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CRL2APPBP2_mediated TSPYL2 degradation counteracts human
mesenchymal stem cell senescence

Daoyuan Huang!3', Qian Zhao!3%, Kuan Yang> 7107, Jinghui Lei!-3, Ying Jing!3, Hongyu Li>!!, Chen Zhang®, Shuai Ma%©8,
Shuhui Sun*°8, Yusheng Cai* 8, Guibin Wang'2, Jing Qu2-5-°8, Weigi Zhang>7-8:19", §j Wang!>°" & Guang-Hui Liu!-3-+>.6.8"

'Advanced Innovation Center for Human Brain Protection, National Clinical Research Center for Geriatric Disorders, Xuanwu Hospital Capital Medical University, Beijing 100053, China;
2State Key Laboratory of Stem Cell and Reproductive Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China;

3Aging Translational Medicine Center, International Center for Aging and Cancer, Beijing Municipal Geriatric Medical Research Center, Xuanwu Hospital, Capital Medical University, Beijing 100053, China;
4State Key Laboratory of Membrane Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing 100101, China;

SUniversity of Chinese Academy of Sciences, Beijing 100049, China;

%Beijing Institute for Stem Cell and Regenerative Medicine, Beijing, 100101, China;

7CAS Key Laboratory of Genomic and Precision Medicine, Beijing Institute of Genomics and China National Center for Bioinformation, Chinese Academy of Sciences, Beijing 100101, China;
8nstitute for Stem Cell and Regeneration, CAS, Beijing 100101, China;

°The Fifth People’s Hospital of Chongging, Chongging 400062, China;

10Sino-Danish College, University of Chinese Academy of Sciences, Beijing, 101408, China;

"National Laboratory of Biomacromolecules, CAS Center for Excellence in Biomacromolecules, Institute of Biophysics, Chinese Academy of Sciences, Beijing, 100101, China;

12State Key Laboratory of Proteomics, Beijing Proteome Research Center, National Center for Protein Sciences (Beijing), Beijing Institute of Lifeomics, Beijing 102206, China

FContributed equally to this work
*Corresponding authors (Weigi Zhang, email: zhangwg@big.ac.cn; Si Wang, email: wangsi@xwh.ccmu.edu.cn; Guang-Hui Liu, email: ghliu@ioz.ac.cn)

Received 30 June 2023; Accepted 13 September 2023; Published online 7 December 2023

Cullin-RING E3 ubiquitin ligases (CRLs), the largest family of multi-subunit E3 ubiquitin ligases in eukaryotic cells, represent core cellular
machinery for executing protein degradation and maintaining proteostasis. Here, we asked what roles Cullin proteins play in human
mesenchymal stem cell (hMSC) homeostasis and senescence. To this end, we conducted a comparative aging phenotype analysis by in-
dividually knocking down Cullin members in three senescence models: replicative senescent hMSCs, Hutchinson-Gilford Progeria Syndrome
hMSCs, and Werner syndrome hMSCs. Among all family members, we found that CUL2 deficiency rendered hMSCs the most susceptible to
senescence. To investigate CUL2-specific underlying mechanisms, we then applied CRISPR/Cas9-mediated gene editing technology to
generate CUL2-deficient human embryonic stem cells (hESCs). When we differentiated these into hMSCs, we found that CUL2 deletion
markedly accelerates hMSC senescence. Importantly, we identified that CUL2 targets and promotes ubiquitin proteasome-mediated de-
gradation of TSPYL2 (a known negative regulator of proliferation) through the substrate receptor protein APPBP2, which in turn down-
regulates one of the canonical aging marker-P21wafl/ciel and thereby delays senescence. Our work provides important insights into how
CRL2APPBP2.mediated TSPYL2 degradation counteracts hMSC senescence, providing a molecular basis for directing intervention strategies

against aging and aging-related diseases.
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INTRODUCTION

Loss of proteostasis is a major characteristic of aging and an
important contributor to organismal dysfunction (Bao et al.,
2023; Lopez-Otin et al., 202 3; Noormohammadi et al., 2018). At
a cellular level, abnormal protein folding and toxic protein
accumulation cause cellular damage that exacerbates tissue
dysfunction during aging (Hipp et al., 2019). Two principal
protein degradation systems, namely the ubiquitin-proteasome
system (UPS) and the autophagy-lysosome system (ALS), clear
abnormal proteins (Dikic, 2017; Hipp et al., 2019; Zhang et al.,
2022b), but the activity of these two systems decreases with age,
instigating an imbalance in protein homeostasis and subse-
quently triggering an array of degenerative diseases. However,
the precise molecular mechanism responsible for the disruption
of proteostasis in human cells and organs remains largely elusive.

Within the ubiquitin-proteasome system, the binding of
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ubiquitin to target proteins is coordinated by several synergistic
components, including ubiquitin-activating enzyme (E1), ubiqui-
tin-binding enzyme (E2) and ubiquitin ligase (E3) (Hershko and
Ciechanover, 1992; Scheffner et al., 1995). Among them, the E3
ligases are considered to play the most direct role in substrate
recognition (Scheffner et al., 1995). Cullin-RING E3 ubiquitin
ligases (CRLs), which represent the most extensive family of
multi-subunit E3 ubiquitin ligases in eukaryotic cells, are
estimated to degrade approximately 20% of intracellular proteins
destined for degradation by the UPS (Soucy et al., 2009). The
Cullin protein family, consisting of eight mammalian members
(CUL1, CUL2, CUL3, CUL4A, CUL4B, CULS, CUL7, and CUL9/
PARC), function as the core scaffold in CRLs (Sarikas et al.,
2011). Cullin family proteins have been studied in various
biological contexts, spanning cell cycle regulation, DNA replica-
tion, and development (Sarikas et al., 2011). However, the
majority of these studies have focused on human tumor cell lines
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and mice, limiting insight into their physiological role in
humans. Here, we considered that human mesenchymal stem
cells (hMSCs) serve as the source of organismal homeostasis and
regeneration, and that hMSC senescence is a central contributor
to organ and organismal aging. On this basis, we set out to
examine the role of CRLs hMSC senescence as a gateway for
understanding their roles in aging and exploring means to delay
aging and aging-related disorders.

First, via screening with genetic manipulation of all members
of Cullin family, we discovered that CUL2 plays a vital role in
delaying senescence of replicative senescent (RS) hMSCs, Werner
syndrome (WS) hMSCs, and Hutchinson-Gilford Progeria Syn-
drome (HGPS) hMSCs models. Through integrated analysis of
interactome, transcriptome, and quantitative proteome sequen-
cing, we found that CRL2APPBP2 delays hMSC senescence by
targeting the degradation of TSPYL2, an anti-proliferative factor
that promotes P21 expression. We further elucidated the
molecular mechanism underlying the regulation of aging and
homeostasis maintenance in hMSCs by CUL2 through the
ubiquitin-proteasome pathway, and suggest intervention strate-
gies with potential for delaying the aging process.

RESULTS

Loss of CUL2 renders hMSCs susceptible to senescence

To identify Cullin family members impacting on regulation of
cellular senescence in hMSCs, we infected RS hMSCs, HGPS
hMSCs and WS hMSCs with CRISPR/Cas9-mediated knockout
lentiviruses of Cullin family members, including CUL1, CUL2,
CUL3, CUL4A, CUL4B, CUL5, CUL7, and CUL9/PARC, and
control lentivirus (sg-NC), respectively (Figure 1A). We found
that knockdown of CUL2 by its three independent sgRNAs in all
three senescent mesenchymal cell models (RS hMSCs, HGPS
hMSCs and WS hMSCs) resulted in an increased senescence-
associated B-galactosidase (SA-B-Gal)-positive cells (Figure 1B—
E). Moreover, CUL2 knockdown also led to compromised clonal
expansion capacity (Figure 1F), suggesting accelerated cellular
senescence in hMSCs upon CUL2 silencing. Consistently, knock-
down of CUL2 by using shRNAs against CUL2 also resulted in an
expedited progression of senescence in hMSCs, as evidenced by an
increase in SA-B-Gal-positive cells and decreased clonal expan-
sion capacity (Figure 1G-I). These results suggest that of all
Cullin members, CUL2 is the most important for preventing
hMSC senescence.

