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Dear Editor,

Cells enter senescence, or irreversible growth arrest, when
exposed to stressors such as DNA damage, epigenetic altera-
tions and chronic inflammation (Zhao and Chen, 2022). In aging
and aging-related diseases, senescent cells are known to accu-
mulate across tissues and organs (Sun et al., 2022; Lopez-Otin
et al.,, 2023). Although stem cells to a certain extent are capable
of repairing and regenerating aged or injured tissues through
their self-renewal and differentiation abilities, with aging, their
function declines, which contributes to aging phenotypes in
many tissues (Cai et al., 2022b). To understand the mechanisms
underlying senescence, genetic and epigenetic changes have been
investigated in aging models (Zhang et al., 2020; Cai et al., 2022a).
Such efforts are crucial for identifying key regulators that can be
targeted as intervention therapies in stem cell senescence and
aging-related disorders.

The transport of macromolecules between the cell’s nucleus
and cytoplasm is a regulated mechanism essential for eukaryotic
organisms. It requires a sophisticated barrier system with chan-
nels (nuclear pore complexes, NPCs) embedded in the nuclear
envelope, and shuttling nuclear transport receptors (NTRs) that
transfer cargoes. The NPCs consist of a cytoplasmic ring, the inner
pore ring, the nuclear ring and peripheral elements (nuclear bas-
ket and cytoplasmic filaments) (Yang et al., 2014). NTRs contain
import proteins (importins) and export proteins (exportins) that
control cargo transport into or out of the nucleus. Importantly,
the nuclear transport system also participates in nuclear and

cytoplasmic processes, such as chromatin organization, epige-
netic regulation, transcription, mRNA maturation, spliceosome
and ribosome assembly. These diverse roles make the nuclear
transport system a hot spot for disruptions that is linked with
diseases ranging from neurodegenerative and cardiovascular
disorders to autoimmune dysfunctions and aggressive cancers
(Dickmanns et al., 2015). However, to date, our understanding
of relationships between the functions of nuclear transport sys-
tem and stem cell senescence is limited. Here, using CRISPR-
based screening for nuclear transport system-associated genes
(NTSAGs), we identified that deficiency of the transport protein
XPO7 (Exportin 7, also termed RANBP16) alleviates human mesen-
chymal stem cell (hMSC) senescence. We also demonstrated that
XPO7 functions as a destabilizer for HDAC? (histone deacetylase
2), thereby contributing to cellular senescence.

To systematically define components of the nucleocytoplasmic
transport system that affect by human MSC aging, we constructed
a CRISPR-based loss-of-function (LOF) screening library (NTSAG
library), which contained 208 sgRNAs targeting 32 nucleoporins
and 34 NTRs with three sgRNAs per gene and 10 non-targeting
controls (sg-NTCs) (Figs. 1A and S1A). Then, we applied CRISPR
screening in three types of senescent stem cell models: replica-
tive senescent hMSCs (RS hMSCs), WS (Werner syndrome, WRN-
deficient) and HGPS (Hutchinson-Gilford progeria syndrome,
bearing the heterozygous LMNA®%¢* mutation) hMSCs; the latter
two of which are human stem cell models of premature aging (Wu
etal,, 2018). In the intermediate passage of RS hMSCs, WS hMSCs,
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Figure 1. CRISPR-based screening identifies XPO7 as a driver of cellular senescence. (A) Schematic of CRISPR-based screening to identify pro-
senescence genes in RS, WS and HGPS hMSCs. (B) Scatter plot showing the enriched genes in three replicate screens in RS hMSCs. The red dots indicate
the significantly enriched genes, the dark gray dots indicate non-targeting control sgRNAs. (C) Scatter plot showing the enriched genes in three replicate
screens in WS hMSCs. The red dots indicate the significantly enriched genes, the dark gray dots indicate non-targeting control sgRNAs. (D) Scatter plot
showing the enriched genes in three replicate screens in HGPS hMSCs. The red dots indicate the significantly enriched genes, the dark gray dots indicate
non-targeting control sgRNAs. (E) Venn diagram showing the number of genes enriched in CRISPR-based screening in RS-, WS- and HGPS-hMSCs. (F)
Western blot analysis of XPO7 protein level in WT hMSCs after CRISPR-mediated knockout (CRISPRko) of XPO7. Data are presented as the mean +
SEM. n = 3 independent experiments. **P < 0.001. (G) Clonal expansion analysis of RS hMSCs after CRISPR-mediated knockout (CRISPRko) of XPO7.



