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Abstract: Rotator cuff tears (RCT) are the most common cause of shoulder pain among adults.
“Rotator cuff” refers to the four muscles that cover the shoulder joint: supraspinatus, infraspinatus,
subscapularis, and teres minor. These muscles help maintain the rotational movement and stability
of the shoulder joint. RCT is a condition in which one or more of these four muscles become ruptured
or damaged, causing pain in the arms and shoulders. RCT results from degenerative changes caused
by chronic inflammation of the tendons and consequent tendon tissue defects. This phenomenon
occurs because of the exhaustion of endogenous tendon stem cells. Tendon regeneration requires
rejuvenation of these endogenous tendon stem/progenitor cells (TSPCs) prior to their growth phase.
TSPCs exhibit clonogenicity, multipotency, and self-renewal properties; they express classical stem
cell markers and genes associated with the tendon lineage. However, specific markers for TSPC are
yet to be identified. In this review, we introduce novel TSPC markers and discuss various strategies
for TSPC reprogramming. With further research, TSPC reprogramming technology could be adapted
to treat age-related degenerative diseases, providing a new strategy for regenerative medicine.

Keywords: tendon stem/progenitor cell; cell reprogramming; rotator cuff disease; extracellular

vesicles; small molecules; regeneration

1. Introduction

Shoulder pain is a common musculoskeletal complaint, affecting 16% of the general
population and 21% of older people [1-3]. It is the most prevalent cause of musculoskeletal
pain among individuals in their 40s and 50s—the age group where economic productivity
is at its peak with a prevalence of 16.9%, followed by back pain (15.9%), and knee pain
(10.7%) [4]. Several factors can cause shoulder pain, but the two main causes are frozen
shoulder and rotator cuff disease; of these, rotator cuff disease accounts for approximately
50-70% of cases [1-3].

Tendons are fibrous soft tissues that serve as connective structures between muscles
and bones [5]. They are primarily made up of well-organized type I collagen fibers and
spindle-shaped cells, the majority of which are mature tenocytes. Tenocytes and tendon-
derived stem/progenitor cells (TSPCs) are the fundamental cell types found in tendon
tissues. Tenocytes are a particular type of fibroblast that account for approximately 95% of
tendon tissue [6].

TSPCs are distinct cell types that are capable of self-renewal, differentiation into
multiple cell lineages, and exhibit clonogenicity; they were initially identified in mouse
patellar tendon tissue by Bi et al. [7]. TSPCs are a recently discovered cell type that have
been identified in both human and rat tendons, particularly in areas with high levels of
biglycan (Bgn) and fibromodulin (Fmod) in the extracellular matrix [7]. Subsequently,
TSPCs have also been obtained from other areas, such as the patellar tendon, Achilles
tendon, supraspinatus tendon, hamstring tendon, and other sites, in rats, rabbits, pigs, and
humans [8-10]. Structurally, TSPCs are smaller than tenocytes, possess larger nuclei, and
display a faster proliferation rate compared with tenocytes [10]. No specific markers for
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TSPC have yet been identified [11]. However, dissimilar to other stem cells, TSPCs express
higher levels of collagen and tendon-related genes, such as scleraxis (Scx), tenomodulin
(Tnmd), and tenascin-C (TNC). Several recent studies have reported the identification of
novel TSPC markers. Tendon tissue homeostasis, repair, and regeneration are assumed
to be critical functions of TSPCs [7,9,10], and a decline in the number or function of
TSPCs is suggested to cause aging [12] or tendinopathy [13], often leading to tendon
degeneration [14,15].

Previous research has shown that reduced activity of skeletal muscle stem cells (satel-
lite cells) due to loss of Notch signaling impairs the regeneration of aged muscles [16,17].
Similarly, a decrease in liver progenitor cell proliferation due to the formation of a com-
plex containing cEBP-« and the chromatin remodeling factor Brahma (Brm) inhibits the
regenerative capacity of an aged liver [18]. A promising approach that could potentially
overcome the challenges associated with cell transplantation is the use of endogenous
stem/progenitor cells to regenerate tissues. This concept has recently gained attention
as a feasible approach to advancing regenerative medicine. This review identifies novel
markers of TSPC and suggests that overcoming TSPC depletion could be a direct strategy
for achieving tendon regeneration. Therefore, this review summarizes several strategies for
tendon regeneration through TSPC reprogramming.

