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Multipotent human bone marrow stromal cells (hBMSCs) potentially serve as a source for cell-based
therapy in regenerative medicine. However, in vitro expansion was inescapably accompanied with cell
senescence, characterized by inhibited proliferation and compromised pluripotency. We have previ-
ously demonstrated that this aging process is closely associated with reduced 20S proteasomal activity,

Keywords: with down-regulation of rate-limiting catalytic B-subunits particularly evident. In the present study,
Eg‘l’\;;assome we confirmed that proteasomal activity directly contributes to senescence of hBMSCs, which could

be reversed by overexpression of the f5-subunit (PSMB5). Knocking down PSMBS5 led to decreased pro-
teasomal activity concurrent with reduced cell proliferation in early-stage hBMSCs, which is similar to
the senescent phenotype observed in late-stage cells. In contrast, overexpressing PSMBS5 in late-stage
cells efficiently restored the normal activity of 20S proteasomes and promoted cell growth, possibly via
upregulating the Cyclin D1/CDK4 complex. Additionally, PSMB5 could enhance cell resistance to oxida-
tive stress, as evidenced by the increased cell survival upon exposing senescent hBMSCs to hydrogen
peroxide. Furthermore, PSMB5 overexpression retained the pluripotency of late-stage hBMSCs by facil-
itating their neural differentiation both in vitro and in vivo. Collectively, our work reveals a critical role
of PSMBS5 in 20S proteasome-mediated protection against replicative senescence, pointing to a possible
strategy for maintaining the integrity of culture-expanded hBMSCs by manipulating the expression of
PSMBS5.
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1. Introduction The proteasomal pathway plays a pivotal role in maintaining

cellular homeostasis through degrading proteins that are unfolded,

Following appropriate induction, multipotent human bone
marrow stromal cells (hBMSCs) can differentiate into various
lineages including neuronal cells, osteoblasts, adipocytes and
chondroblasts, enabling their potential clinical application in
transplantation [1-3]. However, after in vitro expansion, hBMSCs
progressively exhibit replicative senescence which is characterized
by impaired ability to differentiate and proliferate, and decreased
viability upon exposure to environmental stress [4,5]. This rapid
aging process has precluded their utilization in cell-based regener-
ative medicine and tissue engineering.
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disordered or damaged, or even redundant [6]. The mammalian
proteasome exists as a 26S protease complex comprising one 20S
core and two 19S regulatory caps [6]. The 20S core that determines
the overall catalytic activity is further composed of multiple a- and
B- subunits [7,8]. The B5 (PSMB5) acts as the step-limiting regula-
tor in the process of proteasome-mediated protein degradation [9],
and o~ subunits are observed to be superfluous and non-integrated
in senescent cells [10]. Proteasomal dysfunction is possibly associ-
ated with many cellular and biological processes related to cell
activity and vitality [9]. For example, reduced proteasomal activity
in aged human T cells potentially leads to immune senescence
[9,11]. Likewise, the compromised proteasomal function and
lowered PSMB5 expression are also found in embryonic fibroblasts
with multiple passages [9,10]. We have previously demonstrated
that 20S proteasomal activity is critical for retaining stem cell
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integrity of hBMSCs, where enhancement of proteasomal activity
by 18a-glycyrrhetinic acid (18a-GA) helps counteract replicative
senescence [12].

The strategy to restore stem cell function by overexpressing
certain transcription factors has been highly successful in inducing
pluripotent stem cells [13]. In addition to transcription factor-
mediated genomic remodeling, other manipulations that maintain
cellular homeostasis may also be instrumental in protecting
cells against aging. Of note, prior studies which correlate the
senescence-like phenotype in cultured cells with their partial loss
of proteasomal activity have reported improvement following
overexpression of the subunit g5 [9,10,14,15]. Given the crucial
role of PSMBS5 in facilitating the efficient formation of functional
proteasome [10], we investigate the impact of PSMB5 overexpres-
sion on enhancement of proteasomal activity and maintenance of
normal pluripotency in senescent hBMSCs using both in vitro and
in vivo models.

