twice with 500 �l
cold PBS and dissociated 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 Substitute). The sample was then centrifuged
at 500 g for 10 min at 4◦C, followed by incubation at 37◦C
for 30 min supplemented 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 Illumina (Vazyme Biotech). TruePrep DNA
Library Prep Kit V2 for Illumina (Vazyme Biotech) was
used to amplify and purify the library. Library quality was
checked via Fragment Analyzer. Finally, 150-bp paired-end
sequencing was performed on an Illumina HiSeq X-10.

ATAC-seq data processing

For ATAC-seq data analysis, low quality reads and Illumina
adapters were removed by TrimGalore (v0.4.4 dev). The
remaining clean reads were mapped to the UCSC human
hg19 genome using Bowtie2 (v2.2.9) with default parame-
ters. To avoid the effect of sequencing bias and depth to the
best extent possible, we merged all replicates for each sam-
ple and randomly sampled the same number (56 million) of

high-quality reads for each cell type. Mapped reads from
mitochondrial DNA and the Y chromosome, and reads
with low mapping quality (MAPQ score < 10) were filtered
using samtools (v1.9) (65). Duplicate reads were removed
using Picard software (v1.113) for future analysis. We ex-
tended each read by 250 bp and normalized read counts by
RPKM for each 10 bp using the bamCoverage function in
deepTools (v3.3.0) software (66).

Peak calling was performed with MACS2 (v2.1.2) after
exclusion of blacklisted regions (with parameters ‘-nomodel
-shift 0 -extsize 250’ (68)). Genome annotation was per-
formed with HOMER using the ‘annotatePeaks’ function
(69). To identify consensus peaks, we obtained a set of all
open chromatin peaks that were present in ZKSCAN+/+

and ZKSCAN3-/- hMSCs, and identified the overlapping
peaks using Diffbind (70). We then analyzed the differential
ATAC-seq peaks between ZKSCAN3+/+ and ZKSCAN3-/-

hMSCs using DiffBind defined by abs (log2FC) > 1 and
BH-adjusted FDR < 0.05. The locations of ATAC-seq
peaks are listed in Supplementary Table S5.

DamID-seq

pLgw V5-EcoDam and pLgw EcoDam-V5-EMD were
kind gifts from Prof. Bas van Steensel, NKI. DamID-seq
was performed as previously described with minor modi-
fications (71). In brief, Dam and Dam-EMD lentiviruses
were concentrated by ultracentrifugation at 19 400 g for 2.5
hr and then resuspended in PBS. 2 × 105 ZKSCAN3+/+

or ZKSCAN3-/- hMSCs were plated in each well of a six-
well plate. After 24 hr, culture medium was substituted with
fresh culture medium containing either Dam or Dam-EMD
lentivirus. Cells were collected 72 hr after transduction and
genomic DNA was isolated using a DNeasy Blood & Tissue
Kit (Qiagen). Genomic DNA was subjected to DpnI diges-
tion, adaptor ligation, DpnII digestion, PCR amplification
and purification as previously described (71). The amplified
DNA was then sonicated and digested with AlwI (New Eng-
land Biolabs) to remove the adaptors. The DNA library was
constructed using a NEBNext ultra DNA library prep kit
for Illumina (New England Biolabs, E7370S). The libraries
were pooled and sequenced by 150-bp paired-end sequenc-
ing on an Illumina NovaSeq sequencer.

DamID data processing

For DamID-seq data analysis, raw reads of Dam and Dam-
EMD data were trimmed by TrimGalore (v0.4.4 dev) soft-
ware. The remaining clean reads were mapped to the UCSC
human hg19 genome using bowtie2 (v2.2.9) with default
parameters. Mapped reads from mitochondrial DNA and
the Y chromosome, and reads with low mapping quality
(MAPQ score < 10) were filtered using samtools (v1.9)
(65). Duplicate reads were also removed using Picard and
saved for future analysis. To avoid the effect of sequenc-
ing bias and depth to the best extent possible, we merged
all replicates for each sample and randomly sampled the
same number (105 million) of high-quality reads for each
cell type. LAD calling was performed based on sampled
bam files using ChromHMM (v1.20) (72). Only the medi-
ans of DamID signals of LADs with a cut-off of 0 or bet-
ter were kept as LADs. To visualize the DamID signals,



Nucleic Acids Research, 2020, Vol. 48, No. 11 6007

we calculated the log2 ratio of Dam-EMD and Dam sig-
nals [log2(Dam-EMD versus Dam)] for each 10-bp bin us-
ing deepTools (v3.3.0) software (66). We calculated the dif-
ference of DamID signals at LADs between ZKSCAN3+/+

and ZKSCAN3-/- hMSCs with a cutoff of 0.3. LADs ex-
ceeding this cutoff were considered to have changed. The
locations of LADs are listed in Supplementary Table S5.

