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ARTICLE INFO ABSTRACT

Keywords: Wntl0a is a member of the WNT family. Although deficiency of this gene causes symptoms related to teeth, hair,
Gdfs nails, and skin, we recently demonstrated a new phenotype of Wnt10a knockout (KO) mice involving bone and
Myostatin fat. The in vivo effect of the Wnt10a gene on bone and fat is unclear, and the relationship between bone/fat and

Osteogenesis
Beige adipogenesis
Muscle fiber

muscle in Wnt10a signaling is also interesting. We aimed to evaluate the tissue changes in Wnt10a KO mice
compared to wild-type mice and show the findings as a starting point to unravel the underlying mechanisms of in
vivo interactions involving Wnt10a in bone, fat and muscle. Trabecular bone loss in the lower limbs of Wnt10a
mice and decreased bone mineralization were observed. The adipose tissue in bone marrow was also decreased,
and adipocyte differentiation was reduced. The body fat mass in Wntl0a KO mice was decreased, and white
adipocytes in subcutaneous fat were converted to beige adipocytes. The muscle weight of the lower limbs was
not decreased despite trabecular bone loss, but Gdf8/myostatin expression was reduced in the subcutaneous fat
and gastrocnemius muscles of Wnt10a KO mice. Thus, in vivo deletion of Wnt10a inhibited osteogenic activity,
promoted beige adipogenesis of white adipocytes and maintained muscle mass. These results suggest that reg-
ulation of Gdf8 by Wnt10a may help maintain the muscle mass of Wnt10a KO mice. This study was the first to
histologically evaluate the bone, fat and muscle phenotypes of Wnt10a KO mice. The results of this study, which
were obtained by investigating the three tissues together, could influence the understanding of in vivo inter-
actions involving the Wnt10a gene.

1. Introduction symptoms related to teeth, hair, nails, and skin [1]. Recent studies have
reported phenotypes related to teeth and skin in Wnt10a knockout (KO)

Wntl0a is a member of the WNT family. A typical disease caused by mice [2,3], and our group has also examined wound healing in the skin
deficiency of this gene is odonto-onycho-dermal dysplasia, which has [4,5]. In this study, the Wntl0a KO mouse demonstrated a new
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enhancer-binding protein alpha; CEBPf, CCAAT/enhancer-binding protein beta; PPARy, peroxisome proliferator-activated receptor y; FABP4, fatty acid-binding
protein 4; Cidea, cell death activator; Cox5b, cytochrome c oxidase subunit 5b; Dio2, type II iodothyronine deiodinase; Elovl3, elongation of very long chain fatty acid
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phenotype in bone and fat: a decrease in femur bone mineral density
and body fat mass [4].

No reports have investigated the influence of Wnt10a on bone and
fat in vivo, although there have been several in vitro studies. Cawthorn
et al. [6] reported that Wnt6, Wnt10a and Wnt10b inhibit adipogenesis
and stimulate osteoblastogenesis through a (-catenin-dependent me-
chanism. In addition, Chen et al. [7] reported that inhibiting DNA
methylation switches adipogenesis to osteoblastogenesis by activating
Wntl0a. Given these findings, we hypothesized that osteoblastogenesis
is inhibited and adipogenesis is promoted in Wnt10a KO mice, but the
mice in our study unexpectedly showed decreased body fat mass.

However, a previous study supported our results. In osteocyte-spe-
cific Gsa KO mice with high expression of sclerostin, a WNT signal
inhibitor secreted from osteocytes, the body fat mass was decreased,
and beige adipogenesis of white adipocytes was observed [8]. Sur-
prisingly, the muscle mass measured by dual-energy X-ray absorption
(DXA) was significantly higher in the KO mice than in the wild-type
(WT) mice. WNT signals are involved in the development of muscle
during the growth phase and in the regulation of slow- versus fast-
twitch myofiber formation in adults [9]. It is unlikely that muscle mass
will increase by suppressing WNT signaling, since WNT signaling acti-
vation is expected to have a positive effect on muscle fibers based on
previous studies.

It is important to investigate the in vivo changes in tissues alto-
gether because there is an interaction among bone, fat and muscle.
Since the influence of Wntl0a on bone, fat and muscle in vivo is un-
clear, we hypothesized that the results obtained by investigating the
three tissues together will help to elucidate the in vivo influence of the
Wntl0a gene. The purpose of this study was to evaluate the changes in
each tissue in Wnt10a KO mice compared to WT mice, and the findings
were considered a starting point to unravel the underlying mechanisms
of in vivo interactions involving Wntl0a in bone, fat and muscle.

