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SUMMARY

CBX4, a component of polycomb repressive com-
plex 1 (PRC1), plays important roles in the mainte-
nance of cell identity and organ development
through gene silencing. However, whether CBX4 reg-
ulates human stem cell homeostasis remains un-
clear. Here, we demonstrate that CBX4 counteracts
human mesenchymal stem cell (hMSC) aging via
the maintenance of nucleolar homeostasis. CBX4
protein is downregulated in aged hMSCs, whereas
CBX4 knockout in hMSCs results in destabilized
nucleolar heterochromatin, enhanced ribosome
biogenesis, increased protein translation, and
accelerated cellular senescence. CBX4 maintains
nucleolar homeostasis by recruiting nucleolar pro-
tein fibrillarin (FBL) and heterochromatin protein
KRAB-associated protein 1 (KAP1) at nucleolar
rDNA, limiting the excessive expression of rRNAs.
Overexpression of CBX4 alleviates physiological
hMSC aging and attenuates the development of
osteoarthritis in mice. Altogether, our findings reveal
a critical role of CBX4 in counteracting cellular senes-
cence by maintaining nucleolar homeostasis,
providing a potential therapeutic target for aging-
associated disorders.
Cell R
This is an open access article under the CC BY-N
INTRODUCTION

Stem cell senescence contributes to stem cell exhaustion, a ma-

jor cause of physiological and pathological aging (Liu et al., 2012;

López-Otı́n et al., 2013; Ren et al., 2017). Mesenchymal stem

cells (MSCs) are adult multipotent cells in various mesodermal

tissues that are capable of differentiating into mature cells

such as osteoblasts, chondrocytes, and adipocytes (Uccelli

et al., 2008). Both physiologically aged individuals and patients

with premature aging syndromes such as Werner syndrome

(WS) and Hutchinson-Gilford progeria syndrome (HGPS) exhibit

functional degeneration in mesodermal tissues, along with

exhaustion of MSC populations, thus characterized by athero-

sclerosis, osteoporosis, osteoarthritis, etc. (Kudlow et al.,

2007; Liu et al., 2011; Stenderup et al., 2003; Wu et al., 2018;

Zhang et al., 2015). Senescent MSCs have been regarded as

an important therapeutic target for geroprotection against tissue

degeneration, as suggested by the alleviation or reversal of aging

phenotypes by either chemically mediated elimination of senes-

cent mesodermal progenitor cells or epigenetic reprogramming

in vivo (Geng et al., 2018; Kubben et al., 2016; Lavasani et al.,

2012; Li et al., 2016; Rando and Chang, 2012; Singh et al., 2013).

Cellular senescence is characterized by the architectural and

functional attrition of organelles. The nucleolus is themost prom-

inent subnuclear structure involved in rRNA synthesis and pro-

tein translation in cells and is thus linked to the regulation of

cell homeostasis and senescence (Grummt, 2013; Guarente,

1997; Hansen et al., 2007; Steffen et al., 2008). The nucleolus
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has a typical tripartite organization and morphology (Thiry and

Lafontaine, 2005). Human cells contain �300 repeated rDNA

loci, the clusters of which are termed nucleolar organizer regions

(NORs). Approximately half of these rDNA loci are silenced even

in proliferating cells (Grummt and Pikaard, 2003). The transcrip-

tional activity of rDNA is controlled by various epigenetic modifi-

cations, including DNA methylation and histone modifications

(McStay and Grummt, 2008). The methylation of lysine 9 on his-

tone H3, as a marker of heterochromatin, is required for the

repression of rDNA repeats (McStay and Grummt, 2008). Small

nucleolar size and transcriptionally refractive heterochromatic

rDNA are often regarded as cellular hallmarks of longevity in

diverse model organisms (Tiku et al., 2017). By contrast,

increased nucleolar size and rRNAs are observed in premature

aging cells in humans (Buchwalter and Hetzer, 2017). Thus far,

how epigenetic traits regulate nucleolar homeostasis remains

elusive, especially in the context of human stem cell aging.

Polycomb group (PcG) proteins are transcriptional repressors

that epigenetically modify chromatin and are thus essential for

the establishment and maintenance of cell fate during various

developmental and differentiation processes (Sauvageau and

Sauvageau, 2010). PcG proteins consist of two families, poly-

comb repressive complex 1 (PRC1) and polycomb repressive

complex 2 (PRC2). Through the methyltransferase components

EZH1 and EZH2, PRC2 catalyzes the trimethylation of lysine 27

on histone H3 (H3K27me3), which further recruits PRC1 to the

target gene region (Cao et al., 2002). PRC1-specific CBX pro-

teins, including CBX2, CBX4, CBX6, CBX7, and CBX8, are impor-

tant for H3K27me3 recognition (Simon and Kingston, 2013). To

date, whether PRC1-specific CBX proteins are involved in the

organization of the nucleolar epigenome and the regulation of

the aging process in human stem cells remains largely unknown.

In this study, we reported that CBX4 was downregulated

during human MSC (hMSC) senescence and accordingly inves-

tigated the role of CBX4 in maintaining cellular homeostasis in

hMSCs. Targeted CBX4 depletion in hMSCs resulted in loss of

nucleolar heterochromatin, enhanced ribosome biogenesis,

increased protein synthesis, and accelerated cellular aging.

CBX4 overexpression alleviated senescent phenotypes in both

physiologically and pathologically aged hMSCs. More impor-

tantly, lentiviral vector-mediated CBX4 overexpression attenu-

ated the development of osteoarthritis in mice. We demonstrate

that CBX4 safeguards hMSCs against cellular senescence

through the regulation of nucleolar architecture and function,

suggesting a target for therapeutic interventions against aging-

associated disorders.

RESULTS

CBX4 Was Downregulated in Aged hMSCs
We first investigated the levels of PRC1-specific CBX proteins

(CBX2, CBX4, CBX6, CBX7, andCBX8) inWRN�/� hMSCs, a hu-

man stem cell model for the premature aging disorder Werner

syndrome. Even though the senescent phenotypes had not

emerged, CBX4 expression level was decreased in early-pas-

sage WRN�/� hMSCs compared to the level in the wild-type

(WT) control (Figures 1A and S1A). Similarly, CBX4 level was

decreased during hMSC replicative senescence (Figure 1B).
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The downregulation of CBX4 preceded the upregulation of

senescence marker P16 (Figure 1B), suggesting that the loss

of CBX4 might be a driver of hMSC aging.

CBX4Deficiency Resulted in Premature Aging in hMSCs
To investigate the role of CBX4 in the maintenance of hMSC

homeostasis, we generated CBX4-deficient (CBX4�/�) human

embryonic stem cells (hESCs) by CRISPR/Cas9-mediated

homologous recombination (Figure S1B). The loss of CBX4

mRNA and protein in CBX4�/� hESCs was verified by real-time

quantitative PCR (RT-qPCR) and western blotting, respectively

(Figure 1C). The CBX4�/� hESCs expressed pluripotency

markers (Figure 1D), retained DNA hypomethylation at the

OCT4 promoter (Figure 1E), were able to differentiate into all

three germ layer lineages (Figure 1F), and maintained a normal

karyotype (Figure 1G). No differences in cellular proliferation abil-

ity and cell-cycle kinetics were observed between CBX4�/� and

WT hESCs (Figures 1H and 1I). In addition,CBX4�/� hESCswere

cultured for more than 50 passages without discernible morpho-

logical changes. These observations indicate that CBX4 is

dispensable for the maintenance of hESC pluripotency.

We next differentiated CBX4�/� and WT hESCs into MSCs

(CBX4�/� hMSCs and WT hMSCs, respectively) (Figure 2A).

Both CBX4�/� and WT hMSCs expressed the typical mesen-

chymal progenitor markers CD73, CD90, and CD105 and lacked

MSC-negative markers such as CD34, CD43, and CD45 (Fig-

ure S1C), retained DNA hypermethylation at the OCT4 promoter

(FigureS1D)andwereable to furtherdifferentiate intoosteoblasts,

chondrocytes, andadipocytes (Figure2B).Nosignificant changes

were observed in the nuclear foci of DNA damage response

marker gH2AX in CBX4�/� hMSCs (Figure S1E). In addition,

CBX4�/� hMSCs exhibited a minimal genomic mutational load

based on genome-wide copy number variation (CNV) analysis

(Figure 2C), indicating sustained genomic stability in CBX4�/�

hMSCs. Serial passaging ofCBX4�/� hMSCs led to cellular char-

acteristics associated with premature senescence, such as the

decrease in growth rate (Figure 2D), early onset of senescence-

associated (SA)-b-galactosidase (b-gal) activity (Figure 2E), upre-

gulation of P16 and P21proteins (Figure 2F), reduction in S-phase

population (Figure 2G), and impairment of self-renewal ability (Fig-

ure 2H). To further evaluatewhether CBX4 deficiency accelerated

hMSC functional decay in an in vivo niche, WT and CBX4�/�

hMSCs lentivirally labeled with luciferase (Luc) were implanted

into the tibialis anterior (TA) muscles of immunodeficient mice.

