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Global gene deletion studies have established that Runt-related transcription factor-2 (Runx2) is
essential during skeletogenesis for osteoblastic differentiation in both intramembranous and endo-
chondral ossification processes. However, the postnatal significance of Runx2 in vivo is poorly understood
because a global Runx2 deletion causes perinatal lethality. In this study, we generated tamoxifen-
induced Runx2 global deficient mice by crossing Runx2 mice with ROSA26-CreER™ mice (Rosa26-
CreER™; Runx2f10¥/feX) Four-week-old mice were intraperitoneally treated with tamoxifen for five
consecutive days, sacrificed, and analyzed six weeks after tamoxifen administration. Deletion of Runx2
led to low bone mass, which is associated with decreased bone formation and bone resorption as well as
excessive bone marrow adiposity. Collectively, postnatal Runx2 absolutely plays an important role in
maintaining the homeostasis of bone tissues not only in bone mass, but also in the bone marrow

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Bone formation and resorption are tightly regulated by bone-
forming osteoblasts and bone-resorbing osteoclasts, respectively
[1,2]. The osteoblast lineage is derived from primitive multipotent
mesenchymal stem cells, whereas the osteoclasts are multinucle-
ated cells derived from the fusion of mononuclear hematopoietic
precursors. Osteoporosis is a common skeletal disease, especially in

Abbreviations: BCA, bicinchoninic acid; BFR/BS, Bone formation rate/bone sur-
face; BM, bone marrow; BV/TV, bone volume/tissue volume; Ct.Wi, cortical width;
dnRunx2, dominant negative Runx2; N.Ob/B.Pm, number of osteoblasts per bone
perimeter; N.Oc/B.Pm, number of osteoclasts per bone perimeter; Ob.S/BS, osteo-
blast surface per bone surface; Oc.S/BS, osteoclast surface per bone surface; OPN,
Osteopontin; PFA, paraformaldehyde; PLIN, perilipin; PVDF, polyvinylidene
difluoride; qPCR, quantitative RT-PCR; Runx2, Runt-related transcription factor-2;
TRAP, Tartrate-resistant acid phosphatase.
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the aged human population, and is attributed to diminished oste-
oblast production and function. Osteoblast reduction and increased
adipocyte content in the bone marrow (BM) upon aging are
involved not only in decreased bone formation, but also in aging-
associated hematopoietic changes, including preferential differen-
tiation, into myeloid accompanied with the loss of B cell lineage
[3—6]. Thus, investigations on osteoblast maintenance in BM have a
direct medical significance.

The runt-related transcription factor 2 (Runx2) is a member of
the Runt family of transcription factors, which play a critical role in
cellular differentiation processes of osteoblasts in mice and in
humans [7—9]. Experiments using global Runx2 deletion (Runx2~/
~)mice [10,11] showed that Runx2 is necessary to induce osteoblast
differentiation. Runx2 is tightly regulated by several factors,
including MAF [12], TAZ [13], pRb [14] and Twist [15]. It regulates
multiple osteoblastic genes that determine osteoblastic pheno-
types. There is accumulating evidence showing Runx2's impor-
tance during skeletogenesis in developmental stages; however, its
role in postnatal stages, such as during bone remodeling, remains
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poorly understood since global Runx2 deletion leads to perinatal
lethality [10,11]. To improve our understanding of Runx2 functions
in vivo, we previously generated conditional knockout mice car-
rying a conditional Runx2 allele within exon 4, which encodes the
Runt domain, flanked by loxP sites [16]. This mouse model allowed
Runx2 characterization in specific cells [17] as well as its postnatal
role in vivo using a tamoxifen-inducible CreER™ system.

Here, we generated mice that allowed an induced Runx2 gene
deletion in adult mice by crossing Runx2'®* mice with ROSA26-
CreER™ mice, wherein the recombination of loxP-floxed allele
occurred throughout the body upon tamoxifen administration. We
observed that postnatal Runx2 deletion led to low-turnover oste-
oporosis and adipocytes accumulation in the BM. Thus, our data
demonstrated that Runx2 deletion in adult mice led to aging-
associated phenotypes in BM.

