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Abstract

Introduction Osteoblasts require substantial amounts of energy to synthesize the bone matrix and coordinate skeleton min-
eralization. This study analyzed the effects of mitochondrial dysfunction on bone formation, nano-organization of collagen
and apatite, and the resultant mechanical function in mouse limbs.

Materials and methods Limb mesenchyme-specific Tfam knockout (Tfam”;Prxi-Cre: Tfam-cKO) mice were analyzed mor-
phologically and histologically, and gene expressions in the limb bones were assessed by in situ hybridization, qPCR, and
RNA sequencing (RNA-seq). Moreover, we analyzed the mitochondrial function of osteoblasts in Tfam-cKO mice using
mitochondrial membrane potential assay and transmission electron microscopy (TEM). We investigated the pathogenesis
of spontaneous bone fractures using immunohistochemical analysis, TEM, birefringence analyzer, microbeam X-ray dif-
fractometer and nanoindentation.

Results Forelimbs in Tfam-cKO mice were significantly shortened from birth, and spontaneous fractures occurred after
birth, resulting in severe limb deformities. Histological and RNA-seq analyses showed that bone hypoplasia with a decrease
in matrix mineralization was apparent, and the expression of type I collagen and osteocalcin was decreased in osteoblasts
of Tfam-cKO mice, although Runx2 expression was unchanged. Decreased type I collagen deposition and mineralization in
the matrix of limb bones in Tfam-cKO mice were associated with marked mitochondrial dysfunction. Tfam-cKO mice bone
showed a significantly lower Young’s modulus and hardness due to poor apatite orientation which is resulted from decreased
osteocalcin expression.

Conclusion Mice with limb mesenchyme-specific Tfam deletions exhibited spontaneous limb bone fractures, resulting in
severe limb deformities. Bone fragility was caused by poor apatite orientation owing to impaired osteoblast differentiation
and maturation.

Keywords Mitochondrial dysfunction - Osteoblast differentiation - Spontaneous bone fracture - Type I collagen - Apatite
orientation
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are required for mitochondrial biogenesis and normal cel-
lular functions [5, 6]. Mitochondrial transcription factor A
(Tfam), a nuclear DNA-encoded protein, is necessary for
mtDNA maintenance, promotes transcription, and regulates
mtDNA replication [7-9]. Tfam disruption causes severe
mtDNA depletion, resulting in decreased ATP production
due to the abolition of oxidative phosphorylation [1, 10].

Osteoblasts are derived from mesenchymal stem cells
(MSCs). Runx2 expressing pre-osteoblasts differentiate into
type I collagen-expressing osteoblasts. They subsequently
mature, synthesize bone matrix proteins, and coordinate the
mineralization of bone tissues [11]. Owing to their unique
functions, the synthetic phase of mature osteoblasts requires
substantial amounts of energy [12]. Mature osteoblasts,
which contain abundant granular endoplasmic reticulum
(ER), possess moderate numbers of ovoid mitochondria with
abundant cristae and increase ATP production and mito-
chondrial membrane potential during their differentiation
and maturation [13, 14]. Mature osteoblasts produce matrix
proteins, including type I collagen, osteocalcin (Oc), and
calcium phosphate mineral apatite, to mineralize bones [11].
The crystallographic c-axis of apatite aligns almost parallel
to the collagen fiber direction during normal mineralization
[15], resulting in the formation of an oriented nanocom-
posite. Thus, the stronger direction of apatite and collagen
co-align in one direction, making the bone stiff and tough
in the collagen/apatite-oriented direction [16, 17]. Recent
investigations have revealed that the preferential orientation
of collagen/apatite is a potential explanatory factor of bone
fragility in some pathologic bones [18-20].

Although the osteoblast maturation process, which
requires substantial ATP, may be involved in mitochondrial
energy production, few studies have analyzed mitochondrial
function in osteogenesis and bone formation in vivo [21]. In
this study, we analyzed the effect of mitochondrial dysfunc-
tion on bone formation following the limb-mesenchyme-
specific deletion of Tfam.

Materials and methods
Mice

The experimental design and study protocols were approved
by the Animal Experiment Committee of Gifu Univer-
sity and were performed in compliance with the Animal
Research: Reporting of in Vivo Experimental (ARRIVE)
guidelines. Tfam flox mice (Tfam™) [10] were crossed with
PrxI-Cre transgenic mice [22] to generate Tfam”’; Prx1-Cre
(Tfam-cKO) mice), and Tfam” mice were used as controls.
All experiments were conducted using mice with a com-
plete C57BL/6 background. Genotyping for Tfam and Cre
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transgenes was performed using polymerase chain reaction
(PCR), as previously described [10].

