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Introduction: Endochondral ossification is one of a key process for bone maturation. Tsukushi (TSK) is a
novel member of the secreted small leucine-rich repeat proteoglycan (SLRP) family. SLRPs localize to
skeletal regions and play significant roles during whole phases of bone development. Although prior
evidence suggests that TSK may be involved in the regulation of bone formation, its role in skeletal
development has not yet been elucidated.

Methods: In the present study, we examined TSK's function during bone growth by comparing skeletal
growth of TSK deficient (TSK—/—) mice and wild type (WT) mice. And an in vitro experiment using siRNA
transfection of a chondrogenic cell line was performed.

Results: TSK—/— mice exhibited decreased weight and short stature at 3 weeks of age due to decreased
longitudinal bone growth coupled with low bone mass. Furthermore, an in vitro experiment using siRNA
transfection into a chondrogenic cell line revealed that decreased TSK expression induced down-
regulation of key chondrogenic marker gene expression and up-regulation of mid-to-late chondro-
genic markers gene expression.

Conclusions: Our results reveal that TSK regulates bone elongation and bone mass by modulating growth
plate chondrocyte function and consequently, overall body size.

© 2017, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

1. Introduction

Endochondral ossification is a key developmental process for
most mineralized bone [1]. In this process, chondrocytes first
differentiate from mesenchymal progenitors. Growth plate
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serum; ITS, insulin-transferrin-selenium supplements; p-gal, p-Galactosidase.
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chondrocytes proliferate and undergo multiple maturation phases to
differentiate into hypertrophic chondrocytes after lineage commit-
ment [2,3]. The differentiated chondrocytes terminally turn into
mineralized cartilage, which is replaced by bone. Multiple signaling
pathways are associated with these processes [4]. However, the
precise underlying mechanisms of these steps are not well under-
stood. Understanding the mechanism of cartilage and bone growth is
significant for regenerative medicine for skeletal diseases.

Tsukushi (TSK) was originally identified by signal sequence trap
screening using a chick lens library [5]. TSK is a unique member of
the secreted small leucine-rich repeat proteoglycan (SLRP) family
[6]. SLRP family members can bind to the other components of
extracellular matrix (ECM), such as collagen, growth factors in ECM,
such as bone morphogenetic protein (BMP), transforming growth
factor (TGF), and fibroblast growth factor (FGF), leading to the
modulation of cellular functions [6,7]. SLRPs localize to skeletal
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regions and have significant roles during whole phases of bone
development [8]. SLRP depletion is deeply correlated with pheno-
types or degenerative diseases such as short stature [9], osteopo-
rosis, and ectopic bone formation [8].

Structurally, TSK is categorized as a class IV SLRP [6], although it
shares functional properties with class I SLRPs [5,10], including
biglycan, decorin, and asporin. Biglycan-deficient mice exhibit
decreased body and bone length, mineral density, and bone mass
[11—13]. In addition, biglycan and decorin are known to modulate
skeletal growth and bone formation through interacting with TGF-
B [8]. Asporin also interacts with TGF-f and reduces its signal effect
by inhibiting it from binding to its receptor [14].

TSK inhibits signal molecules such as BMP, TGF-3, Wnt, and FGF
[5,15—17]. TSK acts as an important coordinator of numerous
pathways outside the cell through regulating the extracellular
signaling network [18]. TSK deletion in mice causes defects in
anterior commissure tract formation in the brain [19] and cell dif-
ferentiation delay in the hair cycle by regulating TGF-B1 [17];
however, no skeletal phenotype has been reported. Paracrine fac-
tors including FGFs [20—23], BMPs [24—26], and Wnts [27,28] are
necessary for normal growth plate function or skeletal
development.

Although prior evidence suggests that TSK has a potential of
function in the regulation of bone formation, its role in skeletal
development has not yet been elucidated. In the present study, we
utilized a TSK deficient (TSK—/—) mouse model to compare skeletal
growth of TSK deficient (TSK—/—) mice and wild type (WT) mice.
Additionally, an in vitro experiment using siRNA transfection of a
chondrogenic-mesenchymal cell line was performed to examine
the further functions of TSK during bone and cartilage growth.

2. Methods
2.1. Ethics statement

All experiments on mice were performed according to protocols
approved by the guidelines of the Animal Welfare Committee of
Tokyo Women's Medical University.