CUL2 deletion accelerates the senescence of hMSCs

To examine whether and how CUL2 acts as a geroprotector
against hMSC senescence, we applied CRISPR/Cas9-mediated
gene editing technology to obtain CUL2-deletion in human
embryonic stem cells (hESCs). Gene editing with CUL2 sgRNA
resulted in an insertion of one base pair (G/C) within the exon 3,
and Western blotting result also showed the absence of CUL2
protein expression (Figure S1A and B in Supporting Informa-
tion). We found that the expression levels of pluripotency
markers in CUL2~/~ hESCs were similar to those in CUL2*/*
hESCs (Figure S1C in Supporting Information) and that the
potential for germ layer differentiation was well maintained in
CUL2~/~ hESCs (Figure S1D in Supporting Information).
Furthermore, CUL2 deletion exhibited no impact on cell
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karyotype and genome integrity, as demonstrated by both
karyotype and copy number variation (CNV) analysis (Figure
S1E and F in Supporting Information). In addition, based on
immunofluorescence analysis, the loss of CUL2 did not compro-
mise cell proliferation (Figure S1G in Supporting Information).
Collectively, these findings imply that CUL2 may not be
necessary for the self-renewal and maintenance of pluripotency
in hESCs.

Next, differentiation of CUL2*/* and CUL2~/~ hESCs into
hMSCs was conducted (Figure 2A). By using Western blotting
analysis, we first confirmed the successful deletion of CUL2
protein in CUL2~/~ hMSCs (Figure 2B). Both CUL2** and
CUL2~/— hMSCs exhibited comparable expression levels of
classical hMSC markers, including CD73, CD90, and CD105
(Figure S2A in Supporting Information). Similar to CUL2*/*
hMSCs, CUL2~/~ hMSCs were successfully differentiated into
chondrocytes, osteoblasts, and adipocytes (Figure S2B-D in
Supporting Information), suggesting that differentiation poten-
tial is not impaired by CUL2 deficiency. Furthermore, CNV
analysis showed that CUL2 deletion did not affect the genomic
integrity of hMSCs (Figure S2E in Supporting Information).

Consistent with previous observations (Figure 1B-T), we found
that CUL2 deficiency also accelerated senescence in hESC-derived
hMSCs, manifested as reduced proliferative capacity, including
decreased proportion of Ki67-positive cells, a decline in the
proportion of S-phase cells, and reduced clonal expansion ability
(Figure 2C-F), and an increase proportion of SA-B-Gal-positive
cells relative to CUL2*/* hMSCs (Figure 2G). In addition, we
detected changes in an array of senescence hallmarks associated
with CUL2 deficiency, including upregulation of classical aging-
related markers CDKN1A (P21) and CDKN2A (P16), down-
regulation of TMPO (LAP2p), Lamin B1, H3K9me3, and HPla
(Figure 2H-M; Figure S2H in Supporting Information), as well as
upregulation of SASP-related genes (IL6, CXCL8) in CUL2~/~
hMSCs (Figure 2H). RNA-seq analysis demonstrated that CUL2
deficiency resulted in downregulation of genes associated with
cell cycle and proliferation (Figure S2F, G, and I in Supporting
Information), consistent with the phenotypes observed in CUL2-
deficient hMSCs. Additionally, we found increased DNA damage
and reactive oxygen species (ROS) levels in CUL2~/— hMSCs
(Figure 2N and O). Furthermore, by transplanting luciferase-
labeled CUL2*/* and CUL2~/~ hMSCs into immunodeficient
mice’s tibialis anterior muscle, we found a compromised in vivo
stem cell retention capacity of CUL2~/— hMSCs relative to
wildtype hMSCs (Figure 2P).

Importantly, when we reintroduced CUL2 protein into
CUL2~/~ hMSCs, the CUL2 deficiency-associated proliferation
and senescence phenotypes were alleviated (Figure 2Q-S; Figure
S2] in Supporting Information). Altogether, these findings
suggest that CUL2 plays a geroprotective role in hMSCs.

Ectopic expression of CUL2 delays hMSC senescence

Given that expression of CUL2 is decreased in RS hMSCs (Figure
3A), we asked whether ectopic expression of CUL2 can rescue
cellular senescence. By activating CUL2 expression by manip-
ulating CRISPR activation, we observed that CUL2 expression
alleviated the senescent phenotypes in RS hMSCs and HGPS
hMSCs, as manifested by a reduced proportion of SA-B-Gal-
positive cells and increased clonal expansion capacity (Figure
3B-G). Consistently, overexpression of CUL2 in RS hMSCs and
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Figure 1. Silence of CUL2 promotes hMSC senescence. A, Screening strategy for studying the effect of Cullin family members on hMSC senescence. B, Heatmap showing the
proportion of SA-B-Gal-positive cells in RS hMSCs, WS hMSCs and HGPS hMSCs after transducing lentiviruses expressing sgRNAs targeting each member of Cullin family. The
color key ranging from green to pink represents log, (fold change) values from low to high. *, P<0.05. C, Venn diagram showing the overlapped sgRNAs against the Cullin family
members, by which knockout of Cullin proteins resulted in senescence of RS hMSC, HGPS hMSC, and WS hMSC. D, Western blotting detection of CUL2 expression in RS hMSC
(P6) transduced with lentiviruses carrying CUL2-targeting sgRNAs or negative control sgRNA (sg-NC). B-Tubulin was used as loading control. E, SA-B-Gal staining analysis of RS
hMSCs (P6) transduced with lentivirus carrying CUL2-targeting sgRNAs or sg-NC. Representative images were showed on the left. The proportion of SA-B-Gal-positive cells was
quantified as fold changes (sg-CUL2 vs. sg-NC). n=3. Scale bars, 100 pum. F, Clonal expansion assay analysis of RS hMSCs (P6) transduced with lentivirus carrying CUL2-targeting
sgRNAs or sg-NC. Representative images were showed on the left. Clonal expansion ability was quantified as fold changes (sg-CUL2 vs. sg-NC). n=3. G, Western blotting detection
of CUL2 expression in RS hMSCs (P6) transduced with lentiviruses expressing sh-CUL2 or sh-GL2. H, SA-B-Gal staining analysis of RS hMSCs (P6) transduced with lentiviruses
expressing sh-CUL2 or sh-GL2. Representative images were showed on the left. The proportion of SA-B-Gal-positive cells was quantified as fold changes (sh-CUL2 vs. sh-GL2). n=3.
Scale bars, 100 pm. I, Clonal expansion assay analysis of RS hMSCs (P6) transduced with lentiviruses expressing sh-CUL2 or sh-GL2. Representative images are presented on the
left. The data were quantified as fold changes (sh-CUL2 vs. sh-GL2). n=3. The data were analyzed by using two-tailed unpaired Student’s t-test and are presented as meansSEM.

HGPS hMSCs also led to a decline in the proportion of SA-B-Gal-
positive cells, along with an increase in cell proliferation, as
demonstrated by increased Ki67-positive cells, and enhanced
clonal expansion capacity (Figure 3H-N). In addition, CUL2
overexpression resulted in increased abundance of H3K9me3
(Figure 30). These results demonstrated that ectopic expression
of CUL2 attenuates hMSC senescence.

CUL2 regulates TSPYL2 protein stability through the
ubiquitin proteasome pathway

The main function of CUL2 is to degrade downstream substrate
proteins by assembling with Elongin B (EloB) and Elongin C
(EloC), ROC1 and other substrate recognition receptors into a
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CRL2 E3 ubiquitin ligase (CRL2) (Hua and Vierstra, 2011). Thus,
we next sought to identify which substrates are degraded by
CRL2 in hMSC senescence. To achieve this, we conducted
quantitative proteomic analysis, revealing 266 downregulated
and 249 upregulated differentially expressed proteins upon CUL2
deletion (Figure 4A; Figure S3A-C in Supporting Information).
Consistently, Gene Ontology (GO) analysis suggested that
knockout of CUL2 impaired cell cycle processes (Figure 4B).
Next, we sought to identify the genes whose protein levels were
upregulated but mRNA levels were not upregulated in CUL2~/~
hMSCs, as these would be candidate substrates for CRL2 (Figure
4C). Amongst these was Testis-Specific Y-Encoded-Like Protein 2
(TSPYL2), also known as Cell Division Autoantigen 1 (CDA1),
recognized for its suppressive effects on both cell proliferation and
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Figure 2. Loss of CUL2 accelerates hMSC senescence. A, A schematic diagram of hMSC differentiation from CUL2*/* hESC or CUL2~/~ hESC. B, Western blotting detection of
CUL2 in CUL2*/* and CUL2~/~ hMSCs (P4). C, Growth curve analysis of CUL2*/* and CUL2~/~ hMSCs. D, Immunofluorescence analysis of Ki67 in CUL2*/* and CUL2~/~ hMSCs
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CUL2~/~ hMPCs (P6) that were transduced with lentiviruses expressing Luc or CUL2. Representative images were presented on the left. The proportion of Ki67-positive cells was
quantified as fold changes (CUL2~/~-Luc vs. CUL2*/*-Luc, CUL2~/=-CUL2 vs. CUL2~/~-Luc). n=3. Scale bars, 50 um. S, SA-B-Gal staining analysis of CUL2~/~ hMPCs (P6)
transduced with lentiviruses expressing either Luc or CUL2. Representative images were presented on the left. The proportion of SA-B-Gal-positive cells was quantified as fold