Compared to that of theWT hMSCs, the in vivodecay ofCBX4�/�

hMSCs was accelerated at the engrafted sites (Figure 2I).

Given that CBX4 has been known as a small ubiquitin-related

modifier (SUMO) E3 ligase, we next examined whether the ligase

activity was required for the proliferation-promoting effect of

CBX4 in hMSCs. Accordingly, we constructed the lentiviral

expression vector for wild-type CBX4 (CBX4-WT) and mutant

CBX4 without SUMO E3 ligase activity (CBX4-DSIM). The rein-

troduction of CBX4-WT or CBX4-DSIM alleviated various aging

defects observed in CBX4�/� hMSCs (Figures 2J–2L), indicating

that the SUMO E3 ligase activity of CBX4 was irrelevant to the

senescence-regulating effect of CBX4 in hMSCs.

To know whether premature MSC senescence caused

by CBX4 deficiency is lineage specific, we differentiated



Figure 1. Generation and Characterization of CBX4-Deficient hESCs

(A) Western blotting analysis of CBX4 protein in WRN�/� hMSCs. b-actin was used as the loading control.

(B) Western blotting analysis of CBX4 and P16 protein in replicative-senescentWT hMSCs. GAPDHwas used as the loading control. Relative protein expressions

were presented as fold induction to hMSC at P4. Data are presented as the mean ± SEM (n = 3).

(C) Verification of the CBX4�/� hESCs. Left: RT-qPCR analysis of CBX4mRNA in hESCs. Data are presented as the mean ± SEM (n = 3). **p < 0.01 (t test). Right:

western blotting analysis of CBX4 protein in hESCs. b-actin was used as the loading control.

(D) Bright-field and OCT4, SOX2, and NANOG immunostainingmicrographs ofWT andCBX4�/� hESCs. DNAwas stained with Hoechst 33342. Scale bar, 50 mm.

(E) DNA methylation status of OCT4 promoter in WT and CBX4�/� hESCs.

(F) Immunostaining images showing the in vivo potential of CBX4�/� hESCs to differentiate into endodermal (FOXA2, purple), mesodermal (SMA, green), and

ectodermal (TUJ1, red) tissues. Scale bar, 25 mm.

(G) Karyotyping analysis of WT and CBX4�/� hESCs.

(H) Immunostaining of Ki67 in WT and CBX4�/� hESCs. Scale bar, 25 mm. Data are presented as the mean ± SEM (n = 3). n.s., not significant (t-test).

(I) Cell-cycle analysis of WT and CBX4�/� hESCs. Data are presented as the mean ± SEM (n = 3). n.s., not significant (t-test).
CBX4�/� and WT hESCs into human neural stem cells (hNSCs)

(Figure S2A). Both WT and CBX4�/� hNSCs exhibited

features of neural progenitors, including the expression of

neural progenitor markers Nestin, PAX6, and SOX2 (Fig-

ure S2B). However, distinct from CBX4�/� hMSCs, CBX4�/�

hNSCs did not exhibit premature senescent characteristics

relative to WT hNSCs (Figures S2C–S2E). These results indi-

cate that CBX4 exerts an aging-regulating effect specifically

in hMSCs.
CBX4 Counteracted hMSC Senescence by Maintaining
Nucleolar Heterochromatin and Limiting rRNA
Biogenesis in hMSCs
To further uncover the molecular mechanisms by which

CBX4 regulates hMSC aging, we performed genome-wide

RNA sequencing (RNA-seq) analysis on early-passage WT and

CBX4�/� hMSCs; WT and CBX4�/� hESCs were used as

additional controls (Figures S3A–S3C; Table S1). A total of 306

upregulated genes and 332 downregulated genes were found
Cell Reports 26, 3643–3656, March 26, 2019 3645



Figure 2. CBX4�/� hMSCs Accelerated Cell Attrition

(A) Verification of theCBX4�/� hMSCs. Left: RT-qPCR analysis ofCBX4mRNA in hMSCs. Data are presented as the mean ± SEM (n = 3). **p < 0.01 (t test). Right:

western blotting analysis of CBX4 protein in hMSCs. b-actin was used as the loading control.

(B) Abilities of WT and CBX4�/� hMSCs to perform osteogenesis, chondrogenesis, and adipogenesis. Von Kossa, Alcian blue, and Oil red O stain were used to

characterize osteoblasts, chondrocytes, and adipocytes, respectively. Scale bar, 100 mm.

(C) Whole-genome sequencing analysis of CNVs in hMSCs.

(D) Cumulative population doubling of WT and CBX4�/� hMSCs. Data are presented as the mean ± SEM (n = 3). **p < 0.01 (t test).

(E) SA-b-gal staining in WT and CBX4�/� hMSCs at P8. Scale bar, 50 mm. Data are presented as the mean ± SEM (n = 3). **p < 0.01 (t test).

(F) Western blotting analysis of P16 and P21 proteins in hMSCs at P8. b-actin was used as the loading control.

(G) FACS-based cell-cycle analysis of WT and CBX4�/� hMSCs at P8. Data are presented as the mean ± SEM (n = 3). **p < 0.01 (t test).

(legend continued on next page)
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in CBX4�/� hMSCs compared to WT hMSCs (Figure S3D). The

expression patterns of genes in hMSCs were correlated with

the levels of transcriptionally active histone H3 lysine 4 trimethy-

lation (H3K4me3) in their promoters (Figure S3E). Relative to

WT hESCs, there were only 2 upregulated genes and 6 downre-

gulated genes in CBX4�/� hESCs, consistent with the absence

of discernible senescent phenotypes in CBX4�/� hESCs. These

data indicate that hMSCs are more susceptible than hESCs to

CBX4 deficiency.

The 332 downregulated genes in CBX4�/� hMSCs were

enriched in cell proliferation-related terms by Gene Ontology

(GO) analysis, while the upregulated genes were enriched in

cell adhesion and axon guidance (Figure S3F; Table S2)

but unrelated to cell growth. By chromatin immunoprecipitation

sequencing (ChIP-seq) analyses in CBX4�/� hMSCs recon-

structed with Flag-tagged CBX4, we found that CBX4 bound

at the promoter regions of 1,646 genes, of which only 43 genes

were transcriptionally upregulated in CBX4�/� hMSCs (Figures

S4A and S4B; Table S3). These 43 genes were not associated

with cellular proliferation (Figure S4C; Table S3). Altogether,

these data suggest that there may be nonconventional mecha-

nisms that contribute to the CBX4-mediated regulation of

hMSC aging.

Accordingly, we hypothesized that CBX4 might regulate

hMSC aging by interacting with its partners. By performing co-

immunoprecipitation (Co-IP) coupled with mass spectrometry

(MS), we identified 262 candidate proteins as potential CBX4-

interaction partners (Figure S5A; Table S4). Most of these pro-

teins were components of various nuclear bodies, especially

the nucleolus (Figures 3A and S5B; Table S4). Among these pro-

teins, we focused on fibrillarin (FBL), which is a nucleolar protein

important for the homeostatic regulation of cellular function

(Shubina et al., 2016) (Figures 3B and 3C).We identified a hetero-

chromatin component, KRAB-associated protein 1 (KAP1), as

another CBX4 interaction partner (Figure 3B).

Decreased levels of FBL andKAP1, accompanied by increased

total nucleolar size and decreased number of nucleoli, were

observed inCBX4�/� hMSCs (Figures 3D–3G). Thesemorpholog-

ical alterations were accompanied by the presence of more

mature 28S and 18S rRNAs in CBX4�/� hMSCs (Figure 3H). In

addition, polysome profile analysis in CBX4�/� hMSCs revealed

a higher proportion of ribosomes actively engaging in translation

(Figure S5C), whichwas consistent with an upregulation of the to-

tal protein content in these cells (Figure 3I). To test whether CBX4

depletion induces a loss of heterochromatin in nucleolar regions,

we performed ChIP-qPCR assay on the rDNA promoters and

showed thatCBX4wasbound to rDNA repeats inWThMSCs (Fig-

ure 3J). By comparison, depletion of CBX4 in hMSCs resulted in a

lossof FBLat thepromotersof rDNAregions, aswell asdecreased
(H) Immunostaining of Ki67 in WT and CBX4�/� hMSCs at P8. Scale bar, 20 mm.

(I) Analysis of Luc activities in the TAmuscles of immunodeficient mice at day 0, da

(CBX4�/�/CBX4+/+) and are presented as the mean ± SEM (n = 3). *p < 0.05, **p

(J) SA-b-gal staining in hMSCs transduced with lentiviruses expressing CBX4-WT

(n = 5). **p < 0.01 (t test).