and HGPS hMSCs, we infected the NTSAG lentiviral library at a
low multiplicity of infection (MOI = 0.3) to ensure that one cell
was infected with at most one sgRNA. At the same time, equiva-
lent cells were infected with sg-NTC lentivirus at the same MOI as
the control. After selection with puromycin, we serially passaged
cells until controls exhibited growth arrest and harvested these
cells. We then constructed DNA libraries to discover enriched
genes whose knockdown prevented hMSC senescence. Coupled
with three distinct screenings, we identified XPO7, a broad-spec-
trum bidirectional transporter (Aksu et al., 2018), as the only hit
enriched in RS-, WS- and HGPS-based models (Figs. 1B-E, S1B
and S1C; Table S1). To confirm that XPO7 deficiency is inversely
correlated with aging, we utilized lentivirus-mediated CRISPR
knockout (CRISPRko) to diminish XPO7 expression in RS, WS and
HGPS hMSCs, respectively (Fig. 1F). Consistently, the depletion
of XPO7 ameliorated the onset of growth arrest, as evidenced by
a higher percentage of Ki67-positive cells and increased clonal
expansion ability in all three kinds of senescent hMSCs (Fig. 1G,
1H, 1K, 1L, 10 and 1P). Moreover, XPO7 depletion alleviated mul-
tiple senescent phenotypes, as manifested by decreased num-
bers of senescence-associated B-galactosidase (SA-B-gal)-positive
cells, reduced expression of the aging marker p21 and increased
expression of nuclear Lamin B1, LAP2 and H3K9me3 as well as
reduced secretion of senescence-associated secretory phenotype
(SASP) associated protein (IL-6, interleukin-6) (Figs. 11, 1J, 1M, 1N,
1Q, 1R and S1D-I). Thus, our results suggest an important role for
XPO7 in stem cell senescence.

To investigate the role of XPO7 in regulating human stem cell
senescence, we next generated XPO7-deficient human embryonic
stem cells (XPO77- hESCs) by CRISPR/Cas9-based gene editing
(Fig. S2A). As validated by western blot analysis, the gene target-
ing at the XPO7 locus was successful (Fig. S2B). XPO7 deficiency
did not affect cellular proliferative ability in hESCs (Fig. S2C).
Furthermore, XPO7~~ hESCs expressed typical pluripotency mark-
ers, including NANOG, OCT4 and SOX2, at levels comparable to
wild type hESCs (WT, XPO7+*) (Fig. S2D). In addition, karyotype
and genome-wide copy number variation (CNV) analyses showed
that the genomic integrity was maintained in XPO7~- hESCs (Fig.
S2E and S2F). Altogether, these indicate that XPO7 is dispensable
for maintaining hESC homeostasis.

Next, we differentiated XPO7++ and XPO7~~ hESCs into hMSCs
(Fig. S2G). Both XPO7+* and XPO7~- hMSCs were positive for clas-
sic hMSC surface markers including CD73, CD90 and CD105 (Fig.
S2H). The lack of XPO7 protein was confirmed by western blot
analysis (Fig. 2A). Similar to XPO7+* hMSCs, XPO7~- hMSCs were
able to differentiate into osteoblasts, adipocytes and chondro-
cytes, although with a differentiation bias towards the osteoblast
fate (Fig. S2J-L). The genomic integrity was also maintained in
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XPO7-~ hMSCs (Fig. S2I). Similarly, senescent phenotypes were
attenuated in XPO7-- hMSCs (Figs. 2B-I and S2M) as observed
in hMSCs with lentivirus-mediated XPO7 deficiency. Consistent
with these phenotypic reversals of senescence, we observed dif-
ferentially expressed genes (DEGs) upon XPO7 deficiency (Table
S1). Genes associated with cell proliferation and cell division were
upregulated while inflammatory and SASP-related genes were
downregulated (Figs. 2] and S2N-P). Moreover, in other senescent
models induced by ultraviolet (UV) irradiation, H,0, and oncogene
activation (Fig. S3A, S3E and S3I), XPO7 deficiency could alleviate
senescent phenotypes as determined by decreased SA-p-gal posi-
tive cells (Fig. S3B, S3F and S3]), increased Ki67-positive cells (Fig.
S3C, S3G and S3K) and clonal expansion (Fig. S3D, S3H and S3L).
Whereas the ablation of XPO7 retarded senescence of human der-
mal fibroblasts (Fig. S4A-D). Taken together, these observations
indicate that XPO7 is a key regulator that promotes senescence in
diverse biological contexts.

