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Treating osteoarthritis via gene therapy with rejuvenation factors
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Cellular senescence and stem cell exhaustion are drivers of
various aging-associated disorders, including osteoarthritis,
a leading cause of disability and one of the most common
degenerative diseases, the incidence of which increases with
age [1-4]. Arthroplasty and autologous chondrocyte trans-
plantation are osteoarthritis treatments, among which auto-
logous chondrocyte transplantation is currently the most
effective [5]. However, autologous chondrocyte transplan-
tation is limited by the source of healthy donor cartilage and
the proliferative capacity of primary chondrocytes [6]. More
traditional treatment options involve mainly oral and intra-
articular drugs and physical therapy (including electro-
therapy and acupuncture). Nonsteroidal anti-inflammatory
drugs, such as selective cyclooxygenase 2 inhibitors, are
widely used due to their anti-inflammatory effects but may
have adverse effects on the gastric mucosa and renal
function and increase the risk for cardiovascular diseases.
The analgesics used to ease patient pain are largely oral
opioids and intra-articular corticosteroids. In addition,
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symptomatic slow-acting drugs, including glucosamine
sulfate, chondroitin sulfate, and diacerein, are used. Fur-
thermore, platelet-rich plasma seems to be another ther-
apeutic option for the alleviation of osteoarthritis [7].
Despite the development of these therapeutic options, there
is still no cure for osteoarthritis with nonsurgical disease-
modifying treatment. Therefore, there is an urgent need for
more specific therapeutic strategies developed on the basis
of an in-depth molecular understanding of this disease.

Osteoarthritis usually emerges from disruption of the
superficial zone of cartilage where mesenchymal stem cells
(MSCs) and chondrocyte progenitor cells reside. Therefore,
MSC:s residing in the joint cartilage may be a critical target
for the prevention of osteoarthritis [8]. Nonetheless, the key
regulators of MSC senescence and aging-associated genes
that act as potential targets for the treatment of human
osteoarthritis are largely unknown. A comprehensive
understanding of the underlying mechanisms of MSC
senescence may help identify novel therapeutic targets for
osteoarthritis.

With the development of gene-editing techniques,
including helper-dependent adenoviral vector, traditional
meganucleases, ZFNs, TALENs, and CRISPR/Cas9, over
the past decades, adding, removing, or altering the genetic
material at specific locations in an organism’s genome has
become feasible [9-11]. Despite certain technical limita-
tions, CRISPR/Cas9 is by far the most convenient gene-
editing tool widely applied to human embryonic stem cells
(hESCs) as well as their derivatives for both basic and
clinical studies [12—14]. Using this method in combination
with directed hESC differentiation techniques, researchers
have identified a list of novel rejuvenation factors for the
alleviation of mouse osteoarthritis via the intra-articular
administration (Fig. 1), which demonstrates that rejuvenat-
ing senescent cells may represent a new avenue to treat
aging-associated disorders, such as osteoarthritis.

Recently, Deng et al. generated DiGeorge syndrome
critical region 8 (DGCRS)-deficient MSCs with an accel-
erated senescence phenotype. Mechanistically, DGCRS8
maintains heterochromatin organization by interacting with
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Fig. 1 Schematic of gene therapy using viral vectors encoding
rejuvenation factors involved in the attenuation of osteoarthritis.
LV lentivirus, AAV adeno-associated virus.

the nuclear envelope protein Lamin Bl and the
heterochromatin-associated proteins KRAB-associated pro-
tein 1 (KAP1) and heterochromatin protein 1 (HP1), thus
regulating human MSC (hMSC) senescence independent of
its well-established function being a critical component of
the canonical microprocessor complex for microRNA bio-
genesis [15]. Likewise, yes-associated protein (YAP) was
first identified as a major effector of Hippo signaling that
plays important roles in development and cell fate decision.
Fu et al. generated YAP-deficient hMSCs with a premature
cellular senescence phenotype and found that YAP coop-
erates with TEA domain transcriptional factor (TEAD) to
activate the expression of forkhead box D1 (FOXDI1), a
geroprotective protein [16]. In addition, chromobox homo-
log 4 (CBX4), a component of polycomb repressive com-
plex 1, was initially implicated in the maintenance of cell
identity and organ development through epigenetic silen-
cing. Ren et al. generated CBX4-deficient hMSCs and
demonstrated that CBX4 counteracts hMSC aging via the
maintenance of nucleolar homeostasis by recruiting
nucleolar protein fibrillarin and heterochromatin component
KAPI to nucleolar rDNA for its stabilization, thus limiting
excessive TRNA expression and cellular senescence [17].
Through these studies, a list of novel geroprotective factors,
the absence of which result in accelerated hMSC senes-
cence, have been individually identified.