2. Causes of Rotator Cuff Disease

The term ‘rotator cuff’ refers to four muscles that surround the shoulder joint: the
supraspinatus, infraspinatus, subscapularis, and teres minor. These muscles play a role
in maintaining the rotational movement and stability of the shoulder joint. Rotator cuff
tear (RCT) is a condition in which one or more of these four muscles become ruptured
or injured, causing pain in the arm and shoulder. The cause of rotator cuff disease is
controversial and not clearly understood. Tendon degeneration is thought to be one of
the most important causes of rotator cuff disease [19]. According to a recent study, the
pro-inflammatory environment plays an important role in causing degenerative changes in
the tendon [20,21]. A well-known cause of rotator cuff disease is chronic inflammation of
the tendon tissues and subsequent tendon tissue defects. Age-related degenerative changes
are also significant contributors. A recent study has defined stem cell exhaustion and
decreased regenerative capacity as hallmarks of aging [22]. Stem cell exhaustion refers to a
decline in the number of stem cells and their renewal capacity. Without a stable population
of proliferating stem cells, tissues and organs lose their ability to recover from damage,
ultimately resulting in organ failure. The depletion of stem cells may be primarily caused
by specific forms of age-related dysfunction, including diminished self-renewal abilities
and activation of cellular senescence mechanisms. In 2017, Howell et al. [23] showed that
for tendon regeneration, instead of transferring exogenous cells to the damaged region,
endogenous stem cells present within the tendon tissue must be moved to the damaged
area, proliferated, and then induced to differentiate into tendons. Thus, among the various
factors causing rotator cuff disease, the exhaustion of endogenous tendon stem cells is
the root cause. To treat such degenerative diseases, it is important to restore the number
and function of endogenous stem cells in the tissue. In other words, a biological strategy
targeting the rejuvenation of endogenous stem cells is necessary.

3. Identification and Characterization of Tenocytes and TSPCs

Regenerating normal structure and function in injured tendons presents a significant
challenge in orthopedics and regenerative medicine. Tendons are organized in a hierarchical
structure comprising fascicles, fibers, and fibrils and are mostly composed of collagen
molecules. Despite being predominantly made of tenocytes, tendons contain a pool of
stem and progenitor cells [24]. The utilization of TSPCs in regenerative medicine is a
promising strategy for addressing tendon injuries, as they can potentially serve as a potent
cell-based therapy for facilitating tendon healing and regeneration. Prior research has
shown that tendon aging is closely related to changes in TSPC function [25,26]. In 2007,
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Bi et al. [7] reported the isolation of a cell population (TSPCs) from both humans and mice,
which exhibited characteristics typical of stem cells, such as multipotency, clonogenicity,
and self-renewal properties. Despite multiple investigations, the identification process
for TSPCs remains imprecise and lacks specific markers [27]. This is one of the reasons
why TSPC research remains in the in vitro stage. The isolation of tenocytes and TSPCs
follow similar cell extraction protocols. Additionally, the morphology of TSPCs is similar
to that of tenocytes, and there is insufficient information to compare and identify them,
making the in vitro study of tendons difficult. Although most studies do not distinguish
between these two types of cells, it is still important because endogenous TSPCs can
facilitate tendon regeneration in musculoskeletal conditions such as RCT [28-30]. TSPCs are
positive for certain common stem cell markers that are also present on the surface of other
mesenchymal stem cells (MSCs), including Sca-1, CD44, CD90, CD90.1, CD105, CD146,
Stro-1, nucleostemin, Oct-4, and SSEA-1, but not CD18, CD31, CD34, CD45, CD106, CD117,
CD144, or Flk-1 [31]. However, no molecular markers have been identified that allow us
to distinguish between TSPCs and tenocytes. The precise location of TSPCs in tendons
also remains unclear. Recently, two different regions of stem/progenitor cells have been
observed within the tendon, specifically in the outer tendon sheet (TSPC type I) and within
the tendon proper (TSPC type II) [32,33]. Additionally, cells that concurrently expressed
genes associated with tendon and pericyte markers were found in the perivascular region
of tendon tissues. This observation suggests that the perivascular niche may serve as
a reservoir for another distinct population of local stem cells or progenitor cells [34].
Comparison between subpopulations of TSPCs revealed that peritenon-derived cells (TSPC
type I) had increased vascular and pericyte markers, while tendon proper-derived cells
(TSPC type II) were more proliferative and exhibited higher levels of Scx and Tnmd [32]. In
contrast to MSCs of other origins, TSPCs express the tendon-related genes Scx, Tnmd [35],
cartilage oligomeric matrix protein (Comp), and TNC [7,9,10,34,36,37]. Therefore, there is a
critical need for in vitro and in vivo studies to determine the role and localization of TSPCs
in the tendons.