2. Materials and methods
2.1. Experimental animals

Rosa26-CreER™ mice were kindly provided by Dr. Tyler Jacks
(Massachusetts Institute of Technology) [18]. Runx2 conditional
knockout mice, floxed exon 4 of the Runx2 gene (Runx2°/+) mice
[16], were bred in the in-house animal facility at Department of
Animal Resources, Advanced Science Research Center, Okayama
University. All animal experiments were approved by the Com-
mittee on Animal Experimentation of Okayama University and
performed in compliance with University Guidelines for the Care
and Use of Laboratory Animals. Genotyping was performed by PCR
using tail genomic DNA. To determine the presence of the Rosa26-
CreER™ allele, genomic DNA was amplified using the following ol-
igonucleotides to generate a wild-type product corresponding to
650 bp and a mutant product corresponding to 825 bp: R26R-univF
(5’-AAAGTCGCTCTGAGTTGTTAT-3’), R26R-wtR (5'-GGAGCGGGA-
GAAATGGATATG-3'), CreER-R1 (5'-CCTGATCCTGGCAATTTCG-3'). To
determine the presence of the Runx2 gene's Floxed allele, genomic
DNA was amplified using the following oligonucleotides to
generate a wild-type product corresponding to 320 bp and a
mutant band corresponding to 521 bp: (5-TAAATCCA-
GATGCCCCTGAG-3'), (5'- TTGAAACCATCCACAGGTGA-3’). To acti-
vate the Cre recombinase, mice were intraperitoneally treated with
tamoxifen (Sigma) at 70 mg/kg/day for 5 consecutive days.

2.2. Western blotting

Proteins were extracted with lysis buffer (0.1 M Tris [pH 6.7], 4%
SDS) and quantified with bicinchoninic acid (BCA) protein assay kit
(Takara). Lysate samples (10 ug) were separated on 12.5% SDS-
PAGE, and the proteins were subsequently transferred onto
0.45 mm polyvinylidene difluoride (PVDF) membranes (Millipore).
Membranes were blocked in PBS supplemented with 5% (w/v) BSA
and 0.02% (v/v) Tween 20 for 1 hour at room temperature. The
membranes were incubated overnight with primary antibodies at
4 °C. The secondary antibodies were HRP-conjugated (Cell signaling
technology). The signals were enhanced with Immobilon ECL Ultra
Western HRP Substrate (Merck) and detected by Amersham Imager
600 (GE Healthcare). The following primary antibodies were used:
anti-Runx2 (1:2000, Cell signaling technology, 12556) and anti-f-
actin (1:2000, Santa Cruz, sc-47778).

2.3. uCT analyses
The tibiae were analyzed by micro-computer tomography (mi-

cro-CT, SkyScan 1174) for 3D image reconstruction as described
[19]. Analyses of the trabecular bone volume/tissue volume (BV/TV)

and cortical width (Ct.Wi) were calculated based on volumes with a
height of 0.3 mm from the growth plate.

2.4. Histology

For paraffin sections, tibiae were fixed with 4% para-
formaldehyde (PFA) for 3 days and then decalcified for 7 days using
Morse Solution (Wako Pure Chemical Industries Ltd.). The decal-
cified samples were embedded in paraffin according to the con-
ventional method. Sections (5 pm thickness) were prepared,
deparaffinized, and stained with HE. For frozen sections, tibiae
were fixed with 4% PFA for 3 days, followed by immersion in 20%
sucrose, and then embedded in a super cryoembedding medium
(SECTION-LAB Co. Ltd.) and frozen in cooled hexane. Cryosections
(10 um thickness, Leica CM 3050) were generated by Kawamoto's
film method (Cryofilm type 2C9) with a tungsten carbide blade. ALP
staining was performed using NBT/BCIP Stock Solution (Roche).
Tartrate-resistant acid phosphatase (TRAP) staining was performed
using Fast Red Violet LB Salt (Sigma). Bone formation rate/bone
surface (BFR/BS), which is the calculated rate at which cancellous
bone surface and bone volume are replaced annually, was analyzed
by the calcein double-labeling method. Calcein (Sigma) was injec-
ted into mice twice at 3-day intervals, and mice were sacrificed 2
days after the last injection as described previously [20]. Bone
histomorphometric analyses were performed using the
OsteoMeasure analysis system (OsteoMetrics) according to stan-
dard protocols [21]. For immunofluorescent staining, frozen sec-
tions were stained with specific antibodies (Supplemental Table 1).
Images were acquired using BX-X710 (Keyence).