(K) Immunostaining of Ki67 in hMSCs treated as indicated in (J). Data are presen

(L) Cell proliferation detected by crystal violet staining in hMSCs treated as indic

***p < 0.001 (t test).
levels of the heterochromatinmarker histone H3 lysine 9 trimethy-

lation (H3K9me3) andheterochromatin-associatedproteinsKAP1

andSUV39H1at these rDNA repeats (Figures3K–3N).A3D recon-

struction of the z-stack imagesof FBL andH3K9me3also showed

that the signals of H3K9me3 around nucleoli were diminished in

CBX4�/� hMSCs (Figures 3O and S5D). No discernible changes

in the extent of CpG DNA methylation were observed at the

upstream control element and core promoter regions of rDNA

loci (Figure S5E).

Considering that replicative senescence and premature aging

are both associated with diminished CBX4 content, we exam-

ined whether these processes were linked to nucleolar abnor-

mality. As predicted, increase in total nucleolar size, decrease

in number of nucleoli, and more abundant 28S and 18S rRNAs

were present in replicative-senescent hMSCs (Figures S6A–

S6D). Similarly, the total nucleolar size was increased and the

number of nucleoli was decreased in WRN null hMSCs (Figures

S6E and S6F). These results suggest that CBX4 is a key player in

themaintenance of heterochromatin homeostasis and regulation

of nucleolar architecture and function.

FBL and SUV39H1 Were Implicated in Nucleolar
Dyshomeostasis and Senescence Regulation in
CBX4�/� hMSCs
To test whether the inactivation of FBL contributes to hMSC

aging caused by CBX4 deficiency, we knocked down FBL in

WT hMSCs with a lentiviral short hairpin RNA (shRNA) vector

(Figure 4A). Similar to CBX4 deficiency, the knockdown of FBL

resulted in premature hMSC aging, characterized by the early

onset of SA-b-gal activity and accelerated loss of cell prolifera-

tion ability (Figures 4B–4E). Enlarged nucleolar size and

decreased number of nucleoli were also observed upon FBL

knockdown (Figures 4F and 4G). Furthermore, FBL deficiency

resulted in the production of more mature 28S and 18S rRNAs

(Figure 4H), as well as increased total protein content (Figure 4I).

Overexpression of FBL or SUV39H1 attenuated the acceler-

ated senescent phenotypes in hMSCs (Figures 4J–4L). In partic-

ular, the level of cell proliferation-related genes in CBX4�/�

hMSCs was upregulated upon SUV39H1 overexpression (Fig-

ure 4M). In addition, the total nucleolar size was reduced

and the number of nucleoli was increased (Figures 4N and 4O).

Besides, overexpression of FBL or SUV39H1 in CBX4�/�

hMSCs reduced 28S and 18S rRNAs (Figures 4P and 4Q) and

protein synthesis (Figure 4R), along with increased H3K9me3

enrichment at the promoter regions of rDNA repeats (Figures

4S and 4T). Altogether, these data indicate that the inactivation

of FBL and disorganization of nucleolar heterochromatin caused

by CBX4 deficiency mediated nucleolar dysfunction and hMSC

senescence.
Data are presented as the mean ± SEM (n = 3). **p < 0.01 (t test).

y 1, day 4, and day 5 after implantation. Data are calculated by the ratios of log10
< 0.01 (t test).

, CBX4-DSIM, or Luc. Scale bar, 50 mm. Data are presented as the mean ± SEM

ted as the mean ± SEM (n = 5). ***p < 0.001 (t test).

ated in (J). Scale bar, 100 mm. Data are presented as the mean ± SEM (n = 5).
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Figure 3. CBX4 Maintained Nucleolar Heterochromatin and Limited rRNA Expression in hMSCs

(A) Gene Ontology Cellular Component (GO-CC) enrichment analysis of CBX4 interaction proteins identified by Co-IP/MS. The number of proteins in each term is

indicated by the size of each point.

(B) Co-IP analysis of FBL and KAP1 with exogenous CBX4 protein in HEK293T cells.

(C) Co-IP analysis of FBL with CBX4 protein in WT hMSCs.

(D) Western blotting analysis of FBL and KAP1 in CBX4�/� hMSCs at P4. b-actin was used as the loading control.

(E) Immunostaining analysis of nucleoli in WT and CBX4�/� hMSCs at P4. Nucleoli were stained with NCL antibody (gray); DNA was stained with Hoechst 33342

(blue). Scale bar, 12.5 mm.

(F) Quantification of nucleolar areas. Data are presented as the mean ± SEM (n = 200). ***p < 0.001 (t test).

(G) Quantification of the numbers of nucleoli. Data are presented as the mean ± SEM (n = 3). **p < 0.01, ***p < 0.001 (t test).

(H) 28S (5 kb) and 18S (1.9 kb) rRNA levels were indicated in WT and CBX4�/� hMSCs at P4.

(I) Total protein staining in WT and CBX4�/� hMSCs at P4.

(J–N) Enrichment of CBX4 (J), FBL (K), H3K9me3 (L), KAP1 (M), and SUV39H1 (N) within the region of the rDNA promoter measured by ChIP-qPCR in WT and

CBX4�/� hMSCs at P4. Data are presented as the mean ± SEM (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001 (t test).

(O) 3D construction of z-stack of FBL and H3K9me3 immunofluorescent images of WT and CBX4�/� hMSCs at P4. Scale bar, 5 mm.

3648 Cell Reports 26, 3643–3656, March 26, 2019
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Overexpression of CBX4 Protected hMSCs against
Senescence
We next tested whether the overexpression of CBX4 delays

hMSC aging. Lentiviral vector-mediated overexpression of

CBX4 effectively alleviated replicative senescence (Figures

5A–5C) and WRN-deficiency-induced senescence in hMSCs

(Figures 5D–5F). Apart from replicative- and pathological-senes-

cent hMSCs, we found that CBX4 protein levels decreased

during natural aging in MSCs derived from human donors of

different ages (Figure 5G; Table S6). The senescence-associated

phenotypes of hMSCs isolated from three older individuals

(69, 76, and 92 years old) were rescued by CBX4 overexpression

(Figures 5H and 5I). These observations indicate that increased

CBX4 level suppresses cellular senescence.

CBX4-Based Gene Therapy Attenuated the
Development of Osteoarthritis in Mice
Senescent cells accumulate in various mammalian tissues with

age and contribute to the development and progression of

age-related pathologies including osteoarthritis, which is char-

acterized by the progressive degeneration of articular cartilage

(Bagi et al., 2017). The local clearance of senescent cells by

genetic or pharmacological means prevents age-related bone

loss in mice and attenuates the development of posttraumatic

osteoarthritis (Farr et al., 2017; Jeon et al., 2017). To determine

whether activation of CBX4 in the joint capsule is a treatment

strategy for osteoarthritis, we performed anterior cruciate liga-

ment transection (ACLT) to induce osteoarthritis in mice (Fig-
Figure 4. FBL and SUV39H1 Were Implicated in Nucleolar Dyshomeos

(A) Western blotting analysis of FBL in hMSCs transduced with lentiviruses expre

loading control.

(B) Cumulative population doubling of hMSCs treated as indicated in (A). Data ar

(C) SA-b-gal staining in hMSCs treated as indicated in (A). Data are presented as

(D) Immunostaining of Ki67 in hMSCs treated as indicated in (A). Scale bar, 25 m

(E) Cell proliferation detected by crystal violet staining in hMSCs treated as indic

***p < 0.001 (t test).

(F) Quantification of nucleolar area in hMSCs treated as indicated in (A). Data are

(G) Quantification of the number of nucleoli in hMSCs treated as indicated in (A).

(H) 28S (5 kb) and 18S (1.9 kb) rRNA levels in hMSCs treated as indicated in (A).

(I) Total protein staining in hMSCs treated as indicated in (A).

(J) SA-b-gal staining in CBX4�/� hMSCs transduced with lentiviruses expressi

***p < 0.001 (t test).

(K) Cell proliferation detected by crystal violet staining in CBX4�/� hMSCs transd

Data are presented as the mean ± SEM (n = 5). ***p < 0.001 (t test).

(L) Immunostaining of Ki67 in CBX4�/� hMSCs transduced with lentiviruses expr

***p < 0.001 (t test).

(M) Heatmap showing RT-qPCR analysis of the indicated cell proliferation-relate

SUV39H1 or Luc.

(N) Quantification of nucleolar area in CBX4�/� hMSCs transduced with lentivir

(n = 110). ***p < 0.001 (t test).

(O) Quantification of the number of nucleoli inCBX4�/� hMSCs transduced with le

(n = 3). **p < 0.01, ***p < 0.001 (t test).

(P) 28S (5 kb) and 18S (1.9 kb) rRNA levels in CBX4�/� hMSCs transduced with

(Q) 28S (5 kb) and 18S (1.9 kb) rRNA levels in CBX4�/� hMSCs transduced with

(R) Western blotting analysis of puromycin incorporation into CBX4�/� hMSCs tra

as the loading control.

(S) Enrichment of H3K9me3 within the region of the rDNA promoter measured by C

Luc. Data are presented as the mean ± SEM (n = 4). ***p < 0.001 (t-test).