Histological analysis

Alcian blue and alizarin red staining of the skeleton was
performed as previously described [23]. For histological
analysis, embryos and newborn mice were fixed with 4%
paraformaldehyde (FUJIFILM Wako Pure Chemical Cor-
poration, Osaka, Japan) at 4 °C for 24 h. Postnatal samples
were decalcified with ethylene-diamine-tetra-acetic acid
(EDTA) (G-Chelate Mild, GenoStuff, Tokyo, Japan) for
3—7 days before fixation. Serial Sects. (5 pm) were stained
with hematoxylin and eosin (H&E) (FUJIFILM Wako),
von Kossa staining using Calcium Stain Kit (Cosmo Bio,
Tokyo, Japan). Alkaline phosphatase (ALP) was detected
using the TRAP/ALP Stain Kit (FUJIFILM Wako), and type
I and type III collagens were detected using the Picrosirius
Red Stain Kit (Cosmo Bio) according to the manufacturer’s
instructions. RNA in situ hybridization using S labeling of
RNA probes was performed as previously described [24-26].
Images of hybridization signals were captured with a red
filter and superimposed with blue fluorescence images of
cell nuclei stained with Hoechst 33,258 dye (Sigma-Aldrich,
St. Louis, MO, USA). Immunohistochemical staining was
performed using an EnVision Detection Kit (Dako, Santa
Clara, CA, USA). The following antibodies were used: anti-
collagen I (ab270993, Abcam, Cambridge, UK), anti-osteoc-
alcin (ab93876, Abcam), Anti-Ki67 (ab16667, Abcam), and
Alexa Fluor 488 secondary antibodies (Invitrogen, Waltham,
MA, USA). Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) analysis was performed using
the In Situ Cell Death Detection Kit, AP (Sigma-Aldrich)
following the manufacturer’s instructions.

Radiographic analysis

Radiographic examination was performed with a Faxitron
cabinet X-ray system (Model 43855D, Faxitron X-Ray LLC,
Lincolnshire, IL, USA) using an energy of 26 kV and expo-
sure time of 10 s, as previously reported [23]. Forelimbs
excised from postnatal 3-month-old mice were scanned
using ScanXmate micro-computed tomography (micro-CT)
(Model D150SS270, Comscantecno, Kanagawa, Japan),
using an energy of 60 kV and a resolution of 18.0 pm/pixel
(Kureha Special Laboratory, Fukushima, Japan).

Cell culture

MC3T3-E1 cells (Riken Cell Bank, Ibaraki, Japan) were
seeded at 4 x 10*/cm? in minimum essential medium o
(Gibco, Waltham, MA, USA) supplemented with 10% fetal
bovine serum and 1% penicillin—streptomycin (FUJIFILM
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Wako) and cultured in a 37 °C incubator with 5% CO, for
24 h. Osteoblast differentiation was induced using 50 ug/mL
ascorbic acid (Nacalai Tesque, Kyoto, Japan) and 10 mM
B-glycerophosphate (FUJIFILM Wako) (Osteoblast differ-
entiation media). Primary osteoblasts were obtained from
the humerus of Tfam-cKO and control mice and cultured
as previously reported [27]. Rotenone (Sigma-Aldrich), an
inhibitor of mitochondrial aerobic energy metabolism, was
added 48 h before harvest. si7fam and non-targeting siRNA
(Horizon Discovery, Cambridge, UK) as controls (siCTL)
were transfected with Lipofectamine® RNAIMAX (Invitro-
gen) according to the manufacturer’s instructions.

Cell proliferation analysis

Cell proliferation of MC3T3-E1 cells in 96-well microplates
cultured for three days was assessed using the Cell Prolif-
eration ELISA, BrdU (colorimetric) (Roche, Basel, Swit-
zerland), following the manufacturer’s instructions. The
absorbance of the samples was measured at a wavelength
of 450 nm using Microplate Reader (Model 680, Bio-Rad
Laboratories, Hercules, CA, USA). The relative absorbance
was calculated as a ratio to that of the control samples.

RNA and DNA isolation and quantitative real-time
PCR

The humerus at postnatal 5-6 days was excised and the bone
marrow was thoroughly flushed out with phosphate buffer
saline as previously described [27]. Total RNA and DNA
content were isolated from humerus and MC3T3-E1 cells
using RNeasy or DNeasy (Qiagen, Venlo, Netherlands), and
RNA was reverse-transcribed using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City,

MA, USA) according to the manufacturer’s instructions.
Quantitative real-time PCR (qPCR) of complementary DNA
(cDNA) and total extracted DNA was performed using TB
Green® Premix Ex Taq™ II (T1li RNaseH Plus) (Takara Bio,
Shiga, Japan). f-actin expression and nuclear DNA (nDNA)
copy number served as controls for RNA expression and
mitochondrial DNA copy number, respectively. Changes in
gene expression were quantified using the AACT method.
Primer sequences used for qPCR are listed in Table 1.

Analysis of oxygen consumption rate (OCR)

Cellular OCR was analyzed using a Cell Mito Stress Test
Kit (Agilent Technologies, Santa Clara, CA, USA), accord-
ing to the manufacturer’s instructions. Briefly, the cells
were seeded onto an XFp Cell Culture Miniplate (Agilent
Technologies) at 3 x 10480 uL/well and incubated over-
night. OCR measurements were performed with 1 pM oli-
gomycin, 2 uM FCCP, 0.5 uM rotenone, and antimycin A
using a Seahorse XFp Extracellular Flux Analyzer (Agilent
Technologies).

Analysis of ATP content in the humerus

The ATP content in the humerus was measured using
ATPlite (Perkin Elmer, Waltham, MA, USA) according to
the manufacturer’s instructions.