2. Materials and methods
2.1. Wntl0a knockout mice

Wntl0a knockout mice were generated as previously described [4].
Experiments were performed on 16-week-old male Wnt10a KO mice
(KO group) and WT littermates (WT group), which were used as a
control group (n = 5 to 7 mice per experiment). Animals were provided
diet and water ad libitum and maintained on a 12-h light/dark cycle.
All animal experiments were conducted according to the guidelines of
the Laboratory Animal Research Center at the University of Occupa-
tional and Environmental Health School of Medicine. The Ethics
Committee of Animal Care and Experimentation at the University of
Occupational and Environmental Health (Japan) approved the proto-
cols. All experiments were performed according to the Institutional
Guidelines for Animal Experiments and the Law (no. 105) and Notifi-
cation (no. 6) of the Japanese Government. The investigation con-
formed to the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Publication No. 85-
23, revised 1996).

2.2. Micro-CT

2.2.1. Bone microstructure

The trabecular bones of the right distal femoral metaphysis were
analyzed by a microcomputed tomography (micro-CT) system
(CosmoScan GX; Rigaku, Tokyo, Japan) with a resolution of
10 x 10 x 10 um® (90kVp, 88 pA, 533.33 ms integration time) and a
metaphyseal volume of interest height of 1.0 mm, commencing 0.5 mm
proximal to the growth plate. Cortical bone was assessed in 50 slices of
the femur midshaft. A median-type filter was utilized (Kernel size;
5 X 5 X 5). The minimum threshold for bone was 334 mg/cm3, which
was determined through correlations with phantoms of known density.
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The bone microstructure parameters in the trabecular bones of distal
femoral metaphysis were evaluated using Analyze 12.0 software
(AnalyzeDirect, Inc., KS, USA) and presented as follows: trabecular
bone volume (BV/TV: %), trabecular thickness (Tb.Th: mm), trabecular
separation (Tb.Sp: mm), trabecular number (Tb.N: 1/mm), structure
model index (SMI), connectivity density (Conn.D: 1/mm?), total cross-
sectional area inside the periosteal envelope (Tt.Ar: mm?), cortical bone
area (Ct.Ar: mm?), cortical area fraction (Ct.Ar/Tt.Ar: %), and average
cortical thickness (Ct.Th: mm). Parameters are reported according to
published guidelines [10].

2.2.2. Fat volume

Mice were anesthetized by intraperitoneal injection of 0.3 mg/kg
medetomidine (Kyoritsu Seiyaku Corporation, Tokyo, Japan), 1.0 mg/
kg midazolam (Astellas Pharma Inc., Tokyo, Japan), and 5.0 mg/kg
butorphanol (Meiji Seika Pharma Co., Ltd., Tokyo, Japan) before un-
dergoing micro-CT scanning. CT images of visceral and subcutaneous
fat were acquired by micro-CT with a resolution of
120 x 120 x 120 um>. The CT images of body fat were also visualized
using Analyze 12.0 software. The total and fat volume in the body was
measured from the base of the ensiform cartilage to the pelvic floor, and
the fat volume was further distinguished into visceral and subcutaneous
fat [4,11].

2.3. Bone histomorphometry

Bone histomorphometric analysis of nondecalcified specimens from
the right proximal tibia was performed as described previously [12].
Regarding the parameters, the BV/TV (%), osteoid surface (OS/BS: %),
osteoblast surface (Ob.S/BS: %) and adipose tissue volume per total
marrow volume (AV/MV: %) were determined, and the mineralizing
surface (MS/BS: %), mineral apposition rate (MAR: um/day) and sur-
face referent bone formation rate (BFR/BS: mrnS/Inmz/year) were ob-
tained using luminescence microscopy. Regarding the bone resorption
parameters, the osteoclast surface (Oc.S/BS: %) and osteoclast number
(Oc.N/BS: #/mm) were measured in the right proximal tibia. The cells
that formed resorption lacunae on the surface of the trabeculae and
contained two or more nuclei were identified as osteoclasts [12]. The
abbreviations for the histomorphometric parameters were derived from
the recommendations of the Histomorphometry Nomenclature Com-
mittee of the American Society for Bone and Mineral Research [13,14].