changes (CUL2~/~-Luc vs. CUL2*/*-Luc, CUL2~/=-CUL2 vs. CUL2~/~-Luc). n=3. Scale bars, 100 pm. The data were analyzed by using two-tailed unpaired Student’s t-test and
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Figure 3. Ectopic expression of CUL2 counteracts hMSC senescence. A, Western blot analysis of CUL2 in RS hMSCs at different passages. Early passage (EP), P4; and late passage
(LP), P12. GAPDH was used as loading control. B, Western blot analysis of CUL2 in RS hMSCs (P10) following transduction with CRISPR activation sgRNA targeting CUL2 (sg-
CUL2) or negative control sgRNA (sg-NC). f-Tubulin was used as loading control. C, SA-B-Gal staining was performed on RS hMSCs (P10) following transduction with CRISPR
activation sgRNA targeting CUL2 (sg-CUL2) or negative control sgRNA (sg-NC). Representative images were presented on the left. The proportion of SA-B-Gal-positive cells was
quantified as fold changes (sg-CUL2 vs. sg-NC). n=3. Scale bars, 100 um. D, A clonal expansion assay was conducted on RS hMSCs (P10) following transduction with CRISPR
activation sgRNA targeting CUL2 (sg-CUL2) or negative control sgRNA (sg-NC). Representative images were presented on the left. Clonal expansion ability was quantified as fold
changes (sg-CUL2 vs. sg-NC). n=3. E, Western blotting analysis for the expression of CUL2 in HGPS hMSCs (P6) following transduction with CRISPR activation sgRNA targeting
CUL2 (sg-CUL2) or negative control sgRNA (sg-NC). B-Tubulin was used as loading control. F, SA-B-Gal staining was performed on HGPS hMSCs (P6) following transduction with
CRISPR activation sgRNA targeting CUL2 (sg-CUL2) or negative control sgRNA (sg-NC). Representative images were presented on the left. The proportion of SA-B-Gal-positive
cells was quantified as fold changes (sg-CUL2 vs. sg-NC). n=3. Scale bars, 100 pm. G, Clonal expansion assay analysis of HGPS hMSCs (P6) following transduction with CRISPR
activation sgRNA targeting CUL2 (sg-CUL2) or negative control sgRNA (sg-NC). Representative images were presented on the left. The clonal expansion ability was quantified as
fold changes (sg-CUL2 vs. sg-NC). n=3. H, Western blotting analysis of CUL2 expression in RS hMSCs (P8) following transduction with lentiviruses expressing Luc or CUL2.
GAPDH was used as loading control. I, SA-B-Gal staining analysis on RS hMSCs (P8) following transduction with lentiviruses expressing either Luc or CUL2. Representative
images were presented on the left. The proportion of SA-B-Gal-positive cells was quantified as fold changes (CUL2 vs. Luc). n=3. Scale bars, 100 pm. J, Immunofluorescence
analysis of Ki67 in RS hMSCs (P8) following transduction with lentiviruses expressing Luc or CUL2. Representative images were presented on the left. The proportion of Ki67-
positive cells was quantified as fold changes (CUL2 vs. Luc). n=3. Scale bars, 50 um. K, Clonal expansion assay analysis of RS hMSCs (P8) following transduction with lentiviruses
expressing Luc or CUL2. Representative images were presented on the left. The clonal expansion ability was quantified as fold changes (CUL2 vs. Luc). n=3. L-N, Western blotting
analysis (L), SA-B-Gal staining (M), clonal expansion assay (N), of HGPS hMSCs (P6) following transduction with lentiviruses expressing Luc or CUL2. O, Immunofluorescence
analysis of H3K9me3 in RS hMSCs (P8) after transduction with lentiviruses expressing either Luc or CUL2. Representative images were presented on the left. The
immunofluorescent intensity was quantified as fold changes (CUL2 vs. Luc). The data were analyzed by using two-tailed unpaired Student’s t-test and are presented as means
+SEM.
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Figure 4. CUL2 degrades TSPYL2 protein through the ubiquitin proteasome pathway. A, Volcano plot visualizing the distribution of DEPs between CUL2*/* and CUL2~/~ hMSCs
(P4). B, Point plots displaying GO terms and pathways enriched by upregulated (pink) and downregulated (green) DEPs between CUL2*/* and CUL2~/~ hMSCs (P4). The color
keys ranging from grey to pink or to green indicate the degree of enrichment, with lighter shades representing lower enrichment levels and darker shades representing higher
enrichment levels. The size of each point corresponds to the number of genes that are enriched in the respective GO term or pathway. Additionally, key DEPs associated with the
indicated terms are listed. C, Venn diagram (left) and point plot (right) showing upregulated DEPs without significant changes on transcriptomic level. Point size indicates —logy
(adjusted P-value) from low to high. D, Network plot displaying DEPs associated to positive or negative regulation of cell cycle. The color key in the visualization ranges from green
to pink represents the log,(fold change) values of DEPs, from low to high. Node size indicates absolute log,(fold change). E, HEK293T cells transfected with vectors expressing
FLAG-TSPYL2 and HA-CUL2 were harvested for co-immunoprecipitation analysis. IP with anti-FLAG antibody (left), IP with anti-HA antibody (right). F, HEK293T cells and RS
hMSCs (P6) were collected for co-immunoprecipitation analysis with anti-TSPYL2 antibody. G, Western blotting showing the expression changes of indicated proteins in RS
hMSCs (P6) incubated with MG132 (0 pmol L1, 5 h), MG132 (25 pmol L=1, 5 h), bafilomycin A1 (0 pmol L=, 12 h), bafilomycin A1 (0.25 pmol L1, 12 h) or bafilomycin A1
(0.5 pmol L=1,12 h). GAPDH was used as loading control. H, Western blotting showing the expression changes of indicated proteins in RS hMSCs (P6) incubated with different
doses of MLN4924 for 24 h. GAPDH was used as loading control. I, Western blotting analysis for the expression levels of the indicated proteins in RS hMSCs (P6) transduced with
lentiviruses carrying Luc or CUL2. GAPDH was used as loading control. J, RT-qPCR detection for TSPYL2 mRNA levels in RS hMSCs (P6) transduced with lentiviruses carrying
Luc or CUL2. GAPDH was used as loading control. K, Western blotting showing the expression changes of indicated proteins in CUL2*/* and CUL2~/~ hMSCs (P6). GAPDH was
used as loading control. L, RT-qPCR detection for TSPYL2 mRNA levels in CUL2*/* and CUL2~/~ hMSCs (P6). GAPDH was used as loading control. M, CUL2*/* and CUL2~/~
hMSCs (P4) were incubated with cycloheximide (CHX, 40 ug mL~!) for the specified durations. Subsequently, Western blotting analysis was conducted using anti-TSPYL2 and
GAPDH antibodies. Densitometry analysis was conducted using Image]. GAPDH was used as loading control. N, CUL2*/*+ and CUL2~/~ hMSCs (P6) were exposed to MG132
(25 pmol L1, 5h) followed by immunoprecipitation using an anti-TSPYL2 antibody to enrich TSPYL2 proteins. Anti-multi-ubiquitin antibody was used to detect the
ubiquitination of TSPYL2. The data were analyzed by using two-tailed unpaired Student’s t-test and are presented as means+SEM.
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tumor growth (Chai et al., 2001; Magni et al., 2019; Tao et al.,
2011; Toh et al., 2010), which we found ranked as the top 1
most upregulated protein associated with cell cycle (Figure 4C
and D; Figure S3D in Supporting Information). To verify whether
TSPYL2 is a potential substrate of CRL2, we co-transfected
vectors overexpressing FLAG-TSPYL2 and HA-CUL2 in
HEK293T cells, and demonstrated by an interaction between
CUL2 and TSPYL2 through co-immunoprecipitation assay
(Figure 4E). Moreover, we also found that an endogenous
antibody against TSPYL2 could also precipitate CUL2 in
HEK293T and WT hMSC (Figure 4F).