2.2. Mice

The TSK—/— mice were provided by Kumamoto University,
which were generated by replacing the TSK coding exon with a
LacZ/Neo cassette [ 19]. Mice were backcrossed more than 6 times to
the C57BL/6] strain and can be considered to derive from an almost
uniform genetic background. TSK—/— mice were viable and fertile,
and no abnormal behavior was observed. Mice were housed under
conventional conditions on a 12-h light/dark cycle at the Institute of
Laboratory Animals, Tokyo Women's Medical University. Mice were
housed in individually ventilated cages in a temperature-controlled
environment and were provided standard rodent chow. Mice were
euthanized with cervical dislocation after inhalation of isoflurane.
Three-week-old mice were used as juveniles and 20-week-old mice
as adults.

For genotyping, DNA was extracted from the lysates from tail
biopsies and was applied to PCR kit (Finnzymes; Thermo Fisher
Scientific, USA) for the determination of the presence of TSK with
the appropriate primers as follows: 5’-cccagcagtagcaacaacaa-3’
(TSK-S), 5’'-gagcttgtaagtcccttgga-3’ (TSK-AS), and 5’-gatccccatcaa-
gattatcg-3’ (LacZ).

2.3. Measurement of body length, weight, and food intake

WT and TSK—/— mice were analyzed for stature and weight. WT
and TSK—/— mice were measured from the top of the head to the

base of the tail (n = 4). WT and TSK—/— mice were weighed weekly
from 3 weeks to 10 weeks of age (n = 10). At 3 weeks of age, mice
were individually housed to assess food intake. Water and food
were provided ad libitum. Food intake was assessed as the differ-
ence in food weight before and after the 24-h period of individual
housing (n = 4).

2.4. Radiologic analysis

X-ray pictures of whole mouse skeletons were obtained by X-ray
irradiation at 30 kV and 5 mA for 2 s using a Softex system (Softex
Co, Kanagawa, Japan). Extracted femurs were fixed with 4% para-
formaldehyde for 24 h and were stored at 4 °C. Femurs were
extracted from 3- and 20-week-old male WT and TSK—/— mice and
subjected to 3D-uCT (Rigaku, Tokyo, Japan). Femur lengths were
measured with 3D-uCT (n = 4). The obtained X-ray images were
quantified with bone morphometry software (TRI/3D-BON; Ratoc,
Tokyo, Japan). A cylinder with a length of 1.0 mm located 0.4 mm
proximal to the distal growth plate was delineated as a region of
interest containing the secondary trabecular bone. Trabecular bone
volume per tissue volume, trabecular thickness, trabecular number,
trabecular separation, and cortical thickness were analysed with CT
software (TRI/3D-BON; Ratoc, Tokyo, Japan) (n = 4). Cortical
thickness was measured at the middle of the femur shaft and
calculated for each section by using the mean of 8 randomly placed
lines (n = 4).

2.5. Bone marrow cell culture

Bone marrow cells were harvested from femur of 20-week-old
WT and TSK—/— mice. For osteoblast differentiation, bone marrow
cells were seeded in 96-well plate at a cell density of 2 x 10° cells/
ml and cultured in a-MEM (Sigma—Aldrich, St Louis, MO, USA)
medium containing 10% fetal bovine serum (FBS, Japan Bioserum,
Hiroshima, Japan) and osteoinductive supplements (82 pg/ml
ascorbic acid, 10 mM beta-glycerophosphate, and 10 nM dexa-
methasone) at 37 °C for 14 days. And then, mineralized nodules
were stained by alizarin red S and stained area were measured and
analyzed with Image ] software (NIH). For osteoclast differentiation,
bone marrow cells were seeded in 96-well plate at a cell density of
0.5 x 10° cells/ml and cultured with osteoclast-inductive medium
(Osteoclast Culture Kit, Cosmo Bio, Tokyo, Japan) at 37 °C for 7 days.
And then, cells were stained by tartrate-resistant acid phosphatase
staining using TRAP staining kit (Cosmo Bio, Tokyo, Japan) and the
number of osteoclasts was counted.

2.6. Histology

For alcian blue/alizarin red skeletal staining, new born litter-
mates (postnatal day 2) were fixed with 95% ethanol for 4 days and
double-stained with alcian blue and alizarin red to evaluate skel-
etogenesis as described previously [29].

For B-galactosidase (B-gal) staining, unfixed extracted femurs
were immediately embedded in SCEM compound (Leica Micro
System, Tokyo, Japan), and frozen blocks were prepared into 10-pm
frozen sections. LacZ staining was performed using a p-gal staining
set (Roche, Basel, Switzerland) following the manufacturer's rec-
ommendations to assess sites of expression of TSK in the femur.
Slides were dried for 30 min at room temperature and stained for
6 h at 37 °Cin a solution containing 400 pug/ml X-gal. After washing
in H,O for 1 min at room temperature, slides were counterstained
with 1% nuclear fast red (Wako, Tokyo, Japan) solution for 3 min
and washed.

