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Cathepsin K (Ctsk) is a cysteine protease of the papain superfamily initially identified in
differentiated osteoclasts; it plays a critical role in degrading the bone matrix. However,
subsequent in vivo and in vitro studies based on animal models elucidate novel
subpopulations of Ctsk-expressing cells, which display markers and properties of
mesenchymal stem/progenitor cells. This review introduces the function, identity, and
role of Ctsk™ cells and their therapeutic implications in related preclinical osseous disorder
models. It also summarizes the available in vivo models for studying Ctsk™* cells and their
progeny. Further investigations of detailed properties and mechanisms of Ctsk* cells in
transgenic models are required to guide potential therapeutic targets in multiple diseases in
the future.
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INTRODUCTION

As one of the most efficacious lysosomal cysteine proteases of the papain superfamily initially
identified in differentiated osteoclasts (Drake et al., 1996), cathepsin K (Ctsk) is now known to be
expressed in various tissues and stem/progenitor cells, such as periosteal stem cells (PSCs)
(Debnath et al, 2018; Han et al.,, 2019), Ctsk" chondroid progenitors (CCPs) (Yang et al,
2013), tendon-derived progenitor cells (TDPCs) (Feng et al., 2020), breast cancer cells, prostate
cancer cells (Littlewood-Evans et al., 1997; Brubaker et al., 2003), neurons (Bernstein et al., 2007),
failing heart, atherosclerotic lesions (Sukhova et al., 1998; Shi et al., 1999; Lutgens et al., 2006),
bronchial and alveolar epithelial cells, alveolar macrophages (Biihling et al., 1999; Haeckel et al.,
1999; Biihling et al., 2001), and white adipose tissue (Soukas et al., 2000; Chiellini et al., 2003). In
addition, Ctsk plays a critical role in degrading the bone matrix and contributes to osteoclast-
mediated bone resorption. Osteoporosis occurs when the Ctsk-induced bone resorption exceeds
bone formation. Furthermore, Ctsk is involved in the pathogenesis of pulmonary fibrosis (Bithling
et al., 2004), atherosclerotic plaque progression (Guo et al., 2009), and some tumor metastasis,
such as epithelial ovarian cancer, melanoma, prostate cancer, and breast cancer (Brubaker et al.,
2003; Munari et al., 2017; Petricevic et al., 2017; Fan et al., 2018; Gu et al., 2019). In this review, we
mainly discuss the available animal models for studying Ctsk " cells and their progeny, identity, role
of Ctsk-labeled nonosteoclast cells in the skeletal system, and translational applications of Ctsk
inhibitors in bone metabolic diseases.
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CATHEPSIN K: COLLAGENOLYTIC
CYSTEINE PROTEASE

Ctsk is a cysteine protease of the papain superfamily, and it is
mainly known for its significant resorptive function in bones
(Inaoka et al., 1995; Drake et al., 1996). Osteoclasts cling to the
bone surface via a specialized cell-matrix adhesion structure, the
sealing zone (Takito et al., 2018). Ctsk is predominantly expressed
in mature osteoclasts and is secreted along with protons into the
resorption lacunae. The low pH environment of the resorption
lacunae acidifies the externally mineralized component of the
bone so that Ctsk exerts its proteolytic function on the exposed
organic matrix. The bone extracellular organic matrix is
composed of collagen | (90%), which is formed by a triple
helix with a telopeptide end (Gistelinck et al., 2016). In
addition, Ctsk has a stronger collagenolytic ability than other
proteases, such as matrix metalloproteinases and neutrophil
serine elastase. It cleaves the triple helix across all three chains
and attacks the telopeptides, while other proteases can only
degrade telopeptides (Garnero et al, 1998; Kafienah et al,
1998). Once collagen | is degraded, the products of telopeptide
crosslinks from the N- and C-terminal ends are released into the
circulatory system. They are detected in the blood and urine
samples as markers of bone resorptive activity in osteoporosis
patients.  Impressively, a  cross-sectional study  with
1752 postmenopausal Chinese women indicated no evident
connection between serum Ctsk and bone mineral density
(BMD) (Gao et al, 2020). In addition, some studies have
shown that Ctsk has a productive capacity for dissolving
collagen |l, the primary protein marker of cartilage (Kafienah
et al., 1998; Hou et al., 2001; Mort et al., 2016). The function of
Ctsk in osteoclasts has been studied extensively, but its exact role
in the newly discovered stem/progenitor cells remains unclear.

IN VIVO MODELS TO STUDY CTSK* CELLS
AND THEIR PROGENY

The generation of transgenic models has contributed to
visualizing and isolating Ctsk* cells, and we can follow the
action of Ctsk" cells in vivo through reporter genes. The Cre
recombinase technology can be used to genetically control the
expression of additional genes under the Ctsk promoter. The
interest focused initially on osteoclasts in bone remodeling, and it
recently extended to other subtypes of stem/progenitor cells
whose properties are consistent with the mesenchymal lineage.
Although in vivo models remarkably target particular Ctsk™ cell
subsets, they do overlap to a certain extent. Hence, a combination
of models is preferable to study the Ctsk" cells and their progeny.