Next, we asked whether TSPYL2 protein was degraded
through the ubiquitin-proteasome pathway. When we treated
WT hMSCs with the proteasome inhibitor MG132, we found an
increase in TSPYL2 protein levels, while treatment with the
lysosome inhibitor (BFA1) did not change TSPYL2 protein levels
(Figure 4G), suggesting that TSPYL2 may be degraded in a
ubiquitin-proteasome pathway-dependent manner. We then
considered that Cullin neddylation induces conformational
changes in CRLs, leading to the activation of CRLs-dependent
ubiquitination (Duda et al., 2008; Wang and Liu, 2022).
Accordingly, we found that treatment of WT hMSCs with the
neddylation inhibitor MLN4924 (Soucy et al., 2009) resulted in a
dose-dependent increase of TSPYL2 protein levels (Figure 4H),
indicating that TSPYL?2 is a potential substrate of CRL E3 ligase.
To further confirm that TSPYL2 is regulated by CRL2, we
overexpressed CUL2 in hMSCs and found that TSPYL2 protein
levels but not mRNA levels decreased (Figure 41 and J).
Consistently, we noted elevated TSPYL2 protein levels in
CUL2~/~ hMSCs compared to CUL2*/* hMSCs (Figure 4K), a
difference that was the result of a prolonged protein half-life
without change in its mRNA levels (Figure 4L and M). Next, we
asked whether the accumulation of TSPYL2 protein was
associated with CRL2-mediated TSPYL2 ubiquitination. As
expected, the ubiquitination level of TSPYL2 in CUL2~/~ hMSCs
was much lower than that in CUL2*/* hMSCs (Figure 4N). These
results collectively support the notion that TSPYL2 acts as a
substrate for Cullin E3 ubiquitin ligase complexes (CRLs) and
undergoes degradation via the CRL2-mediated ubiquitin-protea-
some pathway.

APPBP2 is the substrate receptor of TSPYL2

Since CRLs require substrate receptors to directly degrade their
targets (Magni et al., 2019), we would like to identify the CRL2
substrate receptor that can directly target degradation of
TSPYL2. When we performed a conjoint analysis of proteins
that interact with both CUL2 and TSPYL2 and the known
substrate receptor proteins of CRL2 (Figure 5A), we found a
potential TSPYL2 substrate receptor protein named APPBP2
(Amyloid Beta Precursor Protein Binding Protein 2) (Figure 5B).
Previous studies support that APPBP2 harbors binding degrons
(motifs important for regulation of protein degradation rates) for
targeting specific substrates (Lin et al., 2018). Accordingly, we
identified three potential APPBP2 degrons in the TSPYL2 protein
sequence (Figure 5C), further supporting the association between
TSPYL2 and APPBP2. In co-immunoprecipitation experiments
conducted using HEK293T cells, we co-expressed either FLAG-
TSPYL2 and MYC-APPBP2 or FLAG-CUL2 and MYC-APPBP2,
and the results showed that TSPYL2 interacts with APPBP2 and
that APPBP2 also interacts with CUL2 (Figure 5D and E).
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To investigate whether APPBP2 targets TSPYL2 for degrada-
tion, we next overexpressed APPBP2 in WT hMSCs and found
that TSPYL2 protein levels but not mRNA levels decreased, and
that protein levels could be rescued by MG132 treatment (Figure
5F; Figure S3E in Supporting Information). Conversely, we found
that silencing APPBP2 using CRISPR/Cas9-mediated knockout
and RNA interference led to an increase in TSPYL2 protein levels
and an extension of its half-life, while its mRNA levels remained
unchanged (Figure 5G-I, Figure S3F and G in Supporting
Information). Of note, we found that APPBP2 overexpression
promoted the ubiquitination of TSPYL2 in vivo (Figure 5]),
demonstrating that CRL2APPBP2 ubiquitinates TSPYL2 for
degradation.

TSPYL2 augments hMSC senescence by promoting p21
expression

Next, we aimed to explore the function of TSPYL2 in hMSC
senescence. Firstly, we found that TSPYL2 protein abundance
increased in RS hMSCs (Figure 6A). Furthermore, TSPYL2
overexpression was associated with reduced cell proliferation and
clonal expansion ability, and accelerated cellular senescence as
evidenced by increased SA-B-Gal-positive cells (Figure 6B-E). On
the contrary, TSPYL2 knockdown correlated with enhanced cell
proliferation, increased clonal expansion ability, and reduced
population of senescent cells marked by SA-B-Gal positivity
(Figure 6F-I). These findings indicate that TSPYL2 promotes
hMSC senescence. To further elucidate whether cellular senes-
cence induced by CUL2-deletion was mediated by TSPYL2, we
knocked down TSPYL2 in CUL2~/~ hMSCs, and observed that
TSPYL2 knockdown counteracted the reduced cell proliferation
and alleviated senescence caused by CUL2 deficiency (Figure 6]—
M). Most strikingly, we discovered that TSPYL2 accelerates
cellular senescence by promoting P21 expression. Specifically,
overexpression of TSPYL2 increased P21 protein levels, whereas
knockdown of TSPYL2 downregulated P21 expression (Figure
6N and O). Furthermore, we observed that the reduced
clonogenic capacity and increased proportion of senescent cells
induced by TSPYL2 overexpression could be partially alleviated
by knocking down P21 (Figure 6P and Q; Figure S3H in
Supporting Information). Taken together, our findings demon-
strate that the CRL2APPBP2.TSPYL2-P21 signaling axis plays a
regulatory role against hMSC senescence (Figure 6R).