To prepare decalcified paraffin sections, samples were demin-
eralized in 4% Ethylenediaminetetraacetic Acid (EDTA). After
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paraffin embedding, sections were subjected to haematoxylin and
eosin staining or toluidine blue staining. Mean height of resting,
proliferating and hypertrophic zones of growth plates, which were
distinguished by cellular morphology from histological observa-
tion, were calculated for each section by using the mean of 10
randomly placed lines (n = 3).

2.7. ATDC5 cell culture

A mouse embryonal carcinoma-derived chondrogenic cell line
(ATDC5) was purchased from the Riken BioResource Center. ATDC5
cells were cultured in Dulbecco's modified Eagle's medium and
Ham's F12 medium (DMEM/F12; Sigma—Aldrich, St Louis, MO, USA)
supplemented with 5% fetal bovine serum (FBS, Japan Bioserum,
Hiroshima, Japan).

To induce chondrogenic differentiation of ATDC5 cells, medium
was added with Insulin-Transferrin-Selenium Supplements [ITS,
10 pg/ml bovine insulin (Sigma—Aldrich, St Louis, MO, USA), 10 pg/
ml human transferrin (Sigma—Aldrich), and 3 x 10~% M sodium
selenite (Sigma—Aldrich)]. Under differentiation conditions, the
medium was changed every other day. To assess TSK function,
siRNA designed to target the TSK gene (MSS216917, Thermo Fisher)
was transfected into ATDC5 cells. Stealth RNAi™ siRNA Negative
Control (Med GC, 12935300, Thermo Fisher) was used as a control.

For the differentiation assay, ATDC5 cells were cultured in
micromass cultures as described previously [30]. Briefly, ATDC5
cells were suspended in DMEM/F-12 (1:1) medium containing 5%
FBS at a cell density of 1 x 107 cells/ml. Then, 10-pl droplets added
to the wells of a 24-well plate and cultured at 37 °C for 1 h. To
simulate high-density chondrogenic condensation, 1 ml of culture
medium supplemented with ITS was added to each well, and wells
were cultured for 7 d. The medium was replaced every other day.
Then, cells were fixed with 0.1% glutaraldehyde at 20 °C for 20 min,
washed with phosphate-buffered saline (PBS), and stained with
0.5% alcian blue (Wako, Tokyo, Japan) for 6 h before being washed
with 0.1 M hydrochloric acid. Stained nodule areas were measured
and analyzed with Image ] software (NIH) (n = 6).

To determine the effect of TSK depletion on chondrogenic dif-
ferentiation markers, TSK siRNA was added to the medium 1 day
after ATDC5 cells were seeded in DMEM/F-12 (1:1) medium con-
taining 5% FBS at a cell density of 0.5 x 10> cells/35-mm well. ITS
was added 3 days after siRNA was transfected into ATDC5 cells. The
induction medium was replaced every other day, and ATDC5 cells
were harvested at days 3, and 7 of differentiation culture. In each
time point, total RNA was extracted (n = 3).

2.8. Real-time RT-PCR

For gene expression analysis from mouse tissue that were
captured by laser microdissection (LMD), unfixed mouse femurs
were harvested and were immediately embedded in SCEM com-
pound (Leica Micro System, Tokyo, Japan). Frozen sections were
prepared at a thickness of 6 pm with an LMD Cryofilm (Leica Micro
System) using a CM3050S cryomicrotome (Leica, Nussloch, Ger-
many), according to the method described by Kawamoto [31]. Sec-
tions were dried at room temperature for 1 h and briefly fixed with
100% ethanol. Each growth plate zone was individually captured
and microdissected from cryosections using PALM MicroBeam (Carl
Zeiss Microlmaging, Jena, Germany) and was placed on the dip in
the lid of a 0.5-ml tube with TRIzol (Thermo Fisher) (n = 4). RNeasy
Micro Kits (Qiagen, Hilden, Germany) were used for extracting RNA.
Total RNA was digested with DNase to eliminate any contaminating
genomic DNA. For RT-PCR analyses, 300 ng of total RNA was reverse-
transcribed into first-strand cDNA using a Superscript VILO cDNA
Synthesis Kit (Invitrogen, Thermo Fisher Scientific, Waltham, MA,