Cathepsin K Knockout Mice

Genomic structure and intron sizes of Ctsk in mice indicate that
the initiation codon ATG islocated at exon 2, and the termination
codon TGA is at exon 8, which is highly similar to the human
homolog. The first cathepsin K knockout (Ctsk™~) mouse model
was established to explore the role of Ctsk in bone resorption.
They inserted the neomycin phosphotransferase gene (Neo)
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cassette into a HindIIl restriction site at exon 7, which
mimicked a premature translational termination codon, to
disrupt Ctsk transcription in embryonic stem cells (Gelb et al,
1996; Saftig et al, 1998). However, some abnormalities in
pycnodysostosis, such as short stature and craniofacial defects,
are not seen in Ctsk™’~ mice. cathepsin K deficient mice proved to
be a survivor with intact fertility. In addition, Ctsk™’~ mice
displayed no noticeable phenotypic abnormalities until they
were 10 months old (Li et al., 2006). Another Ctsk”~ mouse
model was set up by targeting the coding region of cathepsin exon
3 via homologous recombination (Gowen et al, 1999); the
histological and radiographic analyses revealed osteopetrosis of
the long bones and vertebrae. The Ctsk deletion in mice increased
the RANKL/OPG ratio and mediated osteoclastogenesis
(Kiviranta et al, 2005). Splenomegaly emerged in both
pycnodysostosis and  Ctsk”’~ mouse models, thereby
compensating for the reduced bone marrow space. Gowen
et al. (Gowen et al, 1999) did not find any apparent
abnormalities in other organs/tissues. Taken together, these
mice may represent a valuable animal model for
pycnodysostosis. In addition to osteoporosis, the Ctsk™~ mice
are utilized to study the role of Ctsk in various skeletal disease
models. In Ctsk™~ mice, a closed stabilized femoral fracture
“Einhorn” model was developed to evaluate the effects of Ctsk
inhibition on fracture healing (Gentile et al., 2014). Surprisingly,
the Ctsk”~ mice had increased callus mineralization and
improved callus strength compared to the wild-type mice
(same sex and age). Kozawa et al. (Kozawa et al, 2012)
reported that the progression of joint instability-induced
osteoarthritis in Ctsk™’~ mice was slower than that in the wild-
type control group. In rheumatoid arthritis models, the C57BL/6]
background Ctsk™~ mice hybridizing with human TNE-
transgenic mice highlighted the crucial role of Ctsk in
reducing inflammation and bone erosion (Hao et al,, 2015).
The bone volume of Ctsk™ -prednisolone mice indicated that
Ctsk deletion in part helps rescue glucocorticoid-induced
osteoporosis (GIO) (Yang et al, 2018), thereby making the
Ctsk inhibitors effective in GIO prevention. Moreover, no
animal models of Ctsk overexpression have been established to
date. Ctsk overexpression may enhance bone resorption of
osteoclasts and cause an osteoporosis phenotype, thereby
further confirming the therapeutic effects of Ctsk deletion or
Ctsk inhibitor on various diseases.

Ctsk-GFP/Ctsk-YFP

Toetal. (To et al., 2012) established an osteoclast reporter line in
medaka wherein the Ctsk promoter controlled the expression of
green fluorescent protein (GFP). A 3.18-kb upstream regulatory
region of the medaka Ctsk gene, including 80 nucleotides of exon
1, was cloned in front of mEGFP in an I-Scel meganuclease
vector. Chatani et al. used a 3-kb upstream sequence of the Ctsk
gene, a slightly shorter promoter, to generate a Ctsk-GFP line
comparable to the former (Chatani et al., 2011). Interestingly,
Ctsk is endogenously expressed in various tissues, such as the
heart, a single neuron in the brain, and the pineal gland, but it is
not detected in transgenics. It shows selectivity in cell subsets, and
the used promoter lacks regulatory elements that can drive the
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expression in these nonskeletal tissues. However, for the most
part, in situ ribonucleic acid (RNA) hybridization revealed that
Ctsk:mEGFP expression was comparable to endogenous Ctsk
expression of the protein. The Ctsk:mEGFP expression in
tartrate-resistant acid phosphatase-positive (TRAP') cells
started 12 days postfertilization (To et al., 2012). The author
also used Ctsk:mEGFP and mCherry under the control of the
Osterix promoter to observe the interaction between osteoclasts
and osteoblasts in vivo. However, a medaka osteoclast reporter
line that expressed mEGFP under the control of the Ctsk
promoter reported revealed destructive osteoclast activities and
vertebral deformations in adult medaka (To et al., 2015). After the
termination of the Ctsk expression of the protein, fluorescence
could still be detected due to the turnover of GFP. Reporter genes
with an upstream floxed STOP cassette in mice help trace the
lineage generations with Ctsk” progenitor populations, thereby
unavoidably making it difficult to distinguish the targeted Ctsk*
cells from the lineage-traced ones.

Ctsk-Cre/Ctsk-CretR™?