On top of the identification of novel geroprotective fac-
tors, researchers have explored the possibility of expressing
single or multiple geroprotective factors with viral vectors
to enhance the regenerative capacity to restore the articular
cartilage structure and function in osteoarthritis (Fig. 1).
Accordingly, gene therapy with lentivirus-mediated ectopic
expression of DGCRS effectively attenuates hMSC senes-
cence and alleviates the pathological phenotype of mouse
osteoarthritis, as evidenced by the histological improvement
and the downregulation of cellular senescence markers (p16
and p2l1) and inflammation factors [15]. Similarly,
lentivirus-mediated gene transfer of YAP, FOXD1 or CBX4
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each rejuvenates aged hMSCs and mitigates mouse
osteoarthritis [16, 17]. In addition, soluble transforming
growth factor-beta receptor 2 (sTGFPR2) and alpha KLO-
THO («KLOTHO) are two protein molecules that have
been individually implicated in the maintenance of cartilage
homeostasis. TGFf1 is a reparative mediator that stimulates
chondrocyte proliferation and inhibits chondrocyte hyper-
trophy [18] and is also involved in osteoarthritis develop-
ment and progression, for which sTGFPR2 exhibits a high
affinity. «aKLOTHO, on the other hand, is an antiaging
molecule that is downregulated in the cartilage and synovial
membrane during aging and osteoarthritis [19]. Martinez-
Redondo et al. conducted an experiment in rats with papain/
cysteine-induced osteoarthritis via the intra-articular injec-
tion of AAV-DJ-aKLOTHO and AAV-DJ-sTGFpR2, and
evaluated their combinatorial therapeutic effect on cartilage
repair at 6 weeks after the viral injection [6]. The ectopic
coexpression of aKLOTHO and sTGFPR2 improves the
function of cartilage tissue and reverses the osteoarthritis
phenotype via the downregulation of immune response and
the promotion of joint tissue homeostasis. In addition, the
treatment with aKLOTHO and sTGFPR2 recombinant
proteins improves the expression of chondrocyte-specific
markers and cell proliferation in human primary articular
chondrocytes. While the detailed mechanisms of combined
treatment with «KLOTHO and sTGFfR?2 in cartilage repair
remain to be understood, this study serves as a good
example of the combined application of rejuvenation factors
to osteoarthritis for synergistic and improved therapeutic
effects [6]. However, the establishment of highly efficient
screening systems to identify individual geroprotective
factors as well as the most beneficial combinations remains
a great challenge.

Through a series of studies, researchers have uncovered a
list of rejuvenation factors that alleviate hMSC senescence
and mouse osteoarthritis. These breakthroughs in the field
of gene therapy for osteoarthritis indicate the feasibility of
using “rejuvenation (de-senescence) factors” targeting
senescent stem cells, shedding light on future clinical
interventions against various aging-related diseases. How-
ever, it is of scientific and clinical interest to identify more
rejuvenation factors and aging factors via approaches such
as CRISPR/Cas9-based genome-wide screens, which will
likely lead to the identification of new therapeutic targets for
aging-associated diseases through both positive and nega-
tive regulations. More efficient and targeted gene-editing
tools are yet to be developed and will be useful for precise
genetic and epigenetic modulations, such as in vivo target
gene activation or repression. In addition, it is important to
keep in mind that virus-mediated gene therapy may have
potential biosafety issues due to insertional mutagenesis.
The effectiveness of viral vectors in gene therapy delivery
should also be taken into careful consideration with regard
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to their packaging capacity, infection efficiency and target
specificity [20]. Despite the existing challenges, we believe
that continuous efforts by the aging research community
will lead to new mechanistic interpretations of rejuvenation
factors and aging factors and even more finely tuned and
efficient tools for gene editing, facilitating the development
of therapeutic strategies for the treatment of aging-related
diseases in humans.

Acknowledgements This work was supported by the Strategic Priority
Research Program of the Chinese Academy of Sciences
(XDA16010100), the National Key Research and Development Pro-
gram of China (2018YFC2000100, 2018YFA0107203), the National
Natural Science Foundation of China (81922027, 81870228,
81921006, 81625009, 91749202, 81861168034, 91949209), Program
of Beijing Municipal Science and Technology Commission
(Z2191100001519005),  Beijing Natural Science Foundation
(Z190019), the State Key Laboratory of Stem Cell and Reproductive
Biology and the State Key Laboratory of Membrane Biology.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Geng L, Liu Z, Zhang W, Li W, Wu Z, Wang W, et al. Chemical
screen identifies a geroprotective role of quercetin in premature
aging. Protein Cell. 2019;10:417-35.