Proteomic analysis

For proteomic analysis (Medical Proteoscope, Kanagawa,
Japan), paraffin blocks of humerus obtained from postna-
tal day 6 Tfam-cKO and control mice were sectioned into
10 pm thick sections for laser microdissection. The sections

Table 1 Primers in real-time Forward (5'—3")

Reverse (5'—3")

PCR
Tfam TCTGTCTCCTGAGGAAAAGCAG
B-actin CTAAGGCCAACCGTGAAAAGATGAC
Collal GCTCCTCTTAGGGGCCACT
Oc AAGCAGGAGGGCAATAAGGTAG
Runx2 AATTGCAGGCTTCGTGGTTG
Mmpl3 CTTTGGCTTAGAGGTGACTGG
mt-Col ATGCAGGAGCATCAGTAGACCTAAC
mt-Nd1 TTACTTCTGCCAGCCTGACCCATAG
mt-Atp6 GGAGCCGTAATTACAGGCTTCCGAC
mt-Atp8 AAAGTCTCATCACAAACATTCCCAC
Sodl GCGGTGAACCAGTTGTGTTGTC
Sod?2 ATGTTACAACTCAGGTCGCTCTTC
Sod3 CTCTTGGGAGAGCCTGACA
mtDNA CCTATCACCCTTGCCATCAT
nDNA ATGGAAAGCCTGCCATCATG

TCACACTTCGACGGATGAGATC
TCTCCGGAGTCCATCACAATGCCTG
CCACGTCTCACCATTGGGG
TCTGATAGCTCGTCACAAGCAG
TGTGTTCCTAGGTTCTCCAAGC
AGGCACTCCACATCTTGGTTT
GAGTTTGATACTGTGTTATGGCTGG
GCTGCGTATTCTACGTTAAACCCTG
GCCGGACTGCTAATGCCATTGGTTG
GGGGTAATGAATGAGGCAAATAGAT
CAGTCACATTGCCCAGGTCTCC
TGATAGCCTCCAGCAACTCTCC
GCCAGTAGCAAGCCGTAGAA
GAGGCTGTTGCTTGTGTGAC
TCCTTGTTGTTCAGCATCAC
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were deparaffinized and stained with hematoxylin to deter-
mine the cortical bone area. Microdissection was performed
using LMD7000 (Leica, Wetzlar, Germany), and total areas
of 6.64 mm? and 6.95 mm? were transferred into micro-
tubes from the section of Tfam-cKO and the control mice,
respectively. Proteins were extracted and digested with
trypsin using Liquid Tissue (Expression Pathology Inc.,
Rockville, MD, USA) according to the manufacturer’s
instructions. The digested peptide samples (2 pL) were ana-
lyzed by liquid chromatography—tandem mass spectrometry
(LC-MS/MS) using an Ultimate 3000 RSLCnano (Thermo
Fisher Scientific, Waltham, MA, USA) and a Q Exactive
Orbitrap mass spectrometer (Thermo Fisher Scientific), as
previously described [28]. The MS/MS data obtained were
searched against mouse protein sequences (17,013 entries)
in the Swiss-Prot database (January 2019) and the amino
acid sequences of protein contaminants (116 entries) in the
Global Proteome Machine Organization using MASCOT
software, version 2.5 (Matrix Science, London, United King-
dom). We used a 1% false discovery rate as the cut-off for
peptide and protein identification. All data were deposited
into jPOST (identification number JPST001511) and Pro-
teome XChange (PXID identification number PXD031994).

Transmission electron microscope (TEM) analysis

The humeral tissues were pretreated for TEM observa-
tions as previously described [29]. Briefly, specimens were
immersed in a mixture containing 2% paraformaldehyde and
2.5% glutaraldehyde diluted in 0.067 M cacodylate buffer
(pH 7.4). After fixation, some specimens were decalcified
for 1-2 weeks with 5% EDTA and subsequently post-fixed
with 1 % osmium tetraoxide in 0.1 M cacodylate buffer
for 4 h at 4°C, dehydrated in ascending acetone solutions,
and embedded in epoxy resin (Epon 812, Berkshire, UK).
The remaining specimens were undecalcified and post-
fixed with osmium tetraoxide for epoxy resin embedding.
Ultrathin sections of the decalcified specimens were pre-
pared using an ultramicrotome and were stained with uranyl
acetate, lead citrate, and tannate before TEM observations
(Hitachi H-7100, Hitachi Co. Ltd, Tokyo, Japan) at 80 kV
[30]. Unstained sections of the undecalcified specimens
were prepared and observed (Tokai Electron Microscopy
Inc., Aichi, Japan). The specimens were ultra-thin-sectioned
at 90 nm with a diamond knife using an ultramicrotome
(Ultracut UCT; Leica), and the sections were mounted on
copper grids. The grids were observed under a TEM (JEM-
1400Plus; JEOL Ltd., Tokyo, Japan) at 100 kV.

Mitochondrial membrane potential assay (JC-1)

The MitoPT® JC-1 Assay kit (Immunochemistry Tech-
nologies, Bloomington, MN, USA) was used to detect the
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mitochondrial membrane potential according to the manu-
facturer’s instructions.

Next-generation sequencing (NGS) analysis

The total extracted RNA from the humeral bone of postnatal
day 6 mice was subjected to RNA sequencing (RNA-seq)
as previously described [31-33]. The integrity of isolated
RNA was verified using a 2100 Bioanalyzer (Agilent Tech-
nologies). RNA samples with an integrity number > 8 were
normalized to 100 ng/mL before further analysis. RNA-seq
libraries were prepared using the NEBNext Ultra II Direc-
tional RNA Library Prep Kit for Illumina, NEBNext Poly
(A) mRNA Magnetic Isolation Module, and NEBNext Mul-
tiplex Oligos for Illumina (New England Biolabs, MA, USA)
according to the manufacturer’s instructions. Each library
was sequenced on the MiSeq system with the MiSeq Rea-
gent kit v3 150 cycles (Illumina, San Diego, CA, USA) using
75 base pair ends. Differentially expressed genes were deter-
mined using an exact test after normalization. The genes
with expression levels that were significantly increased
or decreased in Tfam-cKO mice by more than two-fold
compared with the control mice were extracted for further
analyses. Pathway analysis was performed using DAVID
Bioinformatics Resources (https://david.ncifcrf.gov/), as
described previously [34]. RNA-seq data were deposited in
the Gene Expression Omnibus database under the accession
code GSE196628.