The Cre-loxP-mediated recombination system (the “Cre-loxP
system”) is a powerful and broadly used genetic experimental
tool for selectively deleting, exchanging, or inserting genes of
interest in specific discrete cells. The “floxed” loci (flanking DNA
segments) are readily formed in mice by targeting embryonic
stem cells, although blastocysts are also workable in mice (Sauer,
1998; McLellan et al., 2017). Several Ctsk-Cre lines are generated
to direct recombination to osteoclasts, chondrocytes, PSCs, CPCs,
and TDPCs. Specifically, once phenotypic differences occur after
conditionally deleting the targeted gene in Ctsk-Cre cells in the
bone, identifying the exact Ctsk™ cell type that made the
difference is controversial. Although the Ctsk gene promoter
helps narrow the range of cells that express Cre, the potential
off-target Cre expression is detected in other tissues, including the
brain, colon, heart, kidneys, liver, lungs, spleen, stomach, and
ovary (Chiu et al, 2004). There is no perfect solution at the
moment, but the off-target effects need to be considered and
rigorous tests need to be performed after a mouse model is
constructed.

The Ctsk-Cre™ ™ mouse model is a sophisticated genetic
model based on the Ctsk-Cre model that controls Ctsk lineage
temporally. The Ctsk promoter drives the expressions of Cre and
estrogen receptor ligand-binding domain fusion proteins (Cre-
ER-LBD). In the absence of tamoxifen, the Cre-ER-LBD fusion
proteins are sequestered in the cytoplasm using heat shock
protein 90 (HSP90). Tamoxifen, after injection, replaces
HSP90 and binds with cre-ER fusion proteins to initiate
recombination. In this process, the cre-ER is not responsive to
estrogen and is not influenced by estrogen fluctuation (McLellan
et al.,, 2017). Cre-ER™ is the most common tamoxifen-inducible
Cre transgene, which showed ten-fold greater sensitivity to
tamoxifen than cre-ER’. Polymerase chain reaction,
histological analyses, and E17.5 embryos showed that Ctsk-cre-
ER™ was expressed predominantly in bones (Sanchez-Fernandez
et al., 2012). Furthermore, this improved genetic tool avoided
some embryonic and postnatal gene lethality and allowed the
compilation of genes at any time during development or
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adulthood. However, tamoxifen served as an active, selective
estrogen receptor modulator that affects bone homeostasis. It
was required in the control group with the same amount to nullify
the tamoxifen effect to obtain comparable consequences.

IDENTITY OF CTSK* CELLS IN THE
SKELETAL SYSTEM

The abovementioned transgenic models have helped identify
different subsets of Ctsk" cells and their progeny. This section
discusses the novel nonosteoclast Ctsk™ cell subsets characterized
to date in the skeletal system.

Ctsk™ Chondrocytes and Fibroblast-Like
Synoviocytes

Random sequencing of expressed sequence tags from cDNA
libraries and Ctsk immunostaining indicated that Ctsk is
predominantly stained in mature osteoclasts. Moreover, Ctsk is
granularly located at a single pole of the osteoclasts (Drake et al.,
1996; Hussein et al., 2017; Debnath et al., 2018). Using the same
methodology, Ctsk is moderately expressed in osteoblasts and in
some osteocytes underlying the matrix of metaphyseal trabecular
femoral heads. However, the Ctsk expression of the protein was
reduced during bone matrix formation (Mandelin et al., 2006;
Hussein et al., 2017; Lotinun et al., 2019). Immunohistochemical
analysis conducted in the degradation area, weight-bearing areas
of knee cartilage, and menisci in osteoarthritis patients showed
that chondrocytes and fibroblast-like synoviocytes expressed
Ctsk. Quantitative morphometric analysis showed enhanced
expression compared with healthy subjects (Morko et al,
2004; Kozawa et al, 2016). However, the lack of genetic
markers to identify stem/progenitor cells, such as PSCs, and
the absence of distinction among various progenitor cell types
restrict the further exploration of the properties of these cells
(Figure 1).

Ctsk*™ Chondroid Progenitors

Yang et al, for the first time, found Ctsk-positive cells in
extramedullary bones and confirmed the nonosteoclast nature
of these cells using Ctsk-Cre transgenic mice (Yang et al., 2013).
To trace and characterize this subpopulation of Ctsk™ cells, they
used Rosa26LSL-lacZ (R26LSL-lacZ) or Rosa26LSL-YFP
(R26LSL-YFP) Cre reporter mice. Ctsk-positive cells were a
subpopulation of perichondrial cells in the “groove of
Ranvier.” The perichondrial groove of Ranvier has been
reported to serve as a potential reservoir of cartilaginous
precursor stem cells. These cells could migrate to the growth
plate and knee joint to maintain cartilage homeostasis (Fenichel
et al., 2006; Karlsson et al., 2009). Furthermore, the Ctsk-yellow
fluorescent protein (YFP") was detected in the articular cartilage
and growth plate (Yang et al.,, 2013). Usami et al. revealed that
ZsG" cells occupied the majority of cells in the perichondrial
groove of Ranvier at the postnatal age of 7 days (P7) of the Ctsk-
cre;Rosa26ZsGreen mouse system and showed up in the
epiphyseal cartilage around P14. Unlike what Yang et al. had
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osteocytes, chondrocytes, and some mesenchymal stem/progenitor cells. Mature osteoclasts, osteoblasts, and osteocytes are displayed according to Ctsk
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observed, these ZsG" cells did not migrate to the growth plate at
P28 or P70 (Usami et al., 2019). Few red fluorescent protein-
positive (RFP™) cells in Col2-Cre"®T;RFP mice were detected in
the perichondrial groove of Ranvier 3 or 7 days after injection,
further indicating that chondrocytes in the growth plate did not
originate from the perichondrial groove of Ranvier from the
neonatal to the growth stage. These inconsistent arguments may
be attributed to different reporter mice, and cells in the
perichondrial groove of Ranvier are not the significant sources
that produce cells in the growth plate during postnatal growth
under physiological conditions. However, they may increase the
odds of differentiating into chondrocytes and provide osteoblasts
under pathological circumstances. Interestingly, CCPs have the
capacity of in vitro osteogenesis, adipogenesis, and
chondrogenesis. They display CD44, CD90, CD166
(mesenchymal progenitor markers), Strol, and Jaggedl
(presumptive chondroprogenitor markers) at a more intense
level when CCPs are under pathological conditions.
Nevertheless, CCPs are a small population, and their
properties and detailed biochemistry need further study.