2.5. RNA isolation and quantitative RT-PCR (qPCR)

Total RNA was extracted from BM-flushed bone, followed by the
synthesis of cDNA using reverse transcriptase and oligo-dT primer.
The cDNA samples were then used as templates for real-time PCR
analysis, which was performed on AriaMx (Agilent Technologies)
using specific primers for each gene (Supplemental Table 2).
Expression levels of the genes examined were normalized using
Actb expression as an internal control for each sample.

2.6. Statistical analyses

All results are expressed as the mean + S.E., and statistical sig-
nificance was determined using the two-tailed and unpaired Stu-
dent's t-tests or two-way analysis of variance with the
Tukey—Kramer post-hoc test.

3. Results

3.1. Postnatal Runx2 deletion causes low-turnover osteoporosis and
increased bone marrow adiposity

Transgenic mice with a global Runx2 deletion model exhibited
skeletal dysplasia and died around birth [10,11]. To investigate
postnatal Runx2's role in vivo, we generated the Rosa26-CreER™;
Runx2f¥flox conditional knockout mice, which enabled us to delete
the Runx2 gene upon tamoxifen administration. We injected either
vehicle (corn oil) or tamoxifen at 70 mg/kg/day for 5 consecutive
days in postnatal 4-week-old Rosa26-CreER'™?; Runx2""! or Rosa26-
CreER™; Runx2°¥fx mjce. This was followed by determining
Runx2 protein expression in femurs 6 weeks after tamoxifen
administration. Western blotting analysis revealed a drastic
decrease of Runx2 protein expression in BM and BM-depleted bone
tissues only in Rosa26-CreER™; Runx270¥flX mijce injected with
tamoxifen compared to the other three groups (controls) (Fig. 1A),



1. Tosa et al. / Biochemical and Biophysical Research Communications 516 (2019) 1229—1233

D Rosa26-CreER™;
Runx2v"

Rosa26-CreER™;
RUn X2ﬂox/ﬂox

1231

A BM Bone

Rosa26-CreER™;||Rosa26-CreER™;| |Rosa26-CreER™;||Rosa26-CreER™;
Runx2v/» Runx2foxfiox Runx2+ Runx2oxex

Vehicle TAM Vehicle TAM Vehicle TAM Vehicle TAM

e DG SIS
Acth e e e TIDGEDGED e

g

B | Rosa26-CreER™; Runx2+* || Rosa26-CreER™; Runx2/mx |
Vehicle TAM

Vehicle TAM

C Trabecular bone Cortical bone £ Vehicle
= TAM
n.s. bl n.s. Fkk
80 i 807 oo .&

s60{ . = oo [+¢] [=

~ =5

> = :

g 40 | | 40

S =

@ 20

r,la'zo ﬂ
oLt r 0 r

T
RunX2WVWI RunXZfIOX/ﬂDX

RunXZWI/WI Runx2ﬂ0>(/ﬂox

Rosa26-CreER™; Rosa26-CreER'?; -
[ Rosa26-CreER™; Runx2v/t
E [ Rosa26-CreER™; Runx2"/ F 3 Rosa26-CreER™; Runx2fiox/fox
= Rosa26-CreER™; Runx2/o/"x Runx2 Sp7 Col1at Spp1 Alpl
1000 = _100q = S50 7— g 209 == 257 =~ 209 = 209 = 207 7
ok I £ 80q ., E . $c1sd,  209-  1sd, 15 154 +
o 60{E « Seo{F. T'° 88 |« 15, :
@ £ J™ E 510 . 1.0 1.0 1.0
@ 40- o 404 & sod|E 0? . 1.0 o
8 20- 3 904 | @ N £705 osd [zl - o5d[ 054[°] . 059 us
@] o [0} . ﬁ = ﬁ_ ° I'.‘.‘I
0- Z 9 @ 0 . X 00 0.0Lle 0.0 0.0 0.0
™ Tnfsf11  Tnfrsfila  Tnfrsf11b Acpb Cisk Nfatc1
801 ™/ g2 T g 207 =— 257 &= 254 D% 507 == 257 = 209 2
= : E20{ & 2 . 20 5igd = = .
£ 504 S s % $c15 2 “1 - - 1.5 1.5
2 . g 197 Sv 15 ° 154 o
& 0% 10- 8810 + 1.0 1.0-
104 - % - go 1.0 1 . 1.04 3 L]
o o 54 £705 054|: 054l I5] 057 0.51
b 3 : o [
0 0 X 00 0.0 0.0 0.0 0.0-