Analysis of apatite c-axis orientation by microbeam
X-ray diffractometer

The apatite c-axis orientation of the humerus was analyzed
using a microbeam X-ray diffractometer (WUXRD) system
(R-Axis BQ, Rigaku, Tokyo, Japan), which was equipped
with a transmission-type optical system and an imaging plate
(storage phosphors) (FUJIFILM, Tokyo, Japan), as previ-
ously described [18]. The measurements were performed at
seven points along the bone axis with a regular interval of
1/10th of the bone length, and point 5 corresponded to the
bone longitudinal center. The incident X-ray was focused
on a beam spot 300 um in diameter by a double-pinhole
metal collimator and radiated in the anteroposterior axis;
diffraction data were collected for 1200 s. The degree of
preferential orientation of the apatite c-axis was assessed as
the ratio of the relative intensity of the (002) diffraction peak
to that of the (310) peak in the X-ray profile. The intensity
ratio was calculated from the upper and lower parts of the
Debye ring, and averaged. Detected values > 0.8 indicated
the presence of anisotropic apatite c-axis orientation in the
bone longitudinal axis.
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Analysis of collagen orientation by birefringence
analyzer

Collagen orientation of the left humerus was analyzed
using a two-dimensional birefringence measurement system
WPA-micro (Photonic Lattice, Miyagi, Japan) attached to
an upright microscope (BX60; Olympus, Tokyo, Japan), as
previously described [18, 19]. Specimens were sagittally cut
into 10 um-thick sections, and deparaffinized sections were
imaged using a 20 X objective lens. For a quantitative com-
parison of collagen orientation, the orientation order param-
eter, which takes a value ranging from -1 (collagen perfectly
aligned perpendicular to the longitudinal axis) to 1 (collagen
perfectly aligned parallel to the longitudinal axis), was cal-
culated as previously described [35]. Data were acquired
from the anterior and posterior cortices at the center of the
bone length and the results were averaged.

Analysis of Young’s modulus using nanoindentation

Young’s modulus was analyzed using a nanoindentation
system (ENT-1100; Elionix, Tokyo, Japan) as previously
described [18]. Embedded humeral bone specimens were
cut transversely at the longitudinal center, and their surfaces
were ground and mirror-polished. Load—depth measure-
ments were carried out according to the established condi-
tions [36]. Young’s modulus and hardness were determined
using the method described by Oliver and Pharr [37]. Five
indentations were created on the anterior and posterior cor-
tices and the results were averaged.

Statistical analysis

All data were analyzed using GraphPad Prism software
(GraphPad, San Diego, CA, USA). Data are expressed as the
mean =+ standard deviation. The experiments were repeated
at least thrice. Statistical significance was analyzed using
unpaired ¢ test, one-way analysis of variance, and Tukey’s
test as a post hoc test. p value < 0.05 was considered statisti-
cally significant (*p <0.05, *¥p <0.01).

Results

Conditional deletion of Tfam in Prx1 expressing limb
mesenchyme caused spontaneous bone fractures
and severe skeletal deformities of the limbs

To investigate the mitochondrial function during bone forma-
tion in vivo, we created Prx/ expressing limb mesenchyme-
specific Tfam knockout (Tfam-cKO) mice. Tfam-cKO mice
were born at the expected Mendelian frequencies. Deletion
of Tfam genes was confirmed in the limb mesenchyme of

Tfam-cKO mice (Figure S1a), and the expression of Tfam
was significantly reduced in the humerus of Tfam-cKO mice
compared with that of the control mice (Figure S1b). The fore-
limbs of Tfam-cKO mice were markedly shortened from birth
which is the same phenotypes reported previously [38], and the
shortening of the radius was more significant than that of the
humerus (Fig. 1a—c). Surprisingly, Tfam-cKO mice forelimbs
presented spontaneous bone fractures around the olecranon
within a few days and 1 week after birth (Fig. 1b, d). These
bone phenotypes progressed with aging and finally reached
severe skeletal deformities (Fig. 1a, b, d). The appearance of
joints in the forelimbs of Tfam-cKO mice did not change mor-
phologically until fractures occurred (Fig. 1b, d).

Osteoblast differentiation and maturation were
inhibited in Tfam-cKO mice

Next, we performed histological and gene expression anal-
yses to investigate osteogenesis in the Tfam-cKO mice.
Mesenchymal condensation in the limb bud and chondro-
cyte differentiation in the growth plate were comparable
between Tfam-cKO and control mice at embryonic 13.5 days
(Fig. 2a); moreover, the overall structure of the develop-
ing growth plate was also comparable in 7fam-cKO mice
reported previously [38] (Fig. 2a). The formation of the
first ossification center was clearly delayed at embryonic
16.5 days in Tfam-cKO mice, and the hypoplasia of bone
trabeculae became apparent at 0 and 14 days after birth
(Fig. 2a). Tfam-cKO mice exhibited decreased expression
of collagen type I alpha 1 (Collal) in the first ossification
center and Oc in the bone collar compared to control mice.
In contrast, the expression of Runx2, which is expressed in
preosteoblasts and differentiated osteoblasts, did not change
(Fig. 2b). Indeed, gPCR analyses showed that Collal and
Oc expression in the humerus derived from 7fam-cKO mice
was significantly decreased compared to that in the control
mice, and the expression of Runx2 was unchanged (Fig. 2c¢).
As shown in Fig. 2d, Tfam-cKO mice showed decreased
mineralization in the bone collar and cortical bone by von
Kossa staining with decreased ALP activity. Moreover, the
number of Ki67 positive cells in the cancellous bones was
lower in Tfam-cKO mice (Figure S2a), and the number of
TUNEL-positive cells did not differ between the two mice
(p=0.844 in hypertrophic zone and p =0.585 in trabecu-
lar bone) (Figure S2b, S2c¢). Additionally, the expression of
Mmp13 and the number of TRACP-positive cells, which are
osteoclast markers, were similar in both mice (Fig. 2b—d).

