Journal of Bone and Mineral Metabolism (2019) 37:967-975
https://doi.org/10.1007/500774-019-01014-y

ORIGINAL ARTICLE q

Check for
updates

The Shisa3 knockout mouse exhibits normal bone phenotype
Kohei Murakami' - He Zhifeng? - Takako Suzuki® - Yasuhiro Kobayashi? - Yukio Nakamura3

Received: 18 February 2019 / Accepted: 28 May 2019 / Published online: 20 June 2019
© Springer Japan KK, part of Springer Nature 2019

Abstract

Whnt signaling is important for both skeletal development and bone disease, with Wnt inhibitory factors playing critical roles
in bone metabolism. SHISA3 blocks the maturation and transportation of Frizzled receptors to the cell surface, thereby
inhibiting the Wnt/f-catenin signaling pathway in lung cancer. However, the function of Shisa3 in bone biology remains
uninvestigated. This study found that Shisa3 was strongly expressed in the calvarial bones of mice, especially in osteoblasts.
In addition, adenovirus-mediated gene transfer of murine Shisa3 significantly inhibited Wnt3a-induced nuclear translocation
of f-catenin and mRNA expression of the Wnt target gene Axin2. In bone phenotype assessments of Shisa3 knockout (Shisa3
KO) mice, micro-computed tomography, mRNA expressions of osteoblast markers, and skeletal preparations all displayed no
significant differences compared with Shisa3 wild-type mice. mRNA expression analysis of canonical Wnt signaling target
genes (Axin2, Lefl, DkkI, and Tnfrsf11b) in calvarial bones at P0.5 also revealed no significant findings. In Axin2¢"¢/ERT2
knock-in mice, the number of Axin2-expressing cells in the calvariae of Shisa3 KO and control mice were comparable. Thus,
there appears to be a redundancy in the function of Shisa3 in bone development, likely with other Shisa family members.
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Introduction

Whnt signaling has important roles in both skeletal devel-
opment and bone disease. Several genes involved in Wnt
signaling contribute to congenital skeletal abnormalities and
the development of bone metabolic diseases. Hypofunctional
alleles of WNT1 cause autosomal-recessive osteogenesis
imperfecta [1], and abnormal WNT4, WNT5B, and WNTI16
genes influence bone mineral density [2—4]. Wnt inhibi-
tory factors also play critical roles in bone metabolism. For
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example, osteocytes secrete the SOST gene product scle-
rostin that binds to lipoprotein receptor-related protein
(LRP) 5/6 and inhibits canonical Wnt signaling [5], and
loss-of-function mutations in SOST markedly increase bone
mass [6, 7]. A single allele of the DKK1, which inhibits Wnt
signaling by binding to LRP6 [8, 9], leads to increases in
bone mass as well [10].

Shisa family members were first identified as proteins
involved in head formation in Xenopus [11]. Shisa blocks
the maturation and transportation of Frizzled receptors to
the cell surface, thereby inhibiting the Wnt/f-catenin sign-
aling pathway to regulate developmental processes [11].
Eight Shisa members (Shisa2—Shisa9) have been described
to date in vertebrates. In the only study exploring the func-
tion of human SHISA3, the protein suppressed metastasis
and tumorigenesis in lung cancers through interactions with
all known Frizzled receptors in the endoplasmic reticulum
[12]. However, the role of SHISA3 in bone biology remains
largely unknown.

This study examined the function of murine Shisa3 in
bone metabolism. Shisa3 was strongly expressed in osteo-
blast lineage cells in calvariae and inhibited canonical Wnt
signaling. However, a Shisa3 deficiency neither affected
Whnt signaling in bone tissues nor altered osteogenesis.
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Our findings indicate a redundancy in the function of
Shisa3 in murine osteoblasts.

Materials and methods
Mice

mShisa3 mutant mice created at the RIKEN Center for
Developmental Biology [13] were kindly provided. The
mice were generated by replacing a 437-bp sequence span-
ning from 176 bp upstream of the translation initiation
site to a part of the succeeding intron with the LacZ-neo
cassette, with the deleted exon encoding the signal peptide
and first cysteine-rich domain. Both Axin2"“/ERT? mice
(Stock#018867) and Rosa26"™™** mice (Stock#007914)
were purchased from Jackson Laboratories. Animal exper-
iments were performed in compliance with the 3Rs, and all
efforts were made to minimize suffering. All procedures
for animal care were approved by the Animal Management
Committee of Matsumoto Dental University (permit num-
ber 326) and performed accordingly.