To evaluate the effect of XPO7 activation on hMSC senescence,
we used CRISPR-mediated activation (CRISPRa) to elevate XPO7
expression in early-passage WT hMSCs (young hMSCs) (Fig. SSA
and S5B). As expected, the activation of XPO7 led to senescent
phenotypes, such as decreased cell proliferation and increased
SA-B-gal activity (Fig. S5C-E). Consistent with the accelerated
senescence characteristics, XPO7 activation induced expression
of CDKN1A and SASP-related genes (e.g., IL6 and CXCL8) and
increased IL-6 secretion (Fig. S5F-H). Additionally, elevated XPO7
expression was associated with diminished expression of nuclear
lamina-associated genes (LMNB1, TMPO) and with reduced
H3K9me3 (Fig. S5F, S5G and SS5I). Moreover, ectopic expression
of XPO7 with the cDNA transgene phenocopied the accelerated
senescence observed in hMSCs with XPO7 activation (Fig. S5J-N).
Furthermore, activation of XPO7 expression in human dermal
fibroblasts could also enhance the senescent phenotypes, such
as decreased cell proliferation, increased SA-B-gal activity and
reduced H3K9me3 (Fig. S4E-H). Collectively, these results indicate
XPO7 as a potential driver of human stem cell senescence.

To investigate the molecular mechanism by which XPO7
deficiency attenuated hMSC senescence, we sought to iden-
tify XPO7-interacting proteins. Thus, we ectopically expressed
FLAG-tagged XPO7 protein in HEK293T cells and performed
Co-immunoprecipitation (Co-IP) with FLAG antibody followed by
mass spectrometry analysis (IP-MS). Within our dataset of XPO7-
interacting proteins, we observed a subset that was associated
with chromosome organization and histone modification (Fig. 2K;
Table S2). Among these proteins, we focused on HDAC?, a his-
tone deacetylase that is downregulated with aging (Warnon et al.,
2021) (Fig. S6A). The interaction between XPO7 and HDAC2 was
validated through exogenous and endogenous Co-IP assays (Fig.