DISCUSSION

Loss of proteostasis and the exhaustion of stem cells are
established hallmarks of aging (Bao et al., 2023; Cai et al,,
2012; Cai et al., 2022; Consortium et al., 202 3; Lopez-Otin et al.,
2023; Pan et al., 2013; Yan et al., 2020). However, our
understanding of how human stem cell aging and homeostasis
are regulated by CRLs remains limited. In this study, we
leveraged multiple senescent hMSC models (RS hMSCs, HGPS
hMSCs, and WS hMSCs) to identify CUL2 as a critical Cullin
member counteracting hMSC senescence, and found that
CRL2APPBP2 retarded hMSC senescence by mediating the
ubiquitination and degradation of TSPYL2, which further
represses P21 expression. These findings help us comprehend
the underlying mechanism between protein homeostasis loss and
aging and inform development of aging intervention strategies
dependent on CRL degradation pathways.
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Figure 5. APPBP2 is the substrate receptor of TSPYL2. A, Strategy illustration for identifying substrate receptor proteins of TSPYL2. B, Venn diagram shows the intersection of
TSPYL2-associated proteins, CUL2-associated proteins, and known CRL2 substrate receptor proteins. C, The candidate APPBP2 binding degrons of TSPYL2. Critical residues are
colored. D, HEK293T cells transfected with vectors expressing FLAG-TSPYL2/MYC-APPBP2 were harvested for co-immunoprecipitation analysis. E, HEK293T cells transfected
with vectors expressing FLAG-CUL2/MYC-APPBP2 were harvested for co-immunoprecipitation analysis. F, RS hMSCs (P6) transduced with lentiviruses expressing MYC-Luc,
MYC-APPBP2, or MYC-APPBP2 and subsequently incubated with MG132 (25 pmol L1, 5 h) were subjected to Western blotting analysis for the expression of indicated proteins.
GAPDH was used as loading control. G, RS hMSCs (P6) transfected with control siRNA (si-NC), APPBP2 siRNAs (si-APPBP2-1, si-APPBP2-2) were harvested and subjected to
Western blotting analysis for TSPYL2 expression. GAPDH was used as loading control. H, Western blotting analysis for TSPYL2 expression in WT hMSCs (P6) transduced with
lentiviruses expressing sg-NC or sg-APPBP2. GAPDH was used as loading control. I, RS hMSCs (P6) were transduced with sg-NC or sg-APPBP2 and subsequently incubated with
cycloheximide (CHX, 40 pug mL~!) for the indicated times. The cells were then subjected to Western blotting analysis using anti-TSPYL2 and GAPDH antibodies. The relative
TSPYL2 protein levels were measured with Image]. GAPDH was used as loading control. J, HEK293T cells transduced with specified plasmids were incubated with MG132
(25 pmol L~1,5 h). The cells were then lysed for immunoprecipitation assay using anti-FLAG antibody to enrich the FLAG-TSPYL2 proteins. The ubiquitination of FLAG-TSPYL2
was subsequently detected with anti-HA antibody. GAPDH was used as loading control. The data were analyzed by using two-tailed unpaired Student’s t-test and are presented as
means+SEM.
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Figure 6. TSPYL2 facilitates hMSC senescence. A, Western blotting analysis for TSPYL2 expression in RS hMSCs. Early passage (EP), P4; late passage (LP), P12. GAPDH was
used as loading control. B, Western blotting analysis for TSPYL2 expression in RS hMSCs (P6) that were transduced with lentivirus expressing either Luc or TSPYL2. GAPDH was
used as loading control. C, Clonal expansion assay analysis of RS hMSCs (P6) that transduced with lentiviruses expressing either Luc or TSPYL2. Representative images
demonstrating the clonal expansion were presented on the left. The clonal expansion ability was quantified as fold changes (TSPYL2 vs. Luc). n=3. D, Immunofluorescence
analysis of Ki67 in RS hMSCs (P6) that were transduced with lentiviruses expressing either Luc or TSPYL2. Representative images were presented on the left. The proportion of
Ki67-positive cells was quantified as fold changes (TSPYL2 vs. Luc). n=3. Scale bars, 50 um. E, SA-B-Gal staining was performed on RS hMSCs (P6) that were transduced with
lentiviruses expressing either Luc or TSPYL2. Representative images were presented on the left. The proportion of SA-B-Gal-positive cells was quantified as fold changes (TSPYL2
vs. Luc). n=3. Scale bars, 100 um. F, Western blotting analysis of TSPYL2 expression in RS hMSCs (P6) transduced with lentiviruses expressing sg-NC or sg-TSPYL2. GAPDH was
used as loading control. G, Clonal expansion assay was performed on RS hMSCs (P6) that were transduced with lentiviruses expressing either sg-NC or sg-TSPYL2. Representative
images were presented on the left. The clonal expansion ability was quantified as fold changes (sg-TSPYL2 vs. sg-NC). n=3. H, Immunofluorescence analysis of Ki67 in RS hMSCs
(P6) that were transduced with lentiviruses expressing either sg-NC or sg-TSPYL2. Representative images were presented on the left. The proportion of Ki67-positive cells was
quantified as fold changes (sg-TSPYL2 vs. sg-NC). n=3. Scale bars, 50 um. I, SA-B-Gal staining was performed on RS hMSCs (P6) following transduction with lentiviruses
expressing either sg-NC or sg-TSPYL2. Representative images were showed on the left. The proportion of SA-B-Gal-positive cells was quantified as fold changes (sg-TSPYL2 vs. sg-
NC). n=3. Scale bars, 100 um. ], Western blotting showing the expression changes of indicated proteins in CUL2*/* hMSCs, CUL2~/~ hMSCs (P6) infected with lentivirus
expressing sg-NC or sg-TSPYL2. GAPDH was used as loading control. K, Clonal expansion assay was performed on CUL2*/* or CUL2~/~ hMSCs (P6) transduced with lentivirus
expressing sg-NC or sg-TSPYL2. Representative images were presented on the left. The clonal expansion ability was quantified as fold changes (CUL2~/~-sg-NC vs. CUL2*/*-sg-
NC, CUL2~/~-sg-TSPYL2 vs. CUL2~/~-sg-NC). n=3. L, SA-B-Gal staining was performed on CUL2*/*, or CUL2~/~ hMSCs (P6) transduced with lentivirus expressing either sg-NC
or sg-TSPYL2. Representative images were presented on the left. The proportion of SA-B-Gal-positive cells was quantified as fold changes (CUL2~/~-sg-NC vs. CUL2*/*-sg-NC,
CUL27/=-sg-TSPYL2 vs. CUL2~/~-sg-NC). n=3. Scale bars, 100 pm. M, Immunofluorescence analysis of Ki67 in CUL2*/* or CUL2~/~ hMSCs (P6) transduced with lentivirus
expressing either sg-NC or sg-TSPYL2. Representative images were presented on the left. The proportion of Ki67-positive cells was quantified as fold changes (CUL2~/~-sg-NC vs.
CUL2*/*-sg-NC, CUL2~/~-sg-TSPYL2 vs. CUL2~/~-sg-NC). n=3. Scale bars, 100 pm. N, Western blotting showing the expression changes of indicated proteins in RS hMSCs (P6)
following transduction with lentiviruses expressing either Luc or TSPYL2. GAPDH was used as loading control. O, Western blotting showing the expression changes of indicated
proteins in RS hMSCs (P6) transduced with lentivirus expressing sgNC or sgTSPYL2. GAPDH was used as loading control. P, Clonal expansion assay was performed on RS hMSCs
transduced with lentivirus expressing Luc-sg-NC, TSPYL2-sg-NC, or TSPYL2-sg-P21. Representative images were presented on the left. Clonal expansion ability is quantified as
fold changes (TSPYL2-sg-NC vs. Luc-sg-NC, TSPYL2-sg-P21 vs. Luc-sg-NC). n=3. Q, SA-B-Gal staining analysis on RS hMSCs (P4) transduced with lentivirus expressing Luc-sg-
NC, TSPYL2-sg-NC, or TSPYL2-sg-P21. Representative images were showed on the left. The proportion of SA-B-Gal-positive cells was quantified as fold changes (TSPYL2-sg-NC
vs. Luc-sg-NC, TSPYL2-sg-P21 vs. Luc-sg-NC). n=3. Scale bars, 100 pm. R, A working model of CRL2APPBP2-mediated ubiquitination of TSPYL2 to regulate hMSC senescence. The
data were analyzed by using two-tailed unpaired Student’s t-test and are presented as means=SEM.
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CRLs, as the most extensive multi-subunit E3 ubiquitin ligase
family, govern various biological events such as the cell cycle,
transcription, and cell growth, by controlling the degradation of
varied substrate proteins (Petroski and Deshaies, 2005; Sarikas et
al., 2011). Although some studies support a general association
between CRLs and aging, there is, to our knowledge, a paucity of
knowledge about whether specific Cullin proteins directly
regulate cellular senescence. In this study, we examined the
impact of various Cullin family members in three distinct human
senescent stem cell models with divergent genetic backgrounds.
Our observations revealed that CUL1 knockdown promoted
senescence exclusively in RS hMSCs, while depletion accelerated
senescence solely in HGPS hMSCs. Remarkably, the knockdown
of CUL2 emerged as the common trigger for cellular senescence
across all three models. Consequently, we elected to center our
focus on CUL2 in this study. Supplementing our findings,
previous investigations have underscored the role of Cullin
protein neddylation inhibitor MILN4924 in inducing cellular
senescence (Jia et al., 2011; Lin et al., 2010). Additionally,
multiple CRLs have been implicated in the regulation of cellular
senescence and worm lifespan (Chen et al., 2018; Choppara et
al., 2018; Johmura et al., 2020; Li and Xiong, 2017; Xu et al.,
2008).

It is noteworthy that distinct members within the Cullin
protein family might exert their influence through modulation of
distinct substrates in the context of cellular senescence. For
example, the substrate receptors of CUL1, namely FBX022 and
FBXO031, were found to delay cellular senescence through the
ubiquitination and degradation of their substrates P53 and
FBXO031, respectively (Choppara et al., 2018; Johmura et al.,
2020). CUL7 was found to regulate cellular senescence through
the targeted degradation of IRS1 (Xu et al., 2008). Here, we
uncovered that CUL2 depletion led to impaired degradation of
TSPYL2, eventually contributing to increased P21 expression.
Our results together with existing literature suggest that Cullin
family members may differentially regulate cellular senescence,
which is potentially influenced by the genetic background and
the distinct substrates they target.

Complementing previous studies showing that CUL2 primarily
forms functional E3 ligase complexes with EloB/EloC and
substrate receptor proteins to ubiquitinate and degrade sub-
strates (Petroski and Deshaies, 2005; Zimmerman et al., 2010),
we here identified TSPYL2 as a specific CRL2 substrate and
discovered that its overexpression promotes hMSC senescence by
upregulating P21. In support of this mechanism, TSPYL2 has
been linked to multiple biological processes, comprising preven-
tion of proliferation, and inhibition of the cell cycle (Magni et al.,
2019; Tao et al., 2011; Toh et al., 2010; Tu et al., 2011). In this
study, we discovered the significant involvement of TSPYL2 in
modulating hMSC homeostasis and proposed that TSPYL2 acts
as a senescence-promoting factor, adding a direct link between
TSPYL2 and cellular senescence. Nevertheless, the relationship
between TSPYL2 and organismal aging warrants further
investigation.