The expressions of Co/7a7 and Oc genes were
downregulated in the humerus of Tfam-cKO mice

Global gene expression in the humerus obtained from
Tfam-cKO and control mice was analyzed by NGS. The
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Fig.1 Skeletal phenotypes in Tfam-cKO mice. a Gross appearance of
embryonic 16.5 days, newborn, postnatal 14 days and 3 months. The
bars denote 10 mm. b Skeletal preparation of whole mount and limbs
at newborn and postnatal 14 days. The bars denote 10 mm. ¢ Limb
length ratio is calculated in humerus and radius at birth. The mean

expression levels of 929 genes were downregulated more
than two-fold in the Tfam-cKO mice. Among the 929
genes, 279 were significantly differentially expressed
between the two groups (q < 0.05). Additionally, 140 genes
with expression values higher than the median value of the
control were selected (Fig. 3a, b). Collal and Oc were
included in these genes (Fig. 3a). Next, we performed
Gene Ontology (GO) analyses of these 140 genes using
the DAVID Bioinformatics Resources. Enriched func-
tional annotation clustering of keywords (Up keywords
category), such as “Calcium,” “Collagen,” “Extracellu-
lar matrix (ECM)” and “Metal-binding”, was confirmed
(Fig. 3¢). Moreover, “Extracellular space,” “Extracellular
region,” “Proteinaceous ECM,” “Collagen type I trimer,”
and “collagen trimer” were enriched in GO terms of Cellu-
lar Component category (Fig. 3d). In GO terms of Molecu-
lar Function category, “Collagen binding,” “structural con-
stituent of bone” and “ECM structural constituent” were
enriched (Fig. 3e).
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at postnatal 14 days and 3 months. The bars denote 10 mm. Micro-
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Bone fragility of Tfam-cKO mice

was through inhibition of type | collagen deposition
and mineralization of bone matrix in association
with impairment of apatite orientation

Following NGS analysis, we focused on type I collagen,
which is produced by osteoblasts, as the main collagen-
composed bone matrix [12]. We performed immunohis-
tochemical analysis, TEM observations, and orientation
analysis to detect the protein expression level of type I
collagen, deposition of collagen fibers, and collagen
orientation properties, respectively. Proteomic analysis
and histochemical staining revealed that type I collagen
expression and deposition were markedly reduced in the
humerus, particularly in the cortical bone of Tfam-cKO
mice, compared with that in control mice (Fig. 4a, S3a).
Furthermore, type I collagen fibers in the cortex stained by
Picrosirius Red and in the bone matrix directly under oste-
oblasts shown in TEM observations were thinner and less
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staining at embryonic 16.5 days, newborn and postnatal 14 days. The
bars denote 200 pm. b In situ hybridization to assess expression of
osteoblast and osteoclast markers in ulna at embryonic 16.5 days. The
bars denote 200 pm. ¢ Expression of osteoblast and osteoclast mark-

dense in Tfam-cKO mice than in control mice (Fig. 4a, b).
In addition, collagen orientation at the humerus in Tfam-
c¢KO mice was lower than that in control mice (Fig. 4c).
Next, we focused on apatite orientation, which is involved
in bone strength. Histochemical staining showed that Oc
expression decreased in the humerus of Tfam-cKO mice
(Fig. 4d). TEM observations showed that calcified spheri-
cal bodies in the bone matrix directly under osteoblasts
were decreased in Tfam-cKO mice (Fig. 4e). Interestingly,
orientation analysis showed that the intensity ratio of apa-
tite c-axis orientation at the humeral diaphyseal center in
Tfam-cKO mice was significantly lower than that in con-
trol mice. Although the values were much greater than
0.8 in control mice, the values in Tfam-cKO mice were
near 0.8, indicating an isotropic orientation (Fig. 4f). This

E 16.5 PO P14

Mmpl3

(b) Runx2 Collal Oc

TRACP, E 16.5

ers in humerus at postnatal 6 days by qPCR. The mean values +SD
of expression ratio to p-actin are shown (3 biological replicates, 3
technical replicates). d von Kossa staining at embryonic 16.5 days,
ALP staining at newborn and TRACP staining (arrowheads indi-
cate TRACP-positive cells) at embryonic 16.5 days. The bars denote
100 pm

result revealed that the anisotropic apatite c-axis orienta-
tion was lost along the longitudinal axis of the humerus
in Tfam-cKO mice. Moreover, analysis of the mechanical
properties of the humerus in 7Tfam-cKO mice showed that
Young’s modulus and hardness at the diaphyseal center
of the humerus were significantly lower than those in the
control mice (Fig. 4g). Finally, we performed a multiple
regression analysis to calculate the factor coefficient of
orientational dominance in Young’s modulus and hard-
ness. The factor scores of apatite orientation for both
parameters were significantly higher than those of collagen
orientation were (Fig. 4h), indicating that bone fragility of
limbs in Tfam-cKO mice was affected by impairment of
mineralization rather than that of collagen fibrillogenesis
and nano-organization.