Fig. 1. Postnatal Runx2 deficiency leads to low bone mass. (A) Runx2 protein expression in bone marrow (BM) and BM-depleted bone tissues from Rosa26-CreER™; Runx2“""* or
Rosa26-CreER™; Runx2'¥f°X mice treated with vehicle or tamoxifen. (B) nCT 2D images of tibiae in Rosa26-CreER™; Runx2""* or Rosa26-CreER™?; Runx2°X/f°x mice treated with
vehicle or tamoxifen. (C) Quantification of bone parameters in B (n =5). BV/TV: bone volume/tissue volume; Ct.Wi: Cortical width. (D) Histological analyses of tibiae in Rosa26-
CreER™; Runx2""™* or Rosa26-CreER™; Runx2/fe* mice treated with tamoxifen. Bar = 50 pm. Immunohistochemical analyses of Runx2, Sp7, and Osteopontin (OPN) in tibiae of
Rosa26-CreER™; Runx2"¥"* or Rosa26-CreER™; Runx2°¥f°X mice treated with tamoxifen. BM: bone marrow; Ct.B: Cortical bone. Bar = 50 ym. (E) Histomorphometric analyses of
tibiae in Rosa26-CreER'™?; Runx2""* or Rosa26-CreER™; Runx2°¥M19X mice treated with tamoxifen. Ob.S/BS: osteoblast surface per bone surface; N. Ob/B. Pm: number of osteoblast
per bone perimeter; Oc.S/BS: osteoclast surface per bone surface; N. Oc/B. Pm: number of osteoclasts per bone perimeter; BFR: bone formation rate (n = 6). (F) mRNA expression in
BM-depleted bone tissues of tibiae in Rosa26-CreER™; Runx2""t or Rosa26-CreER™; Runx2°¥/M1°% mijce treated with tamoxifen (n = 4—8). Statistical significance was determined
using the two-tailed and unpaired Student's t-tests or two-way analysis of variance with the Tukey—Kramer post-hoc test, *p < 0.05; **p < 0.01; ***p < 0.001, n.s. = not significant.
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indicating that this experimental system allowed the successful
assessment of postnatal Runx2's role in vivo. We first examined the
skeletal phenotypes in Rosa26-CreER™; Runx2710¥/flX conditional
knockout mice. In 11-week-old mice, the ablation of Runx2 mark-
edly reduced both trabecular and cortical bone parameters, as
indicated by pCT analysis of the tibia (Fig. 1B and C). Histological
analyses of tibial sections by HE staining of Rosa26-CreER™;
Runx2"™t or Rosa26-CreER™?; Runx2°¥f1°% mice revealed that bone
lining cells on the surface were greatly reduced, concomitant with a
decrease in ALP-positive and TRAP-positive cells. Further, immu-
nohistochemical analyses revealed a significant decrease of Runx2-
positive cells, Sp7-positive cells and Osteopontin (OPN) expression
in Rosa26-CreER™; Runx2¥f1oX mice injected with tamoxifen
(Fig. 1D). Histomorphometric analyses of the tibiae of Rosa26-
CreER™; Runx2719¥/foX mice injected with tamoxifen showed a sig-
nificant decrease in osteoblast surface per bone surface (Ob.S/BS),
the number of osteoblasts per bone perimeter (N.Ob/B.Pm), oste-
oclast surface per bone surface (Oc.S/BS), the number of osteoclasts
per bone perimeter (N.Oc/B.Pm), and the bone formation rate/bone
surface (BFR/BS) (Fig. 1E). The femurs of Rosa26-CreER™; Runx2/10¥/
flox mice injected with tamoxifen showed a predominant decrease
in bone formation markers, including Runx2, Sp7, Collal, Spp1, and
Alpl, and bone resorption markers, including Tnfsf11 (RANKL), Acp5,
and Ctsk, compared to those in Rosa26-CreER™; Runx2"7"' mice
injected with tamoxifen. On the contrary, expression of Tnfsflla
(RANK), Tnfsf11b (OPG) and Nfatc1 was comparable (Fig. 1F).

