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Runt-related transcription factor 1 is required for murine
osteoblast differentiation and bone formation
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Despite years of research investigating osteoblast differentia-
tion, the mechanisms by which transcription factors regulate
osteoblast maturation, bone formation, and bone homeostasis is
still unclear. It has been reported that runt-related transcription
factor 1 (RunxI) is expressed in osteoblast progenitors, pre-
osteoblasts, and mature osteoblasts; yet, surprisingly, the exact
function of RUNXI1 in osteoblast maturation and bone forma-
tion remains unknown. Here, we generated and characterized a
pre-osteoblast and differentiating chondrocyte-specific Runx1
conditional knockout mouse model to study RUNX1’s function
in bone formation. Runx1 ablation in osteoblast precursors and
differentiating chondrocytes via osterix-Cre (Osx-Cre) resulted
in an osteoporotic phenotype and decreased bone density in the
long bones and skulls of RunxF”Osx-Cre mice compared with
RunxP” and Osx-Cre mice. RUNX1 deficiency reduced the
expression of SRY-box transcription factor 9 (SOX9), Indian
hedgehog signaling molecule (IHH), Patched (PTC), and cyclin
D1 in the growth plate, and also reduced the expression of osteo-
calcin (OCN), OSX, activating transcription factor 4 (ATF4), and
RUNX2 in osteoblasts. ChIP assays and promoter activity map-
ping revealed that RUNX1 directly associates with the Runx2
gene promoter and up-regulates Runx2 expression. Further-
more, the ChIP data also showed that RUNX1 associates with
the Ocn promoter. In conclusion, RUNX1 up-regulates the
expression of Runx2 and multiple bone-specific genes, and plays
an indispensable role in bone formation and homeostasis in
both trabecular and cortical bone. We propose that stimulating
RunxI activity may be useful in therapeutic approaches for man-
aging some bone diseases such as osteoporosis.

Bone marrow mesenchymal stem cells are multipotent pro-
genitors that give rise to osteoblasts, chondrocytes, and adipo-
cytes upon specific stimulation for cell differentiation. Notably,
the majority of bone disease conditions associated with bone
loss, such as osteoporosis, result from impaired osteoblast func-
tion and disrupted bone homeostasis. Despite years of research
in osteoblast lineage and osteoblast differentiation, the mecha-
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nisms by which transcription factors regulate bone homeostasis
is unclear, even though an imbalance of bone homeostasis is
significant to a number of diseases (1-3). A complete under-
standing of the mechanisms by which transcription factors
control bone formation to maintain bone homeostasis is critical
to developing therapies for the often-debilitating disorders of
skeletal insufficiency (e.g. osteoporosis, periodontal disease,
and tumor metastasis to bone).

The RUNX (Runt-related transcription factor) family is com-
posed of RUNX1, RUNX2, and RUNXS3, which play important
roles in cell lineages (4). RUNX1 regulates hematopoietic stem
cell differentiation into mature blood cells (5), and plays
a major role in developing pain-transmitting neurons (6).
RUNX1 has been reported to be involved in cartilage formation
and fracture healing (7-9). In addition, others have explored
the role of RUNXI1 in the commitment and differentiation of
chondroprogenitor cells into the chondrogenic lineage (9, 10).
Although Runx1 has been reported to be expressed in osteo-
blast progenitors, pre-osteoblasts, and mature osteoblasts, the
function of RUNX1 in osteoblasts has not yet been investigated
(11). RUNX2 determines commitment to the osteoblastic line-
age (12-15), and interacts with many co-regulators and tran-
scription factors in the transcriptional regulation of its target
genes (16). However, previous reports have shown that overex-
pression of Runx2 in cells of the osteoblastic lineage leads to an
osteopenia phenotype due to negative regulation of osteoblast
maturation (17). Thus, there is an urgent need to characterize
transcription factor(s) that positively regulate osteoblast matu-
ration and bone formation for healthy bone homeostasis to de-
velop novel and efficient therapeutic approaches to treat bone
diseases, including osteoporosis. RUNX1, a regulator of both
Runx2 and bone genes, could facilitate the design of safer and
novel therapeutic approaches for osteoporosis. Runxl expres-
sion precedes Runx2, indicating its importance in cell lineage
determination (11). Notably, it was previously reported that the
overlapping expression of RunxI and Runx2 supports coopera-
tive induction of skeletal development (18). Furthermore, the
Runx1 expression profile indicates that RUNX1 may have posi-
tive regulatory functions in osteoblasts that support bone for-
mation for bone hemostasis. However, the function of RUNX1
in bone formation to maintain bone homeostasis, and how
RUNX2 is regulated by RUNX1 is still largely unclear.
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Runx1 is essential for bone formation