Ctsk* Periosteal Mesenchymal Stem/

Progenitor Cells
Bones contain discrete multipotent stem cell populations that can
generate various lineages (Chan et al., 2015; Worthley et al., 2015;

Debnath et al., 2018; Gao et al., 2019). Hence, the lack of genetic
markers distinguishing periosteal mesenchyme from endosteal
mesenchyme has been a critical limitation in identifying
periosteal stem/progenitor cells. Intriguingly, Debnath et al.
observed CTSK-mGFP cells in periosteal mesenchyme of Ctsk-
cre;mTmG reporter mice on embryonic day 14.5 (E14.5), and
these cells were detected in the endosteal marrow compartment as
well on postnatal day 10. The CTSK-mGFP cells in the endosteal
marrow compartment were confirmed to be osteoclasts by flow
cytometry and co-staining for TRAP (Debnath et al., 2018; Han
etal., 2019). The CTSK-mGFP cells in the periosteum manifested
CD457, TER1197, and CD31™ (hereafter Lin~). Fractionation of
CTSK-mGFP mesenchymal cells using multicolor flow cytometry
showed three distinct populations, including PSCs (CD200" and
CD1057), periosteal progenitor 1 (PP1) (CD200™ and CD105"),
and periosteal progenitor 2 (PP2) (CD105", CD200,4riab1e), Where
PSCs exhibited self-renewal ability and multipotency of
mesenchymal stem cells, and ranked the most dedifferentiation
(Table 1). Moreover, a subpopulation of CTSK-mGFP cells also
expressed Gremlinl and Nestin, but the CTSK-mGEFP cells did
not display markers of hematopoietic mesenchymal cells, such as
LEPR, CD146, and CD140a (Sacchetti et al., 2007; Morikawa
et al., 2009; Pinho et al., 2013; Zhou et al., 2014; Debnath et al,,
2018). Compared with non-Ctsk MSCs (Lin~, 6C3~, THY ,
CD200", CD105, and GFP7), PSCs mediated the
intramembranous bone formation. In contrast, non-Ctsk
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TABLE 1 | Genetic markers of Ctsk-labeled cells and related diseases in the skeletal system.

Ctsk-Labeled cells Genetic markers

Osteoclasts TRAP*

Chondrocytes and fibroblast-like
synoviocytes

Not mentioned

Ctsk + chondroid progenitors
(CCPs)

CD44*, CD90", CD166%, Stro1™,
and Jagged1*

Related diseases

Osteoporosis

Osteoarthritis (OA) and rheumatoid
arthritis (RA)

Metachondromatosis (MC)

Potential therapeutic targets References

Cathepsin K inhibitor Drake et al. (1996)
Bromme et al.
(2016)

McClung et al.
(2019)

Morko et al.
(2004)

Kozawa et al.
(2016)

Karlsson et al.
(2009)

Yang et al. (2013)
Usamiet al. (2019)

Cathepsin K inhibitor

Smoothened inhibitor

Periosteal mesenchymal stem CD200* and CD105~ Osteosarcoma and bone regeneration  mTORC1 inhibition and cathepsin ~ Gentile et al.
cells (PSCs) K inhibitor (2014)
Periosteal progenitor 1 (PP1) CD200™ and CD105~ Debnath et al.
Periosteal progenitor 2 (PP2) CD105" and CD200,4riable (2018)

Han et al. (2019)
Tendon-derived progenitor cells Scx*, CD44*, CD105%, Nestin™, Heterotopic ossification (HO) JQ1 Bi et al. (2007)

(TDPCs) and Scal™”

MSCs processed endochondral ossification with hematopoietic
recruitment and cartilage formation, although they expressed the
same genetic markers of mesenchymal stem/progenitor cells,
including Runx2 and Sox9 (Chan et al, 2009). PSCs were
found in the sutures of the calvarium, while CTSK-mGFP
PP1, PP2, THY", CD146", and SCA1" cells appeared outside
the sutures of the calvarium. Craniofacial bones are formed
mainly through intramembranous ossification (Maruyama,
2019), thereby indicating that PSCs generate bones in the
same way. In parallel, Han et al. further demonstrated that
Ctsk could label periosteal mesenchyme (Han et al, 2019).
Rosa26-Ai9 reporter mice showed that Ctsk-Ai9" cells
expressed the common stem cell markers, including Scal,
CD24, CD44, CD49f, and CD146. Moreover, alkaline
phosphatase (ALP), Alcian blue, and oil red O staining
indicated the multidirectional differentiation ability of the

periosteal Ctsk® cells, which was consistent with the
observations of Debnath et al.
Ctsk* TDPCs