(T) Enrichment of H3K9me3 within the region of the rDNA promoter measured

SUV39H1 or Luc. Data are presented as the mean ± SEM (n = 4). *p < 0.05, ***p
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ure 6A). One week after ACLT surgery, lentiviruses encoding

CBX4 or Luc (control) were administered into the joint cap-

sules. Microcomputed tomography (mCT) revealed that

CBX4-based gene therapy increased the bone density of the

joint at 8 weeks after the ACLT surgery (Figure 6B). Consis-

tently, CBX4 overexpression inhibited the ACLT-induced artic-

ular cartilage erosion (Figure 6C). Cellular senescence marker

P16 was decreased in the articular cartilage of ACLT mice

treated with lentiviral vectors expressing CBX4, as indicated

by immunohistochemistry (Figure 6D). To further uncover

the molecular mechanisms by which CBX4 attenuated the

development of posttraumatic osteoarthritis, we performed

genome-wide RNA-seq analysis of the mouse joints (Figures

S7A and S7B; Table S5). Gene function analysis indicated

that the upregulated inflammation and cell death-associated

genes in ACLT-induced osteoarthritis were suppressed upon

CBX4 overexpression, while the downregulated cell prolifera-

tion and bone growth and differentiation-related genes in

ACLT-induced osteoarthritis were increased by CBX4 overex-

pression (Figures 6E and S7C). Altogether, these findings

demonstrate the therapeutic potential of CBX4 for degenera-

tive joint disorders.

DISCUSSION

The exhaustion of hMSCs is a major cause of age-associated

degeneration of mesodermal tissues as exemplified by osteoar-

thritis. Here, we presented several lines of evidence supporting a
tasis and Senescence Regulation in CBX4�/� hMSCs

ssing either shRNA of FBL or control shRNA of GL2. b-actin was used as the

e presented as the mean ± SEM (n = 3). *p < 0.05 (t test).

the mean ± SEM (n = 3). ***p < 0.001 (t test).

m. Data are presented as the mean ± SEM (n = 3). ***p < 0.001 (t test).

ated in (A). Scale bar, 100 mm. Data are presented as the mean ± SEM (n = 3).

presented as the mean ± SEM (n = 110). ***p < 0.001 (t test).

Data are presented as the mean ± SEM (n = 3). *p < 0.05, ***p < 0.001 (t test).

ng FBL, SUV39H1, or Luc. Data are presented as the mean ± SEM (n = 5).

uced with lentiviruses expressing FBL, SUV39H1, or Luc. Scale bar, 100 mm.

essing FBL, SUV39H1, or Luc. Data are presented as the mean ± SEM (n = 5).

d genes in WT and CBX4�/� hMSCs transduced with lentiviruses expressing

uses expressing SUV39H1 or Luc. Data are presented as the mean ± SEM

ntiviruses expressing SUV39H1 or Luc. Data are presented as the mean ± SEM

lentiviruses expressing FBL or Luc.

lentiviruses expressing SUV39H1 or Luc.

nsduced with lentiviruses expressing FBL, SUV39H1, or Luc. b-actin was used

hIP-qPCR in CBX4�/� hMSCs transduced with lentiviruses expressing FBL or

by ChIP-qPCR in CBX4�/� hMSCs transduced with lentiviruses expressing

< 0.001 (t-test).



Figure 5. CBX4 Protected against Cellular Senescence of hMSCs

(A) SA-b-gal staining in replicative-senescent hMSCs transduced with lentiviruses expressing CBX4 or Luc. Data are presented as the mean ± SEM (n = 5). ***p <

0.001 (t test).

(B) Immunostaining of Ki67 in replicative-senescent hMSCs transduced with lentiviruses expressing CBX4 or Luc. Scale bar, 25 mm. Data are presented as the

mean ± SEM (n = 5). ***p < 0.001 (t test).

(C) Heatmap showingRT-qPCRanalysis of the indicated genes in replicative-senescent hMSCs transducedwith lentiviruses expressingCBX4 or Luc. Expression

levels of the indicated genes in CBX4 lentivirus-transduced hMSCs were normalized to those in Luc lentivirus-transduced hMSCs.

(D) SA-b-gal staining in WS hMSCs transduced with lentiviruses expressing CBX4 or Luc. Scale bar, 50 mm. Data are presented as the mean ± SEM (n = 5). **p <

0.01 (t test).

(E) Immunostaining of Ki67 in WS hMSCs transduced with lentiviruses expressing CBX4 or Luc. Data are presented as the mean ± SEM (n = 5). **p < 0.01 (t test).

(F)CBX4�/� hMSCs overexpressingGFP plus Luc andCBX4�/� hMSCs overexpressing CBX4 plus Lucwere implanted into the TAmuscles ofmice. Luc activities

were imaged and quantified 1 week after implantation. Data are presented as the mean ± SEM (n = 3). **p < 0.01 (t test).

(G) Western blotting analysis of CBX4 protein in human primary MSCs derived from 8 individuals of different ages. GAPDH was used as the loading control. The

expression levels of CBX4 in aged hMSCs were normalized to those in young hMSCs. Data are presented as the mean ± SEM (n = 4). **p < 0.01 (t test).

(H) SA-b-gal staining in primary hMSCs from three aged individuals transduced with lentiviruses expressing CBX4 or Luc. Data are presented as themean ± SEM

(n = 5). ***p < 0.001 (t test).

(I) Immunostaining of Ki67 in primary hMSCs from three aged individuals transduced with lentiviruses expressing CBX4 or Luc. Scale bar, 25 mm. Data are

presented as the mean ± SEM (n = 5). **p < 0.01, ***p < 0.001 (t test).
geroprotective role for CBX4 against hMSC attrition (Figure 7):

(1) CBX4 was downregulated in physiological, premature,

and replicative aging hMSCs; (2) CBX4 deficiency resulted in

premature cellular senescence in hMSCs; (3) CBX4, in complex

with FBL and KAP1, was required for maintaining nucleolar het-
erochromatin, whereas CBX4 deficiency led to reduced nucle-

olar heterochromatin and increased ribosome biogenesis; and

(4) CBX4 overexpression attenuated hMSC aging and alleviated

osteoarthritis in mice. These findings support a critical role for

CBX4 in regulating nucleolar homeostasis and counteracting
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Figure 6. CBX4 Alleviated ACLT-Induced Osteoarthritis in Mice

(A) Schematic of the timeline for the experiments in (B)–(E).

(B) Bone density analysis of mouse joints (no surgery, n = 9; ACLT-Luc, n = 6; ACLT-CBX4, n = 9). Data are presented as the mean ± SEM. **p < 0.01, ***p < 0.001

(t test).

(C) Left: representative images showing safranin O and fast green staining of articular cartilage from the joints of mice that did not undergo surgery and ACLTmice

injected with lentiviruses expressing CBX4 or Luc. Right: Osteoarthritis Research Society International (OARSI) grade of articular cartilages. Data are presented

as the mean ± SEM. **p < 0.01, ***p < 0.001 (t test).

(D) Immunostaining for P16 (brown, arrows; no surgery, n = 9; ACLT-Luc, n = 6; ACLT-CBX4, n = 9). Scale bar, 40 mm. Data are presented as the mean ± SEM.

**p < 0.01 (t test).

(E) Gene function analysis of the common genes between DEGs (ACLT-Luc versus no surgery) and DEGs (ACLT-CBX4 versus ACLT-Luc) from the joints of mice

that did not undergo surgery and ACLT mice injected with lentiviruses expressing CBX4 or Luc. DEGs, differentially expressed genes.
hMSC senescence, highlighting a potential avenue for the use of

CBX4 in treating aging and aging-related disorders.

We generated CBX4�/� hESCs, hNSCs, and hMSCs by

combining gene editing and human stem cell-directed differenti-

ation techniques. We observed that CBX4 was decreased in

early-passage replicative-senescent hMSCs before senescence

marker P16 was upregulated, indicating CBX4 functions as an
3652 Cell Reports 26, 3643–3656, March 26, 2019
aging driver for hMSCs. By comparison, CBX4 was dispensable

to the maintenance of self-renewal ability of hESCs and hNSCs,

implying that theremay be other functionally redundant proteins.

This is consistent with the notion that hESCs are capable of toler-

ating various somatic cell-specific cellular defects caused by ge-

netic and epigenetic aberrations (Zhang et al., 2013). Besides

being part of the PRC1, CBX4 is also known as an SUMO E3



Figure 7. Working Model for the Role of

CBX4 in the Regulation of Nucleolar Homeo-

stasis and Cellular Aging in hMSCs

In young hMSCs, CBX4 is required to maintain the

architectural and functional homeostasis of the

nucleolus through interacting with FBL and KAP1.