To investigate the role of RUNX1 in postnatal-skeletal devel-
opment, we utilized Osterix-Cre (Osx-Cre) to specifically delete
Runxl in osteoblast precursors and differentiating chondro-
cytes (19, 20). We found that Runx1 deletion in osteoblast pre-
cursors and differentiating chondrocytes leads to a severe
osteoporotic phenotype with a 50% reduction in both total
bone volume and cortical bone, and a 40% reduction in trabec-
ular bone. In this study, we have revealed that RUNX1 plays an
indispensable role in postnatal skeletal development and bone
homeostasis via directly associating with the Runx2 and Ocn
promoters and regulating Runx2 and Ocn expression directly.
Our results have revealed the important functions of RUNX1
in bone formation and the mechanisms underlying how
RUNXI1 maintains bone homeostasis, indicating that targeting
RUNX1 may result in novel therapeutic approaches for degen-
erative bone diseases such as osteoporosis.

Results

Runx1”0sx-Cre mice exhibit shortened limbs, hypoplastic
skeletons, and osteoporotic phenotype due to impaired bone
mineralization

To investigate the role of RUNX1 in osteoblast development
during postnatal skeletogenesis, we generated Runx?”/Osx-Cre
mice, deleting the Runx1 gene specifically in the osteoblast line-
age. Runx”/Osx-Cre mice survived into adulthood, but the
homozygote mice displayed severe skeletal defects character-
ized by shorter stature (Fig. 14). PCR was used to confirm the
genotypes of the mice (Fig. 1B). Through immunohistochemi-
cal (IHC) staining, we detected Runx1 expression in the trabec-
ular bone of 14-week—old mice, which showed RunxI was effi-
ciently deleted in osteoblasts (Fig. 1C). X-ray analysis was
performed to assess the bone density of Runx”Osx-Cre and
control mice (Fig. 1D). Radiographic analysis of 13-week—old
RunxOsx-Cre and control skulls (Fig. 1D, Fig. S1C) and
femurs (Fig. 1D, Fig. S1A) revealed a significant decrease in
ossification and bone density, as well as mandibular defects in
Runx”Osx-Cre mice (Fig. 1D). Notably, Runx P/Osx-Cre mice
had a significantly lower bone density in both the long bones
and the calvarial area (Fig. 1D, Fig. S1A, white arrows). Micro-
computed tomography (uCT) analysis of 14-week—old male
and female Runx”/Osx-Cre femurs revealed a significant
decrease in bone volume/tissue volume, trabecular number,
trabecular thickness, and cortical bone compared with control
(Fig. 1E). Both the cortical bone and total bone volume were
reduced by 50% in the Runx”/Osx-Cre mice, whereas the tra-
becular bone was reduced by 40% (Fig. 1, E and F). These results
demonstrated that Runx1 ablation in osteoblasts and chondro-
cyte precursors results in an osteoporotic phenotype character-
ized by short stature and impaired bone mineralization. Aliza-
rin red and Alcian blue staining revealed that, except for the
vertebrae and sternum, the bones in the newborn Runx?”/Osx-
Cre mice were severely underdeveloped (Fig. S2). Previous
studies have indicated that Osx-cre mice have delayed calvarial
ossification but no difference in the limbs (21, 22), which is con-
sistent with our results (Fig. S2, H-K). Notably, we found that
the newborn RunxF”/Osx-Cre mice exhibited severe skull bone
loss in the cranium and cranial base compared with controls
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(Fig. S2, A and B). Moreover, compared with Runx?” and
Osx-Cre controls, Runx”’Osx-Cre mice exhibited shorter
and underdeveloped forelimbs (Fig. S2C), clavicles (Fig.
S2D), and hind limbs (Fig. S2E). Overall, the skeletons of the
Runx”Osx-Cre mice were severely underdeveloped and
displayed an osteoporotic phenotype.