Identification of LAD-localized repetitive elements

First, repetitive sequence annotations were downloaded us-
ing ‘configureHomer.pl -install hg19’ in HOMER software
(v4.9.1) and LAD calling was performed as described above.
Next, we extracted the repetitive sequences in LADs using
the GenomicRanges Bioconductor R package (v1.36.0) and
calculated the DamID signals in these repetitive sequences
using deepTools (v3.3.0) (66). Only the medians of DamID
signals of repetitive sequences with a cut-off of 0 or bet-
ter were kept as LAD-localized repetitive sequences. LAD-
random sequences were generated using the ‘shuffle’ func-
tion in bedtools (v2.25) (73).

Statistical analyses

All the data are presented as the mean ± SEMs. To com-
pare the differences between treatment and control groups,
we assumed equal variance and performed statistical anal-
yses using a two-tailed Student’s t-test in PRISM software
(GraphPad 8 Software). P values < 0.05 , < 0.01 and <
0.001 are considered statistically significant and indicated
using *, ** and ***, respectively.

RESULTS

Downregulation of ZKSCAN3 in senescent hMSCs

To examine whether the expression of ZKSCAN3 changes
during stem cell aging, we first investigated the ZKSCAN3
level in replicative-senescent (RS) hMSCs and premature-
senescent hMSCs, including Hutchinson-Gilford Proge-
ria Syndrome hMSCs (HGPS-hMSC, LMNAG608G/+ and
LMNAG608G/G608G) and Werner Syndrome hMSCs (WS-
hMSC, WRN-/-) (19,21,22,50,52). The results showed de-
creased ZKSCAN3 protein levels in these senescent hM-
SCs compared to those in the corresponding control lines
(Figure 1A–C). Consistently, ZKSCAN3 was also down-
regulated in human primary hMSCs derived from aged in-
dividuals compared to those derived from young individu-
als (Figure 1D) (21,22). The downregulation of ZKSCAN3
in a variety of senescent hMSCs suggests its potential as a
regulator of hMSC aging.

Generation of ZKSCAN3-deficient hMSCs

To further dissect the role of ZKSCAN3 in hMSC aging,
we generated ZKSCAN3-knockout human embryonic stem
cells (hESCs) via CRISPR/Cas9-mediated gene knockout
technology (Supplementary Figure S1A) (22,44). Genomic
polymerase chain reaction (PCR) and DNA sequencing
verified the successful targeting of the ZKSCAN3 locus

(Supplementary Figure S1A). Western blot analysis fur-
ther confirmed the loss of ZKSCAN3 protein (Supplemen-
tary Figure S1B). ZKSCAN3-/- hESCs maintained normal
morphology and expressed pluripotency markers NANOG,
SOX2 and OCT4, as did ZKSCAN3+/+ hESCs (Supple-
mentary Figure S1C). ZKSCAN3-/- hESCs maintained the
capacity to differentiate into three germ layer lineages in
vivo as indicated by the teratoma formation assay (Sup-
plementary Figure S1D). No off-target cleavage was ob-
served upon gene editing (Supplementary Figure S1E).
In addition, ZKSCAN3-/- hESCs maintained genomic in-
tegrity after more than 30 passages, which was verified by
karyotype analysis and genome-wide copy number varia-
tion (CNV) analysis (Supplementary Figure S1F and G).
ZKSCAN3-/- hESCs also exhibited comparable growth ki-
netics to ZKSCAN3+/+ hESCs (Supplementary Figure S1H
and I). Overall, these data show that ZKSCAN3-/-hESCs
manifest normal pluripotent characteristics.

To elucidate the function of ZKSCAN3 in hMSC ag-
ing, we next differentiated ZKSCAN3+/+ and ZKSCAN3-/-

hESCs into hMSCs (Figure 1E). Both ZKSCAN3+/+ and
ZKSCAN3-/- hMSCs expressed comparable levels of mes-
enchymal progenitor markers CD73, CD90, and CD105
(Figure 1F), and did not express hMSC-irrelevant anti-
gens CD34, CD43 and CD45 (Supplementary Figure S2A).
In addition, both ZKSCAN3+/+ and ZKSCAN3-/- hMSCs
maintained chromosomal integrity as indicated by genome-
wide CNV analysis (Supplementary Figure S2B), and were
able to differentiate towards osteoblasts, chondrocytes and
adipocytes, in spite of the knockout hMSCs having par-
tially compromised chondrogenesis potential (Supplemen-
tary Figure S2C). The absence of ZKSCAN3 protein in
ZKSCAN3-/- hMSCs was confirmed by western blot (Fig-
ure 1G).