4. Novel TSPC Markers

As previously mentioned, the absence of novel TSPC markers is the primary obstacle
to advancing TSPC research. A previous study reported CD146 as one of the markers that
identifies TSPCs. They showed that TSPCs exist within a unique niche in the extracellular
matrix and identified biglycan (Bgn) and fibromodulin (Fmod) as two important compo-
nents of this niche [7]. Another study showed that CD146+ cells from freshly isolated rat
patellar tendons accounted for approximately 0.8% of the total mononucleated cell popula-
tion. However, CD146+ cells sorted by fluorescence-activated cell sorting (FACS) analysis
were positive for expression of other TSPC markers, including CD44 and CD90 [38]; both
these markers were also highly expressed in fetal MSCs [39]. The tubulin polymerization-
promoting protein family member 3 (Tppp3) is a distinct marker for the development of
the musculoskeletal system. Tppp3 is expressed in cells of connective tissues, such as the
tendon sheath, epitenon, and paratenon surrounding the developing tendon [40]. Studies
conducted using single-cell transcriptomics have reported that the Tppp3+ cell population
might be tendon stem cells, which also expressed platelet-derived growth factor receptor
alpha (PDGFRA). These Tppp3+ PDGFRA+ cells not only contribute to tendon regeneration
but are also novel markers of tendon stem cells [41].

Another study based on single-cell analysis revealed that nestin+ TSPCs had strong
tenogenic potential [42]. This study showed that nestin was involved in specific stages of
limb and tendon development in NES-green fluorescent protein (GFP) transgenic mice. De-
pletion of nestin expression after shRNA treatment in TSPCs led to a decrease in clonogenic
capability and diminished tenogenic potential both in vitro and in vivo. This indicates
that nestin is essential for the preservation of the tendon-lineage phenotype in TSPCs [42].
Surface marker analysis of TSPCs showed Scal+ (stem cell marker), CD90+ and CD44+ (fi-
broblast markers), CD18~ (leukocyte marker), CD34~ (hematopoietic and vascular marker),
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and CD133™ (perivascular marker). The expression levels of Tnmd and Scx were higher
in TSPCs, suggesting that these cells were enriched in stem/progenitor cells of tendon
origin [32]. Tnmd is widely recognized as the most prominent mature marker for tendon
and ligament progenitor cells. A recent study showed that Tnmd is necessary to prevent
adipocyte accumulation and fibrovascular scar formation during early tendon healing. This
suggests that Tnmd is essential for tendon maturation and healing and has a critical impact
on resident TSPCs [43].

5. Various Strategies for TSPC Reprogramming
5.1. Part A: Transcription Factors

Induced pluripotent stem cell (iPSC) reprogramming was originally performed using
a set of transcription factors, including Oct4, Sox2, KIf4, and c-Myc (OSKM) [44]. Although
iPSCs have great potential, they pose not only technical concerns (such as efficiency) but
also biological risks, such as cancer formation and stability issues due to gene insertion.
Transcription factor-induced reprogramming can have several notable side effects both
in vitro and in vivo. A recent study reported that inducing OSKM for a relatively short
period of seven days can lead to cancer [45]. Reprogramming often causes extensive damage
to the cells, leading to cellular aging. Moreover, one of the major risks of transcription factor-
induced reprogramming is the potential formation of teratomas that arise from pluripotent
stem cells [46]. Reprogramming can also lead to epigenetic changes that are not completely
reversible. For example, certain studies have shown instability in the X chromosome of
human induced pluripotent stem cells (iPSCs), which can affect the therapeutic potential
of these cells [47]. Many transcription factors are resistant to reprogramming, making the
process inefficient and affecting only a small subset of cells. The process also requires a
long latency, which complicates its potential therapeutic applications [48].