@ Springer



Journal of Bone and Mineral Metabolism

(a) (b)

Volcano plot

T 40

T 30

T 20

T 10

-log10 (p.value)

)
-4 2 0 2 4
log2 fold change (Tfam-cKO/CTL)

(0

Top 18 enriched keywords in Down 140 genes

Signal
Disulfide bond

Phosnh

otein
Glycoprotein
Secreted
domain
[ Calcium ]
| matrix]
Hydrolase m———
Adaptive immunity
Alternative splicing
Immunity
Activator
Nitration
EGF-like domain
Pyrrolidone carboxylic acid  m—

Metal-binding | m—

0 2
W -log (P Value)

[Extr

Fig.3 NGS analysis of RNA sequence in humeral bone of postna-
tal day 6 Tfam-cKO mice. a Volcano plot for RNA sequencing data
obtained from humerus at postnatal 6 days (3 biological replicates).
All of dots indicate genes that are significantly (¢<0.05) and dif-
ferentially expressed in Tfam-cKO mice by more than two-fold,
of which black dots indicate genes that express higher than median
value of the control genes expression. Collal: collagen type I alpha
1, Oc: osteocalcin. b The table summarizes the number and percent-
age of differentially expressed (upper row), significantly expressed

mtDNA maintenance and aerobic energy production
were impaired in the osteoblasts of Tfam-cKO mice

To confirm mitochondrial dysfunction in the osteoblasts of
Tfam-cKO mice, mitochondrial membrane potential was ana-
lyzed using JC-1 assay. Red fluorescence, which indicated
high mitochondrial membrane potential, was decreased in the
osteoblasts derived from the humerus of 7fam-cKO mice com-
pared with those of the control mice (Fig. 5a). The contents
of mtDNA and ATPs in the humerus of Tfam-cKO mice were
markedly reduced compared to those of the control humerus
(Fig. 5b, ¢). The expression of mitochondrial aerobic energy
metabolism-associated genes, such as mt-Col, mt-NdlI, mt-
Atp6, and mt-Atp8, was significantly decreased in the humerus
of Tfam-cKO mice (Fig. 5d), whereas the genes associated
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genes (middle row) and expressed higher than median value of the
control genes expression (lower row). ¢ Gene Ontology (GO) analysis
using the DAVID Bioinformatics Resources. Functional annotation
clustering of keywords among the GO terms for 140 genes that are
significantly downregulated in Tfam-cKO mice compared with the
control mice. d The enriched GO Cellular Component in 144 genes
significantly downregulated in Tfam-cKO mice. e The enriched GO
Molecular Function in 144 genes significantly downregulated in
Tfam-cKO mice

with protection against reactive oxidative species (ROS) did
not change (Figure S4a). TEM observations clearly showed
morphological changes in the mitochondria and ER (Fig. Se).
Enlarged mitochondria with disarrayed cristae were apparent
in osteoblasts of the humerus of Tfam-cKO newborn mice,
and the change became more prominent four days after birth.
Moreover, there was an abundance of granular ERs in osteo-
blasts of control mice, whereas those in Tfam-cKO mice were
sparsely located (Fig. Se).
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Fig.4 Analyses of collagen fibrillogenesis, apatite deposition, and
mechanical property in Tfam-cKO mice. a Immunohistochemical
staining of type I collagen and Picrosirius Red staining to assess col-
lagen deposition and fibrillogenesis in proximal humerus at postna-
tal 6 days. The bars denote 100 pm. b Images obtained from TEM
observations. Sections are stained with uranyl acetate, lead citrate and
tannate. Yellow arrowheads indicate collagen fibers at bone matrix
directly under osteoblasts. White double-headed arrows indicate area
of collagen fiber fascicle at bone matrix. ob: osteoblast, bm: bone
matrix, cm: cartilage matrix, The bars denote 2 pm. ¢ Collagen ori-
entation of humerus at postnatal 6 days is analyzed by birefringence
analyzer. The mean values+SD of the orientation order parameter
are calculated (4 biological replicates). d Immunohistochemical stain-
ing of osteocalcin (Oc) in humerus at postnatal 6 days. Yellow arrow-

Inhibition of mitochondrial energy production
by Tfam knockdown or rotenone hampered
osteoblast proliferation and differentiation in vitro

To confirm whether inhibition of mitochondrial function
hampered osteoblast proliferation and differentiation in
vitro, preosteoblast-like MC3T3-E1 cells were cultured in
osteoblast differentiation media and treated with siTfam
(siTfam group) or non-targeting siRNA as a control (siCTL
group). The knockdown efficiency of siTfam is shown in
Figure 6a. The expression of Collal, Oc, and mtDNA in the

heads indicate Oc positive area. The bars denote 100 pm. e Images
obtained from TEM observations. Yellow arrowheads indicate calci-
fied spherical bodies in bone matrix. ob: osteoblast, bm: bone matrix,
cm: cartilage matrix. The bars denote 2 pm. f Apatite c-axis orienta-
tion of humerus at postnatal 6 days is analyzed by microbeam X-ray
diffractometer. The mean values+SD of intensity ratio are shown
(4 biological replicates). g Young’s modulus of humerus at postna-
tal 6 days are analyzed by nanoindentation. The mean values +SD of
Young’s modulus (GPa) and hardness (GPa) are shown (4 biological
replicates). h Multiple regression analysis to calculate the factor coef-
ficient of orientational dominance in Young’s modulus and hardness.
As the value of coefficient is higher, it indicates the dominance is
stronger