Invitro TDPCs are widely studied, thereby showing excellent self-
renewal capacity and multipotency (Bi et al., 2007) of TDPCs.
However, their in vivo studies are rare. Notably, Ai9 reporter mice
showed that Ctsk-Cre could label a subpopulation of TDPCs
(Feng et al., 2020). These Ctsk-cre-expressing cells were detected
in most cells within the Achilles tendon, quadriceps tendon, and
tendinous insertions of the patella in vivo. They also expressed
tendon-related marker Scx after crossbreeding with ScxGFP mice.
Ctsk"Scx" cells classified using fluorescence-activated cell sorting
were expressed as CD44, CD105, Nestin, Scal, and other genetic
markers of stem/progenitor cells, including CD24 and CD200. In
addition, Ctsk'Scx" cells exhibited higher differentiation
potential into osteoblasts, chondrocytes, and adipocytes than
Ctsk*Scx™ tendon-derived cells, while neither Ctsk’Scx™ nor
Ctsk™Scx" tendon-derived cells lacked the capacity.

Feng et al. (2020)

ROLE OF CTSK" CELLS IN PATHOGENESIS
AND THERAPEUTIC STRATEGIES

Many studies have worked on the role of Ctsk-expressing cells in
bone remodeling and cellular regulation (especially progenitor/
stem cells) (Figure 2). These studies suggest that Ctsk-labeled
cells may be further investigated to understand the pathogenesis
of various skeletal disorders and could provide an attractive
therapeutic target in clinical practice.

Ctsk* Osteoclasts and Osteoporosis

Ctsk-Cre mice have been widely used to study the functional
properties of osteoclasts in preclinical models of osteoporosis.
BMP signal in osteoblasts is elucidated to promote bone
formation via the canonical Wnt signaling pathway (Kamiya
et al, 2008a; Kamiya et al., 2008b; Okamoto et al., 2011).
Tamoxifen-induced osteoblast-specific ablation of Bmprla
decreases the osteoclast number and bone resorption activity
in mice. Conversely, conditional knockout of Bmprla in
differentiated osteoclasts in Ctsk-Cre mouse models enhances
osteogenesis. Hence, Ctsk™ osteoclasts can interfere with the
activities of osteoblasts in a BMPRIA signaling-dependent
manner. A previous study found that Wnt5a secreted by
osteoblasts  activated Rank expression to  stimulate
osteoclastogenesis (Maeda et al., 2012). Recently, Wnt5a loss-
of-function in Ctsk" osteoclast was tested by intercrossing
Wnt5¢" and Ctsk-Cre mouse lines. Ctsk-Cre;Wnt5¢™ mice
exhibited reduced trabecular and cortical bone without
osteoclast elevation (Roberts et al., 2020). Stat3 participated in
maintaining bone homeostasis in osteoblasts (Zhou et al., 2011).
Furthermore, Stat3 deletion in bone marrow macrophages was
reported to reduce NFATc] expression and decrease osteoclast
differentiation, and Stat3 deletion in osteoclasts led to a decreased
osteoclast activity (Yang et al., 2019; Yang et al., 2020). These
molecules exerted exactly opposing effects on bone remodeling as
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AMPK/mTORC1 signaling pathways. Ptpn11 depletion in CCPs leads to MC via the ERK and Ihh signaling pathways. Ctsk* TDPCs with targeted Sufu deletion result in
heterotopic HO via Hh pathway activation. Translocation of GLI2 from the cytoplasm to the nucleus transactivates the GL/7 promoter. Increased Gli1/Gli2 in Ctsk*

Smpla Bl Bone formation T

Fntia R0 Bone formation l

Smt3 = Bone resorption l

* Tendon-derived progenitor cell

they were derived from different types of cells. Mechanistically,
the exact role of Ctsk in osteoclasts was elucidated by Lotinun
et al. (Lotinun et al, 2013). They used a specific conditional
knockout of CD11b-Cre to exclusively target the monocyte-
macrophage lineage to generate CDI1b-Cre;Ctsk™. Ctsk
deleted in osteoclasts revealed an increased bone formation
rate, while cathepsin K knockout in Osx-Cre mice specifically
targeted to osteoblasts did not exhibit any skeletal phenotype.