The complex is associated with H3K9me3-en-

riched heterochromatin tethered to rDNA regions

to repress rDNA transcription. In aged hMSCs,

the decrease of CBX4 causes destabilization of

FBL and KAP1 and reduces H3K9me3-enriched

heterochromatin in rDNA regions, resulting in

the increase of ribosome biogenesis and protein

production. Reintroduction of CBX4 in aged

hMSCs rescues nucleolar abnormalities and aging

defects.
ligase that mediates maintenance of genomic stability (Soria-

Bretones et al., 2017). In our study, however, we found that the

SUMO E3 ligase activity was irrelevant to the senescence regu-

latory function of CBX4 in hMSCs. CBX4 has been reported

essential to the maintenance of human epidermal stem cells in

a slow-cycling, undifferentiated state (Luis et al., 2011), providing

additional evidence for the role of CBX4 in regulating the homeo-

stasis of human adult stem cells. CBX4 also plays determinant

roles in various biological processes, including mouse embry-

onic development (Liu et al., 2013) and maintenance of epithelial

identity (Mardaryev et al., 2016). Nevertheless, CBX4 deficiency

exhibited no adverse effects on the differentiation of hESCs into

hMSCs and hNSCs or the differentiation of hMSCs into osteo-

blasts, chondrocytes, and adipocytes, suggesting a possible

species- and/or tissue-specific effect of CBX4 on cell fate deter-

mination and conversion. Because CBX4 knockout mice suffer

severe hypoplasia of the fetal thymus (Liu et al., 2013), evaluating

the role of CBX4 in aging regulation using a rodent-based

system is difficult. Thus, human stem cells may represent an

invaluable platform for unraveling the geroprotective activity of

human CBX4.

In our study, CBX4 antagonized hMSC senescence via the

stabilization of nucleoli, which form the cellular transcription cen-

ter for ribosome biogenesis and are implicated in the regulation

of cellular senescence and lifespan in various model organisms

(Le Bouteiller et al., 2013; Steffen et al., 2008). Increased nucle-

olar size and derepression of rDNA transcription are hallmarks of

aging (Buchwalter and Hetzer, 2017; Tiku et al., 2017). Here, we

found that CBX4 interacted with a series of nucleolar proteins

such as FBL and heterochromatin protein KAP1, playing a vital

role in maintaining a condensed and small nucleolar architec-

ture. Nearly half of rDNA repeats are present as heterochromatin

and are silenced in growing cells (Grummt and Pikaard, 2003).

H3K9me3 is a constitutive heterochromatin marker, and the

reduction of H3K9me3 at the rDNA promoter is linked to the acti-

vation of rDNA transcription (Yang et al., 2015). Here, we identi-

fied CBX4, FBL, and KAP1 as a protein complex and epigenetic
Cell Re
stabilizers of nucleolar rDNA repeats.

Loss of CBX4 accelerated senescence

by reducing FBL, KAP1, and histone

methyltransferase SUV39H1 from rDNA
repeats, along with enlarged nucleolar size, disorganized

nucleolar heterochromatin, upregulated rRNA transcription,

and increased protein synthesis. More importantly, FBL or

SUV39H1 overexpression partially reversed the premature se-

nescent phenotypes and the loss of nucleolar heterochromatin

in CBX4�/� hMSCs, indicating a critical role for CBX4-mediated

heterochromatin organization in the maintenance of nucleolar

homeostasis. Similarly, heterochromatin disorganization caused

by WRN deficiency in Werner syndrome leads to increased tran-

scription from pericentromeric satellite repetitive sequences,

driving hMSCs to senescence (Zhang et al., 2015). In addition,

rDNA heterochromatin is critical for maintaining rDNA stability

to safeguard against cellular senescence (Paredes et al.,

2018). Despite several reports pointing out the effect of CBX4

in stabilizing genome (Ismail et al., 2012; Soria-Bretones

et al., 2017), we did not observe increases in DNA damage

response or genome instability in CBX4�/� hMSCs in this study,

indicating that CBX4 plays a nucleolus-specific geroprotective

role in hMSCs.

The therapeutic potential of CBX4 in combating senescence-

associated degenerative diseases is evidenced by the success-

ful application of CBX4 overexpression in rescuing aging defects

in pathological- and replicative-senescent hMSCs, as well as in

primary hMSCs from aged individuals. Osteoarthritis is an age-

related disease involving the degeneration of articular cartilage;

the major risk factors are aging and trauma (Varela-Eirin et al.,

2018). The clearance of local senescent cells and the implanta-

tion of hMSCs to the joint have provided a therapeutic paradigm

for osteoarthritis (Jeon et al., 2017; McGonagle et al., 2017). In

our study, CBX4-overexpressing lentiviral vectors administrated

by intra-articular injection increased bone density, attenuated

articular cartilage erosion, reduced the expression of aging and

inflammation factors, and stimulated the expression of bone

growth and differentiation genes, further positioning CBX4 as

a robust therapeutic target for treating osteoarthritis. Although

the detailed mechanisms remain to be investigated, our

data have demonstrated the potential of CBX4-based gene
ports 26, 3643–3656, March 26, 2019 3653



therapy for the treatment of cellular senescence-related human

diseases.

In summary, our study demonstrates that CBX4 antagonizes

hMSC aging bymaintaining nucleolar heterochromatin organiza-

tion and that CBX4 overexpression attenuates hMSC senes-

cence and development of osteoarthritis. These findings not

only highlight that CBX4-mediated nucleolar homeostasis is a

key gatekeeper for hMSC aging but also open an avenue for pre-

venting aging-associated stem cell exhaustion and hopefully

treating age-related disorders.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-CBX4 for western blotting Abcam Cat#ab139815

Mouse monoclonal anti-CBX4 for ChIP Millipore Cat#MAB11012; RRID: AB_11214184

Mouse monoclonal anti-CD73 BD Biosciences Cat#550257; RRID: AB_393561

Mouse monoclonal anti-CD90 BD Biosciences Cat#555595; RRID: AB_395969

Mouse monoclonal anti-CD105 Thermo Fisher Scientific Cat#17-1057-42; RRID: AB_1582211

Mouse monoclonal anti-CD34 BD Biosciences Cat#555821; RRID: AB_396150

Mouse monoclonal anti-CD43 BD Biosciences Cat#560198; RRID: AB_1645460

Mouse monoclonal anti-CD45 BD Biosciences Cat#555482; RRID: AB_395874

Mouse monoclonal anti-IgG-FITC BD Biosciences Cat#555748; RRID: AB_396090

Mouse monoclonal anti-IgG-PE BD Biosciences Cat#555749; RRID: AB_396091

Mouse monoclonal anti-IgG-APC BD Biosciences Cat#555751; RRID: AB_398613

Mouse monoclonal anti-OCT4 Santa Cruz Cat#sc5279; RRID: AB_628051

Goat polyclonal anti-SOX2 Santa Cruz Cat#sc17320; RRID: AB_2286684

Goat polyclonal anti-NANOG Abcam Cat#ab21624; RRID: AB_446437

Mouse monoclonal anti-SMA Sigma-Aldrich Cat#A5228; RRID: AB_262054

Rabbit monoclonal anti-FOXA2 Cell Signaling Technology Cat#8186; RRID: AB_10891055

Rabbit polyclonal anti-TUJ1 Sigma-Aldrich Cat#T2200; RRID: AB_262133

Rabbit monoclonal anti-Ki67 Abcam Cat#ab16667; RRID: AB_302459

Mouse monoclonal anti-Nestin Millipore Cat#MAB5326; RRID: AB_2251134

Rabbit polyclonal anti-PAX6 Covance Cat#PRB-278P; RRID: AB_291612

Rabbit polyclonal anti-NCL Abcam Cat#ab22758; RRID: AB_776878

Mouse monoclonal anti-FBL Abcam Cat#ab4566; RRID: AB_304523

Rabbit polyclonal anti-H3K9me3 Abcam Cat#ab8898; RRID: AB_306848

Rabbit polyclonal anti-gH2AX Abcam Cat#ab11175, RRID: AB_297814

Rabbit polyclonal anti-H3K4me3 Abcam Cat#ab8580, RRID: AB_306649

Mouse monoclonal anti-Flag Sigma-Aldrich Cat#F1804; RRID: AB_262044

Rabbit polyclonal anti-KAP1 Abcam Cat#ab10483; RRID: AB_297222

Rabbit monoclonal anti-SUV39H1 Cell Signaling Technology Cat#8729; RRID: AB_10829612

Normal rabbit IgG Santa Cruz Cat#sc2027; RRID: AB_737197

Normal mouse IgG Santa Cruz Cat#sc2025; RRID: AB_737182

Mouse monoclonal anti-b-actin Santa Cruz Cat#sc69879; RRID: AB_1119529

Rabbit polyclonal anti-GAPDH Santa Cruz Cat#sc25778; RRID: AB_10167668

Rabbit polyclonal anti-P16 for western blotting Cell Signaling Technology Cat#4824; RRID: AB_330138

Rabbit monoclonal anti-P21 Cell Signaling Technology Cat#2947; RRID: AB_823586

Rabbit polyclonal anti-CBX2 Abcam Cat#ab80044; RRID: AB_2049270

Rabbit polyclonal anti-CBX6 Millipore Cat#09-030; RRID: AB_1977085

Rabbit polyclonal anti-CBX7 Abcam Cat#ab21873; RRID: AB_726005

Rabbit polyclonal anti-CBX8 Aviva Systems Biology Cat#ARP34599_P050; RRID: AB_2045294