Cell cultures

Primary murine calvarial cells were isolated from the cal-
variae of neonates, as previously described [14]. Twenty
calvariae were collected and subjected to sequential diges-
tions using PBS containing 0.1% collagenase and 0.2%
dispase. Cells isolated in fractions 2, 3, and 4 were com-
bined and cultured in a-MEM containing 10% FBS on
two dishes (10 cm in diameter) until high confluency. The
cells were then detached from the dishes by typsin-EDTA,
suspended on 12 dishes (10 cm in diameter) for 4 days, and
stored at — 80 °C. These primary osteoblasts were cultured
in 6-well plates or cover glasses for 2 days and subjected
to experiments.

Bone marrow macrophages (BMMs) and mature osteo-
clasts were obtained, as previously described [15]. First,
mice were killed by cervical dislocation, and bone marrow
cells were collected by flushing the tibiae. The bone marrow
cells were cultured in a-MEM containing 10% FBS in the
presence of Csfl (50 ng ml™") on dishes (60 mm in diam-
eter). Non-adherent cells containing osteoclast precursors
were harvested and seeded onto 48-well plates in the pres-
ence of Csf1 for 2 days, and adherent cells were further cul-
tured with Csf1 in the presence or absence of GST-RANKL
(200 ng ml™!; Oriental Yeast) for 3 days. The cells without
GST-RANKL were collected as BMM. Mature osteoclasts
induced by RANKL were confirmed as tartrate-resistant acid
phosphatase-positive multinuclear cells and collected.
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Quantitative reverse transcription-PCR (qPCR)
analysis

gPCR was performed as described elsewhere [16]. Primer
sets were purchased from Takara Bio Inc. mRNA levels
were calculated by normalization to the house keeping
gene hypoxanthine phosphoribosyl transferase (Hprtl)
using the AAC; method.

Immunofluorescence histochemistry

To examine Shisa3 localization, calvariae from Shisa3-
LacZ knock-in mice at P7 were subjected to immunofluo-
rescence analysis. Frozen sections of 20 um thickness were
cut using a cryostat and stained with anti-f-galactosidase
antibody (Z378B; Promega, 1:100) with a Vector M.O.M.
immunodetection kit by the protocol specified by the
manufacturer (Vector Laboratories). Stained slides were
mounted with Vectashield (Vector Laboratories) and ana-
lyzed using a confocal laser scanning system (LSM 510;
CarlZeiss).

Adenovirus-mediated gene transfer

Adenoviruses expressing LacZ or Shisa3 were prepared as
follows: a plasmid vector with a murine Shisa3 (mShisa3)
sequence was obtained from OriGene (MR216748), and
PCR fragments containing the mShisa3 sequence were
ligated into a pAdenoX-CMV-ZsGreen vector (Takara
Clontech). For controls, fragments containing a LacZ
sequence were cloned into the vector. The linearized vec-
tors were transfected into human embryonic kidney 293T
cells to produce adenoviruses according to the manufactur-
er’s instructions. Primary osteoblasts were cultured with
each adenovirus for 24 h before the addition of recombi-
nant Wnt3a (R&D Systems, 50 ng ml~"). Eight hours later,
we fixed the cells for immunocytochemistry or isolated
total RNA for qPCR analysis.

Immunoblotting analysis

Immunoblotting was performed as previously described
[15] using the following antibodies: anti-SHISA3 rabbit
pAb (SAB3500826; Sigma, 1:1000), anti-f-galactosidase
antibody (Z378B; Promega, 1:1000), anti-a tubulin mouse
mAb (CP06; Calbiochem, 1:1000), donkey anti-rabbit
IgG-HRP (NA934V; GE Healthcare, 1:5000), and goat
anti-mouse IgG-HRP (170-6516; Bio-Rad Laboratories,
1:10000).
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Immunocytochemistry

Immunocytochemistry was carried out as previously
described [16] using the following antibodies: anti-f-
catenin rabbit mAb (ab32572; abcam, 1:250) and donkey
anti-rabbit IgG NL557-conjugated pAb (NL004; R&D
Systems, 1:200).

Micro-computed tomography (micro-CT) analysis

Micro-CT analysis (ScanXmate-A080, Comscan Tecno)
was performed on P0.5, 8-week-old, and 24-week-old mice
to examine for morphological changes and assess morpho-
logical indices. Calvaria thickness was determined in bone
tissues located between 0.5 and 5.5 mm from the maxillary
third molars using image analysis software (TRI/3D-BON,
Ratoc System Engineering). Indices of the distal metaphy-
sis in femurs were calculated in trabecular bones located
between 0.5 and 1.5 mm from the growth plates.