2. Geng L, Liu Z, Wang S, Sun S, Ma S, Liu X, et al. Low-dose
quercetin positively regulates mouse healthspan. Protein Cell.
2019;10:770-5.

3. Zhang W, Qu J, Liu GH, Belmonte JCI. The ageing epigenome
and its rejuvenation. Nat Rev Mol Cell Biol. 2020;21:137-50.

4. Xu M, Pirtskhalava T, Farr JN, Weigand BM, Palmer AK, Wei-
voda MM, et al. Senolytics improve physical function and
increase lifespan in old age. Nat Med. 2018;24:1246-56.

5. Zhang W, Ouyang H, Dass CR, Xu J. Current research on phar-
macologic and regenerative therapies for osteoarthritis. Bone Res.
2016:4:15040.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Martinez-Redondo P, Guillen-Guillen I, Davidsohn N, Wang C,

Prieto J, Kurita M, et al. aKLOTHO and sTGFPR2 treatment
counteract the osteoarthritic phenotype developed in a rat model.
Protein Cell. 2020;11:219-26.

. Hermann W, Lambova S, Muller-Ladner U. Current treatment

options for osteoarthritis. Curr Rheumatol Rev. 2018;14:108-16.

. Jiang Y, Tuan RS. Origin and function of cartilage stem/pro-

genitor cells in osteoarthritis. Nat Rev Rheumatol. 2015;11:
206-12.

. Gaj T, Gersbach CA, Barbas CF. ZFN, TALEN, and CRISPR/

Cas-based methods for genome engineering. Trends Biotechnol.
2013;31:397-405.

Pan H, Guan D, Liu X, Li J, Wang L, Wu J, et al
SIRT6 safeguards human mesenchymal stem cells from oxidative
stress by coactivating NRF2. Cell Res. 2016;26:190-205.

Yan P, Li Q, Wang L, Lu P, Suzuki K, Liu Z, et al. FOXO3-
engineered human ESC-derived vascular cells promote vascular
protection and regeneration. Cell Stem Cell. 2019;24:447-61.
Chen Y, Cao J, Xiong M, Petersen AJ, Dong Y, Tao Y, et al.
Engineering human stem cell lines with inducible gene knockout
using CRISPR/Cas9. Cell Stem Cell. 2015;17:233-44.

Wang S, Min Z, Ji Q, Geng L, Su Y, Liu Z, et al. Rescue of
premature aging defects in Cockayne syndrome stem cells by
CRISPR/Cas9-mediated  gene correction. Protein  Cell.
2020;11:1-22.

Cheng F, Wang S, Song M, Liu Z, Liu P, Wang L, et al. DJ-1 is
dispensable for human stem cell homeostasis. Protein Cell.
2019;10:846-53.

Deng L, Ren R, Liu Z, Song M, Li J, Wu Z, et al. Stabilizing
heterochromatin by DGCRS alleviates senescence and osteoar-
thritis. Nat Commun. 2019;10:3329.

Fu L, Hu Y, Song M, Liu Z, Zhang W, Yu FX, et al. Up-
regulation of FOXD1 by YAP alleviates senescence and
osteoarthritis. PLOS Biol. 2019;17:e3000201.

Ren X, Hu B, Song M, Ding Z, Dang Y, Liu Z, et al. Maintenance
of nucleolar homeostasis by CBX4 alleviates senescence and
osteoarthritis. Cell Rep. 2019;26:3643-56.

Varela-Eirin M, Loureiro J, Fonseca E, Corrochano S, Caeiro JR,
Collado M, et al. Cartilage regeneration and ageing: Targeting
cellular plasticity in osteoarthritis. Ageing Res Rev.
2018;42:56-71.

Pasztoi M, Nagy G, Geher P, Lakatos T, Toth K, Wellinger K,
et al. Gene expression and activity of cartilage degrading glyco-
sidases in human rheumatoid arthritis and osteoarthritis synovial
fibroblasts. Arthritis Res Ther. 2009;11:R68.

Pauwels K, Gijsbers R, Toelen J, Schambach A, Willard-Gallo K,
Verheust C, et al. State-of-the-art lentiviral vectors for research
use: risk assessment and biosafety recommendations. Curr Gene
Ther. 2009;9:459-74.

SPRINGER NATURE



	Treating osteoarthritis via gene therapy with rejuvenation factors
	Outline placeholder
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