Ctsk™ Chondrocytes and Synovial Cells and
Osteoarthritis and Rheumatoid Arthritis

Progressive cartilage damage is the key process that contributes to
osteoarthritis (OA) and rheumatoid arthritis (RA) (Pap and
Korb-Pap, 2015). Ctsk oligomerized with chondroitin sulfate,
particularly chondroitin-4-sulfate molecules, was likely to
degrade collagen Il (Li et al., 2000; Li et al., 2002). Moreover,
cathepsin K mRNA expression increases in the articular
chondrocytes near the matrix destruction of the transgenic
osteoarthritic model at the onset of cartilage degeneration. In
contrast, only a tiny minority of chondrocytes were observed
expressing Ctsk in the control mice. With age, Ctsk also increased

in the control group with developed OA (Morko et al., 2004).
Accordingly, Ctsk™~ mice were used to investigate the role of
Ctsk in OA progression (Li et al., 2006). The study showed that
Ctsk deficiency slowed down OA development, particularly in the
early to intermediate stages compared with Ctsk** mice. Ctsk
deficiency could cause delayed remodeling of subchondral and
calcified cartilage, which protects the articular cartilage (Soki
et al, 2018). There existed a positive correlation between the
severity of OA and the expression of Ctsk in chondrocytes
(Konttinen et al, 2002). Consistently, Ctsk was expressed in
chondrocytes in humans, and its collagenolytic activity was
augmented in OA patients (Kozawa et al., 2016). Interestingly,
a recent study demonstrated that mechanical stress loading
enhanced Ctsk expression of protein in human chondrocytic
HCS-2/8 cells, which was suppressed by hyaluronan (Suzuki
et al, 2020). Using the pharmacological approach, current
treatments of OA act mainly on symptom improvement
without slowing down the OA development.

Furthermore, RA-associated joint destruction is caused by
synovial fibroblast-mediated collagen degradation. Cartilage
degradation started at the most superficial layer in the monkey
collagen-induced arthritis (CIA) model (Tanaka et al, 2016).
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Rheumatoid arthritis and periodontitis share many pathological
features; Ctsk deletion in the RA and periodontitis mice models
ameliorates inflammation and bone erosion in both of them
owing to its shared osteoimmune role (Hao et al., 2015). Ctsk
is activated by immune cells through the TLR4, 5, and 9 signaling
pathways, and the inhibition of Ctsk reduces TLR9 expression
and downregulates the autophagy signaling pathway (Wei et al.,
2020). In addition, in the CIA mouse model, the inhibition of
Ctsks alleviates bone erosion, cartilage degradation, and
inflammation at joints and enhances bone strength (Svelander
et al., 2009; Yamashita et al., 2018).

Ctsk* Chondroid Progenitor Cells and

Cartilaginous Tumor

Metachondromatosis (MC), a rare hereditary disease of the
skeletal system, is characterized by multiple osteochondroma
and enchondroma. Hereditary multiple osteochondroma is a
benign tumor that grows outward from the metaphyses of
long bones, and enchondroma is a benign cartilaginous tumor
that grows endophytic to the bone (Pannier and Legeai-Mallet,
2008). Proteintyrosine phosphatase nonreceptor type 11 (ptpnll)
encodes the nonreceptor proteintyrosine phosphatase SHP2.
Targeted deleting of Ptpnll in chondrocytes contributed to
the MC phenotype (Kim et al, 2014). In addition, Ptpnll
depletion in Ctsk-expressing cells caused bone phenotypes
consistent with MC using Ctsk-cre;Ptpn11/""  (Ctsk-KO)
transgenic mice (the Ctsk promoter is active only in mature
osteoclasts). In contrast, mild osteopetrosis presented in lysozyme
M-cre;Ptpn11/" mice (the LysM promoter is active in
monocytes, macrophages, and osteoclast precursors) (Faust
et al,, 2000; Yang et al,, 2013). Lineage tracing indicated that
Ctsk™ perichondral cells within “Groove of Ranvier” are labeled
pathological cells. Notably, YFP" cells had entered and
differentiated into ectopic cartilaginous tissues by postnatal
week 2 in Ctsk-KO/YFP reporter mice. The CCPs differentiate
into chondrocytes at different stages of development in lesions
using cell morphology and Col2al and Col10al immunostaining,
including proliferating, prehypertrophic, and hypertrophic
chondrocytes. Ptpnll is required for fibroblast growth factor/
mitogen-activated protein kinase/extracellular signal-regulated
kinase (FGFR/MEK/ERK)-dependent pathways in various
growths and development-related signaling pathways
(Grossmann et al., 2010). The Ctsk-cre;Ptpnl 1" mice showed
significantly decreased ERK expressions. Smoothened inhibitor
PF-04449913 treatment is believed to suppress the Ihh target gene
expression and reduce the number of exostoses. It slows down the
MC progression in Ctsk-cre;Ptpn11/"" mice. Almost all
chondroid tumor cells were YFP" in Ctsk-KO/YFP reporter
mice, thereby indicating that specific genetic blockade of CCPs
could serve as pathological cells that contribute to the
pathogenesis of MC, although CCPs are rare. Liver kinase bl
(Lkb1) is a master serine/threonine kinase that plays a crucial role
in energy homeostasis and cell growth (Shaw, 2009). Lkbl
deficiency in periosteum-derived Ctsk* cells may cause an
osteogenic tumor-like phenotype (Han et al., 2019). However,
the loss of LkbI in chondrocytes contributes to enchondroma-like
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tumors (Lai et al., 2013). Accordingly, disruptions of LkbI in
specific types of cells lead to different kinds of tumor-like
phenotypes via respective signaling pathways. Further
experimental studies on the detailed properties of CCPs are
needed to understand how these crucial regulators mediate
molecular actions in CCPs and seek more novel attractive
targets for therapeutic strategies for cartilaginous diseases.