ZKSCAN3 deficiency accelerates hMSC senescence

Further analysis of the cellular characteristics of
ZKSCAN3+/+ and ZKSCAN3-/- hMSCs revealed that
ZKSCAN3 deficiency accelerated hMSC senescence, as
evidenced by early-onset growth arrest, impaired clonal
expansion ability, reduced proportion of Ki67-positive cells
upon serial passaging, and decreased percentage of cells in
synthesis (S) phase (Figure 1H and Supplementary Figure
S2D–F). Additionally, increased senescence-associated
(SA)-�-galactosidase (SA-�-gal) activity and increased
nuclear size were observed in ZKSCAN3-/- hMSCs (Figure
1I and J). Typical indicators of senescence including
shortened telomere, increased DNA damage, downreg-
ulation of DNA damage response-related genes and
chromosome segregation-related genes were detected in
ZKSCAN3-/- hMSCs (Figure 1K and Supplementary
Figure S2G–L). In addition, ZKSCAN3-deficiency acti-
vated senescence-associated secretory phenotype (SASP)
and upregulated the expression of senescence markers
in hMSCs (Figure 1L and M) (74). Consistent with the
in vitro observations, ZKSCAN3-/- hMSCs exhibited an
accelerated decay in vivo when implanted into muscles
of nude mice (Figure 1N). Taken together, these results
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Figure 1. Absence of ZKSCAN3 results in premature cellular senescence in hMSCs. (A) Western blot analysis of ZKSCAN3 protein in early-, middle-
and late-passage (P3, P8, P13) hMSCs. Representative western blot images are shown on the left, and the statistical analysis of relative protein expression
levels of ZKSCAN3 is on the right. GAPDH was used as the loading control. Data are presented as the mean ± SEMs, n = 3. *P < 0.05 (two tailed t-test).
The asterisk indicates the band of ZKSCAN3 and P indicates passage. (B) Western blot analysis of ZKSCAN3 protein in LMNA+/+, LMNAG608G/+ and
LMNAG608G/G608G hMSCs (P7). Representative western blot images are shown on the left, and the statistical analysis of the relative protein expression
levels of ZKSCAN3 is on the right. �-actin was used as the loading control. Data are presented as the mean ± SEMs, n = 3. *P < 0.05, **P < 0.01 (two
tailed t-test). (C) Western blot analysis of ZKSCAN3 protein in WRN+/+ and WRN-/- hMSCs (P7). Representative western blot images are shown to the
left, and the statistical analysis of the relative protein expression levels of ZKSCAN3 is on the right. �-actin was used as the loading control. Data are
presented as the mean ± SEMs, n = 3. **P < 0.01 (two tailed t-test). (D) Western blot analysis of ZKSCAN3 protein in young and physiologically aged
hMSCs (P7). Representative western blot images are shown on the left, and the statistical analysis of the relative protein expression levels of ZKSCAN3
is on the right. GAPDH was used as the loading control. Data are presented as the mean ± SEMs, n = 4. **P < 0.01 (two tailed t-test). (E) Schematic of
hMSC differentiation. (F) FACS analysis of hMSC surface markers CD73, CD90 and CD105 in ZKSCAN3+/+ and ZKSCAN3-/- hMSCs. (G) Western
blot analysis of ZKSCAN3 protein in ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P4). GAPDH was used as the loading control. (H) Clonal expansion
ability analysis of ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P10). Data are presented as the mean ± SEMs, n = 3. ***P < 0.001 (two tailed t-test). (I)
SA-�-gal staining of ZKSCAN3+/+ and ZKSCAN3-/-hMSCs (P10). Scale bar, 100 �m. Data are presented as the mean ± SEMs, n = 3. ***P < 0.001
(two tailed t-test). (J) Staining of cell nuclei by Hoechst 33342 in ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P10). The relative nuclear size is shown on the
right. Scale bar, 10 �m. Data are presented as the mean ± SEMs, n = 300. ***P < 0.001 (two tailed t-test). (K) Telomere length analysis of ZKSCAN3+/+

and ZKSCAN3-/- hMSCs (P10) by qPCR. Data are presented as the mean ± SEMs, n = 4. ***P < 0.001 (two tailed t-test). (L) ELISA analysis of the
secretion of MCP1 and IL6 in ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P10). Data are presented as the mean ± SEMs, n = 5 for MCP1 detection, n =
3 for IL6 detection. *P < 0.05, ***P < 0.001 (two tailed t-test). (M) Western blot analysis of P16, P21 in ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P10).
GAPDH was used as the loading control. (N) ZKSCAN3+/+ and ZKSCAN3-/- hMSCs infected with a lentivirus expressing luciferase were implanted
into the tibialis anterior (TA) muscle of nude mice. Luciferase activities were detected at day D0, D2 and D4 after injection by an in vivo imaging system
(IVIS). Data are presented as the mean ± SEMs, n = 5. **P < 0.01, ***P < 0.001 (two tailed t-test).
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Figure 2. ZKSCAN3 forms a complex with heterochromatin proteins and nuclear envelope proteins in hMSCs. (A) Schematic representation of Co-IP
followed by LC-MS/MS. (B) Gene Ontology Cellular Component (GO-CC) enrichment analysis of ZKSCAN3 interaction proteins identified by Co-
IP/MS. (C) Co-IP analysis showing that exogenous ZKSCAN3 interacts with Lamin B1, LBR, KAP1 and HP1� proteins in HEK293T cells. The asterisks
represent the bands of indicated proteins. (D) Enrichment of ZKSCAN3 within the regions of repetitive sequences (LINE1, SVA, ALR, Satellite 2) in
ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P4) as measured by ChIP-qPCR. Data are presented as the mean ± SEMs, n = 4. ***P < 0.001 (two tailed
t-test). (E) Representative TEM images for ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P10) showing reduced heterochromatin at the nuclear periphery
in ZKSCAN3-/- hMSCs. The percentages of cells with heterochromatin loss at the nuclear periphery are shown on the bottom. Scale bar, 1 �m. (F)
Immunostaining of H3K9me3 and Lamin A/C in ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P10). Scale bar, 5 �m. The mean intensity of H3K9me3 was
measured with ImageJ and the calculated data are shown as the mean ± SEMs, n = 300. ***P < 0.001 (two tailed t-test). (G) Immunostaining of LAP2 in
ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P10). White arrows represent the cells with decreased LAP2 expression. Scale bar, 25 �m. The mean intensity
of LAP2 was measured with ImageJ and the calculated data are shown as the mean ± SEMs, n = 150. ***P < 0.001 (two tailed t-test). (H) Western blot
analysis of the expression levels of Lamin B1, LBR, KAP1 and HP1� proteins in ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P10). GAPDH was used as
the loading control.