Mouse monoclonal anti-Puromycin Millipore Cat#MABE343; RRID: AB_2566826

Mouse monoclonal anti-P16 for IHC Abcam Cat#ab54210; RRID: AB_881819

Biological Samples

Human dental pulp tissue 306 hospital of PLA in Beijing N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Matrigel Matrigel Matrix Cat#354230

mTeSR1 Stemcell Technology Cat#05850

bFGF Joint Protein Central Cat#BBI-EXP-002

Fetal bovine serum Ausbian Cat#VS500T; Lot: 318056

G418 Thermo Fisher Scientific Cat#11811023

TGFb Gibco Cat#CTP9211

N2 Thermo Fisher Scientific Cat#17502-048

B27 Thermo Fisher Scientific Cat#17502-044

hLIF Millipore Cat#LIF1050

CHIR99021 Selleck Chemicals Cat#S2924

SB431542 Selleck Chemicals Cat#S1067

Dorsomorphin Sigma-Aldrich Cat#P5499

Compound E EMD Chemicals Inc. Cat#565790

Triton X-100 Sigma-Aldrich Cat#T9284

Hoechst 33342 Thermo Fisher Scientific Cat#H3570

TRIzol Gibco Cat#15596018

qPCR Mix TOYOBO Cat#QPS-201

Dynabeads � Protein A for Immunoprecipitation Thermo Fisher Scientific Cat#10002D

NP-40 Dingguo Cat#DH218

Protease inhibitor cocktail Roche Cat#4693159001

Puromycin Sigma-Aldrich Cat#P8833

HEPES Sigma-Aldrich Cat#H3375

CHAPS Sigma-Aldrich Cat#C9426

ANTI-FLAG � M2 Affinity Gel Sigma-Aldrich Cat#A2220

Protein A/G-PLUS agarose beads Santa Cruz Cat#sc2003

Flag peptides Sigma-Aldrich Cat#F3290

Sequencing grade trypsin Promega Cat#V5113

Cycloheximide Sigma-Aldrich Cat#66-81-9

DTT Amresco Cat#0281

Fast Green FCF Sigma-Aldrich Cat#F7252

Safranin O Sigma-Aldrich Cat#S2255

DAB Beijing Zhongshan Jinqiao

Biological Technology

Cat#ZLI-9018

Critical Commercial Assays

CpGenome Fast DNA Modification Kit Millipore Cat#S7824

DNeasy Blood & Tissue Kit QIAGEN Cat#69506

Next DNA Library Prep Reagent Set New England Biolabs Cat#E7370L

Click-iT� EdU Alexa Fluor� 647 Flow

Cytometry Assay Kit

Molecular Probes Cat#C10419

GoScript Reverse Transcription System Promega Cat#A5001

RNeasy Mini Kit QIAGEN Cat#74106

Next Ultra RNA Library Prep Kit New England Biolabs Cat#E7530L

NanoOrange protein quantitation reagent Thermo Fisher Scientific Cat#N-6666

Dual-Luciferase assay kit Vigorous Biotechnology Cat#T002

Epitope retrieval solution Beijing Zhongshan Jinqiao

Biological Technology

Cat#ZLI-9068

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Raw sequencing data (RNA, CNV and ChIP) This paper GSE117084; GSE125320

Experimental Models: Cell Lines

HEK293T ATCC Cat#CRL-1573

Wildtype hESCs (Line H9) WiCell Research Institute Cat#WA09

Human mesenchymal stem cells derived

from hESCs

This paper N/A

Human neural stem cells derived from hESCs This paper N/A

Primary hMSC from human dental pulp tissue This paper N/A

Experimental Models: Organisms/Strains

Mouse: NOD.CB17-Prkdcscid/NcrCrl Charles River 406

Mouse: C57BL/6NCrl Charles River 213

Recombinant DNA

Cas9 plasmid A gift from George M. Church

(Mali et al., 2013)

N/A

pCR2.1-TOPO Thermo Fisher Scientific Cat#K455001

gRNA cloning vector Brunet et al., 1999 Addgene plasmid #41824

pLE4 A gift from Tomoaki Hishida N/A

pLVTHM Wiznerowicz and Trono, 2003 Addgene plasmid #12247

psPAX2 A gift from D. Trono (personal

communication)

Addgene plasmid #12260

pMD2.G A gift from D. Trono (personal

communication)

Addgene plasmid #12259

Software and Algorithms

FlowJo FlowJo, LLC https://www.flowjo.com/

Leica LAS AF Lite version 2.6.0 Leica https://leica-las-af-lite.updatestar.com/

Image Lab Bio-Rad http://www.bio-rad.com/zh-cn/product/

image-lab-software?ID=KRE6P5E8Z

ImageJ NIH https://imagej.nih.gov/ij/

Proteome Discoverer software package

(Version 1.4.1.14)

Thermo Fisher Scientific https://www.thermofisher.com/order/

catalog/product/OPTON-30795?SID=

srch-srp-OPTON-30795

GraphPad Prism 5.0 GraphPad Software Inc. https://www.graphpad.com/
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Guang-

Hui Liu (ghliu@ibp.ac.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Models
All animal experiments performed in this study were approved by the Chinese Academy of Science Institutional Animal Care and

Use Committee. Male NOD SCID mice (6-8 weeks old) and male C57BL mice (8-10 weeks old) were purchased from Charles River

Laboratories. The mice were bred, raised and housed in the Laboratory of Immunodeficiency Animals of Institute of Biophysics,

Chinese Academy of Sciences on a 12-12 hour day-night cycle and provided with food and water ad libitum.

Cell Culture
H9 hESCs were cultured as described previously (Liu et al., 2014; Wang et al., 2018a). Briefly, H9 hESCs were maintained on mito-

mycin-inactivated mouse embryonic fibroblasts (MEFs) in hESC culture medium, while the feeder-free cultures were maintained on

Matrigel-coated plates in mTeSR medium. H9 hESCs on MEFs were cultured in DMEM/F-12 medium supplemented with 20%
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knockout serum replacement, 1% GlutaMAX, 1% nonessential amino acids (NEAA), 1% penicillin-streptomycin (PS), 55 mM

b-mercaptoethanol and 10 ng/ml human basic fibroblast growth factor (bFGF) (Duan et al., 2015). hMSCs were grown on gelatin-

coated plates and cultured in MEMa medium supplemented with 10% fetal bovine serum (FBS), 1% NEAA, 1% PS, and 1 ng/ml

bFGF. HEK293T cells were cultured in high-glucose DMEM medium containing 10% FBS and 1% PS. No mycoplasma contamina-

tion was observed during cell culture.

METHOD DETAILS

Generation of CBX4�/� hESCs
CRISPR/Cas9-mediated gene targeting was performed as described previously (Wang et al., 2018b). Briefly, a donor plasmid

(pCR2.1-TOPO) was constructed by the combination of 1.0-2.0 kb homology arms and drug resistance cassettes (neo). H9 hESCs

were electroporated with Cas9 plasmid, donor plasmid and CBX4-gRNA cloning vector and subsequently plated on MEF feeder

cells. Two days later, G418 (100 mg/ml) was added to the medium to initiate positive selection. After 14-21 days of selection,

G418-resistant clones were manually picked, transferred to a 96-well plate and expanded for genotyping.

Generation and Characterization of hMSCs
hMSCs were differentiated from hESCs as described previously (Liu et al., 2014; Yan et al., 2019). Briefly, groups of 10-14 embryoid

bodies (EBs) were plated onMatrigel-coated plates and left to differentiate in MEMamedium supplemented with 10% FBS, 10 ng/ml

bFGF, 5 ng/ml TGFb and 1% PS until confluent MSC-like populations occurred. The hMSCs were purified by FACS with different

antibodies corresponding to hMSC-specific markers (CD73, CD90, and CD105). The cells after sorting were subjected to passage

0 (P0). The hMSC functionality was further verified by differentiation toward bone, cartilage and adipocytes, and the trilineage

differentiation abilities of hMSC lines were examined by histochemical staining with von Kossa (osteogenesis), Alcian blue (chondro-

genesis), and Oil Red O (adipogenesis), respectively.

Generation and Characterization of hNSCs
Neural induction was described as previously (Liu et al., 2012, 2014). Briefly, ESCs plated on MEF feeder cells were cultured with

NIM-1 medium (50% Advanced DMEM/F12, 50% Neurobasal, 1 3 N2, 1 3 B27, 2 mM GlutaMAX and 10 ng/ml of hLIF, 4 mM

CHIR99021, 3 mM SB431542, 2 mM Dorsomorphin and 0.1 mM Compound E). Two days later, medium was changed by NIM-2

(50% Advanced DMEM/F12, 50% Neurobasal, 1 3 N2, 1 3 B27, 2 mM GlutaMAX, 10 ng/ml of hLIF, 4 mM CHIR99021, 3 mM

SB431542 and 0.1 mMCompound E). Five days later, the cultures were then plated ontoMatrigel-coated plates and cultured in neural

stem cell maintenancemedium (NSMM) containing 50%Advanced DMEM/F12, 50%Neurobasal, 10 ng/ml of hLIF, 13N2, 13B27,

2 mM GlutaMAX, 3 mM CHIR99021 and 2 mM SB431542.