Ctsk® Periosteal Mesenchymal Progenitors
and Osteogenic Tumor

Osteosarcoma (OS) is a malignant neoplasm with an unfavorable
prognosis that primarily occurs in children and adolescents. Previous
studies have reported that mesenchymal progenitors (Prx1-cre),
osteoblast precursors (Osx-cre), and osteoblast-committed cells
(Collal-Cre and OCN-Cre), which are of mesenchymal origin
and osteogenic lineage, can function as the pathological
precursors contributing to OS (Walkley et al., 2008; Calo et al,
2010; Abarrategi et al., 2016; Del Mare et al., 2016). The periosteum-
derived Ctsk" cells congruously acted with mesenchymal stem cells;
therefore, the deletion of LKBI in Ctsk-expressing periosteal
mesenchymal cells caused osteogenic tumor, as expected (Han
et al, 2019). This finding advanced knowledge of the
pathogenesis of osteogenic tumors in a specific type of cell. It
stimulated targeted therapeutic approaches for new strategies,
although the exact role of Ctsk in these stem cell-like periosteal
cells remained unknown. Liver kinase B1 is a tumor suppressor, and
a decreased Lkb1 protein expression was detected in 41% of patients
with osteosarcoma (Presneau et al., 2017). Lkb1 deficiency stimulates
the proliferation and osteogenesis of Ctsk™ periosteal mesenchymal
cells. In addition, mTORCI activation observed in OS patients is the
downstream of LKB1-dependent adenosine monophosphate (AMP)
kinases (AMPKs). Simultaneously, knockout of Lkbl in Prx1*
mesenchymal  progenitors resulted in osteoid tumors
transgressing the cortex and BM cavity. However, both the femur
and tibia of PrxI-cre;Lkb?™" mice displayed an enchondroma-like
phenotype, which was different from the observation in Ctsk-cre;
Lkb ™" mice. This may be due to the Prx1* and Ctsk* mesenchymal
progenitor distribution; Prx1" mesenchymal progenitors reside in
both the periosteum and bone marrow, and Ctsk" mesenchymal
progenitors are seen only in the periosteum (Wang et al., 2016; Han
et al,, 2019). Conditional knockout of Osterix (Osx) in Ctsk-Cre mice
produces a marginal effect on endosteal bone mass and significantly
decreases the periosteal bone formation (Debnath et al., 2018). These
observations defined periosteum-derived Ctsk™ cells as a novel
subpopulation  of mesenchymal progenitors. Inspiringly,
mTORCI inhibition used in Ctsk-creLkb1™ mice may slow
down tumorigenesis progression. In the context of unsatisfactory
traditional chemotherapy treatment, LKB1/AMPK/
mTORCI signaling provides a novel targeted therapeutic
approach for treating osteosarcoma.

Ctsk* Periosteal Cells and Bone

Regeneration
The periosteum is a reservoir of quiescent mesenchymal
progenitor cells that facilitate endochondral bone formation
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to promote bone regeneration after bone injury (Colnot, 2009).
The available evidence from preclinical studies has
demonstrated that a subset of Ctsk-positive (PSCs)
participate in intramembranous bone formation to maintain
bone homeostasis under physiological conditions. However,
when the bone is damaged, PSCs differentiate into
chondrocytes and participate in endochondral bone
formation to promote fracture healing. Ctsk" PSCs displayed
more robust proliferation and osteogenic differentiation ability
than non-Ctsk™ PSCs after fracture (Debnath et al., 2018).
Injuries stimulate the proliferation and osteogenic
differentiation of PSCs. Periostin, expressed explicitly in the
periosteum, creates an osteogenic microenvironment (Horiuchi
etal.,, 1999). Bonnet et al. described periostin as the substrate for
degradation by Ctsk and Ctsk inhibitors or deletion stimulated
periostin and [-catenin expression (Bonnet et al, 2017).
Deleting Ctsk also increased TRAP' mononuclear cells and
platelet-derived growth factor (PDGF)-BB secretion (Chen
et al, 2007; Xie et al, 2014). PDGF-BB is necessary for
Nestin” and LepR" periosteum-derived cells to migrate to the

periosteal surface for bone formation and periosteum
homeostasis (Gao et al, 2019). Periosteal osteoclast
precursors (OCPs), instead of bone marrow osteoclast

precursors, were significantly upregulated in the Ctsk™/~
periosteum upon fracture (Walia et al., 2018). Its secretion of
PDGF-BB and S1P in the periosteum stimulated osteogenic
differentiation, thereby intensifying bone mineralization and
strength. Meanwhile, PDGF-BB binding to the PDGF receptor
may trigger the PI3K/Akt/FAK signaling pathway and promote
angiogenesis coupling with osteogenesis (Gentile et al., 2014;
Xie et al., 2014). However, a study indicated that OCPs from
Ctsk™"~ mice were disabled to migrate and engraft in the bone
callus in fractured mice (Jacome-Galarza et al., 2014).