2.4. Cell cultures

2.4.1. ALP-positive CFU-f

Bone marrow from the bilateral femurs and tibias was flushed from
the proximal end of the metaphysis with 5ml of a-MEM. For determi-
nation of the alkaline phosphatase (ALP)-positive colony forming unit-
fibroblastic (CFU-f) colony formation, marrow cells were plated at
1 x 10° cells/well in 6-well plates (Iwaki, Tokyo, Japan) and a-MEM
containing 10% fetal bovine serum (FBS), 2.0 g/1 NaHCO3, 100 pg/ml
streptomycin, 100 U/ml penicillin, 0.25ug/ml amphotericin B and
50 ug/ml ascorbic acid (Wako Pure Chemicals, Osaka, Japan). On day
10, the CFU-f colonies were fixed with fixation solution and treated
with a tablet of substrate for ALP (TRACP & ALP Double-stain Kit;
TaKaRa, Shiga, Japan) dissolved in 10 ml of ddw for 30 min at 37 °C.
Colonies containing 50 cells were defined as CFU-f. We counted the
total and ALP-positive CFU-f colonies with the culture dishes backlit at
5-fold magnification [15-18].

2.4.2. Mineralized nodule formation

Bone marrow cells were seeded onto 24-well plates (Iwaki) at a
concentration of 1 X 10° cells in 0.5 ml of a-MEM containing 10% FBS,
2.0 g/1 NaHCO3, 100 pg/ml streptomycin, 100 U/ml penicillin, 0.25 pg/
ml amphotericin B, 50 pg/ml ascorbic acid and 10 mM sodium B-gly-
cerophosphate (Sigma). On day 21 of culture, cells were fixed for 24 h
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in 10% formalin and stained for 15 min with a saturated solution of
Alizarin Red (Sigma). The mineralization area (mm?) was measured
using ImageJ software (NIH) on a Macintosh computer [19,20].

2.4.3. Oil Red O-positive CFU-f

The flushed bone marrow cells were seeded onto 6-well plates
(Iwaki) at a concentration of 1 x 10° cells/ml in 2ml of a-MEM sup-
plemented with 10% FBS, 10”7 M dexamethasone (Sigma-Aldrich),
0.5mM isobutyl-1-methylxanthine (Sigma-Aldrich), and 50uM in-
domethacin (WAKO, Tokyo, Japan). On day 21, these cultured cells
were fixed in 4% PFA and stained with Oil Red O (Sigma-Aldrich) so-
lution. The number of Oil Red O-positive colonies was then counted
with the culture dishes backlit at 5-fold magnification [21,22].

2.5. RT-PCR

2.5.1. A isolation and first-strand cDNA synthesis

RNA isolation was performed as previously described [12,23]. First-
strand cDNA was reverse transcribed from total RNA (1 pg) using Mo-
loney murine leukemia reverse transcriptase (SuperScript II; Life
Technologies, Rockville, MD) and oligo(dT) 12-18 primers (Life Tech-
nologies).

2.5.2. Quantitative real-time PCR

Quantitative real-time PCR analysis was performed using an iCycler
apparatus (Bio-Rad Laboratories, Hercules, CA, USA) with iCycler
Optical System Software version 3.1 (Bio-Rad). The quantitative PCR
reactions for Wnt10a, (3-catenin, RUNX2, osterix, Collal, osteocalcin,
CEBPa, CEBPP, PPARy, FABP4, Cidea, Cox5b, Dio2, Elovl3, UCP1,
PRDM16, atrogin-1, MuRF1, Myf5, MyoD, myogenin, MyHC, Gdf8 and
B-actin were performed in 10 pl containing 5ng of ¢cDNA, 0.5 pM pri-
mers, and 5 pl of iQ SYBR Green Supermix (Bio-Rad). The primers used
in this study were designed using Primer3 software and synthesized at
Sigma-Aldrich Japan K.K. Genosys Division (Hokkaido, Japan). (3-actin
served as an internal control. The amplification conditions were an
initial 3 min at 95 °C and 40-50 cycles of denaturation at 95 °C for 30s,
annealing at 65 °C for 30s, and extension at 72 °C for 30 s. The mRNA
expression levels were normalized with B-actin mRNA expression levels
and expressed as relative values (fold change) to the expression levels in
WT mice.