indicate that deficiency of ZKSCAN3 promotes premature
senescence and functional attrition of hMSCs.

ZKSCAN3 acts as an epigenetic regulator to maintain hete-
rochromatin organization in hMSCs

Given that ZKSCAN3 is a known transcriptional repres-
sor of autophagy in human cancer cells (11), we next ex-
plored if depletion of ZKSCAN3 would induce the expres-
sion of autophagy- and lysosome-associated genes in hM-
SCs. However, RNA-seq and RT-qPCR data revealed no

obvious changes in the expression of such genes (including
MAP1LC3B, ATG5 and ULK1) upon ZKSCAN3 deple-
tion (Supplementary Figure S2M and N). This implies that
the accelerated senescence caused by ZKSCAN3 deficiency
is unrelated to the transcriptional regulation of autophagy
by ZKSCAN3, at least in hMSCs.

To elucidate the underlying mechanisms by which
ZKSCAN3 accelerates hMSC senescence, we searched for
interaction partners of ZKSCAN3 by expressing Flag-
tagged ZKSCAN3 in HEK293T cells and performing co-
immunoprecipitation (Co-IP) followed by mass spectrome-
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try (MS) (Figure 2A). Many proteins were identified in this
process, including those related to heterochromatin, chro-
mosome and nucleus (e.g. nuclear envelope) (Figure 2B).
Among these, we confirmed the interaction of ZKSCAN3
with two nuclear lamina proteins, Lamin B1 and Lamin
B receptor (LBR) (Figure 2C and Supplementary Figure
S3A). Given the limited resolution of Co-IP-MS in charac-
terizing trypsin-insensitive or low abundance proteins, we
also performed a Co-IP assay and identified additional het-
erochromatin components, including KAP1, HP1� as inter-
acting partners of ZKSCAN3 (Figure 2C).

Based on these data, we hypothesized that ZKSCAN3
may function as a potential component of heterochro-
matin to modulate genomic organization and cellular senes-
cence. As heterochromatin is characterized by the enrich-
ment of repetitive sequences that are often transcriptionally
derepressed in senescent cells (23,29), we explored whether
ZKSCAN3 regulates these repetitive sequences. Chromatin
immunoprecipitation-qPCR (ChIP-qPCR) analysis identi-
fied specific occupation of ZKSCAN3 at a number of ge-
nomic repetitive sequences including LINE1, SVA, ALR
and Satellite 2 in hMSCs (Figure 2D). Consistent with
the previous findings that Lamin B1, LBR and lamina-
associated protein LAP2 physically interact with hete-
rochromatin proteins to maintain heterochromatin stabil-
ity and genomic LAD organization at the nuclear periph-
ery (75,76), we observed that ZKSCAN3 deficiency caused
a general loss of heterochromatin, especially beneath the
nuclear membrane (Figure 2E and F). We further noted a
decrease in protein level of nuclear lamina-associated pro-
teins LAP2, Lamin B1 and LBR, and heterochromatin-
associated proteins KAP1 and HP1� in ZKSCAN3-/- hM-
SCs (Figure 2G and H). The enrichment of KAP1 and
HP1� at genomic repetitive sequences was also reduced
in ZKSCAN3-/- hMSCs (Supplementary Figure S3B and
C). Together, these findings demonstrate that ZKSCAN3
functions as a direct epigenetic regulator to maintain hete-
rochromatin stability.