Ctsk™ TDPCs and Heterotopic Ossification
Heterotopic ossification (HO) is an aberrant phenomenon
where the bone cells surround soft tissues, such as muscles,
tendons, ligaments, and joints (Xu et al., 2018). Scx* progenitor
lineages are responsible for spontaneous ligament, tendon,
joint, and trauma-induced HO (Dey et al., 2016; Agarwal
et al., 2017). Recently, Ctsk® TDPCs have been identified as
a novel subtype of progenitors contributing to HO (Feng et al.,
2020). The Ihh signaling activation in Ctsk-Cre cells produces
MC (Yang et al., 2013). However, a disruption in the suppressor
of fused (Sufu) in Ctsk-expressing cells, a suppressor regulating
the Hh pathway, did not generate the presumptive phenotype.
Instead, pathological bone formation is present in ligaments,
tendons, joints, and other soft tissues. Zinc finger transcription
factors GLI1 and GLI2 are critical in Hh signaling, while Sufu
inhibits the translocation of GLI2 from the cytoplasm to the
nucleus to transactivate the GLI! promoter (Varjosalo and
Taipale, 2008). It is encouraging to learn that Glil/
Gli2 deficiency in Ctsk® TDPCs disrupted the Hh signaling
stability and ameliorated HO progression, thereby providing
the rationale for HO clinical treatment as an attractive
therapeutic target. The expressed Ctsk® cells increased the
chondrogenic  differentiation marker COLII and the
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osteogenic differentiation markers Opn, Ocn, and Alp.
However, they decreased the tendon-related genes Scx, Mkx,
and Tnmd, thereby suggesting that Ctsk® TDPCs could
differentiate into chondrocytes and osteoblasts; the Hh
signaling activation changed the fate of Ctsk" TDPCs.
Gant6]l was used to treat Hh-overactive tumors in mice
(Lauth et al., 2007; Fu et al., 2013), but it failed to ameliorate
HO caused by Sufu deficiency in Ctsk* TDPCs. Feng et al. found
a small-molecule inhibitor, JQ1, as the pharmacological
inhibitor of Hh signaling. JQ1 downregulated Hh signaling
in Ctsk* TDPCs from Ctsk-cre;Sufi’" mice. Disappointedly,
no CreERT2 mouse line was designed to observe the specific
time when the cells were marked and to determine the exact role
of Ctsk™ lineage cells in trauma-induced HO. Cumulatively, the
molecular mechanisms and mouse models remain to be
explored further.

Cathepsin K Inhibitor in Translational
Applications

Ctsk inhibitors can treat skeletal diseases, such as osteoporosis,
osteoarthritis, RA, and bone fracture, with odanacatib being the
most well-known inhibitor. Previous studies have shown that
odanacatib has therapeutic effects on osteoporosis and bone
fracture in postmenopausal women (Bone et al., 2010; Eisman
etal, 2011; Langdahl et al., 2012; Brixen et al., 2013; Cheung et al.,
2014; Rizzoli et al., 2016). However, odanacatib increased the risk
of stroke in phase III clinical trials; therefore, its use was
discontinued (McClung et al, 2019). There may be
overlapping disease pathways in the bone and cardiovascular
biology, which should be further researched to guide therapies for
these two diseases. The other two Ctsk inhibitors that progressed
to clinical studies include ONO-5334 (Phase 1 and 2 studies) and
MIV-711 (Phase 1 and 2 studies). ONO-5334 effectively elevated
the BMD in a phase II trial for postmenopausal osteoporosis
(Tanaka et al., 2017). It also prevented joint destruction in the
monkey CIA model (Yamada et al., 2019). There are no obvious
safety implications in the phase II study for osteoporosis; thus,
ONO-5334 can be a potential drug for preventing joint
destruction in RA patients. Furthermore, MIV-711, as a novel
selective inhibitor, alleviated cartilage degradation in a phase-Ila
trial, with a marginal effect on pain relief (Conaghan et al., 2020).
In general, a Ctsk inhibitor is still a researchable hotspot for
osteoporosis.

CONCLUSION

Abundant evidence demonstrates that Ctsk is a pivotal
lysosomal cysteine protease that participates in the
physiological process of bone resorption. Furthermore, Ctsk,
a biomarker of some subsets of stem/progenitor cells, assists in
determining the origin cells of skeletal diseases. To date, the
pathogenesis and promising therapeutic values of these
diseases in Ctsk" stem/progenitor cells are scarce. The
precise function of Ctsk secreted by these stem/progenitor
cells remains unclear. One study showed that as a
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metastasis-related protein upregulated by the imbalance of
intestinal microbiota (Li et al., 2019), Ctsk enhances the
migration and motility of colorectal cancer cells. We may
speculate that Ctsk promotes the migration of Ctsk" stem/
progenitor cells in bone homeostasis and fracture healing.
Hence, the true nature of Ctsk* cells in the in vivo models
is the target of extensive studies. Data recorded from these
genetic models are precious but require scrutiny and
comprehensive analysis of their pitfalls. The role of Ctsk in
some osseous diseases is well proven, but its role in other types
of bone tumors, such as osteomalacia and rachitis, is unknown.
Future studies with improved in vivo models would help define
the nature of Ctsk* cells and seek more salutary targets for the
clinical treatment of these diseases.
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