USA) and primers. RNeasy Mini Kits (Qiagen) were used for
extracting RNA from ATDC5 cells, and the amount of total RNA used
in amplification was 500 ng. PCR amplification was performed in a
reaction volume of 20 pul containing 1 pl of cDNA and 10 pl of gPCR
Master Mix (Applied Biosystems, Foster City, CA, USA). mRNA
expression levels were quantitatively analysed by real-time RT-PCR
using sequence-specific primers and probes (Applied Biosystems,
Foster City, CA, USA) for TSK (5-CATTCGGCCTCTTTG-3’), Sox9
(MmO00448840_m1),  Runx2 (MmO00501584_m1), Col2al
(MmO01309565_m1), Col10al (MmO00487041_m1), and Mmp13
(MmO00439491_m1), with using the StepOnePlus RT-PCR system
(Applied Biosystems). B2-microglobulin (B2M), an appropriate
reference gene for RT-PCR [32], was used as the internal control
gene, and fold changes were calculated using the values obtained by
the AACT method at each time point.

2.9. Statistical analysis

An unpaired t-test was performed to compare WT and TSK—/—
mouse samples using Excel (Microsoft). A p-value < 0.05 indicated a
significant difference.

3. Results

3.1. TSK—/— mice exhibited reduced body length, body weight, and
shorter skeletons

TSK—/— mice exhibited no obvious viability or fertility problems
and abnormal behaviors. At 3 weeks of age, the body length from
the top of the head to the base of the tail was significantly reduced
in TSK—/— mice (Fig. 1A and B). Body weight was measured weekly
in wild-type (WT) control mice and TSK—/— mice during postnatal
mouse development from 3 weeks to 10 weeks. TSK—/— mice
weighed significantly less than their WT littermates in each time
point (Fig. 1C). In addition, TSK—/— mice displayed skeletal size
reduction and no obvious skeletal degenerative diseases were
observed as shown in Fig. 1D. The femur lengths of WT and TSK—/—
mice were measured at 3 and 20 weeks of age with three-
dimensional micro-computed tomography (3D-uCT). TSK—/—
mice displayed a significant reduction in femur length revealing a
delay in longitudinal bone growth when compared with that of WT
littermates (Fig. 1E). Additionally, in order to further examine
skeletal features of TSK—/— mice, double skeletal staining was
performed. The double-stained skeletal specimen exhibited that
TSK—/— mice showed smaller skeletons with the size reduction of
cartilage area (Fig. 1F). Therefore, TSK—/— mice exhibited pheno-
typic features such as decreased weight as well as short stature due
to decreased longitudinal growth of long bones.

Nutritional intake can affect longitudinal bone growth and
consequently body size, and therefore food intake was measured.
Results showed no significant difference in food intake between 3-
week-old WT and TSK—/— mice (Fig. 1G). The reductions in the
body weight and size of TSK—/— mice are therefore unrelated to
food intake.

3.2. Lower femur bone mass in TSK—/— mice

In order to compare microstructure and composition of bone in
3- and 20-week-old WT and TSK-/— mice, bone morphometric
analyses of mouse femurs were conducted using 3D-puCT. The
trabecular regions and cortical regions were separately analyzed as
shown in Fig. 2A. Reduction of bone mass in 3-week-old TSK—/—
mice was observed in the trabecular bone, showing an approxi-
mately 70% reduction in the bone volume/tissue volume ratio
(Fig. 2B, C, E). Twenty-week-old TSK—/— mice also exhibited
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Fig. 1. TSK—/— mice exhibited reduced body weight and shorter skeletons. (A) Representative whole-body macrograph images of WT and TSK—/— mice at 3 weeks of age showing
reduced body size in TSK—/— mice compared with that of WT littermates. (B) Body length measurements recorded at 3 weeks of age from the top of the head to the base of the tail.
TSK—/— mice showed a significant reduction in size (*p < 0.05 vs. WT littermates, n = 4). (C) Body weight measurements recorded during postnatal mouse development from 3
weeks to 10 weeks. TSK—/— mice weighed significantly less than their WT littermates at each age (*p < 0.05 vs. WT littermates, n = 10). (D) Representative whole-body X-ray images
showing reduced skeletal size in TSK—/— mice at 3 weeks of age compared with that of WT littermates. (E) Femur lengths of TSK—/— and WT mice, displaying a significant reduction
in femur length in TSK—/— mice both at 3 and 20 weeks of age (*p < 0.05, **p < 0.01 vs. WT littermates, n = 4). (F) Representative images of skeletal stains of P2 new born littermates
with alcian blue and alizarin red staining. TSK—/— mice showed the size reduction of cartilage area. (G) Food intake of 3-week-old WT and TSK—/— mice over 24 h. There was no

significant difference between WT littermates and TSK—/— mice (n = 4, NS).

reduction of bone mass the same as showed in juvenile TSK—/—
mice (Fig. 2F). Additionally, the bone microstructure in TSK—/—
mice was deteriorated, as evidenced by significant decreases in
trabecular number and trabecular thickness (Fig. 2E and F). These
skeletal phenotypic features were observed in juvenile mice and
lasted up to adult mice.