Skeletal preparations

New-born mice were eviscerated, fixed in 95% ethanol over-
night, and transferred into acetone. One day later, they were
stained with Alcian blue (0.03% [w/v], 80% ethanol, and
20% acetic acid) overnight. The samples were then destained

Fig. 1 Expression of Shisa3 a
in mice. a Tissue distribution
of Shisa3 mRNA in new-born
mice. T-Spine, thoracic spine;
L-Spine, lumbar spine. b
p-galactosidase expression in
calvarial bone derived from a
new-born Shisa3 “““* mouse.
Cell nuclei were stained with
PI (red). Scale bar, 50 pm. ¢
Shisa3 mRNA expression in
osteoblasts (OB), bone marrow
macrophages (BMM), and
osteoclasts (OC). Profiling of
the OB (Runx2), BMM (Rank),
and OC (Ctsk) marker gene
expressions were previously
shown [16] (color figure online)
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by initially washing in two changes of 70% ethanol and
incubated in 95% ethanol overnight. Thereafter, they were
treated with 1% potassium hydroxide for 1 h and stained
with Alizarin red S (0.005% [w/v] and 1% potassium hydrox-
ide) for 3 h. The specimens were kept in 50% glycerol-0.5%
potassium hydroxide at 4 °C until the skeletons became
clearly visible. For storage, the specimens were transferred
into 50%, 80%, and finally, 100% glycerol.

Induction of Cre-mediated recombination

Tamoxifen (T-5648; Sigma) was dissolved in corn oil by
sonication for 15 min at 37 °C, and 2 mg of tamoxifen/30 g
of body weight was intraperitoneally injected into Axin-
2Cre/ERT; Rosa26ldTomata; ShiSCl3+/_ mice and Axin2Cre/ERT2;
Rosa26"mate. shisq3~'~ mice at P7. The mice were allowed
to recover for 3 days and then killed.

Statistical analyses

All cell culture experiments were performed in triplicate
and similar results were obtained. Statistical analysis was
performed using Prism7 software (GraphPad). Results were
analyzed using Welch’s ¢ test or 1-way ANOVA. When
1-way ANOVA showed statistical significance, the data were
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compared using the Tukey—Kramer test. A P value of less
than 0.05 was considered statistically significant.

Results
Expression of Shisa3 in mice

qPCR analysis was performed on various tissues obtained
from new-born mice to examine Shisa3 expression. The
highest levels of Shisa3 were found in the calvaria (Fig. 1a),
with low expression in other bone tissues (Fig. 1a). We con-
firmed that calvarial bone cells strongly expressed Shisa3
using Shisa3-LacZ knock-in mice at P7 (Fig. 1b). Then, the
Shisa3 transcripts were primarily osteoblasts rather than
bone marrow macrophages or mature osteoclasts (Fig. 1c).

Murine Shisa3 inhibits Wnt signaling

Since human SHISA3 is known as an inhibitor of Wnt sign-
aling, we investigated the function of murine Shisa3 using
adenovirus-mediated gene transfer. After treatment with the
same multiplicity of infection (MOI) of adenovirus, primary
osteoblasts derived from calvaria were cultured for an addi-
tional day. Successful infection of the control (Ad-LacZ)
or Shisa3-expressing (Ad-Shisa3) adenovirus was detected
as ZsGreen-positive cells (Fig. 2a), and protein expression
was confirmed by immunoblotting (Fig. 2b). Recombinant
Wnt3a induced the nuclear translocation of #-catenin in pri-
mary osteoblasts (Fig. 2c), whereas the adenovirus-mediated
gene transfer of Shisa3 impaired it (Fig. 2c). Wnt3a also
evoked an increase in a target gene of Wnt signaling, Axin2,
in osteoblasts (Fig. 2d). The forced expression of murine
Shisa3 significantly attenuated Wnt3a-induced Axin2 expres-
sion (Fig. 2d), suggesting that Shisa3 could inhibit canonical
Whnt signaling.
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Fig.2 Overexpression of murine Shisa3 abrogates canonical Wnt
signaling. a Adenovirus infection detected as ZsGreen-positive
osteoblasts. b Immunoblot images of pf-galactosidase (f-gal) or
Shisa3 expression. Uncropped images of the blots are shown in Sup-
plementary Fig. S1. ¢, d Effects of Ad-Shisa3 on Wnt3a-induced
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(50 ng mI™") nuclear translocation of f-catenin or expression of the
canonical Wnt target gene Axin2 in osteoblasts. Cell nuclei were
stained with TO-PRO®-3 (blue). Scale bar, 50 pm. ***P<0.001,
*##%% P <0.0001, Tukey—Kramer test (color figure online)
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Shisa3 deficiency does not affect skeletal
development