2.6. Weight of adipose and muscular tissues

From 1 to 12 months of age, KO mice displayed significantly lower
body weights, as reflected by essential growth retardation, than WT
mice [4]. Absolute measurements were normalized to total body
weights to account for decreased body weights in the KO mice. Absolute
weights of individual organs (inguinal and gonadal white adipose tissue
and brown adipose tissue at the scapular region, pancreas, quadriceps,
gastrocnemius, plantaris, and soleus muscle) were measured during
necropsy and normalized to total body weights.

2.7. Immunohistochemical staining of adipose tissue

White adipose tissues from euthanized mice were fixed in 4% PFA.
Tissues were embedded in paraffin and then sectioned at 4-um thick-
ness. For immunohistochemistry, paraffin-embedded tissue sections
were deparaffinized in xylene and ethanol. Antigen retrieval was per-
formed by using 0.01% proteinase (SIGMA, Tokyo, Japan) or by heat-
mediated antigen retrieval in pH6 citrate buffer. Endogenous perox-
idase activity was quenched using H,0,, and sections were further
treated with Protein Block Serum-Free (Dako, Tokyo, Japan). Each
section was incubated overnight at 4 °C with rabbit polyclonal anti-
Wntl0a antibody (dilution 1:5000), rabbit polyclonal anti-B-catenin
antibody (dilution 1:500, AC 121 °C; Abcam, Tokyo, Japan) or rabbit
polyclonal antibody against UCP1 (dilution 1:200, Abcam, Tokyo,

77

Bone 120 (2019) 75-84

Japan). After the primary antibody was washed off, tissues were in-
cubated with biotin-conjugated anti-rabbit or anti-goat secondary an-
tibody (Histofine Simple Stein mouse MAX-PO, Nichirei, Tokyo, Japan)
for 30 min. The peroxidase signal was then developed using DAB so-
lution (Wako, Tokyo, Japan).

2.8. Cross-sectional myofiber measurements

The left soleus, plantaris, gastrocnemius, and quadriceps muscles
were removed, cleansed of extraneous tissue, and weighed. They were
then placed in 4% PFA for 24 h and transferred to 70% ethanol until use
in hematoxylin and eosin staining for morphological evaluation. Left-
sided gastrocnemius and soleus muscles were transversely sectioned at
the middle of the muscle belly at 5-um thickness and stained with he-
matoxylin and eosin. An average of 300 myofibers was evaluated for
morphological evaluation, and the myofiber cross-sectional area (CSA)
was determined using ImageJ software (NIH) [24].

2.9. Microarray studies and data analyses

DNA microarray analyses were performed using a 3D-Gene system
(Toray Industries, Kamakura, Kanagawa, Japan) as previously de-
scribed [4,5,25]. Three mouse samples were used for each experiment.
Genes were considered significant based on the criterion of > 2-fold
(up- or downregulated) change.

2.10. Western blot analyses

Proteins (30 pg) isolated from adipose and muscular tissues of WT
and KO mice were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to Immun-Blot poly-
vinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, K.K.,
Tokyo, Japan) using a semidry blotter. The blotted membranes were
treated with 5% (w/v) skim milk in 10 mM Tris, 150 mM NaCl and 0.2%
(v/v) Tween-20 and incubated overnight at 4 °C with the primary an-
tibody. The following antibodies and dilutions were used: rabbit poly-
clonal antibodies to Gdf8 (dilution 1:1000; Abcam, Tokyo, Japan) and
anti-GAPDH antibody (dilution 1:1000; Cell Signaling Technology,
Tokyo, Japan). The membranes were then incubated for 45 min at room
temperature with a peroxidase-conjugated secondary antibody and vi-
sualized wusing an ECL kit (GE Healthcare Bio-Science,
Buckinghamshire, UK). Bands on Western blots were analyzed densi-
tometrically using the Scion Image software program (version 4.0.2;
Scion Corp., Frederick, MD, USA).

2.11. Immunofluorescence staining of muscular tissue

Gastrocnemius muscle sections were deparaffinized in xylene and
ethanol. For the permeabilization step, we covered the tissue sections
with ice-cold 100% methanol for 10 min at — 20 °C. A blocking step was
performed to reduce nonspecific staining by immersing the slides in 1%
BSA/5% normal goat serum for 60 min. Immunofluorescence staining
of Gdf8 was then carried out. For immunofluorescence staining, the
sections were labeled with rabbit polyclonal antibodies to Gdf8
(Abcam, dilution 1:200), and then visualized with goat antirabbit IgG
antibodies conjugated with Alexa Fluor dyes (green-stained) (Thermo
Fisher, Tokyo, Japan, dilution 1:200).