For cortical bone examination, a region of interest was located in
the mid-shaft area of the bone, and the cortical thickness was
measured within this area. Cortical thickness was not significantly
different between juvenile WT and TSK—/— mice. However, cortical
thickness was significantly reduced in adult TSK—/— mice
compared with that of WT littermates (Fig. 2D, G).

For elucidating the mechanism of decrease in bone mass in
TSK—/— mice, we considered contribution of TSK's defects in os-
teoblasts and osteoclasts. Bone marrow cells were harvested from
femur of 20-week-old WT and TSK—/— mice and cultured with
osteoinductive medium containing ascorbic acid, beta-
glycerophosphate, and dexamethasone. And then, mineralized
nodules were stained by alizarin red S and stained area were
compared. There was no significant difference in nodule formation
activity between WT and TSK—/— osteoblasts (Fig. 2H). So we as-
sume that decrease in bone mass is not due to osteoblasts function
in TSK—/— mice. On the other hand, when bone marrow cells were
harvested from femur of WT and TSK—/— mice and cultured with
osteoclast-inductive medium, and then, stained by tartrate-
resistant acid phosphatase (TRAP) staining and the number of os-
teoclasts was counted. The number of TRAP-positive cells was
significantly increased in TSK—/— mice (Fig. 21). This result indicates
that TSK possibly effects bone volume by regulating osteoclast
differentiation in bone marrow in adult stage. However, the result

of osteoclast formation needs to be considered the effect of age-
related change, such as osteoporosis. In this study, we focused on
TSK's role on bone growth because phenotypic features of TSK—/—
mice are confirmed from their juvenile stage.

3.3. Shortened and morphologically abnormal growth plates in
TSK—/— mutant femurs

Endochondral ossification is the essential mechanism for longi-
tudinal development of long bones. To investigate whether TSK is
involved in endochondral ossification and consequently resulting
long bone growth and development, femurs of 3-week-old TSK—/—
mice were frozen-sectioned, and B-gal staining was conducted to
visualize expression pattern of TSK. Expression can be monitored by
X-gal staining because a gene encoding B-galactosidase is replaced
with TSK gene locus. TSK was widely expressed in almost all bone
regions in the femurs of juvenile mice (Fig. 3A). TSK expression was
observed in chondrocytes in the growth plate and in cells around
the trabecular bone and cortical bone (Fig. 3A). We also performed
whole-mount B-gal staining using TSK—/— mice at PO and we have
confirmed that cells on humerus and costal cartilage were stained
(data not shown). No endogenous B-gal activity was observed in the
femurs of WT mice in our experiments (Fig. 3A).

In addition, femur growth plates of 3-week-old TSK—/— mice
were observed histologically. Haematoxylin and eosin (H-E) stain-
ing showed that the columnar array of chondrocytes in femur
growth plates was disturbed and tissue structure was deteriorated
in TSK—/— mice (Fig. 3B). And thickness of each growth plate
cartilage zone was measured to confirm the effect of TSK for chon-
drogenesis. As shown in Fig. 3C, growth plate thickness was reduced
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Fig. 3. Shortened and morphologically abnormal growth plate and abnormal expression of chondrogenic markers in the growth plate of TSK—/— mutant femurs. (A) Images of
sagittal sections of 3-week-old TSK—/— mouse femurs stained with B-gal staining (blue) showing TSK expression patterns in the femur. Counter-staining was performed with
nuclear fast red. Expression of TSK was observed in chondrocytes in the growth plate and in cells around the trabecular bone and cortical bone in the femurs of TSK—/— mice. No
endogenous B-gal activity was observed in the femurs of WT mice. (B) Images of sagittal sections of 3-week-old WT and TSK—/— mouse femurs stained with haematoxylin and
eosin. The columnar arrays of chondrocytes are disturbed in TSK—/— mice. (C) Images of sagittal sections of 3-week-old WT and TSK—/— mouse femurs stained with toluidine blue.
Growth plate thickness was reduced in TSK—/— mice. (D) Quantitative analysis of growth plate thickness at the resting, proliferating, and hypertrophic zones in 3-week-old WT and
TSK—/— mice. The thickness of each zone was measured at 10 points. Results are expressed as the mean from 3 mice in each group (*p < 0.05 vs. WT littermates, n = 3). (E)
Chondrogenic marker mRNA levels in growth plate cells of WT and TSK—/— mice obtained by microdissection according to RT-PCR (*p < 0.05 vs. WT littermates, n = 5).