Interestingly, histological analyses of Rosa26-CreER™; Runx2flox/
flox mice injected with tamoxifen also showed a significant adipo-
cyte accumulation in the tibia BM (Fig. 2A and B). Immunohisto-
chemical analyses with antibodies against perilipin (PLIN), which is
specifically expressed on droplet surfaces in adipocytes, revealed
that PLIN-positive cells increased in the BM of Rosa26-CreER';
Runx270%fX mice injected with tamoxifen compared to Rosa26-
CreER™; Runx2"""! mice (Fig. 2C).

Thus, postnatal Runx2 deletion causes low-turnover osteopo-
rosis and increased adipocyte accumulation in the BM.

A

1. Tosa et al. / Biochemical and Biophysical Research Communications 516 (2019) 1229—1233

4. Discussion

The in vivo postnatal significance of the Runx2 gene has so far
remained unknown since global Runx2 deletion (Runx2~/~) mice
die at birth due to severe bone formation defects. Our current
findings, using ROSA26-CreER™?; Runx2¥f1ox mice, clearly showed
that postnatal Runx2 disruption leads to low-turnover osteopo-
rosis, accumulation of adipocytes in the BM. Although several
previous studies have demonstrated Runx2's essential role in
osteoblastogenesis and chondrogenesis during skeletogenesis
[9—11,22—25], this study, to the best our knowledge, is the first
direct demonstration of Runx2's pivotal role in adult bone tissue
homeostasis in vivo.

Genetically modified mouse models have been developed and
analyzed with Runx2 in bone remodeling for several years. Trans-
genic mice expressing a dominant negative Runx2 (dnRunx2) un-
der the control of a truncated osteocalcin (OG2) promoter exhibited
osteopenia [26]; however, transgenic dnRunx2 expression under
the control of a Col1al promoter resulted in an anabolic phenotype
with increased trabecular bone in young mice [23]. In addition, we
recently showed that the osteoblast-specific deletion of Runx2 us-
ing Colla1-Cre mice (Collal-Cre; Runx20¥/floXy resulted in no overt
skeletal abnormalities [16]. Although these results are contrasting
and also, therefore, complicate a clear understanding of Runx2's
function, they strongly imply its in vivo importance, which is spe-
cific to developmental stages. In this study, we clearly demon-
strated that the postnatal global deletion of Runx2 in ROSA26-
CreER™; Runx20foX mice resulted in a low bone mass pheno-
type, caused by a concomitant decrease in the number of osteo-
blasts needed for bone formation. Taken together with the fact that
postnatal Runx2 deletion increases BM adiposity, the current study
suggests that Runx2 is not required for the functional maintenance
of mature osteoblasts, but for the commitment/differentiation of
the mesenchymal stem cells to the osteoblastic lineage during bone
remodeling processes in the adult bone tissues.

In summary, our study demonstrates that postnatal Runx2
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Fig. 2. Postnatal Runx2 deficiency leads to bone marrow (BM) adiposity. (A) HE staining of tibiae in Rosa26-CreER™; Runx2""* or Rosa26-CreER™; Runx2°¥M9X mice treated with
vehicle or tamoxifen. Bar = 500 um. (B) Quantification of adipocyte area per BM area in A (n=3-9). (C) Immunohistochemical analyses of Perilipin (PLIN) in tibiae of Rosa26-
CreER™; Runx2""™* or Rosa26-CreER™; Runx2°¥M°X mice treated with tamoxifen. Bar = 100 um. Statistical significance was determined using the two-way analysis of variance

with the Tukey—Kramer post-hoc test, **p < 0.01; ***p < 0.001, n.s. = not significant.
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deletion causes aging-associated phenotypes in BM. A further un-
derstanding of the mechanism underlying bone and BM aging from
the viewpoint of Runx2 function will offer novel feasible thera-
peutic approaches for aging-related diseases such as osteoporosis.
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