Several researchers have attempted to convert tissue-differentiated cells into induced
tissue-specific stem cells (iTSCs) or partially/transiently reprogram them instead of iP-
SCs [49,50]. Therefore, efforts have been made to avoid or reduce the use of some of these
transcription factors, and several studies have attempted reprogramming using only one or
two of Oct4, Sox2, and KIf4 [51-53].

5.2. Part B: Small Molecules

Alternative methods have been explored to reduce the risk of gene transduction, in-
cluding the use of small molecules to promote reprogramming [54]. Several chemicals have
recently been reported to enhance reprogramming efficiencies or replace defined repro-
gramming factors, such as OSKM [55]. In 2011, Li et al. [56] developed a small molecule
combination, VC6T [Valpronic acid (VPA), CHIR99021 (CHIR), 616452 (6), Tranylcypromine
(T)], which enables reprogramming using only a single gene, Oct4. In 2013, Hou et al. [57]
confirmed the efficacy of a VC6TFZ small-molecule cocktail in mouse embryonic fibroblast
cells by combining VC6T with F, forskolin (FSK) and Z, 3-deazaneplanocin (DZNep). In
2023, Yang et al. [58] investigated the optimal combination of small molecules in humans
(C6NYSA: CHIR, 616452, TTNPB (N), Y27632 (Y), Smoothened agonist (SAG), and ABT869
(A)) and mice (VC6TE: VPA, CHIR, 616452, T, and FSK) cells. Researchers have used
different combinations of small molecules in humans and mice because of differences in
differentiation between humans and mice. Numerous chemicals have been identified to
affect chromatin modifications and signal transduction pathways (Table 1). Researchers
have recently succeeded in converting somatic cells into chemically-induced pluripotent
stem cells (CiPSCs) by using a combination of reprogramming boosters, suggesting the
possibility of rejuvenation through partial reprogramming [57,59]. A combination of six
small-molecule compounds was found to reverse the age of the transcriptome in both
humans and mice with no loss of cell identity [58]. The unique feature here is that a com-
bination of the six small-molecule compounds differed for humans and mice, which may
be due to the differences in differentiation between the two organisms. Therefore, tendon
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regeneration through TSPC reprogramming can be achieved not only through genetic

manipulations but also through chemical means.

Table 1. Chemicals used to enhance reprogramming efficiency or replace essential reprogramming factors.