2. Materials and methods
2.1. Cellular model and animals

Human bone marrow stromal cells (hBMSCs) and BALB/c mice
were obtained from ScienCell Research Laboratory (San Diego,
CA) [12] and the Research Animal Center of Shanxi Medical Univer-
sity, respectively. All experimental procedures were approved by
Shanxi Animal Research Ethics Committee.

2.2. Constructs and lentiviral production

The full-length PSMB5 cDNA was a gift from Dr. Murata [16].
Both the overexpression and knockdown constructs of PSMB5 with
the lentiviral backbone were designed and produced by Genechem
Company (Shanghai, China). Viral packaging, titering and infection
were performed following the standard protocols [17,18] (see
Suppl. information).

2.3. Western-blotting and real-time PCR assay

Procedures for Western-blotting and real-time PCR were
performed as previously described [12]. Antibodies and primer
sequences used in the current study were listed in Suppl. Tables 1
and 2, respectively.

2.4. 20S proteasomal activity assay

As reported before [12], protein lysates were prepared and pro-
teasomal activity was determined with the Proteasome Activity
Assay Kit (Millipore, Billerica, MA).

2.5. BrdU incorporation and senescence-associated p-galactosidase
staining assay

Cell proliferation and replicative senescence were measured by
the BrdU incorporation assay and SA-B-gal staining, respectively, as
previously mentioned [12].

2.6. Assessment of reactive oxygen species and cell survival in response
to oxidative stress

Intracellular levels of reactive oxygen species (ROS) were quan-
tified with the oxidant-sensitive probe 2,7-dichlorofluorescin diac-
etate (DCFH-DA, Sigma-Aldrich, St. Louis, MO). After hydrogen
peroxide (H,0;) treatments, the survival of cells was determined

by the CCK-8 assay (Dojindo Laboratories, Kumamoto, Japan; see
Suppl. information).

2.7. Transplantation of hBMSCs into the mouse brain

Neural induction was performed as previously addressed [3].
After pre-differentiation, cells were injected into the mouse cortex.
Antibodies used for immunochemical analysis were listed in Suppl.
Table 1.

2.8. Statistical analysis

Data are presented as mean + SEM. Student’s t-test and one-
way ANOVA were applied to compare 2 or >3 sets of data, respec-
tively. Differences were considered statistically significant at
p<0.05.

3. Results

3.1. Restored proteasomal activity in late-stage hBMSCs following
PSMB5 overexpression

Aging- and disease-related loss of proteasomal function has
been documented by different groups [19,20]. Our previous
study suggested that replicative senescence of hBMSCs may be
due to decreased proteasomal activity following down-regulation
of the rate-limiting subunit PSMB5 [12]. In this work, we
first found that knocking down PSMB5 in early-stage hBMSCs
significantly reduced proteasomal activity (Suppl. Fig. 1A and B)
and decreased cell proliferation (Suppl. Fig. 1C), which again indi-
cated the crucial role of PSMB5-dependent proteasomal activity
in this aging process. Using the lentivirus-based system, the
expression levels of both the PSMB5 protein (~2.5-fold vs. GFP
control; Fig. 1Aa and b) and its messenger RNA (>5-fold vs. GFP
control; Fig. 1B) were substantially raised 5 days after viral
infection in late-stage cells without affecting the expression of
other subunits, such as PSMB1, PSMB2 or PSMB6 (Fig. 1B). Fol-
lowing PSMB5 overexpression, the proteasomal activity of late-
stage hBMSCs also increased significantly from 58% to 79% of that
of the early-stage cells (p <0.01 vs. GFP control; Fig. 1C). These
data demonstrated that we managed to efficiently overexpress
PSMB5, which restored the proteasomal activity in late-stage
hBMSCs.