in TSK—/— mice at 3 weeks of age. This decrease was associated with
a significant reduction in the relative size of the proliferating and
hypertrophic zones of growth plates in TSK—/— mice (Fig. 3D),
though the thickness of the resting zone was not reduced in TSK—/—
mice (Fig. 3D). Thus, in TSK—/— mice, a reduction in the growth plate
thickness and abnormal chondrocytes were observed, suggesting
that the skeletal abnormalities observed in TSK—/— mice are due to
a dysfunction of chondrocytes located in growth plate.

3.4. Abnormal expression of chondrogenic marker genes in femur
growth plates of TSK—/— mice

To examine whether deficiency of TSK function affects endo-
chondral ossification at the molecular level, expression levels of
chondrogenesis marker genes were quantified by RT-PCR. Femur
growth plates were individually captured and microdissected from
cryosections. TSK deletion resulted in a significant decrease in Sox9
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and Runx2 expression and a significant increase in mid-to-late
chondrogenesis marker genes such as Col10al and Mmpi3 in
growth plate chondrocytes (Fig. 3E). Expression of Col2al was not
significantly altered in TSK—/— mice (Fig. 3E).

3.5. TSK related to chondrogenic differentiation in ATDC5 cells

The ATDC5 cell line is a mouse embryonal carcinoma-derived
chondrogenic cell line and an appropriate in vitro model for
studying chondrogenesis [33—35]. To estimate the effects of TSK
gene on chondrogenesis, an siRNA designed to target the TSK gene
was transfected into ATDC5 cells. In order to evaluate the effect of
decreased expression of TSK on differentiation, ATDC5 cells were
seeded at an overconfluent cell density, and micromass culture was
performed in the absence or presence of TSK siRNA for 7 days

A B
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(Fig. 4A). Then, ATDC5 cell micromass culture was subjected to
alcian blue staining, which specifically stains sulphated pro-
teoglycans. Results revealed that decreased expression of TSK
resulted in significantly increased production of glycosaminogly-
cans (Fig. 4C and D).

A decrease in TSK mRNA levels accompanied by an increase in
chondrogenesis in ATDC5 cells would indicate that TSK may inhibit
signaling molecules that accelerate chondrocyte differentiation. We
therefore attempted to determine the effect of TSK loss on chon-
drocyte differentiation marker genes by transfecting siRNA into
ATDC5 cells. A chondrogenic inductive medium was added 3 days
after transfection of TSK siRNA into ATDC5 cells. After 3 and 7 days
of incubation with chondrogenic inductive medium, total RNA was
extracted and RT-PCR analysis was performed (Fig. 4B). We
confirmed that TSK mRNA expression was suppressed in the
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Fig. 4. Decreased TSK expression promotes proliferation and differentiation of ATDC5 cells. (A) Experimental outline of micromass culture. Micromass culture was performed in the
absence or presence of TSK siRNA for 7 days and cells stained with alcian blue staining. (B) Experimental outline of gene assay. A chondrogenic inductive medium was added 3 days
after transfection of TSK siRNA into ATDCS5 cells. After 3 and 7 days of incubation with chondrogenic inductive medium, total RNA was extracted and RT-PCR analysis was performed.
(C) ATDCS5 cells in micromass cultures were stained with alcian blue on day 7. (D) Quantification of nodule areas in micromass culture (**p < 0.01 vs. control, n = 6). (E) Expression
level of TSK mRNA was suppressed in siRNA-transfected cells with chondrogenic induction in each time point (Day 3, Day 7). (F) Relative mRNA expression levels of chondrogenic
marker genes such as Sox9, Runx2, Col2al, Col10al, and MMP13 as measured by RT-PCR (*p < 0.05 vs. control, n = 3).
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transfection group at each experimental time point (Fig. 4E). We
also found that expression of several chondrogenic marker genes,
Sox9 and Runx2 in cultures transfected with TSK siRNA were
significantly lower than those in control cells under chondrogenic
inductive conditions (Fig. 4F). Conversely, expression levels of
Col2a1, Col10a1, and Mmp13 were significantly and sequentially up-
regulated following TSK siRNA transfection when cells were
induced by chondrogenic medium (Fig. 4F). This indicates that the
increased differentiation of ATDC5 cells under TSK knockdown is
due to down-regulation of chondrogenic markers such as Sox9,
Runx2 and up-regulation of mid-to-late chondrogenic markers
such as Col2al, Col10al, and Mmp13. These results are consistent
with those of the in vivo TSK knockout gene expression analysis.