Epigenetic derepression of LAD-localized repetitive se-
quences in ZKSCAN3-deficient hMSCs

To characterize the genome-wide epigenetic alterations
caused by ZKSCAN3 deficiency, we performed DNA
adenine methyltransferase identification following next-
generation sequencing (DamID-seq) and H3K9me3
chromatin immunoprecipitation sequencing (ChIP-seq).
DamID was performed by introducing DNA adenine
methyltransferase (Dam) fused to Emerin (EMD, an inner
nuclear membrane-associated protein), or Dam protein
alone in hMSCs (Figure 3A) (77,78). We observed a
decrease in DamID signals across annotated LADs in
ZKSCAN3-/- hMSCs compared to those in ZKSCAN3+/+

hMSCs (Figure 3B and Supplementary Figure S3D and E),
indicating that LADs had become unanchored from the
nuclear lamina in the absence of ZKSCAN3. Specifically,
LAD-localized repetitive sequences (LINE, SINE and
Satellite elements) showed the most significant reduction
in DamID signals (Figure 3C and Supplementary Fig-
ure S3F and G). This is consistent with the reduction
of heterochromatin marker H3K9me3 at the nuclear

periphery of ZKSCAN3-deficient hMSCs observed by
immunofluorescence staining (Figure 2F). Consistently,
ChIP-seq analysis indicated a global loss of H3K9me3
occupancy in ZKSCAN3-/- hMSCs compared to that
in ZKSCAN3+/+ hMSCs, especially within LADs and
heterochromatic regions across the genome (Figure 3D and
E and Supplementary Figure S3H-L) (21,22). The enrich-
ment of H3K9me3 on LAD-localized repetitive sequences
(LINE, SINE and Satellite elements) was also decreased
in ZKSCAN3-/- hMSCs (Figure 3F and Supplementary
Figure S3M), which was confirmed by ChIP-qPCR (Figure
3G).

To further detail the changes in chromatin acces-
sibility on a genome-wide scale and identify regions
with more accessibility (and hence higher activity), we
performed transposase-accessible chromatin sequencing
(ATAC-seq) (79,80). The ATAC signals were increased
across the genome, including within the heterochromatin-
enriched LADs and LAD-localized repetitive sequences
in ZKSCAN3-/- hMSCs (Figure 3H–J and Supplementary
Figure S4A-H), implying that the condensed heterochro-
matin underneath the nuclear lamina was more accessible
in ZKSCAN3-deficient hMSCs. Notably, the global ATAC
peak signals were negatively correlated to those of DamID
and H3K9me3 (Figure 3K and Supplementary Figure S4I).
Consistent with these epigenomic changes, RNA-seq and
RT-qPCR analyses revealed increased transcript levels of
these repetitive sequences in ZKSCAN3-/- hMSCs com-
pared to those in their ZKSCAN3+/+ counterparts (Fig-
ure 3L and M). Taken together, these findings suggest that
ZKSCAN3 deficiency in hMSCs triggers a series of epige-
netic changes that include detachment of LADs from the
nuclear lamina, loss of constitutive heterochromatin and in-
crease of chromatin accessibility at the nuclear periphery.
Collectively, these changes result in the transcriptional in-
duction of repetitive genomic sequences.

Overexpression of ZKSCAN3 attenuates hMSC senescence

To further define the role of ZKSCAN3 in defying hMSC
aging, we transduced ZKSCAN3-/- hMSCs with lentiviral
vector encoding ZKSCAN3, and found that the senescence-
associated phenotypes were ameliorated, demonstrated by
increased Ki67-positive cells and clonal expansion abil-
ity, decreased SA-�-gal-positive cells, reduced nuclear size
and downregulated P16 and IL6 (Figure 4A–E and Sup-
plementary Figure S5A). Likewise, ZKSCAN3-/- hM-
SCs supplemented with ZKSCAN3 showed recovery in
the levels of heterochromatin markers H3K9me3, HP1�
and LAP2 (Figure 4F–H). Notably, overexpression of
heterochromatin-associated proteins KAP1 or HP1�, the
newly identified partners of ZKSCAN3, reversed cellular
senescence in ZKSCAN3-/- hMSCs (Supplementary Figure
S5A–F). We further confirmed that the exogenously intro-
duced ZKSCAN3 bound to genomic repetitive sequences,
increased enrichment of H3K9me3 at these elements and
thus re-silenced their transcription (Figure 4I–K). Like-
wise, ectopic expression of KAP1 or HP1� in ZKSCAN3-/-

hMSCs also restored the enrichment of H3K9me3 on
repetitive sequences and repressed their expression (Sup-
plementary Figure S5G and H). Altogether, these obser-
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Figure 3. ZKSCAN3 regulates heterochromatin architecture and represses repetitive sequence expression in hMSCs. (A) Schematic representation
of DamID-seq strategy. (B) Reduced DamID signals [log2 (Dam-EMD vs. Dam)] at LAD regions in ZKSCAN3-/- hMSCs (P10) compared to
ZKSCAN3+/+ hMSCs (P10), shown by both violin plot (left) and heatmaps (right). (C) Line plots showing DamID signals [log2 (Dam-EMD vs. Dam)]
at LAD-localized repetitive sequence loci in ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P10). (D) Sketch map showing the loss of ‘H3K9me3 mountain’
distribution over 23 chromosomes in ZKSCAN3-/- hMSCs (P10) compared to ZKSCAN3+/+ hMSCs (P10). (E) Violin plots showing the loss of H3K9me3
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vations indicate that the re-introduction of ZKSCAN3
in ZKSCAN3-/- hMSCs alleviates hMSC aging via the
restoration of heterochromatin.