Data are presented as the mean + SEM. n = 3 biological replicates. **P < 0.01. (H) Immunofluorescence analysis of Ki67 in RS hMSCs after CRISPR-
mediated knockout (CRISPRko) of XPO7. Scale bars, 20 pm. White arrows indicate Ki67-positive cells. Data are presented as the mean + SEM. n = 3
biological replicates. **P < 0.01. (I) SA-B-gal staining of RS hMSCs after CRISPR-mediated knockout (CRISPRko) of XPO7. Scale bars, 100 um. Data are
presented as the mean + SEM. n = 3 biological replicates. **P < 0.001. (J) Western blot analysis of the indicated protein levels in RS hMSCs after CRISPR-
mediated knockout (CRISPRko) of XPO7. Data are presented as the mean + SEM. n = 3 independent experiments. *P < 0.05; *P < 0.01; **P < 0.001. (K)
Clonal expansion analysis of WS hMSCs after CRISPR-mediated knockout (CRISPRko) of XPO7. Data are presented as the mean + SEM. n = 3 biological
replicates. **P < 0.001. (L) Immunofluorescence analysis of Ki67 in WS hMSCs after CRISPR-mediated knockout (CRISPRko) of XPO7. Scale bars, 20 pm.
White arrows indicate Ki67-positive cells. Data are presented as the mean + SEM. n = 3 biological replicates. *P < 0.05. (M) SA-p-gal staining of WS hMSCs
after CRISPR-mediated knockout (CRISPRko) of XPO7. Scale bars, 100 pm. Data are presented as the mean + SEM. n = 3 biological replicates. *P < 0.01. (N)
Western blot analysis of the indicated protein levels in WS hMSCs after CRISPR-mediated knockout (CRISPRko) of XPO7. Data are presented as the mean
+ SEM. n = 3 independent experiments. *P < 0.05; *P < 0.01. (O) Clonal expansion analysis of HGPS hMSCs after CRISPR-mediated knockout (CRISPRko)
of XPO7. Data are presented as the mean + SEM. n = 3 biological replicates. **P < 0.001. (P) Immunofluorescence analysis of Ki67 in HGPS hMSCs after
CRISPR-mediated knockout (CRISPRko) of XPO7. Scale bars, 20 pm. White arrows indicate Ki67-positive cells. Data are presented as the mean + SEM. n
= 3 biological replicates. *P < 0.05. (Q) SA-B-gal staining of HGPS hMSCs after CRISPR-mediated knockout (CRISPRko) of XPO7. Scale bars, 100 pm. Data
are presented as the mean + SEM. n = 3 biological replicates. *P < 0.05. (R) Western blot analysis of the indicated protein levels in HGPS hMSCs after
CRISPR-mediated knockout (CRISPRko) of XPO7. Data are presented as the mean + SEM. n = 3 independent experiments. *P < 0.05; **P < 0.01; **P < 0.001.
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Figure 2. XPO7 regulates hMSC senescence by affecting HDAC2 protein stability. (A) Western blot analysis of XPO7 in XPO7+* and XPO7~- hMSCs. (B)
Growth curve analysis of XPO7** and XPO7~~ hMSCs. Data are presented as the mean + SEM. n = 3 biological replicates. **P < 0.001. (C) Immunofluorescence
analysis of Ki67 in XPO7+* and XPO7~- hMSCs. Scale bars, 20 pm. White arrows indicate Ki67-positive cells. Data are presented as the means + SEM.n =
3 biological replicates. **P < 0.01. (D) Clonal expansion analysis of XPO7+* and XPO7~- hMSCs. Data are presented as the means + SEM. n = 3 biological
replicates. *P < 0.01. (E) Cell cycle analysis of XPO7** and XPO7~- hMSCs. Data are presented as the means + SEM. n = 3 biological replicates. *P < 0.05.
(F) SA-B-gal staining of XPO7+* and XPO7~- hMSCs. Scale bars, 100 pm. Data are presented as the mean + SEM. n = 3 biological replicates. *P < 0.01. (G)
Heatmap showing the RT-qPCR detection of the relative mRNA levels for the indicated genes in XPO7*+ and XPO7~- hMSCs. (H) Western blot analysis of
the indicated protein levels in XPO7*+ and XPO7~- hMSCs. Data are presented as the mean + SEM. n = 3 independent experiments. *P < 0.05; **P < 0.01;
P < 0.001. (I) Immunofluorescence analysis of H3K9me3 in XPO7** and XPO7~~ hMSCs. Scale bars, 20 pm. White arrowheads denote the cells with
increased H3K9me3 signals. Data are presented as the mean + SEM. n = 300 cells from three biological replicates. ***P < 0.001. (J) Point plot showing Gene