Runx1”f0sx-Cre newborn femurs have impaired
endochondral and intramembranous bone ossification and
decreased osteoblast numbers

In further analyzing the growth retardation observed in the
Runx”Osx-Cre mice, we performed hematoxylin and eosin
(H&E), Von Kossa, alkaline phosphatase (ALP), and tartrate-re-
sistant acid phosphatase (TRAP) staining on femurs from new-
born mice. H&E stain showed that newborn Runx?”Osx-Cre
mice had decreased ossification and endochondral bone forma-
tion, as well as reduced cell density and a 50% decrease in osteo-
progenitor cells in the periosteum (Fig. 2, A and F, red arrows).
These osteoprogenitor cells differentiate into the first osteo-
blasts and produce a bone collar, which becomes the future
cortical bone. Thus the 2-fold decrease in cortical bone width
seen in Runx”/Osx-Cre may be due to the 50% decrease of the
cells in the periosteum. ALP stain showed that osteoblast for-
mation was significantly reduced in the Runx”/Osx-Cre mice
compared with Osx-cre and WT mice, whereas there were sig-
nificantly fewer ALP-positive cells within the periosteum (Fig.
2, B and E); we found a 3-fold decrease in ALP-positive cells in
Runx"Osx-Cre mice, which led to the reduction in both tra-
becular and cortical bone. Notably, the width of the cortical
bone was reduced by 50% in Runx”/Osx-Cre mice (Fig. 2B).
Von Kossa staining revealed a 50% decrease in osteoblast min-
eralization as well as a significantly shorter medullary cavity in
newborn Runx?”Osx-Cre mice compared with Osx-cre and
WT mice (Fig. 2, C, E, and F). Finally, TRAP staining confirmed
that there were no significant differences in osteoclast numbers
between WT and RunxF”/Osx-Cre mice in both newborn and
at the 3-week—old mice (Fig. 2, D and E, Fig. S3, A and B), dem-
onstrating that the reduced bone density in Runx”Osx-Cre
mice was not due to an increase in osteoclast proliferation. Col-
lectively, these results demonstrate that bone formation is
impaired in Runx?”Osx-Cre mice, whereas osteoclast forma-
tion is not affected.

RUNXT1 deficiency affects the cortical and trabecular bone
formation in the Runx1”'Osx-Cre mice

Notably, we found that Runx2 expression in newborn
Runx?”Osx-Cre mouse femurs decreased by 90% in the bone
collar, and by 80% in the trabecular bone, whereas Runx2
expression in the hypertrophic zone was not significantly
changed (Fig. 3, A and B). Notably, the width of the cortical
bone was decreased by 50% in the newborn Runx”/Osx-Cre
mouse femurs (Fig. 3B). To further study the effects of RUNX1
deficiency on bone homeostasis, we compared the mineral
apposition rate in Runx’”Osx-Cre mice with their sex-
matched littermate controls via double calcein labeling (Fig.
S3E). The results demonstrated that the mineral apposition
rate was decreased by 2-fold in the Runx?”Osx-Cre mice
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Figure 1. Runx1”0sx-Cre mice have decreased bone mineralization and skeletal deformities. A, photographic images of 14-week—old (n = 16) Runx1”Osx-
Cre (f/f/A) mice and WT (f/f) mice. B, PCR was used to determine RunxT alleles (f/f, f/+, +/+, or deletion) and the presence of Cre. C, IHC staining of 14-week-old
Runx170sx-Cre (f/f/A), and WT (f/f) mice tibias using RUNX1 antibody. D, x-ray analysis of 14-week-old male and female femurs and skulls, n = 19. £, uCT scans of
femurs from 14-week-old male and female mice, n = 3. F, quantification of E. Results are expressed as mean *= S.D,; ¥, p < 0.05.

compared with the control, leading to the low bone density
seen in the mutant mice. Furthermore, we found that the PINP
serum level (bone formation marker) was reduced by 2-fold in
the Runx?”Osx-Cre mice, indicating that bone formation rate
was affected by Runx1 CKO (Fig. 3C). Thus, RUNX1 plays an
important role in up-regulating Runx2 expression in precursor
cells and bone formation, and RUNX1 deficiency leads to sig-
nificantly reduced cortical and trabecular bone.

RUNXT1 deficiency affects the chondrocyte proliferation and
maturation in the long bone of Runx1”’0sx-Cre mice

Endochondral bone formation originates from cartilage tem-
plates, which are then replaced by bone (23). The delayed endo-
chondral ossification observed in the RunxIf/fOsx-Cre mice
prompted us to examine the impact of the Osx-Cre—mediated
Runxl deletion on the development of the growth plate. Safra-
nin O staining of femurs revealed a significant decrease in rela-
tive length of the growth plate, proliferating zone, and hyper-
trophic zone over the total length of the bone in the mutant
mice (Fig. 4, A and B). Furthermore, the proliferative zone in
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Runx?”Osx-Cre mice was shorter (Fig. 4A4). We compared
expression levels of Col2al and Col10al in the growth plate,
which are specific collagens produced by proliferative and hy-
pertrophic chondrocytes. We found that expression levels of
both Col2al and Coll0al were significantly decreased in the
growth plate in Runx”/Osx-Cre mice (Fig. 4, C, D, and F). Upon
staining to detect proliferating cell nuclear antigen (PCNA), we
found that the expression was significantly decreased in both the
proliferative and hypertrophic zones of RunxP?Osx-Cre mice
(Fig. 4, E and F). These results indicate that the decreased length
of the long bones in Runx?”Osx-Cre mice is due to reduced
chondrocyte proliferation, which results in impaired growth plate
development and trabecular bone formation.