Further, we demonstrated that TSPYL2 facilitated cellular
senescence by augmenting P21 expression, and observed an
accumulation of DNA damage upon CUL2 deficiency. In fact, one
study has established the link between TSPYL2-mediated
upregulation of P21 and DNA damage (Tao et al., 2011).
Specifically, TSPYL2 can induce the accumulation of P53
protein, thereby upregulating P21 expression in mouse embryo-
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nic fibroblasts (MEFs) under DNA damage stimulation, but
hardly affecting DNA damage repair (Tao et al.,, 2011).
Furthermore, through the investigation of CUL2’s interactome
and quantitative proteomic analysis, we have uncovered that
CUL2 may potentially elevate the levels of P21 by modulating
various DNA damage repair proteins, including but not limited to
SETD2 (SET domain-containing protein 2), UBQLN4 (Ubiquilin
4), MGMT (06-methylguanine-DNA methyl-transferase)
through different mechanism. These pieces of evidence together
with ours suggest that the upregulation of P21 by TSPYL2 in
CUL2-deficient hMSCs may involve DNA damage repair mechan-
ism. Additionally, TSPYL2 may augment P21 expression by
other mechanisms. First, it has been reported that TSPYL2
regulates P21 expression in a P53-dependent mechanisms in
HeLa cells. On one hand, it disrupts MDM2-mediated protein
degradation of P53, leading to increased P53 levels. On the other
hand, it activates the MEK/ERK1/2 MAPK signaling pathway,
which enhances the binding of P53 to CDKN1A (P21) promoter
region, thereby upregulating P21 expression (Tu et al., 2007).
Second, given its role as a nucleosome assembly protein, TSPYL2
interacts with transcriptional complexes and enables chromatin
remodeling to modulate gene expression. For instance, TSPYL2
serves as an essential component of the REST/NREF complex
involved in TGF- signaling activation (Epping et al., 2015), can
be recruited to the promoters of specific EZH2 target genes in
neurons, and promotes their expression to facilitate normal
neuronal maturation and function (Liu et al., 2019), and
regulates the expression of GluN2A and GluN2B by binding to
CBP to modulate cognitive variability in mice (Tsang et al.,
2014). Consequently, it is plausible that TSPYL2 may regulate
P21 expression by interacting with other transcriptional com-
plexes. Third, TSPYL2 has been found to disrupt the interaction
between SIRT1 and its downstream targets, leading to increased
acetylation levels of P53 and P53-dependent cell death in U20S
cells (Magni et al., 2019). Overall, TSPYL2 likely modulates P21
expression through multiple pathways, necessitating further
experimental investigations to ascertain its precise regulatory
mechanisms in our human mesenchymal stem cell system.

In a fully functional Cullin-2 based E3 ubiquitin ligase,
substrate receptor proteins directly bind to substrates, determin-
ing substrate specificity (Sarikas et al., 2011; Zimmerman et al.,
2010). Currently, around 20 known substrate receptor proteins
have been reported to regulate various biological processes,
including tumor development, germ cell differentiation, and viral
defense by degrading specific substrates (Cai and Yang, 2016;
Okumura et al., 2012). In this study, we identified that APPBP2
directly recognizes TSPYL2 as its substrate receptor for sub-
sequent ubiquitination and degradation. In support of this
mechanism, a recent study revealed that APPBP2 acts as a
substrate protein receptor for PRDM16 (PR/SET domain 16),
degrading PRDM16 and thereby controlling the biogenesis of
beige fat (Wang et al., 2022a). Our study deepens the under-
standing of the functional APPBP2 paradigm.

In summary, this study elucidates an unappreciated function
of CUL2 in safeguarding hMSC aging and uncovers the molecular
mechanism through which CRL2APPBP2 counteracts hMSC
senescence via ubiquitin-mediated degradation of TSPYL2. Our
findings add a new layer to our understanding of the relationship
between loss of proteostasis and aging, and suggest potential new
targets for development of intervention against aging and age-
associated disorders.
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MATERIALS AND METHODS

Animal experiments

All animal experiments in this study followed the guidelines for
animal work and were approved from the Xuanwu Hospital,
Capital Medical University Animal Care and Use Committee. All
the male NOD/SCID mice (4 weeks old) were purchased from SPF
(Beijing) Biotechnology.

To generate teratoma, 4x10¢ CUL2*/* or CUL2~/~ hESCs in a
mixture of Matrigel (BD Biosciences, USA) and mTeSR medium
(STEMCELL Technologies, USA) at a 1:4 ratio were subcuta-
neously injected into NOD/SCID mice. The implanted mice were
monitored for approximately 8 weeks, and the collected
teratomas were subjected to further analysis. The hMSC
implantation assay followed a previously described protocol
(Zhao et al., 2022). Briefly, 1x10¢ CUL2*/* or CUL2~/~ hMSCs
(P5) transduced with lentivirus expressing luciferase were
injected into the tibialis anterior muscles of male nude mice (6
weeks old). The luciferase signals were captured at 0, 1, 2, 3, and
4 d post-injection using the Xenogen In Vivo Imaging System
(IVIS) Spectrum (Xenogen; Caliper, PerkinElmer, USA).

Cell culture

To establish a cell model for investigating the function of the
CUL2 gene, we generated CUL2~/~ hESCs by deleting the CUL2
gene in H9 hESCs (WiCell Research Institute, USA). Both
CUL2*'* and CUL2~/~ hESCs were cultured on mitomycin C-
inactivated MEF feeder layers using hESC culture medium. The
hESC culture medium consists of DMEM/F-12 (Thermo Fisher
Scientific, USA) supplemented with 20% knockout serum
replacement (Thermo Fisher Scientific), 2 mmol L—! GlutaMAX
(Thermo Fisher Scientific), 0.1 mmol L=! Non-Essential Amino
Acids (NEAA, Thermo Fisher Scientific), 1% Penicillin-Strepto-
mycin (PS, Thermo Fisher Scientific), 55 pmol L=! B-mercap-
toethanol (Sigma-Aldrich, USA), and 10 ng mL~! bFGF (Joint
Protein Central, Republic of Korea). Alternatively, hESCs can be
cultured on Matrigel-coated plates using mTeSR medium. hMSCs
were cultured in hMSC culture medium, which consists of MEMa
basal medium (Thermo Fisher Scientific) supplemented with 10%
fetal bovine serum (FBS, Gibco, USA), 1% PS, 0.1 mmol L1
NEAA, and 1 ng mL—1 bFGF. HEK293T cells were cultured in
DMEM/High glucose (Cytiva, USA) supplemented with 10% FBS
and 1% PS.

Generation of CUL2~/~ hESCs

Knockout of CUL2 was accomplished by utilizing the CRISPR/
Cas9 system as previously described (He et al., 2023; Li et al.,
2023; Pan et al., 2016; Wang et al., 2023; Zhang et al., 2022a;
Zhao et al., 2022). In brief, the pCAG-mCherry-gRNA vector
(Addgene, #87110) was employed to clone sgRNAs that targeted
exon 3 of the CUL2 gene. Prior to gene knockout, wildtype (WT)
hESCs were cultured in mTeSR medium supplemented with Y-
27632, a ROCK inhibitor (Selleck, USA), for a duration of 24 h.
Electroporation of the indicated vectors was performed on WT
hESCs with a 4D Nucleofector (Lonza, Switzerland). After
electroporation, the cells were maintained on Matrigel-coated
plates with mTeSR medium containing Y-27632 for an
additional 48 h. Fluorescence-activated cell sorting (FACS)
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system was used to sort GFP and mCherry double-positive cells.
Subsequently, these sorted cells were cultured on MEF feeders
using the hESC culture medium. The candidate hESCs were
collected for genomic DNA sequencing and Western blotting
analysis. For the sgRNA sequences targeting CUL2 and primers
used in this study, please refer to Table S1 in Supporting
Information.