4. Discussion

In previous studies, TSK was found to be a significant coordi-
nator of multiple pathways through the regulation of extracellular
signaling molecules such as BMP, Wnt, FGF, and TGF-§ [5,15—17].
The purpose of our investigation was to expand our understanding
of the function of TSK. In this study, we investigated the function of
TSK during long bone growth comparing TSK—/— and WT mice.

TSK—/— mice exhibited novel phenotypic features such as a
reduction in weight and a short stature due to decreased longitu-
dinal bone growth coupled with decreased bone mass. As observed
with biglycan knockout mice, these phenotypes were not lethal
[11,12]. These phenotypic features were observed in both juvenile
and adult TSK—/— mice. Whole-mount $-gal staining using TSK—/—
mice at PO exhibited TSK's expression pattern in humerus and
costal cartilage (Data not shown). Reduction in growth plate
thickness and abnormal chondrocyte shape was also observed,
suggesting that the skeletal abnormalities of TSK—/— mice were
due to dysfunction of chondrogenic differentiation at growth plate.
Interestingly, there was no significant difference observed in the
size of cranium in WT and TSK—/— mice. TSK doesn't affect the size
of the cranium which develop via intramembranous ossification
(data not shown).

In addition, TSK deletion resulted in significant down-regulation
of chondrogenesis marker genes, Sox9 and Runx2, and up-
regulation of mid-to-late chondrogenesis marker genes in
growth-plate chondrocytes.

The micromass culture experiment using siRNA transfection of
chondrogenic cell line, ATDC5 cells revealed that decreased TSK
expression resulted in chondrogenesis acceleration. These results
indicate that TSK may inhibit signaling molecules that accelerate
chondrogenesis. Furthermore, mRNA expression levels of key
chondrogenic markers were down-regulated and those of mid-to-
late chondrogenic markers were up-regulated under TSK knock-
down conditions.

Summarizing both the in vivo and in vitro data, TSK appears to
control bone elongation and bone mass by modulating growth
plate chondrocyte function and consequently, overall body size.
Longitudinal bone growth is fundamentally determined by the rate
of growth-plate chondrogenesis [35]. Disorders of growth plate
function produce a wide range of phenotypes from severe skeletal
dysplasia to short or tall stature [36]. This is the first report of TSK's
significant functional role in skeletogenesis.

Decrease in bone mass is not only due to endochondral ossifi-
cation and we considered contribution of TSK's defects in osteo-
blasts and osteoclasts. The result indicates that TSK also possibly
effects bone volume by regulating osteoclast differentiation in bone
marrow in adult stage. These data suggest that TSK plays multiple
roles both in bone growth and bone metabolism. Further research
should be continued to clarify broad functions of TSK in bone
metabolism.

Sox9 and Runx2 are key transcription factors that play essential
roles in chondrogenesis. Sox9 inhibits differentiation of chon-
drocyte to the late stages of endochondral ossification [37—40]. Sox
9 is controlled by multiple signal pathways such as Wnt [41,42],
BMP [43], TGF [44], FGF [45]. In chondrocyte differentiation, Wnt
pathway suppresses the expression of Sox9. On the other hand,
BMP, TGF, and FGF pathways upregulate the expression of Sox9.
Simultaneously, BMP pathway upregulates the expression of
Col10a1 and MMP13 in a different pathway of controlling Sox9. TSK
has been reported as an important coordinator of numerous
pathways by suppressing their functions. Under conditions of TSK's
deficient or knockdown, we can assume that each pathway is
enhanced, and as a result, expression of Sox9 decreased and the
expression level of Col10al and MMP13 increased.

Mid-to-late chondrocyte marker genes, as Col10al and MMP13,
are associated with the differentiation of hypertrophic chon-
drocytes to endochondral ossification [46]. The acceleration of
differentiation of hypertrophic chondrocyte reduces the total
number of chondrocytes and induces premature ossification, thus
compromising skeletal development. We found that expression
levels of Col10al and MMP13 in growth plate chondrocytes in
TSK—/— mice femur were significantly elevated. Similarly, expres-
sion levels of Col2al, Col10al, and MMP13 in a TSK knockdown cell
line were significantly up-regulated over time. These data sug-
gested that TSK deletion induced the differentiation of hypertrophic
chondrocyte to immature ossification by elevation of Col10al and
MMP13.