siTfam group was significantly decreased compared to that
in the siCTL group (Figure 6b). Cell proliferation was sig-
nificantly reduced in the si7fam group (Figure 6¢). Moreo-
ver, the basal OCR, maximal respiration, and mitochondrial
ATP production were significantly reduced in the siTfam
group (Figure 6d, e). These in vitro results represented the
gene expression and mitochondrial function of osteoblasts
in Tfam-cKO mice in vivo. Next, MC3T3-E1 cells were cul-
tured with rotenone, an inhibitor of mitochondrial aerobic
energy metabolism. The expression of Collal was signifi-
cantly decreased by rotenone in a dose-dependent manner
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Fig.5 Analysis of mitochondrial function and morphology in Tfam-
cKO mice. a Mitochondrial membrane potential in osteoblasts
derived from humerus of postnatal 6 days mice. Green color indicates
low potential and red color indicates high potential. The bars denote
100 pm. b mtDNA content in humerus at postnatal 6 days by qPCR.
Nuclear DNA (nDNA) served as control. The mean values+SD of
mtDNA ratio to nDNA are shown (3 biological replicates, 3 technical
replicates). ¢ ATP content in humerus at postnatal 6 days by chemilu-
minescence assay. The mean values + SD of relative intensity ratio to

(Figure 6f). However, Oc expression decreased slightly only
at a high dose of rotenone (Figure 6f). Intracellular ATP
levels and cell proliferation were significantly decreased by
rotenone in a dose-dependent manner, with no change in
mtDNA content (Figure 6g—1).

Discussion

Previous in vitro studies have investigated the effects of
energy production on osteoblast differentiation and function
during bone formation. Osteoblast differentiation depends
on a metabolic shift from glycolysis in the cytosol of MSCs
and osteogenic progenitors to oxidative phosphorylation
(OxPhos) in the mitochondria of osteoblasts [39, 40]. The
activity of OxPhos increases during osteoblast differentia-
tion with increasing mitochondrial ATP production [41].
Inhibition of the mitochondrial respiratory chain suppresses
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the control are shown (3 biological replicates, 3 technical replicates).
d Expression of genes associated with mitochondrial aerobic energy
metabolism in humerus at postnatal 6 days by qPCR. The mean val-
ues +SD of expression ratio to fB-actin are shown (3 biological rep-
licates, 3 technical replicates). e Images obtained from TEM obser-
vations. Yellow arrowheads indicate mitochondria and red arrows
indicate rough ERs. ob: osteoblast, bm: bone matrix, cm: cartilage
matrix, The bars denote 2 pm

osteoblast maturation with decreasing expression of type I
collagen [42]. Thus, they supposed that mitochondrial ATP
production was critical for osteoblast differentiation and
function. Recently, Dobson et al. reported a role for mito-
chondrial function in osteoblast differentiation during bone
formation in vivo [21]. Accelerated mtDNA mutation by
knockout of mtDNA polymerase gamma (PolgA) acceler-
ates bone loss due to reduced osteoblast population densi-
ties, increased osteoclast population densities, and increased
bone resorption by osteoclasts in association with mito-
chondrial respiratory chain deficiency. Moreover, they also
inhibited matrix mineralization in vivo. Our study analyzed
the impact of mitochondrial dysfunction on bone forma-
tion following limb-mesenchyme-specific deletion of Tfam
genes. Similar to the findings from PolgA mutant mice [21],
Tfam-cKO mice exhibited impaired osteoblast proliferation,
differentiation, and function with decreased ALP activity,
type I collagen and osteocalcin production, and matrix
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Fig.6 Effects of Tfam knockdown or rotenone in osteoblast-like
MC3T3-E1 cells. a Expression of Tfam gene and osteoblast mark-
ers by qPCR with siRNA. siTfam or non-targeting siRNA as control
(siCTL). Cells are harvested at 3 days after transfection. The mean
values+SD of expression ratio to f-actin are shown (3 biological
replicates, 3 technical replicates). b mtDNA contents are assessed by
qPCR at 6 days after transfection. The mean values+SD of mtDNA
ratio to nuclear DNA (nDNA) are shown (3 biological replicates, 3
technical replicates). ¢ Cell proliferation analysis by BrdU at 2 days
after transfection. The mean values +SD of relative absorbance ratio
to dimethyl sulfoxide (DMSO) are shown (3 biological replicates, 3
technical replicates). d Oxygen consumption ratio (OCR) are ana-
lyzed at 48 h after transfection of siTfam or siCTL. The OCR changes
over time are measured and the mean values +SD are shown (3 bio-
logical replicates, 3 technical replicates). e Basal OCR, maximal

mineralization due to mitochondrial dysfunction. However,
Tfam-cKO mice exhibited severe spontaneous bone frac-
tures after birth, whereas, in contrast, the PolgA mutant mice
showed an age-related loss of bone, a phenotype which is
weaker compared with that in Tfam-cKO mice. In addition,
the osteoclast population density was assumed unchanged
in Tfam-cKO mice. These findings raise the possibility that
Tfam and PolgA may have different functions other than the
maintenance of mtDNA during bone formation.

respiration, and mitochondrial ATP production are calculated. The
mean values + SD are shown (3 biological replicates, 3 technical rep-
licates). f Expression of osteoblast markers by qPCR after adminis-
tration of rotenone. Rotenone or DMSO as control is added for 48 h
before harvested. The mean values +SD of expression ratio to f-actin
are shown (3 biological replicates, 3 technical replicates). g mtDNA
contents are assessed by qPCR at 48 h after administration of rote-
none. The mean values+SD of mtDNA ratio to nDNA are shown (3
biological replicates, 3 technical replicates). h Intracellular ATP is
assessed by chemiluminescence assay at 48 h after administration of
rotenone. The mean values +SD of relative ATP ratio to DMSO are
shown (3 biological replicates, 3 technical replicates). i Cell prolifera-
tion is analyzed by BrdU at 48 h after administration of rotenone. The
mean values &+ SD of relative absorbance ratio to DMSO are shown (3
biological replicates, 3 technical replicates)