Finally, we tested whether the overexpression of
ZKSCAN3 would rejuvenate replicatively, pathologi-
cally or physiologically aged hMSCs. ZKSCAN3 was
introduced via lentivirus into RS-hMSCs, premature
senescent HGPS-hMSCs and WS-hMSCs, and primary
hMSCs from healthy elderly individuals (Supplemen-
tary Figure S6A). ZKSCAN3 overexpression rescued
the senescence-associated phenotypes in all senescent
hMSCs tested (Figure 5A–F and Supplementary Figure
S6B–F), accompanied by an increase in H3K9me3 levels
and a decrease in transcript levels of repetitive sequences
(Figures 5G and H and Supplementary Figure S6G and
H). Furthermore, we induced the endogenous expression
of ZKSCAN3 in RS-hMSCs by using CRISPR-dCas9
transcriptional activation system (Supplementary Figure
S7A-C) (61,62). We found the activation of endogenous
ZKSCAN3 rescued the senescence-associated phenotypes
in RS hMSCs (Supplementary Figure S7D-J). Altogether,
these results indicate that ZKSCAN3 overexpression exerts
a geroprotective role in aged hMSCs, at least partially
through heterochromatin stabilization.

DISCUSSION

We have demonstrated a novel role for ZKSCAN3 in safe-
guarding hMSCs from senescence. Highlights of this study
include the following: (i) ZKSCAN3-knockout hESCs and
hMSCs were generated for the first time by combin-
ing CRISPR/Cas9 gene editing and stem cell directed
differentiation. (ii) The level of ZKSCAN3 was consis-
tently decreased in replicatively, prematurely, and physio-
logically senescent hMSCs. (iii) ZKSCAN3 deficiency ac-
celerated cellular senescence in hMSCs. (iv) ZKSCAN3
maintained hMSC heterochromatin stability as an epige-
netic regulator by tethering heterochromatin components
to nuclear lamina-associated proteins, thus anchoring the
LADs to the nuclear periphery and stabilizing repetitive ge-
nomic sequences (Figure 6). (v) Exogenous overexpression
of ZKSCAN3 stabilized heterochromatin and rejuvenated
aged hMSCs.

In contrast to the abundant studies on other members of
the KRAB-ZFP family, the function of human ZKSCAN3
was largely unknown, partially due to a lack of appropriate
research models; most of the existing studies on ZKSCAN3
were conducted in human cancer cell lines (6–9,11) or
murine models (13). For the first time, we generated the
ZKSCAN3-deficient hESCs and their hMSC derivatives

and provided a valuable experimental platform for study-
ing the role of human ZKSCAN3. Consistent with prior
studies that identified ZKSCAN3 as a promoter of cancer
cell proliferation (6,9,11), we showed that ZKSCAN3 de-
ficiency retarded cell proliferation in hMSCs and was as-
sociated with early-onset senescence. Yet, different from its
known role as a transcription repressor that regulates au-
tophagosome formation and lysosomal biogenesis in cancer
cells and neurons (11,12), neither our study nor another re-
cently published study revealed any change in the expression
of autophagy-related genes in ZKSCAN3-deficient hMSCs
or mice (13), respectively. These differences may be due to
the distinct cellular features between human transformed
tumour cell lines, human diploid stem cells, and murine
cells. Instead, we found that ZKSCAN3 acts as an epige-
netic regulator to maintain heterochromatin organization
and repress LAD-localized repetitive sequences in hMSCs.
Thus, we have uncovered a novel function of ZKSACN3
in the regulation of homeostasis and aging in human adult
stem cells, which contributes to an unprecedented under-
standing of SCAN-ZFP proteins.

As far as we know, this is the first evidence that
ZKSCAN3 functions as a heterochromatin stabilizer by
interacting with the nuclear lamina components and
heterochromatin-related proteins (required for directing
heterochromatin-enriched LADs to the nuclear envelope).
It should be noted that some other (non-SCAN) KRAB-
ZFPs have been reported to interact with KAP1 as a scaf-
fold to recruit DNA methyltransferases (DNMTs) and his-
tone methyltransferases, and form a complex that represses
the expression of transposon elements (TEs) (1,3,81). For
example, ZFP809 associates with KAP1 to repress the ex-
pression of exogenous murine leukemia virus (MLV) in
mouse embryonic stem cells (82). Derepression of TEs has
been implicated in disruption of early embryogenesis and
diverse pathological processes including cancers, muscu-
lar dystrophy and many other congenital or acquired hu-
man diseases (83–87). In contrast, our data indicate that
ZKSCAN3, a member of the SCAN-ZFP subfamily, is dis-
pensable for maintenance of hESC pluripotency but coun-
teracts senescence in hMSCs via the repression of TEs and
other repetitive sequences, a finding that broadens the scope
of biological roles of SCAN-ZFPs.