Author . Chemical s Yamanaka Species and
No. /Year/Journal Title Used Details Factor Used Cell Type Inference Ref.
OK+BIX01294 enhances
G9a histone mouse neural efficiency ~1.5 times more
. . BIX01294 methyltrans- OK progenitor than OSKM and ~8 times
?n(zi()gék;ll:t?cd ;;;;ggccaﬂ ferase inhibitor cells (mNPCs) more than OK; BIX01294 is
1 Shi etsatlég%)g?/Cell for the generation of able to replace S and M. [60]
induced pluripotent 9 histone fetal neural BIX01294 is able to replace
stem cells BIX01294 methyltrans- KSM progenitor O 10 NPC reprogramming
AP but with extremely low
ferase inhibitor cells (fNPCs) -
efficiency.
G9a histone mouse OK+BIX01294 enhances
BIX01294 methyltrans- OK embryomc efficiency ~5 times more
. AP fibroblasts than OK and is able to
Induction of ferase inhibitor (MEFs) replace S.
pluripotent stem cells
. from mouse L-type calcium OK+BIX01294+BayK8644
2 Shi et al./2008b/Cell embryonic fibroblasts BayK8644 channel OK MEFs enhances efficiency ~15 [61]
Stem Cell by Oct4 and Klf4 with agonist times more than OK.
srgg&}r)r;(:llrelg;le DNA methyl- OK+BIX01294+RG108
RG108 transferase OK MEFs enhances reprogramming
(DNMT) efficiency ~30 times more
inhibitor than OK.
Dissecting direct dAazyé érelez)tixzrﬁtggriirr:g
Mikkelsen reprogramming DNMT -10 '
3 et al./2008 /Nature through integrative AZA inhibitor OSKM MEFs ~4-fold increase in [62]
. 3 efficiency compared with
genomic analysis
untreated controls.
histone
More than 100-fold
VPA df?fgglé‘)se OSKM MEFs increase in efficiency with
inhibitor
DNMT ~3-fold increase in
AZA inhibitor OsK MEFs efficiency with OSK.
Induction of HDAC ~50-fold increase in
Huanef pluripotent stem cells VPA inhibitor OsK MEFs efficiency with OSK.
uangtu by defined factors is
4 et al./2008a/Nature vi db Improved the effect of [63]
Biotechnolo greatly improved by 4
8y ~ . 5'-azaC by 2.6-fold when
g molefjule Dexamethasone synthetic OSKM MEFs used in combination, even
compounds icoi ,
P (dex) glucocorticoid though dex alone had no
significant effect.
HDAC ~15-fold increase in
TSA inhibitor OSKM MEFs efficiency with OSKM.
HDAC ~2-fold increase in
SAHA inhibitor OSKM MEFs efficiency with OSKM.
10- to 20-fold increase
. HDAC human compared with OSK
Induction of VPA inhibitor OsK fibroblasts (reprogramming efficiency
Huangfu pluripotent stem cells 1.1%)
5 et al./2008b/Nature from primary human — [64]
Biotechnology fibroblasts with only HDAC human VPA is able to replace K
Oct4 and Sox2 VPA inhibitor os fibroblasts and M _(reprogrammmg
efficiency 0.001%).
P ti f . .
. reprgg?a(;nlgﬁ:g to inhibitors of Together with LIF, it
Silva et al./2008/PLOS PD0325901 + MEK and promotes ground state
6 . ground state . OK MEFs 5 . [65]
Biolo X CHIR99021 (2i) GSK3, luripotency in OK
24 pluripotency by respectively P pf 'iPSyC
signal inhibition pre s
Inhibitors of
PD0325901 + MEK, GSK3, rat liver Together with LIF and 2i,
. CHIR99021 (2i) and TGF- OSK gty they generate mESC-like
Generation of ratand ™, " 'g3°5y b1(ALK5), epithelial cells rat iPSCs
7 Li W et al./2009/Cell pluripotent stem cells respectively 6]
Stem Cell by combining genetic inhibitor of X X
reprogramming and PD0325901 + MEK, GSK3, human Together with LIF and 2i,
chemical inhibitors CHIR99021 (2i) and OSK fibroblasts they generate mESC-like
+ A-83-01 TGF-b1(ALKS) human iPSCs