Loss of Runx1 reduced the expression of Sox9, lhh, cyclin D1,
and Ptc in chondrocytes of Runx17f0sx-Cre mice, and
impaired Ihh-Cyclin D1 signaling

Cyclin D1 is among the Cyclin/CDK protein complexes that
regulate the cell cycle, and as a target of Indian hedgehog (I/2/1)
plays an important role in chondrocyte proliferation (24). To

J. Biol. Chem. (2020) 295(33) 11669-11681 11671
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Figure 2. Endochondral bone ossification was significantly impaired and osteoblast numbers were largely decreased in Runx1”/0sx-Cre newborn
mice femurs, but not in Osx-Cre newborn mice femurs compared with WT mice femurs. A-D, newborn Runx1”'0sx-Cre (f/f/A), Osx-Cre and WT (f/f) mice
femurs were stained with (A) H&E stain, (B) ALP stain, (C) Von Kossa and Alcian blue stain, and newborn Runx1”/0sx-Cre (f/f/A) and WT (/) mice femurs were
stained with (D) TRAP stain. E, histomorphometry of WT (f/f), Osx-Cre and Runx1”0sx-Cre (f/f/A) mice (n = 4) showing ALP stain surface per bone surface (BS)
area, Von Kossa stain surface per bone surface area, and TRAP stain surface per bone surface area. F, quantification of cells in the periosteum in A and length of

the medullary cavity. Results are expressed as mean = S.D. NS, not significant; **, p < 0.01; ***, p < 0.001.

address the mechanism underlying the effects of RUNX1 on
chondrocytes, we examined the expression levels of SRY-
related high mobility group-Box gene 9 (Sox9), Cyclin D1, Ihh,
and Patched (Ptc) by immunofluorescent (IF) staining of femur
sections from newborn mice (Fig. 5, A—D). Compared with WT
mice, the expression of a key transcription factor in the chon-
drocyte lineage, Sox9, was decreased in Runx”/Osx-Cre mice
(Fig. 5, A and F). The expression of Ihh, which is important for
the chondrocyte maturation, was reduced in Runx?”Osx-Cre
mice (Fig. 5, B and F). The expression of the IHH target gene,
Ptc, was also reduced in the growth plates in Runx?”’/Osx-Cre
mice; Ptc expression was detected in the pre-hypertrophic zone
in the growth plates of WT mice, but was greatly reduced in
mutant mice (Fig. 5, C and F). Cyclin D1, a cell-cycle-regulat-
ing protein downstream of I/ (24), was reduced in the prolifer-
ation zone of Runx”Osx-Cre mice femurs (Fig. 5, D and F),
which may induce the inhibition of chondrocyte proliferation.
Thus, Runx1 plays an important role in pre-hypertrophic chon-
drocyte proliferation and differentiation. IF staining of new-
born mice femurs showed that expression levels of both Osx
and Ocn, genes critical to the skeletal formation, were

11672 J Biol. Chem. (2020) 295(33) 11669-11681

decreased in Runx¥”/Osx-Cre mice (Fig. 5, E and F). In conclu-
sion, we found that RUNX1 deficiency affects chondrocyte pro-
liferation by inhibiting Ihh-cyclin D1 signaling. Furthermore,
we found that RUNXI1 deficiency reduces the expression of
genes critical in skeletal formation.