2L and 2M). Then we asked whether HDAC?2 protein level might
be influenced by XPO7 depletion. Indeed, we observed that the
expression of HDAC2 was increased upon XPO7 depletion and
decreased upon XPO7 activation (Figs. 2N, S6D, S6F, S6H and S6I).
However, we did not detect a difference of HDAC2 mRNA level
in XPO7-deficient hMSCs as revealed by RT-qPCR (Fig. S6B, S6C,
S6E and S6G). Thus, we hypothesized that XPO7 might regulate
hMSC senescence by destabilizing the HDAC?2 protein. Indeed,
when we treated XPO7~- hMSCs with cycloheximide (CHX, a pro-
tein synthesis inhibitor), we observed that XPO7 deficiency led to
increased protein stability of HDAC2 (Fig. 20). To confirm the role
of XPO7 in regulating HDAC?2 stability, we monitored HDAC2 turn-
over in XPO7-overexpressed hMSCs. The results showed that XPO7
triggered the degradation of HDAC? (Fig. S6]), suggesting that a
functional link exists between XPO7 and HDAC2 during hMSC
senescence. Next, we explored whether the decline of protein sta-
bility of HDAC? is in a XPO7-mediated manner. To this end, we
treated XPO7-overexpressed hMSCs with the proteasome inhib-
itor MG132, and found overexpression of XPO7 reduced HDAC2
protein level, which was abolished by MG132 (Fig. S6K). Together
these results indicate that XPO7 facilitates proteasome-depend-
ent HDAC2 stabilization.

To further determine the role of HDAC2 upon hMSC senes-
cence, we reduced HDAC? levels using CRISPRko in young hMSCs
(Fig. S6L). As evidenced by impaired proliferation, increased SA-B-
gal activity and downregulation of senescent markers Lamin
Bl and LAP2, and increased expression of pl16, loss of HDAC2
accelerated hMSC senescence (Fig. S6M-P), similar to the effects
of XPO7 overexpression. Consistently, depletion of HDAC2 typi-
cally caused senescent phenotypes in XPO7”~ hMSCs, such as
decreased proliferative ability (compromised clonal expansion
and reduced proportion of Ki67-positive cells), increased SA-B-
gal positive cells, repressed expression of Lamin B1 and LAP2 and
increased the expression of p16 (Fig. 2P-S). Collectively, these data
suggest that HDAC2 is a critical downstream XPO7 mediator that
reinforces cellular senescence.

To our knowledge, this is the first study that identifies nuclear
transport system-related genes involved in stem cell senescence
using CRISPR/Cas9-based LOF screening. Our results revealed
that ablation of the transport receptor XPO7 ameliorates hMSC
senescence. The nuclear transport system facilitates import of
transcription factors, core histones and export of ribosomes that
are required for gene regulation, DNA replication and transla-
tion, respectively (Dickmanns et al., 2015). Given that the nuclear
transport system is critically involved in cellular hemostasis and
its defective function associated with human diseases, a gain-of-
function screen might help uncover novel insights into the func-
tions of nuclear transport system during aging.

XPO7 controls proteins shuttling between the nucleus and
cytoplasm, but little is known about the function of XPO7 in
stem cell senescence. Recently, it was described that XPO7 affects
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TCF3 protein level to induce p21 during oncogene-induced senes-
cence (OIS) (Innes et al., 2021), while the mechanisms by which
XPO7 regulates TCF3 remains unclear. Moreover, previous stud-
ies reported that XPO7 transfers core histones from the nucleus
to cytoplasm (Hattangadi et al., 2014), but the functions of XPO7
upon epigenetic modification are still unknown. Our study pre-
sents the first evidence that XPO7 impairs HDAC?2 proteostasis
and thereby accelerates cellular senescence in human MSCs. In
support of our findings, HDAC2 was described to protect against
cellular senescence by regulating the expression of prosenes-
cent genes (e.g., p16 and p21), DNA damage response and SASP
related genes via epigenetic mechanisms (Zhou et al., 2008). Post-
translational modification is closely related to HDAC2 protein
level and activity, such as phosphorylation and nitration (Colussi
et al.,, 2008). Further study is required to investigate whether the
posttranslational modification is involved in XPO7-mediated
HDAC?2 degradation. Traditionally, XPO7 works as a transport
receptor, thus deletion of XPO7 might also affect its transport
capability. Therefore, exploring the homeostasis of cargoes with
XPO7 deficiency might provide new clues to mechanisms against
hMSC senescence.

Collectively, we performed a CRISPR/Cas9-based LOF screening
for nuclear transport system-related genes in regulating human
MSC senescence and identified XPO7 as a new mediator of hMSC
senescence. Our analyses also provide a potential intervention
target for aging-related diseases using new therapeutic strategies,
such as gene delivery and small molecular inhibitors.
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The online version contains supplementary material available at
https://doi.org/10.1093/procel/pwad012.
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