respectively
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Table 1. Cont.
Author . Chemical s Yamanaka Species and
No /Year/Journal Title Used Details Factor Used Cell Type Inference Ref.
A specific chemical
combination that is
G " £ IPSC. sufficient to‘ permit
eneration of 1 S VPA reprogramming from
Li et al./2011/Cell . from mouse CHIR99021 mouse mouse embryonic and
8 Research Sinfg;éogb e}ﬁztsovgih aan d VCeT 616452, tranyl- O fibroblasts adult fibroblasts in the 56l
omall molecules cypromine presence of a single
transcription factor (Oct4)
within 20 days, replacing
Sox2, Kl1f4, and c-Myc.
A GFP-positive cluster was
generated using VC6TF on
day 20 (D20) after
chemical treatment. The
VPA, expression of two
. Oct4 ter- P
CHIR99021, éri‘ifrél;; r pluripotency-related genes,
VC6TF 616452, tranyl- None expression Sall4 and Sox2, and the
cypromine, (OG)-MEFs expression of several
forskolin extraembryonic endoderm
(XEN) markers, Gata4,
Pluripotent stem cells Gata6, and Sox17 were
induced from mouse Slgnlﬁca{}ﬂc%ﬁ:duced by
9  Houetal./2013/Science somatic cells by . [57]
small-molecule VPA,
compounds CHIR99021, Morphology of a compact,
616452, tranyl- ~ epithelioid, GFP-positive
VC6TFZ cypromine, None OG-MEFs colony on day 32 (D32)
f(];)réll(\?lin, after treatment
€p
2i-competent, ESC-like,
. and GFP-positive cells
VCOTFZ with VCOTFZ + None OG-MEFs obtained as chemically
2i-medium 2i-medium R |
induced pluripotent stem
cells (CiPSCs).
VPA,
CHIR99021 The XEN-like state allows
616452, tranyl- us to identify
A XEN-like state cypromine, small-molecule boosters
bridges somatic cells VC6TFZASD forskolin, and‘ establish a robu§t
10 Zhaoetal./2015/Cell to pluripotency with DZNep, None MEFs chemical reprogramming  [7]
during chemical N2B27-2iL AM580, system with a yield
reprogramming SGC0946, ~1000-fold greater than
5-aza-dC + that of the previously
meI(\I:lizl?éﬁziIF reported protocol.
Functional neurons and
hepatocytes can be
VPA TD114- MEFs, mouse induced from fibroblasts
Direct 2/CHIR99021 fP];)Stglatal via a chemically induced
i reprogramming of 616452, tranyl- ibroblasts and highly expandable
11 LX eétei 11‘42(?15/ Cell fibroblasts via VC6TFAE cypromine, None 1(111\(131131}:;2);1?1?1% XEN-like state, bypassing  [59]
emt-e achemically induced forskolin, Tun the pluripotent
XEN-like state AMB580, ﬁbroblgasts stage.Chemical induction
EPZ004777 (MAFs) increases the expression of
XEN master genes (Gata4,
Sall4, Sox17, and Gatab).
A cocktail of small
molecules (CHIR99021,
. 616452, and TTNPB)
re rc(): I}zﬁﬁﬁ; of C%{%Zggn’ human converts human fibroblasts
Guan prog ng , embryonic into epithelial-like cells.
12 human somatic cells C6NYSA TTINPB, None . o [68]
et al./2022/Nature to pluripotent sterm Y27632. SAG fibroblasts Additional small
p Eells ABT869 (HEFs) molecules (Y27632,

ABT869, and SAG) further
promoted the formation of
epithelial-like cells.
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Table 1. Cont.
Author . Chemical . Yamanaka Species and
No. IYear/Journal Title Used Details Factor Used Cell Type Inference Ref.
VPA,
CHIR99021, mouse : .
VC6TF 616452, tranyl- None fibroblasts Rejuvenation through age
cypromine, revtersall can bi_acﬁle\gectl
i not only genetically bu
forskolin also chemically.Within a
Chemically induced week, a cocktail of six
13 Yangetal./2023/Aging reprogramming to Chem;:i :;fgciﬁged in (58]
reverse cellular aging CHIR99021, whole-genome
%%61\111;]23’ transcriptional profile
Y27632, S AG, human characteristic of youth and
CONYSA ABT869 None fibroblasts reversed transcriptional

age without compromising
cellular identity.

Abbreviations: MEFs, mouse embryonic fibroblasts; HEFs, human embryonic fibroblasts; LIF, leukemia inhibitory
factor; mESC, mouse embryonic stem cell; GFP, green fluorescent protein; OG, Oct4 promoter-driven GFP
expression; XEN, extraembryonic endoderm; DNMT, DNA methyltransferase; HDAC, histone deacetylase; V,
valpronic acid (VPA); C, a GSK3-f inhibitor (CHIR99021); 6, a TGF-f inhibitor (616452); T, LSD1 inhibitor
(Tranylcypromine); F, Forskolin (FSK); Z, SAH hydrolase inhibitor (3-deazaneplanocin, DZNep); 2i, GSK and
MAPK inhibition; N, Retinoic Acid Receptor (RAR) Agonist (TTNPB); A, an RAR agonist (AM580); S, a DOT1L
inhibitor (5GC0946); D, 5-aza-dC; S, Smoothened Agonist (SAG) HCI; A, ABT869 (Linifanib, RTK inhibitor);
TD114-2, a preferable GSK3-f inhibitor; E, a DOT1L inhibitor (EPZ004777).