3.2. PSMB5 overexpression promoted cell proliferation in late-stage
hBMSCs by upregulating cell cycle-related proteins

Retarded proliferation has been reported in hBMSCs after pro-
longed culture expansion [4,5]. In the current study, we observed
that the percentage of BrdU-positive (BrdU") hBMSCs in the late
stage was dramatically decreased by 41% compared with that in
the early stage (Fig. 2A). Given that the Cyclin D1/CDK4 complex
accumulation is the putative indispensable step in cell cycle pro-
gression [21], we next examined whether this protein complex is
related to the decreased cell proliferation in late-stage hBMSCs.
As expected, the protein levels of Cyclin D1 and CDK4 were sub-
stantially lowered in senescent hBMSCs by ~60% and ~80%,
respectively (p < 0.01 vs. Early-stage controls; Fig. 2A). In contrast,
as shown in Fig. 2B, the number of BrdU* cells was significantly in-
creased by ~14% following PSMB5 overexpression (p < 0.01 vs. GFP
control). Meanwhile, overexpressing PSMB5 attenuated the reduc-
tion of Cyclin D1 and CDK4 proteins, raising their expressions by
56% and 23%, respectively (Fig. 2B). These observations demon-
strated that PSMB5 overexpression could rejuvenate senescent
hBMSCs by enhancing their proliferation, which potentially
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Fig. 1. Restored proteasomal activity in the late-stage hBMSCs following PSMB5 overexpression. (A) (a) Introduction of PSMB5 into late-stage hBMSCs increased the protein
level of PSMB5. (b) The quantitative data of (a). (B) Real-time PCR was used to examine the mRNA levels of B-subunits after viral infection. (C) 20S proteasomal activity was
rescued after PSMB5 overexpression, comparable to that in early-stage cells. Data were obtained from three independent experiments. **p < 0.01 vs. Early-stage cells;

**p <0.01 vs. GFP control.

depended on the upregulation of the cell-cycle regulator Cyclin D1/
CDK4 complex that assists in the G1 to S phase transition.

3.3. Delayed replicative senescence and promoted cell survival under
oxidative stress after overexpression of PSMB5

The decreased viability of hBMSCs following environmental
insult has been regarded as a hallmark of replicative senescence.
We accordingly investigated whether retaining the normal prote-
asomal activity could decelerate the aging process and strengthen
the resistance to oxidative stress. The SA-B-gal assay was applied
to identify the aged hBMSCs by staining them blue. As displayed
in Fig. 3A, enhanced proteasomal activity by PSMB5 overexpres-
sion significantly reduced the percentage of blue cells from
55 +3%to 40 + 4% (p < 0.01 vs. GFP control). In addition to reducing
this senescent phenotype, PSMB5 overexpression also rendered
aged hBMSCs less susceptible to oxidative challenge. By means of
the oxidant-sensitive fluorophore DCFH-DA, we first confirmed
that PSMB5 overexpression largely decreased the intracellular
level of reactive oxygen species (ROS) in late-stage hBMSCs
(p<0.01 vs. GFP control; Fig. 3B). Whereas the CCK-8 assay
demonstrated that H,O, treatment lowered viability in a concen-
tration-dependent manner (Suppl. Fig. 2), PSMB5-overexpressing
late-stage hBMSCs exhibited better survival to oxidative insult.
PSMB5 overexpression increased 450 nm absorbance by 40%, in
comparison to that of the GFP control after exposure to the same
concentration of H,O, (300 uM, p <0.01; Fig. 3Ca). Proteasomal
activity was concurrently restored (p <0.01; Fig. 3Cb). Taken
together, these data indicated that PSMB5 overexpression could

reverse the impairment of proteasomal functions, making aged
cells less vulnerable to stressors and consequently rejuvenated.