2.12. Statistical analysis

All results are expressed as the mean *+ SEM. An unpaired t-test
was used to detect differences between the WT and KO mice.
Differences were considered statistically significant at p < 0.05. All
statistical analyses were performed with STATA/IC 14 (StataCorp,
College Station, TX, USA) on a Macintosh computer.
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A

WT KO

Fig. 1. Analyses of static and dynamic bone histomorphometry.
(A) Three-dimensional imaging and (B) microstructure parameters of the trabecular bone as measured by micro-CT: bone volume, BV/TV; trabecular thickness,
Tb.Th; trabecular separation, Tb.Sp; trabecular number, Tb.N; structure model index, SMI; and connectivity density, Conn.D. Scale bar = 500 ym. (C) Three-di-
mensional imaging and (D) parameters of the cortical bone as measured by micro-CT: total cross-sectional area inside the periosteal envelope; Tt.Ar; cortical bone
area; Ct.Ar; cortical area fraction; and Ct.Ar/Tt.Ar; average cortical thickness, Ct.Th. Scale bar = 500 um. (E) Light and fluorescence microscopic imaging of the
nondecalcified specimens. Scale bar = 1 mm. (F) The histomorphometric parameters were as follows: bone volume, BV/TV; osteoclast surface, Oc.S/BS; osteoclast
number, Oc.N/BS; osteoblast surface, Ob.S/BS; osteoid surface, OS/BS; mineralizing surface, MS/BS; mineral apposition rate, MAR; and bone formation rate, BFR/BS.
(G) H&E-stained images and parameters of adipose tissue volume in bone marrow: adipose tissue volume per total marrow volume, AV/MV. Scale bar = 250 pm.
(n = 5 in each group). Data are shown as the mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
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3. Results

3.1. Deletion of Wnt10a decreases osteogenic activity and adipogenesis in
bone marrow

Micro-CT imaging showed significant differences in the trabecular
bone of the distal femur (Fig. 1A). Regarding the microstructural
parameters of the trabecular bone at the distal femur, the trabecular
BV/TV, Tb.N and Conn.D in the KO group were significantly lower than
those in the WT group, and the Tb.Sp in the KO group was significantly
higher than that in the WT group (Fig. 1B). Regarding the parameters of
the cortical bone at the femur midshaft, the Tt.Ar, Ct.Ar and Ct.Th in
the KO group were significantly lower than those in the WT group, and
there was no significant difference in the Ct.Ar/Tt.Ar between the KO
and WT groups (Fig. 1C and D).

Regarding the static and dynamic bone histomorphometry of the
trabecular bone at the proximal tibiae, the BV/TV, MAR and BFR/BS in
the KO group were significantly lower than those in the WT group
(Figs. 1E and F), and there were no significant differences in the Oc.S/
BS, Oc.N/BS, Ob.S/BS, OS/BS and MS/BS between the WT and KO
groups (Fig. 1F). The value of AV/MV in the KO group was significantly
lower than that in the WT group (Fig. 1G).

For the cell culture, the area stained by Alizarin Red was sig-
nificantly smaller and the number of Oil Red O-positive colonies per
well was significantly lower in the KO group than in the WT group,
although there was no significant difference in the number of total or
ALP-positive CFU-f between the WT and KO groups (Figures 2Aand 2B).
Regarding mRNA expression in the bone marrow cells obtained from
the femur, the levels of B-catenin, RUNX2, Collal, osteocalcin, PPARy
and FABP4 in the KO group were significantly lower than those in the
WT group (Fig. 2C).

3.2. Deletion of Wnt10a decreases the white/brown adipose tissue weight
and promotes beige adipogenesis in subcutaneous fat

Inguinal, gonadal and brown adipose tissue weights normalized by
body weight in the KO group were significantly decreased compared
with those in the WT group (Fig. 3A). The proportions of visceral and
subcutaneous fat in the KO group were significantly lower than those in
the WT group (Fig. 3B and C). Samples of inguinal adipose tissue from
the KO group showed beige adipogenesis (Fig. 3D). The gene expression
levels of beige adipogenesis markers, such as Cidea, Cox5b, Dio2,
Elovl3 and UCP1, in the inguinal adipose tissue of the KO group were
significantly higher than those of the WT group, except PRDM16
(Fig. 3E).