5.3. Part C: Extracellular Vesicles

Extracellular vesicles (EVs) are membrane-enclosed vesicles secreted by cells that
function by transporting bioactive molecules to target cells. EVs include apoptotic bodies
(>1,000 nm), microvesicles (MVs: 100-1,000 nm), and exosomes (30-150 nm). Several cell
types secrete exosomes, including T cells, B cells, cancer cells, and stem cells (Figure 1).
Exosomes are messenger particles that are naturally released from the cells, which carry
proteins, lipids, and genetic materials such as DNA and RNA to neighboring or distant cells.
Exosomes can reprogram recipient cells based on their bioactive compounds [69]. In 2005,
Conboy et al. [70] showed the rejuvenation of aged stem cells due to heterochronic parabio-
sis and confirmed that the rejuvenation of stem cells was caused by secretomes in young
tissues. Recent studies have revealed the possibility of rejuvenating aged MSCs using exo-
somes derived from iPSCs and embryonic stem cells (ESs) [71,72]. In particular, Yu et al. [73]
reported that exosomes from bone marrow-derived mesenchymal stem cells (BM-MSCs)
promote the proliferation and migration of CD146+ endogenous stem cells in the tendon.
The effect of exosomes on the rejuvenation of endogenous stem cells is different from the
anti-inflammatory and immunomodulatory effects of existing exosomes on differentiated
cells. Thus, exosomes can be used as tools for fundamental tissue regeneration.
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Figure 1. Schematic representation of mesenchymal stem cell (MSC)-derived extracellular vesicles
(EVs). EVs include apoptotic bodies (>1000 nm), microvesicles (MVs: 100-1000 nm), and exosomes
(30-150 nm). Exosomes are released by a variety of cell types, such as T cells, B cells, cancer cells, and
stem cells, and transport proteins, lipids, and genetic materials, including DNA and RNA, to nearby

or remote cells.

5.4. Part D: Fetal MSCs

In 2020, Khanh et al. [74] showed that treatment with elderly stem cell-derived exo-
somes (eEVs) did not alter aged stem cells, but treatment with infant stem cell-derived
exosomes (iEVs) significantly reduced aging. Senescence changes the composition of the
stem cell secretome, which is assumed to cause stem cell exhaustion—a key cause of
senescence-related degenerative diseases. In particular, in the case of human umbilical
cord-derived mesenchymal stem cells (hUC-MSCs), the possibility of treating myocardial
infarction through the rejuvenation of aged BM-MSCs has been reported [75]; therefore,
fetal MSC-derived exosomes can be used for the rejuvenation of senescent stem cells.