The in vitro findings prompted us to examine the roles of
Shisa3 in the development of calvarial bone using Shisa3
knockout (Shisa3™'~) mice. The mice were generated by
replacing the first coding exon and a part of the succeeding
intron with the LacZ-neo cassette; therefore, homozygous
knock-in mice were null for Shisa3. Shisa3 was confirmed
to be deleted in Shisa3™'~ mice (Fig. 3a). Then, compari-
sons of P0.5 Shisa3™'~ mice and littermates were made by

Shisa3"'*

a Shisa3 b
20 *%
‘ [ ]
o154 ©
<5 .
tT
o
é) @ 1.0
o 0
€ 05 oo
0.0 n
p & 3
rb S L
I
c . +/+
Shisa3
e Runx2 Sp7
o5, _P=0481 05, _P=0942
= 2.0- 2.0
o
=
<. 1
Eo15{ o . 15 o .
¢ '% D o S °
2 1.0 1.0
6 i =4
@ o
3 0.5- 0.54
0.04 0.0
O S N T CI SR
%\(\\‘5 6\(\\6 6\(\\ %‘\\5 6\(\\6 %\(\\

Fig.3 Shisa3 KO mice exhibit normal calvarial bone forma-
tion. a Shisa3 mRNA expression levels in calvarial bones at P0.5.
**P <0.01, Tukey—Kramer test. b, ¢ Representative micro-CT images
of the heads of Shisa3*'*, Shisa3*"~, and Shisa3™~ mice at P0.5 (b)
and 8 weeks old (c). Scale bar, 3.5 mm. n=4 for each genotype. d

micro-CT analysis of heads. No remarkable phenotypes
were detected in the knockout mice (Fig. 3b). Similarly, no
significant difference was observed in head examinations
of 8-week-old male Shisa3~'~ mice, and calvarial bone
thickness was comparable to that of littermates (Fig. 3c, d).
Comparable results were seen in 24-week-old male mice
(Supplementary Fig. S2). Calvarial bone tissues from P0.5
mice were examined for the mRNA expressions of osteo-
blast-specific transcriptional factors (Runx2 and Sp7) and
differentiation marker genes (Collal and Bglap). There were
no significant differences among Shisa3**, Shisa3*'~, and
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Calvarial bone thickness of 8-week-old mice determined by micro-
CT analysis. P value was calculated by ANOVA. e Osteoblast marker
gene expressions in calvarial bones. P values were calculated by
ANOVA. Sp7 Sp7 transcription factor 7 (Osterix), Collal Collagen,
type I, alpha 1, Bglap Bone gamma carboxyglutamate protein
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Shisa3~'~ mice (Fig. 3e). Skeletal preparations also revealed
no remarkable phenotypes in skeletal tissues, including the
head (Fig. 4). Micro-CT of distal femurs from 8-week-old
male and female Shisa3~'~ mice showed no significant dif-
ferences in bone volume, number of trabeculae, trabecular
thickness, or trabecular separation (Supplementary Fig.
S3). We next analyzed calvariae from Shisa3*'*, Shisa3*'~,
and Shisa3~'~ mice at P0.5 to determine the mRNA expres-
sions of canonical Wnt signaling target genes (Axin2, Lefl,
Dkkl, and Tnfrsfl1b); however, no significant differences
were seen among the groups (Fig. 5a). We also assessed the
expression of the Wnt target Axin2 using an Axin2¢"¢/ERT2
knock-in allele crossed to the Cre reporter Rosa26'470ma
AxinZCre/ERTZ; Rosa26thomato; Shisa3+/_ and AxinzCre/ERTZ;
Rosa26"™ma. Shisa3~'~ mice were administered tamox-
ifen at P7 and analyzed at P10. Confocal images revealed
that the number of Tomato-positive cells in the calvariae
of Shisa3™'~ mice did not change significantly compared
with that in Shisa3*~ mice (Fig. 5b, c). Collectively, these
findings indicated that a Shisa3 deficiency affected neither

Shisa3**

Shisa3*-

canonical Wnt signaling nor osteoblast differentiation
in vivo.