3.3. Muscle weight is not decreased in Wnt10a KO mice

No significant differences were observed in the quadriceps, gastro-
cnemius, plantaris and soleus muscle weights normalized by body
weight in both groups (Fig. 4A). The CSA of 300 muscle fibers in the
gastrocnemius muscles of the KO group tended to be larger than that of
the WT group (p = 0.086, Figs. 4B), while the 300-fiber CSA in the
soleus of the KO group was significantly larger than that of the WT
group. The protein expression of 3-catenin appeared to be low in the KO
group (Fig. 4C). The mRNA expression level of MyHC in the gastro-
cnemius and soleus muscles of the KO group was significantly higher
than that of the WT group. Regarding the gastrocnemius, there were no
significant differences in muscle atrophic markers (atrogin-1, MuRF1)
and muscle differentiation markers (Myf5, MyoD, myogenin) between
the two groups. On the other hand, the mRNA expression levels of
MyoD and myogenin in the soleus of the KO group were significantly
higher than those of the WT group (Fig. 4D).
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3.4. Gdf8/myostatin expression is decreased in adipose and muscle tissues
of Wnt10a KO mice

cDNA expression array analyses were performed to compare skin
tissue samples obtained from WT and KO mice. The Wnt10a and Gdf8
genes showed significant downregulation in the KO group (Fig. 5A).
The Gdf8 levels in inguinal adipose tissue (Fig. 5B-D) and gastro-
cnemius muscle tissue (Fig. 5E-G) in the KO group were significantly
lower than those in the WT group.

4. Discussion

The results of this study are summarized in Fig. 6, and the new
findings are as follows: 1) This study was the first to histologically in-
vestigate the bone, fat and muscle phenotypes in Wntl0a KO mice.
Dynamic bone histomorphometry was also performed on trabecular
bone using fluorescent labels. 2) A decrease in trabecular bone mass
with impaired bone formation was observed. In particular, the decrease
in mineralized activity was remarkable. 3) The amount of fat marrow
was decreased, suggesting a decline in adipocyte differentiation in bone
marrow cells. 4) The number of white adipocytes in subcutaneous fat
mass was decreased, while that of beige adipocytes in subcutaneous fat
was increased. 5) The expression of GDF8/myostatin was decreased in
adipose tissue and muscle tissue.

Static and dynamic histomorphometry analysis of the cancellous
bone from the lower limbs of the KO mice showed degradation of the
bone microstructure (BV/TV, Tb.N, Tb.Sp, Conn.D) and a decrease in
the MAR and BFR/BS. The amount of adipose tissue in the bone marrow
was also decreased. In the primary cultures of bone marrow cells, the
Alizarin Red-stained area and the Oil Red O-positive colony count were
decreased, indicating a decline in mineralization and adipocyte differ-
entiation. Fat mass, including both subcutaneous and visceral fat, in KO
mice decreased, and brown fat in the scapular region was also reduced.
White adipocytes in the subcutaneous fat were converted to beige
adipocytes, and the expression of beige adipogenesis markers (Cidea,
Cox5b, Dio2, Elovl3, UCP1) also increased. However, the muscle weight
of the lower limbs was not decreased in the KO group, and the 300-fiber
CSA of soleus muscle was larger than that in the control group. There
were no changes in Myf 5 expression, and the expression of muscle
differentiation markers (MyoD, myogenin) and MyHC in soleus muscle
was elevated in the KO group. Furthermore, the expression levels of
Gdf8/myostatin, which is an important factor for the adjustment of
muscle and fat mass, in the subcutaneous fat and gastrocnemius mus-
cles of the KO mice were significantly lower than those of the control
mice. The above points will be discussed below.

Wntl0a KO mice showed a marked reduction in the bone and fat
mass of bone marrow tissue due to a decline in osteogenic potential and
adipose differentiation. In primary cultures of bone marrow cells, mi-
neralization decreased without a decline in osteoblastogenesis, while
adipogenic differentiation significantly decreased. Cawthorn et al. [6]
reported that Wnt6, Wnt10a and Wnt10b inhibit adipogenesis and sti-
mulate osteoblastogenesis through a (-catenin-dependent mechanism.
In addition, Chen et al. [7] reported that inhibiting DNA methylation
switches adipogenesis to osteoblastogenesis by activating Wnt10a. In
the above studies, the effect of Wnt10a on osteoblastogenesis and adi-
pogenesis had opposite results, and the findings of this study, which
showed the decline of osteogenic activity and adipogenesis, are not
consistent with the results of previous in vitro studies. These findings
suggest that Wntl0a may have indirect effects, in addition to direct
effects, on bone and fat in vivo.