Isolation and Culture of Primary hMSCs
Primary hMSCs were isolated from the dental pulp tissues of different individuals with the approval from the Ethics Committee of the

306 Hospital of PLA in Beijing. In brief, the dental pulp tissues were cut into small pieces followed by digestion using TrypLE Express

Enzyme (13 ) plus Dispase IV at 37�C for 30min. The samples were then centrifuged at 500 g at room temperature for 10min and the

resultant pellet was cultured in MSC culture medium to grow MSCs. The sample information is listed in Table S6.

Bisulfite Sequencing
Bisulfite conversion of DNAwas performed using the CpGenome Fast DNAModification Kit following themanufacturer’s recommen-

dations. Approximately 500 ng of DNA was converted and used to amplify the genomic fragment containing the OCT4 and rDNA

promoters using LA Taq Hot Start Version. The PCR products were purified by the Gel Extraction Kit of QIAquick columns (QIAGEN)

and subsequently cloned into the pEasy-T1 vector. Clones were sequenced with the universal primer M13.

CNV
Genomic DNAwas extracted from 0.5-13 106 cells via the DNeasyBlood & Tissue Kit. Subsequently, genomic DNAwas sheared into

fragments of approximately 300 bp using Covaris S2 and then constructed into sequencing libraries using the Next DNA Library Prep

Reagent Set for Illumina.

CNV identification analysis was performed using the published R package HMMcopy (Ha et al., 2012). In brief, the genome was

binned into consecutive 1 Mb windows with readCounter. The absolute number of reads detected in each window was calculated.

The copy number, GC content and mappability corrections were estimated with HMMcopy.

SA-b-gal Staining Assay
SA-b-gal staining was performed as described previously (Debacq-Chainiaux et al., 2009; Ling et al., 2019). Briefly, cells were fixed in

2% formaldehyde and 0.2%glutaraldehyde at room temperature for 3min, then stainedwith fresh staining solution at 37�Covernight.

The percentage of cells positive for the SA-b-gal signal was analyzed.
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Clonal Expansion Assay
To determine the cell proliferation ability of hMSCs, 2,000 cells per well were seeded into 12-well plates, cultured for 2 weeks and

stained with 0.2% crystal violet. Cell numbers were counted under a light microscope.

Flow Cytometry Analysis
For cell cycle analysis, cells were incubated with 10 mMEdU for 2 hr, then collected with TrypLE Express and stained with Alexa Fluor

647 dye azide and propidium iodide according to the manufacturer’s instructions for the Click-iT� EdU Alexa Fluor� 647 Flow

Cytometry Assay Kit (Yang et al., 2017). The results were then measured by an LSRFortessa cell analyzer (BD), and the data were

analyzed by FlowJo software.

Immunofluorescent Staining
Cells were fixed with 4% paraformaldehyde at room temperature for 20 min and permeabilized with 0.4% Triton X-100 in PBS for

20 min at room temperature. After incubation with 10% donkey serum in PBS for 1 hr, the cells were incubated with primary anti-

bodies at 4�C overnight. Subsequently, cells were incubated with secondary antibodies at room temperature for 20 min. The nuclei

were stained with Hoechst 33342. A Leica SP5 confocal microscope was used for imaging.

RNA and DNA Analysis
For RNA analysis, total RNAwas extracted with TRIzol, followed by cDNA synthesis with the GoScript Reverse Transcription System.

The purified RNAs from equal numbers of cells were analyzed by electrophoresis on a TapeStation system (Ambion) for the detection

of 28S and 18S RNAs. RT-qPCR was performed with qPCRMix in a CFX384 Real-Time PCR system (Bio-Rad). GAPDHwas used as

the reference gene. Primer sequences are listed in Table S6.

For genomic PCR, genomic DNA was extracted and PCR was carried out with PrimeSTAR. Primer sequences are listed in

Table S6.

RNA-seq Library Construction and Sequencing
Total RNA was extracted using the RNeasy Mini Kit according to the manufacturer’s protocol. After RNA quantification by Fragment

Analyzer (Advanced Analytical), 1.5 mg of total RNA was used to construct sequencing libraries for Illumina by using the Next Ultra

RNA Library Prep Kit following the manufacturer’s protocol. Duplicates were used for the RNA-seq data from each type of human

cells to eliminate technical noise. The knee joint RNA samples of one treatment group of OA mice were mixed and three technical

repeats were performed for RNA-seq.

RNA-seq Data Analysis
For human cell RNA-seq, the reads were aligned to the human genome reference (hg19 from UCSC genome browser) with the

TopHat software (Kim et al., 2013) (http://tophat.cbcb.umd.edu/) with the default parameters. HTSeq (Anders et al., 2015) was

used to count the number of reads mapped in each annotated gene based on the mapping results. Differential expression analysis

was performed using the DESeq2 (Love et al., 2014) package in bio-conductor based on read counts with the cutoff Benjamini-Hoch-

berg adjusted p value 0.05 and log2(fold change) more than 1. Furthermore, the gene expression levels (FPKM) of each sample were

calculated using cufflinks (v2.2.1) (Trapnell et al., 2010).

For mouse joints RNA-seq, low quality reads were trimmed and then paired clean reads were mapped to mouse mm9 genome

using hisat2 (Kim et al., 2015). Reads were then counted by HTSeq (Anders et al., 2015). Differentially expressed genes (DEGs)

were calculated using DESeq2 (Love et al., 2014) with the cutoff Benjamini-Hochberg adjusted p value 0.05 and log1.5(fold change)

more than 1. Furthermore, the gene expression levels (FPKM) of each sample were calculated using custom scripts.

ChIP-seq and ChIP-qPCR
ChIP-seq and ChIP-qPCRwere performed by following a previous protocol with minor modifications (Dahl and Collas, 2008). Briefly,

cells were cross-linked by 1% (vol / vol) formaldehyde at room temperature for 8 min and quenched by glycine at room temperature

for 5 min. The cells were then lysed in lysis buffer, followed by chromatin shearing using a Covaris S2 instrument. The samples were

incubated overnight with protein A beads bound with 2.4 mg antibody. Normal rabbit IgG or mouse IgG was used as a negative

control. After elution and reverse crosslinking at 68�C, the DNA was purified by phenol-chloroform-isoamyl alcohol extraction and

ethanol precipitation and subjected to sequencing or RT-qPCR analysis. Samples for sequencing were constructed into libraries

for Illumina with the Next DNA Library Prep Reagent Set according to the manufacturer’s instructions. The primer sequences for

ChIP-qPCR are listed in Table S6.

ChIP-seq Data Analysis
Sequencing reads from the ChIP-seq experiment were mapped to the human genome reference (hg19) by Burrows-Wheeler Aligner

(BWA) (version 0.7.5a-r405) (Li andDurbin, 2009), retaining only uniquelymapped non-duplicate readswithoutmismatches in the first

15 bp. The peakswere called using the Irreproducibility Discovery Rate (IDR) framework, which is developed by Kundaje (Landt et al.,

2012), and the densities were calculated using the merged results for samples that passed the IDR framework.
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Plasmids
To construct plasmids overexpressing CBX4, FBL, SUV39H1 or Luc (control), cDNAs were cloned into the pLE4 vector. CBX4-DSIM

plasmid was a kind gift from Dr. Salvador Aznar Benitah. To generate lentiviral vectors encoding shRNA targeting FBL, shRNA oligos

(Table S6) were cloned into the pLVTHM vector precleaved by ClaI and MluI.

Lentivirus Production
HEK293T cells were cotransfected with lentiviral overexpression or shRNA vectors, as well as the packaging plasmids psPAX2 and

pMD2.G. Lentiviral particles were collected after 48 hr and concentrated by ultracentrifugation at 19,400 g for 2.5 hr. Concentrated

viruses were used for titer determination and cell transduction.

Western Blotting
Cells were lysed in RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 mMNaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) with a

protease inhibitor cocktail. The protein concentration wasmeasured by the BCAKit. Approximately 20 mg of protein was subjected to

SDS-PAGE electrophoresis and electrotransferred to a PVDF membrane (Millipore). The membrane was incubated with primary an-

tibodies and HRP-conjugated secondary antibodies. The quantification of western blotting was performed with Image Lab software

for theChemiDoc XRS system (Bio-Rad). Cell for quantification of global protein synthesis were pretreatedwith 2 mg/ml puromycin for

10 min and then cells were lysed for western blotting using anti-puromycin antibody.