6. Discussion

A rotator cuff tear is a musculoskeletal condition with the fastest increasing incidence
and morbidity rates. In the early stages of rotator cuff disease, conservative treatments
such as rest, medication, physical therapy, and steroid injection are the primary treatment
strategies; however, as this treatment does not address the cause, approximately 41%
of patients still complain of symptoms one year after conservative treatment, and in
some cases, this progresses to RCT [76]. Rotator cuff disease mainly occurs because of
chronic inflammation and the resulting tissue defects due to the exhaustion of endogenous
stem cells in tissues. The mechanisms underlying the occurrence of musculoskeletal
degenerative disorders are as follows [77]. (1) Exhaustion of endogenous stem cells because
of the accumulation of internal and environmental factors. (2) Changes in cell-matrix
and cell—cell communication accompanying inflammatory responses. (3) The occurrence
of degenerative disorders such as tissue defects and delayed healing due to continued
chronic inflammation. Stem cell exhaustion refers to a decline in the function and number
of stem cells in a tissue. Age-related degeneration can be summarized into three stages.
Stem cell senescence occurs with advancing age and results in a concomitant decline
in stem cell functionality. This functional decline alters exosome-mediated extracellular
communication between stem cells and their progeny, thereby contributing to diverse
disease etiologies [77]. Stem cell exhaustion occurs in various organs and contributes to
both aging and disease progression. Hematopoietic stem cells (HSCs) are responsible for
blood cell formation and face exhaustion because of chronic stressors such as infections,
chemotherapy, and aging. This leads to diminished regenerative capacity and impaired
blood cell production, contributing to conditions such as leukemia and anemia [78,79]. T
cell exhaustion occurs primarily in organs affected by chronic infections or cancers, such as
the lungs and lymphoid tissues. This leads to impaired immune responses and a reduced
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ability to eliminate tumors or persistent infections [80]. Mesenchymal stem cells (MSCs)
found in organs such as the kidneys, liver, and lungs are exhausted owing to chronic
diseases or injury. This affects the regenerative ability of these organs and contributes to
fibrosis and reduced organ function [81]. Muscle stem cells (satellite cells) and skin stem
cells experience exhaustion with aging, leading to reduced tissue regeneration, contributing
to frailty and skin thinning. Autophagy plays a key role in the prevention of stem cell
exhaustion in these tissues [82]. Stem cell exhaustion is a critical factor in aging and
diseases, affecting multiple organs, such as the bone marrow, immune system, muscles,
and skin. Studies on neonatal and adult rats have proven that for tendon regeneration
in adults, instead of transferring extrinsic cells to the damaged area, intrinsic stem cells
existing within the tendon must be moved to the damaged area, proliferated, and then
induced to initiate tendon differentiation [23]. In an interesting study using *C bomb
pulse curves in 2013, Heinemeier et al. [83,84] reported that the core collagen that forms
the Achilles tendon is formed from birth until the growth period of 13-17 years and
is not reformed thereafter. Therefore, tendon regeneration requires the rejuvenation of
endogenous stem cells prior to the growth phase. Recently, there has been the possibility
of stem cell rejuvenation through short-term expression of defined factors, such as Oct4,
Sox2, KlIf4, and c-Myc (OSKM), or partial reprogramming to rejuvenate differentiated
tissue cells into induced tissue-specific stem cells (iTSCs) [49,50]. Many studies have
used various reprogramming boosters and defined factors to promote rejuvenation [55].
In addition, they succeeded in converting mouse somatic cells into chemically induced
pluripotent stem cells (CiPSCs) using a combination of reprogramming boosters [57,59].
In a study on the rejuvenation of aged stem cells, it was reported that the rejuvenation
caused by heterochronic parabiosis is caused by secretomes produced in young tissues [70].
In a recent study, the possibility of rejuvenation of aged MSCs by induced pluripotent
stem cells (iPSCs) and embryonic stem cell (ES)-derived extracellular vesicles (EVs) was
demonstrated [71,72]. These results suggest that exosomes have mechanisms that are
different from the existing anti-inflammatory and immunomodulatory abilities and can
be used as a tool for more fundamental tissue regeneration. Senescence changes the
composition of the stem cell secretome and causes a decline in the number and function of
stem cells, which is a key cause of age-related degenerative diseases. In the case of stem cells
collected from patients with chronic diseases, various functions, such as proliferation and
differentiation, were found to be poor [85]. Furthermore, in 2020, Weiss et al. [86] reported
that the rejuvenation effect of EVs generated from adipose-derived stem cells (ASCs) in
patients with chronic diseases, such as metabolic syndrome, was reduced compared with
that in healthy individuals. Therefore, the rejuvenation of aged stem cells requires exosomes
derived from fetal MSCs rather than adult MSCs.

7. Conclusions

In conclusion, it was suggested the rejuvenation of endogenous TSPCs is necessary
for the treatment of rotator cuff disease. To rejuvenate aged endogenous stem cells to the
growth stage, a combination of extracellular vesicles derived from fetal MSCs and small
molecules is required (Figure 2). The exhaustion of endogenous stem cells is the most
fundamental cause of age-related degenerative diseases in the human body. In the future,
reprogramming technology of endogenous stem cells can be expanded to treat various
diseases and injuries as a new strategy for regenerative medicine.
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Figure 2. Rejuvenation of tendon stem/progenitor cells (TSPCs) for tendon regeneration. (A) Causes
of rotator cuff disease. Chronic inflammation and tendon tissue defects due to exhaustion of TSPCs.
(B) Strategies for TSPC reprogramming. Tendon regeneration through the rejuvenation of TSPCs
using a combination of extracellular vesicles derived from fetal mesenchymal stem cells (MSCs) and
small molecules.
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