Adipogenesis in the bone marrow tissue of Wnt10a KO mice was
decreased, whereas beige adipogenesis in the subcutaneous adipose
tissue was strongly promoted. The adipose tissue in the groin that
should be composed of white adipocytes showed UCP1 positivity, an
indicator of beige adipocytes, in the immunohistochemically stained
specimens, and the expression of beige adipogenesis markers, except for
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Fig. 2. Assays using bone marrow cells.

Osteogenic and adipogenic potentials are evaluated in primary cultures of bone marrow cells. (A) Photographs of alkaline phosphatase (ALP)-, Alizarin Red- and Oil
Red O-stained colonies. Scale bar = 500 um. (B) Number of total, ALP-positive CFU-f, and Oil Red O-positive colonies as well as the Alizarin Red-stained area per
well. (C) mRNA expression levels of Wnt10a, B-catenin, and osteoblastogenesis-, osteogenesis- and adipogenesis-related markers in bone marrow cells obtained from

+

the femur (n = 5 in each group). Data are shown as the mean
this figure legend, the reader is referred to the web version of this article.)

PRDM16, was also increased. Why the expression of PRDM16, a beige
adipogenesis marker, was decreased is unknown, but PRDM16 is an
important molecule that switches cell fate between muscle and brown
adipose tissue [26]. Since the amount of brown adipose tissue in
Wntl0a KO mice was also significantly decreased compared to that in
WT mice, regulation of PRDM16 expression through Wnt10a or mod-
ulation of muscle/brown adipose tissue differentiation mechanisms
may have occurred in those mice. There is no evidence of a relationship
between beige adipogenesis and the Wnt10a gene, but sclerostin, which
suppresses WNT signals, was reported to contribute to beige adipo-
genesis of white adipocytes [8], and this finding did not contradict the
results of our study.

In general, since bone and muscle are strongly related [9,27,28],
muscle mass is expected to decrease with bone loss. However, the
weight of the lower limb muscles of Wnt10a KO mice was not decreased
compared with that of WT mice. There was also no muscle fiber atrophy
on H&E-stained sections of the gastrocnemius muscle and no elevation
of muscle atrophy markers (atrogin-1, MuRF1) in those tissues. The
300-fiber CSA of the KO group was larger than that of the WT group,
and increased expression of myosin heavy chain was observed in the
gastrocnemius and soleus muscles. The effects of Wnt10a deficiency on
some muscle phenotypes were soleus muscle dominant. The soleus
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SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. (For interpretation of the references to color in

muscle is a muscle rich in type I muscle fiber (slow twitch) and contains
many mitochondria in the muscle fibers. There is a close relationship
between Wnt10a and mitochondrial function [29], and plasma 8-OHdG
produced mainly in mitochondria is positively correlated with plasma
myostatin in rat [30]. Thus, the phenotype of the soleus muscle caused
by deficiency of Wntl0a may be related to the mitochondrial dys-
function.

In addition, the expression of Gdf8/myostatin in the subcutaneous
fat and gastrocnemius muscle of Wntl0a KO mice was significantly
decreased. Based on the above results, we speculated that the regula-
tion of Gdf8 expression by the Wntl0a gene may be involved in
maintaining muscle mass in Wnt10a KO mice (Fig. 6). The relationships
between myostatin expression and the in vivo phenotype were not ex-
amined in this study, as those relationships have already been reported
in studies of the adipose tissue and skeletal muscle of myostatin KO
mice [31-33]. Gdf8/myostatin KO mice exhibited a marked increase in
muscle mass and a decrease in fat mass [34], which may promote beige
adipogenesis in white adipocytes [35]. We found no conflicting results
in the data from this study; however, there was no evidence of a re-
lationship between Gdf8/myostatin and the Wntl0a gene. Thus, it is
necessary to discuss the mechanism by which Wnt10a regulates GDf8.
Several reports have noted an association between Gdf8/myostatin and
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Fig. 3. Analysis of adipose tissue.