3.4. Restored stemness of late-stage hBMSCs following PSMB5
overexpression

Human BMSCs are capable of differentiation into morphological
and functional neuron-like cells [3]. Here we found that PSMB5
overexpression helped maintain their pluripotency. Consistent
with prior reports, hBMSCs with multiple passages had a poorer
differentiation ability as indicated by the lower percentage of
Tuj1-positive (Tuj1*) cells (22 +2%; Fig. 4A). Following the same
one-week in vitro induction, PSMB5 overexpression raised this
percentage in late-stage hBMSCs (p > 0.05 vs. Early-stage control;
Fig. 4A), the effect of which was similar to that induced by the
proteasome activator 18o-GA [12]. This result underscored the
predominance of PSMB5 to the overall proteasomal activity, and
suggested that modulation of its expression may be a feasible
strategy to counteract replicative senescence.

Next, we investigated whether PSMB5 overexpression was
beneficial for aged hBMSCs to differentiate in vivo. Four weeks
after brain transplantation of pre-differentiated cells [3], the per-
centage of viable Tuj1" cells in the PSMB5 overexpression group
(i.e. double-positive for Flag and Tuj1; Fig. 4B and Cf) remained
higher than that in the GFP control group in vivo (i.e. double-
positive for GFP and Tuj1, p < 0.05; Fig. 4B and Cc). Remarkably,
some of cells following PSMB overexpression appeared to extend
neurite branches (arrows; Fig. 4Cf), resembling that of mature
neurons, in contrast to their GFP counterparts which were
still showing the undifferentiated round appearance (arrows;
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Fig. 2. Accelerated cell proliferation with upregulation of Cyclin D1/CDK4 in late-stage hBMSCs after PSMB5 overexpression. (A) Reduced cell proliferation accompanied with
downregulation of Cyclin D1/CDK4 in late-stage hBMSCs. Comparison of BrdU-positive (BrdU") cells (red) in the early-stage (a) and the late-stage hBMSCs (b). (c) The
quantitative data for BrdU" cells of (a) and (b). The cell cycle-related proteins Cyclin D1 and CDK4 were down-regulated in late-stage hBMSCs (d). (e) The quantitative data
of (d). (B) Cell proliferation and Cyclin D1/CDK4 level were restored by PSMB5 overexpression. Comparison of BrdU" cells (red) in the GFP control (a) and the
PSMB5-overexpressed late-stage hBMSCs (b). (c) The quantitative data for BrdU" cells of (a) and (b). PSMB5 overexpression attenuated the reduction of Cyclin D1/CDK4 in the
late-stage hBMSCs (d). (e) The quantitative data of (d). All the experiments were performed in triplicate. **p < 0.01 vs. Early-stage cells or GFP control. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4Cc). This phenomenon suggested an enhanced neuronal dif-
ferentiation of aged hBMSCs by PSMB5 overexpression. Alto-
gether, the data demonstrated that maintenance of normal
proteasomal activity by PSMB5 overexpression in aged hBMSCs
preserves their potential for neuronal differentiation both
in vitro and in vivo, thereby making such cells applicable to
clinical transplantation even after prolonged culture expansion.

4. Discussion

The proteasome acts as a critical regulator of cellular homeosta-
sis through its degradation of unwanted proteins. Maintaining
normal proteolytic activity has been considered indispensable for
self-renewal and integrity of stem cells [22,23]. In the present
study, we explored the potential restoration of proteasomal
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Fig. 3. Reduced appearance of senescent phenotypes by PSMB5 overexpression in the late-stage hBMSCs. (A) The SA-B-gal staining was applied to identify the aged cells
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legend, the reader is referred to the web version of this article.)

dysfunction in the aged hBMSCs. Our results showed that,
although 20S proteasomal activity concurrent with self-renewing
capacity progressively decreased after long-term in vitro passages,
rectifying proteolytic abnormality by overexpressing the rate-
limiting catalytic subunit PSMB5 helped preserve the stemness of
hBMSCs, as well as rejuvenate them as evidenced by the enhanced
resistance to oxidative stress.