Co-IP
For Co-IP, cells were lysed on ice for 1 hr in CHAPS lysis buffer (40 mM HEPES, pH 7.5, 120 mM NaCl, 0.3% CHAPS, 1 mM EDTA,

1 mMPMSF, and protease inhibitor cocktail) as previously described (Pan et al., 2016). The lysates were centrifuged at 14,500 g and

4�C for 20 min. For exogenous Co-IP, the supernatants mixed with anti-Flag antibody coupled beads were rotated overnight at 4�C.
For endogenous Co-IP, the supernatants were mixed with the indicated antibodies and rotated overnight at 4�C. Normal rabbit IgG

was used as a negative control. Protein A/G-PLUS Agarose beads were then added to the mixture and rotated for 2-4 hr at 4�C. After
washing three times with CHAPS lysis buffer, the bound proteins were eluted with Flag peptides for MS identification or by boiling in

1 3 SDS-loading buffer for 10 min for western blotting.

LC-MS/MS Analysis
The eluted proteins from immunoprecipitation were precipitated by trichloroacetic acid and then resolved in urea solution (8 M urea,

50 mM Tris-HCl, pH 8.0). After reduction and alkylation, the protein samples were diluted with Tris-HCl buffer (50 mM Tris-HCl,

pH 8.0) to a urea concentration of 2 M. The proteins were digested with sequencing grade trypsin overnight at 37�C. After protein
digestion, the peptides were dissolved in 10 mL of 0.1% formic acid (FA) and separated by an online Easy-nLC 1000 system (Thermo

Fisher Scientific) equipped with a C18 reversed-phase column. The column was eluted with a linear gradient of 5%–35% acetonitrile

in 0.1% formic acid at the rate of 300 nl/min for 50 min. The mass spectra were acquired from an LTQ-Orbitrap Elite mass spectrom-

eter (Thermo Fisher Scientific) equipped with a nano-ES ion source (Proxeon Biosystems). Full-scan spectra (from m/z 300-1600)

were acquired in the Orbitrap analyzer with a resolution of 30,000 at 400 m/z after the accumulation of 1,000,000 ions, and the

ten most intense ions per scan were selected for high-energy collision dissociation (HCD) fragmentation after the accumulation of

50,000 ions. We set the maximal filling time to 200 ms for the full scans and 200 ms for the MS/MS scans. The dynamic exclusion

list was restricted to a maximum of 500 entries with a maximum retention period of 30 s and a mass window of 0.01 Da.

All raw files were processed with the Proteome Discoverer software package (Version 1.4.1.14) and searched against the UniProt

human protein sequence database. The search parameters were set as follows: enzyme as trypsin; up to twomissed cleavages; car-

bamidomethyl cysteine as a fixed modification; oxidation methionine and protein N-terminal acetylation as variable modifications.

The MS tolerance was 10 ppm, while the MS/MS tolerance was 0.02 Da.

Total Proteins Staining
Cells were fixed with 4% formaldehyde at room temperature for 5 min and permeabilized with 0.2% Triton X-100 in PBS for 5 min at

room temperature. NanoOrange protein quantitation reagent was diluted to 6.25 ml/ml with 1 3 NanoOrange protein quantitation

diluent. Cells were stained with the staining reagent for 20 min. The staining solution was removed, and the cells were washed three

times for 5 min with PBS, and then measured by LSRFortessa cell analyzer (BD) and data were analyzed by FlowJo software.

Polysome Profile Analysis
Polysome profile analysis by sucrose gradient centrifugation was basically done as previously described (Thoreen et al., 2012). Cells

were treated with 100 mg/ml cycloheximide for 5 min before lysis. Then, the cells were washed by ice-cold PBS (lacking calcium) plus

100 mg/ml cycloheximide, and equal numbers of cells were lysed in polysome lysis buffer (15 mM HEPES-KOH, pH 7.4,

7.5 mM MgCl2, 100 mM KCl, 2 mM DTT, 1% Triton X-100, 100 mg/ml cycloheximide, and one tablet of protease inhibitors cocktail

per 25 ml). Whole-cell extracts either layered onto 11 mL 10%–50% sucrose density gradients (15 mMHEPES-KOH, 7.5 mMMgCl2,

100mMKCl, 2mMDTT, 100 mg/ml cycloheximide, 20 U/ml SuperaseIn, and 10%–50%RNase-free sucrose). Gradient centrifugation
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was performed in a SW 41 Ti Rotor (Beckman Coulter) at 200,000 g at 4�C for 2.5 hr and then sampled using a Labconco Auto Densi-

Flow Gradient Fractionator connected to an Isco Tris pump with constant monitoring of the optical density (OD) at 254 nm.

Animal Experiments
For the teratoma formation assay, male NOD-SCID mice at 6-8 weeks old were injected with 3 3 106 WT or CBX4�/� hESCs in a

Matrigel/mTeSR solution, respectively. Teratomas were collected and subjected to immunostaining upon reaching a size of approx-

imately 10 mm in diameter.

In the hMSC transplantation assay, 13 106 hMSCs were injected into TAmuscle of male NOD-SCIDmice at 6-8 weeks old. In vivo

Luc activity was measured with an IVIS spectrum imaging system (XENOGEN, Caliper).

An osteoarthritis (OA) mouse model was generated as previously described (Jeon et al., 2017). Briefly, anterior cruciate ligament

transection (ACLT) was performed on 8-10-week-oldmale C57BLmice. After opening the joint capsule, the anterior cruciate ligament

was transected with microscissors under a surgical microscope. One week after surgery, lentiviruses expressing CBX4 or Luc were

injected into the articular cavity. Eight weeks after lentivirus injection, the mouse knee joints were examined by mCT analysis. The

mice were then euthanized and the joints were collected for mRNA analysis and histological assessment.

Histology and Immunohistochemistry
Mouse joints were fixed in 4% paraformaldehyde for two days, decalcified in 5%methanoic acid for two weeks and then embedded

in paraffin. Sections (5 mm) were stained with Fast Green FCF (0.02%) and safranin O (0.1%) and quantified using the Osteoarthritis

Research Society International (OARSI) scoring system.

Immunohistochemistry was performed using DAB staining method (Dudek et al., 2016). Briefly, the slides were deparaffinized and

rehydrated in 1 3 phosphate buffered saline (PBS), followed by antigen retrieval performed using epitope retrieval solution at 95�C
and blockage of endogenous peroxidase activity with 3% hydrogen peroxide for 10 min at room temperature. The slides were then

blockedwith blocking solution (10% fetal bovine serum in PBS) for 1 hr at room temperature, and incubatedwith a primary antibody in

a humid chamber overnight at 4�C and a secondary antibody (Beijing Zhongshan Jinqiao Biological Technology) for 30 min at 37�C
before stained with 3, 30-diaminobenzidine tetra hydrochloride (DAB) and counterstained with hematoxylin.

QUANTIFICATION AND STATISTICAL ANALYSIS

Datawere analyzed byGraphPad Prism 5.0 and presented as themeans ±SEM. The two-tailed Student’s t test was used to compare

differences between treatments assuming equal variance and differences were considered statistically significant when p < 0.05.

DATA AND SOFTWARE AVAILABILITY

Raw sequencing data and processed data used in this paper have been deposited in the NCBI Gene Expression Omnibus (GEO)

under the accession number GSE117084 and GSE125320.
Cell Reports 26, 3643–3656.e1–e7, March 26, 2019 e7


	Maintenance of Nucleolar Homeostasis by CBX4 Alleviates Senescence and Osteoarthritis
	Introduction
	Results
	CBX4 Was Downregulated in Aged hMSCs
	CBX4 Deficiency Resulted in Premature Aging in hMSCs
	CBX4 Counteracted hMSC Senescence by Maintaining Nucleolar Heterochromatin and Limiting rRNA Biogenesis in hMSCs
	FBL and SUV39H1 Were Implicated in Nucleolar Dyshomeostasis and Senescence Regulation in CBX4−/− hMSCs
	Overexpression of CBX4 Protected hMSCs against Senescence
	CBX4-Based Gene Therapy Attenuated the Development of Osteoarthritis in Mice

	Discussion
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References
	STAR★Methods
	Key Resources Table
	Contact for Reagent and Resource Sharing
	Experimental Model and Subject Details
	Mouse Models
	Cell Culture

	Method Details
	Generation of CBX4−/− hESCs
	Generation and Characterization of hMSCs
	Generation and Characterization of hNSCs
	Isolation and Culture of Primary hMSCs
	Bisulfite Sequencing
	CNV
	SA-β-gal Staining Assay
	Clonal Expansion Assay
	Flow Cytometry Analysis
	Immunofluorescent Staining
	RNA and DNA Analysis
	RNA-seq Library Construction and Sequencing
	RNA-seq Data Analysis
	ChIP-seq and ChIP-qPCR
	ChIP-seq Data Analysis
	Plasmids
	Lentivirus Production
	Western Blotting
	Co-IP
	LC-MS/MS Analysis
	Total Proteins Staining
	Polysome Profile Analysis
	Animal Experiments
	Histology and Immunohistochemistry

	Quantification and Statistical Analysis
	Data and Software Availability