(A) Weights of inguinal white adipose tissue (IWAT), gonadal white adipose tissue, brown adipose tissue at the scapular region (BAT) and pancreas. (n = 6 in each
group) (B) Representative 3D images of abdominal and pelvic micro-CT show the visceral (green in color) and subcutaneous fat (yellow in color). The fat volume in
mice was measured from the base of the ensiform cartilage to the pelvic floor (areas surrounded by orange lines). (C) Visceral and subcutaneous fat percentage per
total volume from the base of the ensiform cartilage to the pelvic floor. (n = 5 in each group) (D) Representative H&E-stained and Wnt10a-, -catenin- and UCP1-
IHC-stained sections in IWAT. Scale bar = 100 um. (E) The gene expression of Wnt10a and beige adipogenesis markers in IWAT. (n = 5 in each group). Data are
shown as the mean = SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 4. Analysis of muscular tissue.

(A) Weight of the quadriceps, gastrocnemius, plantaris and soleus muscles. (B) Light microscope images of H&E-stained sections of the gastrocnemius muscle. Scale
bar = 100 pm. The 300-muscle fiber cross-sectional areas (CSAs) of the gastrocnemius and soleus muscles normalized by body weight (n = 5 in each group). (C)
Representative Wntl10a and -catenin IHC-stained sections of the gastrocnemius and soleus muscles. Scale bar = 100 um. (D) Gene expression levels of Wnt10a in the
gastrocnemius muscle and the following muscle-related markers in the gastrocnemius and soleus muscles; atrogin-1, MuRF1, Myf5, MyoD, myogenin and MyHC. Data

are shown as the mean = SEM (n = 5 in each group); *p < 0.05.

Wnt signaling [36,37]. Reports by Takata et al. suggested that Wnt4
antagonizes myostatin [38]. By using a CAGA reporter assay, Bernardi
et al. confirmed the inhibition of the myostatin-activated Smad sig-
naling pathway by Wnt4 [39]. In addition, a study of lithium chloride
(activation of Wnt/B-catenin signaling) strongly suggested that Wnt4
negatively regulates myostatin expression through activation of the
canonical B-catenin pathway. It is possible that Wnt10a also regulates
myostatin expression/signaling through activation of the canonical p-
catenin pathway or noncanonical pathway. Further research is needed
to determine the mechanism by which Wnt10a regulates GDF8/myos-
tatin and to determine the in vivo effect of the Wnt10a gene on bone, fat
and muscle.

This study has some limitations. We did not consider the influence
of Wnt10a gene deficiency at the time of embryogenesis and growth.
Wntl0a mice have a low fertility rate and are difficult to study.
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Moreover, since the Wntl0a KO mice used in this study were not
conditional knockout mice, the influence of Wnt10a gene deficiency in
the embryonic and growth phases of bone, fat and muscle cannot be
completely eliminated. In the future, analysis using conditional
knockout mice may be necessary.

5. Conclusions

In conclusion, trabecular bone loss in the lower limbs of Wnt10a
mice occur with a decrease in bone mineralization ability. The amount
of adipose tissue in the bone marrow was also decreased, and the adi-
pocyte differentiation ability was reduced. The inguinal, gonadal, and
scapular fat mass in the Wntl0a KO mice was decreased, and white
adipocytes in the subcutaneous fat were converted to beige adipocytes.
The muscle weight of the lower limbs was not decreased, and no muscle
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Fig. 5. Analysis of Gdf8/myostatin expression.

(A) DNA microarray analyses of the skin. (B) mRNA expression analysis (n = 5 in each group), (C) Western blotting analysis (n = 5 in each group) and (D)
fluorescence-stained imaging of inguinal white adipose tissue. Scale bar = 20 um. (E) mRNA expression (n = 7 in each group), (F) Western blotting analysis (n = 5 in
each group) and (G) images of fluorescence-stained gastrocnemius muscle. Scale bar = 50 um. Data are shown as the mean = SEM. *p < 0.05, **p < 0.01, and
*#++p < 0.001.

The summary of the phenotype involving bone, fat and muscle of Wnt10a KO mice
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Fig. 6. Summary of Wnt10a KO mice and the schema of in vivo interactions among bone, fat and muscle via Wnt10a.
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fiber atrophy was observed in the tissue sections. In the subcutaneous
fat and gastrocnemius muscle, the expression of Gdf8/myostatin, an
important factor related to the regulation of fat/muscle mass, was de-
creased, suggesting that Wnt10a may mediate the regulation of Gdf8/
myostatin expression. This study was the first to histologically evaluate
the bone, fat and muscle phenotypes of Wnt10a KO mice. The results
obtained by investigating the three tissues together could help to elu-
cidate the in vivo interactions of the Wnt10a gene in the future.
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