In order to obtain a sufficient number of cells for clinical appli-
cations, hBMSCs have to undergo in vitro expansion which inevita-
bly leads to cell aging. Replicative senescence in hBMSCs is a
complicated process involving multiple alternations in morpholog-
ical and functional phenotypes [24-26], presenting a challenge in
trying to develop approaches to slow down or reverse senescent
progression. Multiple factors have been suggested to contribute
to this procedure, including shortened telomere length [27], re-
duced telomerase activity [28], oxidative stress insults [9,29],
interruption of certain signaling pathways such as ERK [30] and
TGF-B [31], as well as compromised proteasomal degradation
[9,12,29,31]. Efforts are underway to minimize these pathogenic
factors. Nevertheless, not all of these methods are clinically appli-
cable. As an example, although simian virus 40 large T (SV40T)
antigen could promote DNA replication and cell proliferation
[32], its overexpression potentially results in a rising incidence of
cancer [33].

Unlike some targets which are difficult to manipulate safely, the
proteasome seems a better option for the purpose of counteracting
replicative senescence due to several considerations. First, the pro-
teasomal system is an innate component of normal mammalian
cells and acts exclusively on disposal of unhealthy or excessive
proteins [6]. So far, there has been little information concerning

serious side-effects even with its hyper-activation. Second, prote-
asomal activity has been confirmed to be closely related to the
preservation of hBMSC pluripotency [12]. Upon restoration of its
normal function, the aged cells could be rejuvenated possibly
through reconstruction of cellular homeostasis; this is of particular
importance when the primarily-isolated cells have already entered
the aging process, because it may possibly increase the population
of qualified clinical donors. Third, the promotion of proteasomal
activity could be readily attained by raising the expression of cer-
tain dominant catalytic subunits, as indicated here. Our results
suggest at least two ways for achieving this goal, applying prote-
asomal activators such as 18u-GA that has been extensively used
in clinics [12], or manipulating PSMB5 expression, which can
maintain proteasomal activity longer after transplantation. Nota-
bly, the benefits of retaining the normal proteasomal function are
multi-faceted. The present data substantiated that PSMB5 overex-
pression-restored proteolytic ability in the aged hBMSCs not only
accelerated proliferation, reduced senescence and increased resis-
tance to oxidative stress, but also recovered stem cell capabilities,
as supported by the enhanced neuronal differentiation both in vitro
and in vivo. Interestingly, we observed that late-stage hBMSCs with
GFP remained rounded one month after transplantation, whereas
those with PSMB5 overexpression were better differentiated; some
of the latter extended neuron-like long branches from cell somas.
In addition, several publications have demonstrated potential
cross-talk between the proteasome and other cascades hypothe-
sized to regulate replicative senescence. Modulation of certain
signal transduction, such as insulin growth-like factor pathway,
may activate proteasomal activity to offset oxidative stress
insults and reduce age-related changes in the brain [34]. The
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ubiquitin-proteasome pathway is also critical for telomerase activ-
ity [35], and telomere length and stability [36,37]. Moreover, the
proteasome interacts with signaling pathways such as ERK [38]
and TGF-B [39]. Hence, the functional proteasome is expected to
provide a multi-faceted protection. Taken together, modulation
of proteasomal activity seems safe, effective and feasible, and could
therefore provide a superior strategy in dealing with replicative
senescence of hBMSCs.

In summary, dysfunction of 20S proteasomes with reduced
proteolytic ability potentially leads to replicative senescence in
cultured hBMSCs, subsequently disqualifying them from clinical
use. By overexpressing the rate-limiting PSMB5 which is progres-
sively down-regulated after multiple passages, proteasomal
activity is essentially restored, concurrent with suppressed senes-
cent phenotypes as evidenced by (1) accelerated cell propagation
through upregulation of Cyclin D1 and CDK4, (2) enhanced neuro-
nal differentiation both in vivo and in vitro, and (3) improved cell
vigor and resistance to oxidative stress. Out study examined the
feasibility of maintaining stem cell integrity by counteracting

compromised proteasomal activity with PSMB5 overexpression,
which provides an entry point for large-scale production of
hBMSCs without replicative senescence.
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