Consistent with this, activation of repetitive sequences
has been implicated in senescence and in aging-related dis-
orders in human cellular models and other mammalian
models (87–89). We noticed that ZKSCAN3 can inter-
act with lamina-associated proteins and heterochromatin
proteins (like some other KRAB-ZFPs do). The interac-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
signals in H3K9me3 mountains, LAD and heterochromatin (HC) regions in ZKSCAN3-/- hMSCs (P10) compared to ZKSCAN3+/+ hMSCs (P10). (F) Vi-
olin plots showing the loss of H3K9me3 signals at LAD-localized repetitive sequence regions (LINE, SINE, Satellite family) in ZKSCAN3-/- hMSCs (P10)
compared to ZKSCAN3+/+ hMSCs (P10). (G) Enrichment of H3K9me3 within the regions of repetitive sequences in ZKSCAN3+/+ and ZKSCAN3-/- hM-
SCs (P10) as measured by ChIP-qPCR. Data are presented as the mean ± SEMs, n = 4. *P < 0.05, ***P < 0.001 (two tailed t-test). (H) Violin plot showing
the increase of ATAC signals at ATAC-seq peaks within LADs in ZKSCAN3-/- hMSCs (P10) compared to ZKSCAN3+/+ hMSCs (P10). (I) The distri-
bution feature of ATAC-seq peaks annotated to different repetitive sequence regions in ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P10). (J) Violin plots
showing ATAC signals of LAD-localized repetitive sequence regions in ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P10). (K) Representative tracks of
DamID-seq, H3K9me3 ChIP-seq and ATAC-seq analyses showing decreased DamID signal, reduced H3K9me3 signal coupled with increased ATAC
signal in ZKSCAN3-/- hMSCs (P10) compared to ZKSCAN3+/+ hMSCs (P10). (L) RNA-seq analysis showing the increased mRNA expression levels
of repetitive sequences in ZKSCAN3-/- hMSCs (P10) compared to ZKSCAN3+/+ hMSCs (P10). (M) Heatmap showing the mRNA expression levels of
repetitive sequences in the ZKSCAN3+/+ and ZKSCAN3-/- hMSCs (P10) by RT-qPCR.
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Figure 4. Overexpression of ZKSCAN3 delays ZKSCAN3-/- hMSC senescence. (A) Immunostaining of Ki67 in ZKSCAN3-/- hMSCs (P8) transduced
with lentiviruses expressing luciferase (Luc) or ZKSCAN3. Scale bar, 25 �m. White arrows represent Ki67-positive cells. Data are presented as the mean
± SEMs, n = 3. **P < 0.01 (two tailed t-test). (B) Clonal expansion ability analysis of ZKSCAN3-/- hMSCs (P8) transduced with lentiviruses expressing
Luc or ZKSCAN3. Data are presented as the mean ± SEMs, n = 3. **P < 0.01 (two tailed t-test). (C) SA-�-gal staining of ZKSCAN3-/- hMSCs (P8)
transduced with lentiviruses expressing Luc or ZKSCAN3. Data are presented as the mean ± SEMs, n = 3. **P < 0.01 (two tailed t-test). (D) Staining of
cell nuclei by Hoechst 33342 in ZKSCAN3-/- hMSCs (P8) transduced with lentiviruses expressing Luc or ZKSCAN3. The nuclear size was measured with
ImageJ and the data are presented as the mean ± SEMs, n = 150. ***P < 0.001 (two tailed t-test). (E) Heatmap showing the mRNA expression levels of
P16 and IL6 in ZKSCAN3-/- hMSCs (P8) transduced with lentiviruses expressing Luc or ZKSCAN3 by RT-qPCR. (F) Immunostaining of H3K9me3 and
Lamin A/C in ZKSCAN3-/- hMSCs (P8) transduced with lentiviruses expressing Luc or ZKSCAN3. Scale bar, 5 �m. The mean intensity of H3K9me3
was measured with ImageJ and the data are presented as the mean ± SEMs, n = 150. ***P < 0.001 (two tailed t-test). (G) Immunostaining of HP1� in
ZKSCAN3-/- hMSCs (P8) transduced with lentiviruses expressing Luc or ZKSCAN3. Scale bar, 25 �m. White arrows represent cells with decreased HP1�
expression. The mean intensity of HP1� was measured with ImageJ and the data are presented as the mean ± SEMs, n = 300. ***P < 0.001 (two tailed
t-test). (H) Immunostaining of LAP2 in ZKSCAN3-/- hMSCs (P8) transduced with lentiviruses expressing Luc or ZKSCAN3. Scale bar, 25 �m. White
arrows represent the cells with decreased LAP2 expression. The mean intensity of LAP2 was measured with ImageJ and the data are presented as the mean
± SEMs, n = 300. ***P < 0.001 (two tailed t-test). (I) Enrichment of ZKSCAN3 within the regions of repetitive sequences in ZKSCAN3-/- hMSCs (P8)
transduced with lentiviruses expressing Luc or ZKSCAN3 as measured by ChIP-qPCR. Data are presented as the mean ± SEMs, n = 4. **P < 0.01, ***P
< 0.001 (two tailed t-test). (J) Enrichment of H3K9me3 within the regions of repetitive sequence in ZKSCAN3-/- hMSCs (P8) transduced with lentiviruses
expressing Luc or ZKSCAN3 as measured by ChIP-qPCR. Data are presented as the mean ± SEMs, n = 4. ***P < 0.001 (two tailed t-test). (K) Heatmap
showing the mRNA expression levels of repetitive sequences in ZKSCAN3-/- hMSCs (P8) transduced with lentiviruses expressing Luc or ZKSCAN3 by
RT-qPCR.