Directed differentiation and characterization of CUL2%/+
and CUL2~/~ hMSCs

CUL2** or CUL2~/~ hMSCs were generated from CUL2*'* or
CUL2~/~ hESCs following the protocols as previously described
(Bi et al.,, 2020; Lei et al., 2023; Liang et al., 2021). Briefly,
CUL2*"* or CUL2~/~ hESCs were cultured on MEF feeders, then
digested with dispase, and seeded on low-adhesion plate for 72 h
to generate embryoid bodies (EBs). These EBs were then
transferred onto Matrigel-coated 6-well plates to initiate differ-
entiation using hMSC differentiation medium. The hMSC
differentiation medium comprises of MEMa basal medium
supplemented with 10% FBS, 0.1 mmol L—! NEAA, 5 ng mL~!
TGFB (HumanZyme, USA), 1 ng mL~! bFGF, and 1% PS. After
approximately 10 d, the cells were transferred and maintained in
hMSC culture medium. Upon reaching 90% confluence, the
positive markers (CD105, CD73, and CD90) were used to purify
hMSCs by employing a FACS system (BD FACS Calibur).
Furthermore, the negative markers (CD14, CD19, and CD34)
were used to validate the purity of the hMSC by flow cytometry.

The following antibodies used for FACS assay were listed as
follows: anti-CD73-PE (BD Biosciences, 1:200), anti-CD90-FITC
(BD Biosciences, 1:300), anti-CD105-APC (BD Biosciences,
1:200), anti-CD14-PE (BD Biosciences, 1:200), anti-CD19-APC
(BD Biosciences, 1:200), and anti-CD34-FITC (BD Biosciences,
1:200).

The differentiation potential of CUL2*/* or CUL2~/~ hMSCs
into adipocytes, osteoblasts, and chondrocytes was assessed by
Oil Red O (adipogenesis), Von Kossa (osteogenesis), and Toluidine
Blue (chondrogenesis) staining, respectively.

Clonal expansion assay

The clonal expansion assay was conducted according to a
previously reported study (Zhang et al., 2023). Briefly, cells were
dissociated into single cells using TrypLE™ express enzyme.
2,000 cells were subsequently seeded in each well of 12-well
plates. Following a culture period of approximately 12 d, the cells
were washed twice with PBS, fixed in a 4% paraformaldehyde
(PFA) solution for a duration of 30 min, and subsequently
stained with crystal violet solution (Biohao, Wuhan, China). The
images were captured with the Epson Perfection V370 Photo
scanner. The relative colony density was quantified with Image]
software as previously described (Ren et al., 2019).

SA-f-Gal staining

SA-B-Gal staining of hMSCs was performed as described
previously (Geng et al., 2023; Huang et al., 2022; Kubben et
al.,, 2016; Liu et al., 2023; Zhu et al., 2022). First, the hMSCs
were washed twice with PBS. Next, the cells were subjected to a
fixing buffer (2% formaldehyde, 0.2% glutaraldehyde in PBS) for
a duration of 5 min. Next, the cells were stained in SA-B-Gal
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staining buffer (composed of 5 mmol L~ K4[Fe(CN)¢], 5 mmol L~!
K3[Fe(CN)g], 150 mmol L—! NaCl, 40 mmol L~ citric acid/Na
phosphate buffer pH6.0, 2 mmol L= MgCl,, and 1 mg mL~1 X-
Gal) at 37°C overnight. The resulting stained cells were then
imaged using a digital microscope camera (Olympus, Japan) and
quantified with Image] 1.37v software.

Cell cycle phase analysis

Cell cycle phase analysis was conducted following a previously
established protocol (Fu et al., 2019). Briefly, cells were harvested
and subjected to flow cytometer after propidium iodide (PT)
staining. 10,000 cells were collected and subjected to cycle
analysis using ModFit software.

Flow cytometry analysis of cell apoptosis and cellular ROS

Measurement of cell apoptosis was performed following the
instruction of the Annexin V-EGFP Apoptosis Detection Kit
(Vigorous Biotechnology, Beijing, China) for both CUL2+/* and
CUL2~/~ hMSCs. Cellular ROS levels were assessed in CUL2*/* or
CUL2~/~ hMSCs using H2DCFDA probe (Thermo Fisher Scien-
tific). The apoptotic cells and cellular ROS were quantified by
FACS.

Immunofluorescence staining

To perform immunofluorescence staining, cells were seeded on
coverslips (Thermo Fisher Scientific) and subjected to immuno-
fluorescence staining at 80% confluence. Following the washes
with PBS, the cells were fixed with 4% PFA and subsequently
permeabilized with 0.4% Triton X-100. Next, the cells were
subjected to blocking with 10% donkey serum (Jackson
ImmunoResearch, USA) for a duration of 1h at room
temperature. The cells were incubated with primary antibodies
overnight at 4°C, followed by an incubation with secondary
antibodies. The cells were finally mounted using Vector Labs
mounting medium, and confocal images were captured using
Zeiss-LSM900 imaging system.

The antibodies utilized for immunofluorescence staining were
listed below: anti-OCT4 (Santa Cruz, USA, 1:200), anti-SOX2
(R&D, USA, 1:200), anti-NANOG (Abcam, UK, 1:200), anti-Ki67
(ZSGB-BIO, Beijing, China, 1:1,000), anti-H3K9me3 (Abcam,
1:1,000), anti-LAP2f (BD Biosciences, 1:1,000), anti-TuJ1
(Sigma-Aldrich, 1:500), anti-SMA (Sigma-Aldrich, 1:500),
anti-FOXA2 (Cell Signaling Technology, USA, 1:500), anti-
Lamin B1 (Abcam, 1:500), anti-HP1a (Cell Signaling Technol-
ogy, 1:500), anti-yH2AX (Millipore, USA, 1:1,000), Alexa 488
donkey anti-mouse IgG (Thermo Fisher Scientific, 1:500), and
Alexa 568 donkey anti-rabbit IgG (Thermo Fisher Scientific,
1:500). Nuclear DNA staining was performed using Hoechst
33342 (Thermo Fisher Scientific).

Cycloheximide chase assay

For protein half-life analysis, cells were incubated with cyclohex-
imide (CHX, Sigma-Aldrich) for O, 2, 4, or 6 h. Subsequently, the
cells were collected, lysed, and subjected to Western blotting
analysis. The relative TSPYL2 protein intensities were quantified
using Image] 1.37v software.
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RT-qPCR

RNA isolation from hMSCs was performed using TRIzol reagent
(Thermo Fisher Scientific). The cDNAs were synthesized using
HiScript I Q Select RT SuperMix for qPCR (+gDNA wiper)
(Vazyme, Nanjing, China). Quantitative real-time PCR was
performed using NovoStart®SYBR qPCR SuperMix Plus (Novo-
protein, Suzhou, China) on the Bio-Rad CFX Opus 384 Real-Time
PCR System. The quantitative reverse transcription PCR (RT-
gPCR) primers used are listed in Table S1 in Supporting
Information.

Plasmid construction

cDNA derived from hMSCs was employed for amplification of the
full-length target genes. The sequence information for human
CUL2 (NM_001198777.2), TSPYL2 (NM_022117.4), and
APPBP2 (NM_006380.5) was acquired from the National Center
for Biotechnology Information (NCBI). Human Flag-tagged
CUL2, Flag-tagged TSPYL2 and HA-tagged CUL2 were cloned
into the pLE4 vector (a gift from Tomoaki Hishida) (Deng et al.,
2019), respectively, with pLE4-Luc (Luciferase) as a control.
Human MYC-tagged APPBP2 and MYC-tagged CUL2 were
cloned into the pHBLV-CMVIE-IRES-puro (pHBLV) vector (kindly
provided by Dr. Tanjun Tong). Lentiviral CRISPR/Cas9-mediated
knockout experiments were performed by cloning sgRNAs
targeting each member of the Cullin family, TSPYL2, APPBP2,
or CDKNIA (P21) into the lenti-CRISPRv2 vector (Addgene,
#52961). Lentiviral CRISPR/Cas9-mediated activation involved
cloning the sgRNA of CUL2 into the lentiSAMv2 vector
(Addgene, #75112). Lentiviral shRNA-mediated knockdown
employed the cloning of the CUL2 shRNA into the pLVTHM
vector (Addgene, #12247).

All primers utilized for plasmid construction are listed in Table
S1 in Supporting Information.