Runx2 also has important function in the growth plate, as it
promotes the differentiation of proliferative chondrocytes into
hypertrophic chondrocytes [47]. Runx2 is also controlled by mul-
tiple signal pathways such as Notch [48], BMP [49]. In chondro-
genesis, Notch pathway suppresses the expression of Runx2, and
the other pathways such as BMP pathways upregulate the
expression of Runx2. We can assume that conditions of TSK's
deficient or knockdown enhanced each pathway individually, and
as a result, the expression level of Runx2 decreased.

In summary, our results suggest that the absence of TSK causes a
reduction in the number of proliferative chondrocytes and an ac-
celeration of premature endochondral ossification due to acceler-
ated hypertrophic chondrocyte differentiation. The results of
in vitro and in vivo RT-PCR showing discrepancy of each gene
expression suggest that TSK works as an important coordinator of
numerous pathways and each pathway relates in complexity.

Activity of growth plate chondrocytes is controlled not only by
paracrine factors, such as FGFs, BMPs, and Wnts, but also by mul-
tiple hormones, such as GH and IGF-1. Nutritional intake greatly
affects endocrine regulators such as IGF-1, leptin, thyroid hormone,
sex steroids, and glucocorticoids [50]; however, in this study, there
was no significant difference in food intake between WT litter-
mates and TSK—/— mice.

SLRPs have diverse functions that involve interacting with
various cell surface receptors, growth factors, cytokines, and other
ECM components, modulating cellular functions [51]. Previous
studies have clarified the important roles of SLRPs on bone physi-
ology and disease. TSK is structurally categorized as a member of
the class IV SLRPs [6], but it exhibits functional properties of class I
SLRPs as it works as a BMP inhibitor that forms a ternary complex
with BMP and chordin [5,10]. SLRP depletion causes degenerative
diseases or phenotypes, including osteoporosis, ectopic bone for-
mation [8], and short stature [9]. The phenotypic features of TSK—/
— mice exhibited in this study are similar to those of biglycan-
deficient mice [11,12]. Biglycan and decorin modulate skeletal
growth and bone formation through interacting with TGF-f. The
absence of biglycan and decorin leads to TGF-B-hyperactive cells,
which exhibit accelerated proliferation and undergo apoptosis
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prematurely [46]. Asporin, another class I SLRP, also interacts with
TGF-B and attenuates its signal effect by inhibiting it from binding
to its receptor. TGF-B1 is involved in cell proliferation, differentia-
tion, and apoptosis and plays an important role in the development
and homeostasis of a wide range of tissues [14]. TGF-B1 is a key
regulator of chondrocyte proliferation and differentiation as well as
collagen proliferation [52]. However, since the uncontrolled action
of TGF-f1 may cause several problems, such as abnormal cartilage
growth and ossification, it is under the control of various regulatory
mechanisms [14]. Previous studies involving TSK—/— mice have
concluded that TSK binds directly to TGF-$1 and modulates TGF-$1
signaling [17]. These studies indicated that TSK may maintain cells
that are TGF-B1-dependent, such as chondrocytes. Namely, TSK
may modulate chondrogenesis by suppressing TGF-. Excessive
TGF-B signaling is associated with congenital connective tissue
diseases, and some of these are characterized by short stature and
short bones [53]. Relationship between Tsukushi and any human
diseases have not been clarified yet. Since TSK's multiple function
on several paracrine factors, there are possibilities that TSK
have relationships with human skeletal diseases such as
Weill-Marchesani syndrome, Geleophysic dysplasia, Acromicric
dysplasia which is associate with TGF-f activity. We suggest that by
elucidating the function of TSK, new therapeutic methods for
skeletal systemic diseases may be discovered.

For the regenerative therapy, quality control of cell products is
necessary to conduct the treatment effectively. We have expected
that the expression of TSK is one of the candidates for indicators of
quality control check in chondrogenic cells.

Based on the present study, we conclude that TSK regulates
skeletal development by modulating chondrocyte activity. TSK is
widely expressed in the bone area not only in growth plate chon-
drocytes but also in cells around the trabecular bone and cortical
bone. Significantly thinner cortical bones in the femurs of adult
TSK—/— mice suggest that TSK may have other roles in modulating
bone and cartilage metabolic homeostasis. TSK is a newly identified
factor among SLRPs and some of its functions have now been
revealed.

5. Conclusion

TSK is a newly identified factor among SLRPs and controls bone
growth, including bone elongation and bone mass, by modulating
growth plate chondrocyte function and consequently, overall body
size.
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