Discussion

This study revealed that Shisa3 was strongly expressed
in murine calvarial bone, especially in osteoblasts. Since
Shisa3 overexpression inhibited canonical Wnt signaling
in vitro, we expected the protein to play a role in skeletal
development. However, a Shisa3 deficiency produced no
skeletal abnormality or alteration in canonical Wnt signal-
ing. The absence of phenotypic changes after gene knock-
out is usually explained by the complementary function of
paralogous genes. Accordingly, we determined the mRNA
expressions of all Shisa family members in the calvaria.
qPCR analysis clarified that murine calvariae expressed
Shisa2, Shisa4, and Shisa5 in addition to Shisa3 (Supple-
mentary Fig. S4a). Calvariae from Shisa3-deficient mice
also expressed Shisa2, Shisa4, and Shisa5 (Supplementary

Shisa3

Fig.4 Shisa3 KO mice exhibit normal skeletal development. Skeletons of wild-type, heterozygous, and homozygous genotype mice at P0.5.

n=3 for each genotype

@ Springer



Journal of Bone and Mineral Metabolism (2019) 37:967-975

973

Fig. S4b). Based on these findings, we speculate a redun-
dancy in the function of Shisa3 in murine osteoblasts.

In this investigation, the expression of Shisa3 was high
in the calvarial bone and particularly in osteoblasts. Inter-
estingly, we found that skeletal tissues derived from the
lumbar vertebrae, thoracic vertebrae, and tibia, which also
contained osteoblasts, exhibited low levels of Shisa3 mRNA
expressions. Since those skeletal tissues undergo endochon-
dral ossification, Shisa3 may be associated with the process
of membranous ossification. A previous study showed that
Prx1-cre-induced deletion of #-catenin resulted in a loss of
calvarial bones [17], indicating that canonical Wnt/f-catenin
signaling was essential in murine calvarial bones. The reason
why expression of the Wnt inhibitor Shisa3 is high only in
the calvaria is unknown at present.

The R-Spondin (RSPO) family was first identified as a
secreted activator of Wnt/f#-catenin signaling in Xenopus
[18]. RSPO increases the number of cell surface Frizzled
receptors by binding to ring finger protein 43 (RNF43) and
zinc and ring finger 3 (ZNRF3), which ubiquitinate and
degrade Frizzled receptors, thereby amplifying Wnt signal-
ing in a leucine-rich repeat-containing G-protein coupled
receptor 4/5/6 (LGR4/5/6) dependent [19-21] or independ-
ent [22] manner. Mutations in the RSPO2 gene lead to limb
abnormalities such as tetra-amelia in mice [23-25] and
severe limb defects in humans [22]. As the Shisa family also
modulates the number of Frizzled receptors on cell mem-
branes, our findings represent an important step in clarifying
the relationship between Wnt signals and bone disease.
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Fig.5 Presence or absence of Shisa3 does not affect canonical Wnt
signaling. a Expressions of canonical Wnt target genes in calvarial
bones at P0.5. P values were calculated by ANOVA. Lefl Lymphoid
enhancer binding factor 1, Dkkl Dickkopf WNT signaling pathway
inhibitor 1, Tnfrsfl11b Tumor necrosis factor receptor superfamily,
member 11b (osteoprotegerin). b Representative confocal images of

calvarial bone sections from P10 Axin2C¢ERT?+; Rosq26dTomatol+,
Shisa3™~ mice and Axin2ERT*; Rosa26™ ool Shisa3™'" mice
3 days after tamoxifen injection. Cell nuclei were stained with TO-
PRO®-3 (white). Scale bar, 100 pm. ¢ Quantification of the frequency
of Tomato-positive cells in total cells. n=3. Welch’s r-test (color fig-
ure online)
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Although Shisa3 functions as a Wnt inhibitory factor,
Shisa3 knockout mice exhibit no remarkable phenotypes
in bone tissues, which strengthens the notion of a compen-
satory mechanism by other members of the Shisa family.
The phenotypes of double, triple, and quadruple mutants
among Shisa2, Shisa3, Shisa4, and Shisa5, therefore, require
analysis, although preparation of quadruple mutants remains
challenging despite recent advances in gene editing. It was
possible that other Wnt antagonists or a yet unidentified
protein served a complementary function with Shisa3 [13].
Moreover, we did not examine whether Shisa3 was involved
in pathological conditions, such as osteoporosis or tumor
bone metastasis. Further study is warranted on the Shisa
family regarding the complex interplay between Wnt signal-
ing and bone metabolism and disease.
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