tion of ZKSCAN3 with nuclear lamina proteins may con-
fer its ability to regulate the stability of heterochromatin
within LADs that are normally retained at the nuclear pe-
riphery. Thus, ZKSCAN3 may regulate heterochromatin
condensation not only by stabilizing the nuclear lamina-
heterochromatin complex, but also by participating in its
spatial organization, particularly within LADs. Through an
integrated analysis of the genome-wide nuclear envelope-

chromatin interaction (DamID profile), heterochromatin
organization (H3K9me3 ChIP-seq), and chromatin acces-
sibility (ATAC-seq), we demonstrated the predominant
delocalization of LADs from the nuclear lamina and a
more open chromatin status at LAD-localized repetitive se-
quences in ZKSCAN3-deficient hMSCs. In summary, we
identified ZKSCAN3 as a novel epigenetic regulator that al-
leviates hMSC senescence by maintaining heterochromatin
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Figure 5. ZKSCAN3 overexpression alleviates hMSC aging. (A) Immunostaining of Ki67 in RS (P10) (upper), LMNAG608G/+ (P6) (middle) and an aged
individual-derived primary (P8) (lower) hMSCs transduced with lentiviruses expressing Luc or ZKSCAN3, respectively. Scale bar, 25 �m. White arrows
represent Ki67-positive cells. Data are presented as the mean ± SEMs, n = 3. *P < 0.05, **P < 0.01 (two tailed t-test). (B) Clonal expansion ability analysis
of RS (P10) (upper), LMNAG608G/+ (P6) (middle) and an aged individual-derived primary (P8) (lower) hMSCs transduced with lentiviruses expressing
Luc or ZKSCAN3. Data are presented as the mean ± SEMs, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 (two tailed t-test). (C) SA-�-gal staining of RS
(P10) (upper), LMNAG608G/+ (P6) (middle) and an aged individual-derived primary (P8) (lower) hMSCs transduced with lentiviruses expressing Luc or
ZKSCAN3. Data are presented as the mean ± SEMs, n = 3. *P < 0.05, **P < 0.01 (two tailed t-test). (D) Relative nuclear size analysis in RS (P10) (upper),
LMNAG608G/+ (P6) (middle) and an aged individual-derived primary (P8) (lower) hMSCs transduced with lentiviruses expressing Luc or ZKSCAN3. Data
are presented as the mean ± SEMs, n = 200. *P < 0.05, **P < 0.01 (two tailed t-test). (E) Heatmaps showing the mRNA expression levels of P16 and
IL6 in RS (P10) (upper), LMNAG608G/+ (P6) (middle) and an aged individual-derived primary (P8) (lower) hMSCs transduced with lentiviruses expressing
Luc or ZKSCAN3 by RT-qPCR. (F) Immunostaining of HP1� in RS (P10) (left), LMNAG608G/+ (P6) (middle) and an aged individual-derived primary
(P8) (right) hMSCs transduced with lentiviruses expressing Luc or ZKSCAN3. Scale bar, 25 �m. Data are presented as the mean ± SEMs, n = 300. ***P <

0.001 (two tailed t-test). (G) Enrichment of H3K9me3 within the regions of repetitive sequences in RS (P10) (left), LMNAG608G/+ (P6) (middle) and an aged
individual-derived primary (P8) (right) hMSCs transduced with lentiviruses expressing Luc or ZKSCAN3 as measured by ChIP-qPCR. Data are presented
as the mean ± SEMs. n = 4. **P < 0.01, ***P < 0.001 (two tailed t-test). (H) Heatmaps showing the mRNA expression levels of repetitive sequences in
RS (P10) (left), LMNAG608G/+ (P6) (middle) and an aged individual-derived primary (P8) (right) hMSCs transduced with lentiviruses expressing Luc or
ZKSCAN3 by RT-qPCR.
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Figure 6. ZKSCAN3 protects hMSC from aging via the maintenance of heterochromatin stability. A model showing that ZKSCAN3 safeguards hMSCs
from senescence by stabilizing heterochromatin. In young hMSCs, ZKSCAN3 couples with the heterochromatin-associated proteins KAP1 and HP1� as
well as nuclear lamina proteins Lamin B1 and LBR. The complex tethers H3K9me3-enriched heterochromatin to the nuclear periphery and represses
transcription of repetitive sequences. In aged hMSCs, downregulation of ZKSCAN3 results in heterochromatin instability, upregulation of repetitive
sequences, and cellular senescence.

stability. This deepens our understanding of the epigenetic
regulation of heterochromatin during human stem cell ag-
ing.
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