Bone is composed of collagen fibrils filled with apatite
mineral crystallite. Bone quality includes a wide range of
compositional factors, such as collagen content, mineral
crystallinity, and collagen/apatite alignment, which are
related to bone strength [43]. ATP induces mineralization
by serving as a phosphate source for mineral deposition [44].
Our study showed that not only poor collagen fibrillogenesis
due to decreased expression and matrix deposition of type I
collagen but also decreased matrix mineralization resulted in
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bone fragility in 7fam-cKO mice. Non-collagenous proteins,
such as Oc, are also important for bone nano-structure and
mechanical property [45]. Moriishi et al. reported that Oc
is required for bone quality and strength by adjusting the
alignment of biological apatite c-axis parallel to the colla-
gen fibrils [46]. Our study showed that the expression of the
Oc gene and protein was decreased. The degree of collagen
orientation was significantly lower in 7fam-cKO mice than
in control mice. However, it was still a strong preferential
orientation along the humerus longitudinal axis. Neverthe-
less, the orientation of the apatite c-axis was completely dis-
ordered in Tfam-cKO mice, and the orientation relationship
between collagen and apatite c-axis seen in normal bone was
disrupted due to the reduced expression of Oc. Mineraliza-
tion was also impaired with a decrease in calcified spheri-
cal bodies in the bones of Tfam-cKO mice. Furthermore,
multiple regression analysis showed that the factor scores of
apatite c-axis orientation for Young’s modulus and hardness
were significantly higher than those of collagen orientation.
Thus, the deterioration of apatite orientation had a more
critical effect on bone fragility than collagen orientation in
Tfam-cKO mice.

Mitochondria are not only the main source of energy
production, but also regulators of protection against ROS
and cell death via apoptosis [47, 48]. Increased ROS levels
with upregulation of aerobic mitochondrial metabolism dur-
ing osteoblast differentiation were prevented by superoxide
dismutase and catalase [47]. In Tfam-cKO mice, TUNEL-
positive cells in cancellous bones were not changed com-
pared to those in control mice. These findings suggest that
ROS and cell death do not contribute to bone fragility in
Tfam-cKO mice.

Ca’* regulation is important for bone matrix miner-
alization. Previous findings suggest that mitochondrial
ATP production may be important for mineralization due
to Ca’* supplied from the ER [48]. Ca®* levels in the ER
are maintained by the energy-consuming pumping activity
of Ca>*-ATPases located in the sarco/endoplasmic reticu-
lum (SERCA), and the lumen of the ER is considered a
major intracellular Ca®* storage site that is connected to
mitochondria-associated membranes [48, 49]. Lysosomes
directly contact the mitochondria and subsequently trans-
port Ca* to the extracellular space as calcium-containing
micro-vesicles [50, 51]. Our study showed that calcified
spherical bodies in the bone matrix directly under osteo-
blasts were decreased and granular ERs in osteoblasts were
sparsely located in Tfam-cKO mice. We also identified that
ATP2A3, which is a SERCA gene, was downregulated by
RNA-seq (shown in the database). These results suggest
Tfam is involved in Ca?* storage in osteoblasts and bone
matrix mineralization. However, we did not find out the
changes in Ca®* content within mitochondria or ERs in
osteoblasts of Tfam-cKO mice (data not shown); therefore,

@ Springer

further investigations are required to reveal the association
between Ca?* storage in mitochondria and ERs, and min-
eralization in the bone matrix of Tfam-cKO mice.

Our study found that both mitochondrial dysfunction
by Tfam knockdown in vitro and selective inhibition of
mitochondrial energy production by rotenone markedly
decreased the levels of intracellular ATP. In both condi-
tions, the levels of extracellular lactate were increased (data
not shown), suggesting that the cells in our in vitro study
survive through compensatory stimulation of glycolysis at
least for 48 hours after their treatment. Tfam knockdown
also decreased Collal and Oc expression, whereas rotenone
administration slightly decreased Oc expression. The previ-
ous study showed that Oc expression of zebrafish larvae in
the group of rotenone treatment was lower than in the control
group. It causes oxidative stress, thus increased ROS, which
inhibit bone growth [52]. In contrast, our study showed that
downregulation of Tfam expression significantly decreased
Oc expression without change of Sod expression, suggest-
ing that impairment of bone formation by Tfam deletion is
caused not only by mitochondrial ATP deficiency, but by
unknown mechanisms behind decreased Oc expression in
Tfam deficiency. Further investigations are needed to clarify
the molecular mechanisms of Oc gene expression by Tfam.

In conclusion, mitochondrial dysfunction caused by the
deletion of Tfam genes in limb mesenchyme results in spon-
taneous bone fractures and leads to severe limb deformities.
These bone phenotypes were caused by a decrease in type I
collagen production and mineralization due to the impedi-
ment of osteoblast differentiation and function, mainly
through inhibition of mitochondrial energy production.
Furthermore, the deterioration of apatite orientation has a
marked effect on bone strength beyond collagen fibrillogen-
esis under mitochondrial dysfunction in osteoblasts, through
the decreased expression of Oc.
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