Co-immunoprecipitation (Co-IP)

Cells were harvested and subjected to lysis on ice using a lysis
buffer containing 50 mmol L~ Tris-HCI (pH 7.4), 150 mmol L—!
NaCl, 0.3% NP-40, 1 mmol L= EDTA, 1 mmol L—! PMSF, and
1x cocktail. For immunoprecipitation (IP), the protein extract
was subjected to an overnight incubation at 4°C with continuous
rotation in the presence of specific antibodies (2 pg). Subse-
quently, the protein extracts were further incubated with Protein
A/G plus agarose beads (Santa Cruz) for 3 h with constant
rotation. After thorough washing, the precipitated proteins were
subjected to analysis using Western blotting. The antibodies
employed for immunoprecipitation and Western blotting in-
cluded: anti-FLAG (Sigma-Aldrich), anti-MYC-tag (MBL, Japan),
anti-TSPYL2 (Proteintech, Wuhan, China), anti-CUL2 (Santa
Cruz), normal rabbit IgG control (Cell Signaling Technology), and
mouse IgG control (Cell Signaling Technology).

Western blotting

hESCs or hMSCs were subjected to lysis using RIPA lysis buffer
supplemented with cocktail (Roche, USA) for 30 min on ice. The
protein extracts were quantified using the BCA Protein Assay Kit
(Dingguo Changsheng, Beijing, China) and separated by SDS-
PAGE. Antibodies used for Western blot analysis included: anti-
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CUL2 (Santa Cruz, 1:2,000), anti-TSPYL2 (Proteintech,
1:2,000), anti-LAP2f (BD Biosciences, 1:1,000), anti-HP1a (Cell
Signaling Technology, 1:2,000), anti-Lamin B1 (Abcam,
1:1,000), anti-P21waf’cipl (Cell Signaling Technology, 1:1,000),
anti-APPBP2 (Abclonal, USA, 1:1,000), anti-B-Tubulin (Immu-
noway, USA, 1:3,000), anti-GAPDH (Santa Cruz, 1:4,000), goat
anti-Mouse IgG (ZSGB-bio, 1:5,000), and goat anti-Rabbit IgG
(ZSGB-bio, 1:5,000).

In vivo ubiquitination assay

To perform in vivo ubiquitination assay, HEK293T cells
transfected with various combinations of FLAG-TSPYL2, HA-
ubiquitin (HA-Ub), and MYC-Luc, MYC-APPBP2, or MYC-CUL2
were incubated with MG132 (Selleck, Shanghai, China,
25 pumol L=1) for 5 h before lysate collection and immunopreci-
pitation analysis. Ubiquitylated proteins were detected with anti-
FLAG (Sigma-Aldrich), anti-MYC-tag (MBL) or anti-HA-tag (Cell
Signaling Technology) antibodies. In addition, CUL2*/* hMSCs
and CUL2~/~ hMSCs (P6) incubated with MG132 (25 pmol L™1)
for 5h were subjected to immunoprecipitation analysis with
anti-TSPYL2 (Proteintech). Anti-multi-ubiqutin (MBL 1:3,000)
and anti-TSPYL2 (Proteintech, 1:2,000) were used to detect
ubiquitylated TSPYL2 proteins.

RNA-seq data processing

To process the RNA-seq raw data, we first eliminated low-quality
reads and adaptor-containing sequences using Trim Galore
(version 0.4.5). The resulting trimmed data were then aligned
to the human hgl9 reference genome using STAR (version
2.7.1a) software with strand-specific parameters (Dobin et al.,
2013). Gene expression levels were determined by counting the
reads assigned to each gene using featureCounts (version 2.0.1)
(Liao et al., 2014). To identify differentially expressed genes
(DEGS), we used a criterion of absolute log,(fold change) over 0.5
and Benjamini-Hochberg adjusted P-value less than 0.05, as
implemented in the R package DESeq2 (version 1.38.1) (Love et
al., 2014). We used Metascape (Zhou et al., 2019) to identify
enriched GO terms and pathways. The DEGs are listed in Table S2
in Supporting Information.

Coomassie blue staining and LC-MS/MS

HEK293T cells expressing FLAG-tagged-Luc, FLAG-tagged CUL?2,
or FLAG-tagged TSPYL2 were harvested and lysed using
immunoprecipitation lysis buffer (50 mmol L~ Tris-HCI, pH 7.4,
150 mmol L= NaCl, 0.3% NP-40, 1 mmol L=! EDTA,
1 mmol L=! PMSF) containing protease inhibitor cocktail
(Roche). The lysate was incubated overnight at 4°C with anti-
FLAG M2 Affinity Gel (Sigma-Aldrich). After several extensive
washes, the enriched protein complexes were eluted using excess
FLAG peptide. The eluted proteins were separated by SDS-PAGE
and visualized by Coomassie blue (Dingguo Changsheng)
staining. The protein bands of interest were excised and subjected
to liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis with Q Exactive mass spectrometer (Thermo Fisher
Scientific). The interacting proteins of CUL2 or TSPYL2 are listed
in Tables S3 and S4 in Supporting Information.
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DIA quantitative proteomics

Data-independent acquisition (DIA) quantitative proteomic was
performed by Beijing Proteome Research Center. Briefly, 1x107
CUL2*/* and CUL2~/~ hMSCs were lysed in lysis buffer (8 mol L~!
UREA, 100 mmol L=! Tris-HCl, pH 7.6, with protease inhibitors)
on ice for 30 min. After centrifuging at 18,000Xg for 15 min, the
supernatant was collected and the protein concentration was
quantified using the BCA assay (Dingguo Changsheng), Beijing,
China and applied the filter-aided sample preparation (FASP)
enzymatic digestion method to digest 6 samples (Wisniewski et
al., 2009). Each sample is subjected to enzymatic digestion with
2 nug of peptides. Mass spectrometry analysis was conducted
using Thermo Q Exactive HF mass spectrometer (Thermo Fisher
Scientific) for a single 120-min DIA experiment. The mass
spectrometric data were processed by Spectronout Pulsar 16.1
(Biognosys) using the DirectlyDIA method (Wang et al., 2022b).
Peptide identification was performed by searching against the
UniProt human database. P-value was calculated using the
kernel density estimator, and Q-value cutoff at precursor and
protein levels were set to 0.01. Protein abundances were
quantified by the peak area of production, with at least three
product ions selected for average intensity quantification. The
protein abundances were log,-transformed and normalized by
column-wise median centering. Determination of differentially
expressed proteins (DEPs) was carried out using the R package
limma (version 3.50.3). DEPs were defined as those with a
Benjamini-Hochberg adjusted P-value of less than 0.05 and
absolute log,(fold change) greater than 0.485. The DEPs
information is listed in Table S5 in Supporting Information.

CNV analysis

Whole-genome sequencing was conducted following established
protocols (Pan et al., 2016; Yan et al., 2019). In brief, genomic
DNAs were extracted using the DNeasy Blood & Tissue Kit
(QIAGEN, Germany) and subjected to DNA quality control,
library construction and sequencing. The initial step of bioinfor-
matic analysis included trimming the raw reads using Trim
Galore (version 0.4.5), followed by alignment to the human hg19
genome using Bowtie2 (version 2.2.9) (Langmead and Salzberg,
2012). Subsequently, read counts were obtained for each 500-kb
bin using the “readCounter” function from the hmmcopy_utils
tool (https://github.com/shahcompbio/hmmcopy). To correct for
GC content, copy number, and mappability effects, we employed
the R/Bioconductor package HMMcopy (version 1.26.0).

Statistical analysis

Two-tailed unpaired Student’s t-test was conducted using
GraphPad Prism 8 Software. The data were presented as means
+SEM. Statistical significance was defined as a P-value less than
0.05. For DEG analysis, the Wald test was applied using R
package DESeq2 (version 1.38.1). P-value for DEGs and DEPs
were adjusted by Benjamini-Hochberg procedure.

Data availability
The transcriptomic and whole genome sequencing data gener-

ated in this study have been deposited in the Genome Sequence
Archive (Chen et al., 2021) at the National Genomics Data
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Center, China National Center for Bioinformation, Chinese
Academy of Sciences, with accession number HRA004808.
The proteomic data obtained in this study have been deposited in
the iProX partner repository (Chen et al., 2022) and are available
through the ProteomeXchange Consortium (http://proteome-
central.proteomexchange.org) under the accession numbers
PXD042924 and PXD043036. The differentially expressed genes
identified in CUL2~/~ hMSCs have been submitted and deposited
in the Aging Atlas (AA, https://ngdc.cncb.ac.cn/aging/index)
databases (Atlas, 2021).
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