RUNXT1 deficiency in primary calvarial cells inhibits
osteoblastogenesis

We investigated the impact of Runx1 deletion on osteoblasto-
genesis in vitro using calvarial cells from control and Runx?”
Osx-Cre mice, which were maintained in the osteogenic medium
for 14 and 21 days. Calvarial cells from Runx¥”/Osx-Cre mice af-
ter 14 days of culture showed reduced osteoblast formation,
which was detected through ALP stain (Fig. 64, Fig. S4A). The oil
red O stain showed that adipocytes were increased in the Runx?”
JOsx-Cre mice after 14 days of culture (Fig. $4, B and C). The
reduction in mineralization observed in Runx”Osx-Cre mice
was detected by Von Kossa staining after 21 days of culture (Fig.
64, Fig. S4A). Through qPCR and Western blotting we analyzed
the expression of several key factors that affect osteoblast
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Figure 3. Runx2 expression in bone is significantly decreased in
Runx17f0sx-Cre mice. A, IHC staining RUNX2 antibody of femur paraf-
fin sections from PO Runx1”Osx-Cre (f/f/A) and WT (f/f) mice. B, quantifi-
cation of A. C, ELISA detection of PINP (pg/ml) in 3-month-old mouse
serum indicating bone formation is affected by gene CKO. Results are
expressed as mean = S.D., n = 3 in each group. *, p < 0.05; **, p < 0.01;
*** p <0.001.

differentiation and function in WT and Runx?”Osx-Cre mice.
Western blotting at days 7 and 14 of culture showed that protein
levels of key bone genes Runx1, Runx2, Osx, and Atf4 were all sig-
nificantly reduced, whereas protein levels of CBF3 were unaf-
fected (Fig. 6, B and C, Fig. S4D). AAV-mediated overexpres-
sion of Runx2 in Runx”/Osx-Cre cells partially rescued osteoblast
differentiation (Fig. S5A). The protein levels of RUNX1, RUNX2,
OSX, ATF4, and OCN were detected by Western blotting (Fig.
S5, B and C). Consistently, qPCR showed that RUNX1 deficiency
significantly reduced the expression Runx1, Runx2, Osx, Atf4, and
Ocn (Fig. 6D). We performed genome-wide expression analysis
from day 14 cultured osteoblasts in osteoblast differentiation
medium to examine the transcriptional profile related with
RunxI knockdown. Our RNA-Seq analysis revealed significantly
decreased expression levels of bone formation and homeostasis
markers such as Runx2, Osx, Dmpl, Alp, and Ocn (Fig. 6E). We
also found similar decreased signaling changes indicated by
reduced Pthlr and Ihh expression (Fig. 6E). Our RNA-Seq data
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also revealed increased markers of adipogenesis in RunxI knock-
down osteoblasts through up-regulated expression of Pparg,
Cebp/a, and Fabp4 (Fig. 6E). Taken together, these results dem-
onstrate that Runx1 deletion impacts osteoblast differentiation by
affecting the expression of genes critical to osteoblast differentia-
tion at the mRNA and protein levels. These data also indicate that
osteoblasts generated from Runx?”Osx-Cre mice were prevented
from differentiating into mature osteoblasts.

RUNXT1 up-regulates Runx2 and Ocn expression by directly
associating with their promoters

ChIP assay was performed to elucidate if RUNX1 binds to
the Ocn and Runx2 promoters. We analyzed the respective pro-
moter regions and designed primers accordingly. The RUNX1-
binding sites in the Ocn promoter region (—4000/+200) were
predicted (Fig. 7A). ChIP analysis was performed using the
anti-RUNX1 antibody, and DNA was pulled down, amplified,
and analyzed using primers. The ChIP input value using each
primer represents the binding efficiency of an adjacent region
around the location of the primer pair. We found that Ocn
primer 2 resulted in the highest value, indicating that RUNX1-
binding site 2 in the Ocn promoter region should be the most
efficient (Fig. 7, B and C), and that RUNX1 potentially binds to
the Ocn promoter around binding site 2 (Fig. 74). We then
examined the Runx2 promoter and found several potential
RUNX1-binding sites in the Runx2 promoter region (—4000/
+200) (Fig. 7D). We performed ChIP analysis using the anti-
RUNX1 antibody, and DNA was pulled down, amplified, and
analyzed using primers. We found that Runx2 primer 2 resulted
in the highest value, indicating that RUNX1-binding site 4 in
the Runx2 promoter region should be the most efficient (Fig.
7, E and F). This indicated that RUNX1 potentially binds to
the Runx2 promoter around binding site 4 (Fig. 7D). The pro-
moter luciferase assay showed that luciferase activity was
highest when driven by the longest Runx2 promoter fragment
(—2937/+80) and significantly lower (90% reduction) when
driven by the other Runx2 promoter fragments (Fig. 7G). In
conclusion, our data demonstrated that RUNX1 associates
with the Ocn and Runx2 promoter regions and regulates their
expression directly.

Discussion

In this study, we found that ablation of RunxI reduced the
expression of Sox9, Ihh, Ptc, and CyclinD1 in the growth plate,
and impaired the proliferative and hypertrophic zones in the
growth plate, whereas the trabecular bone was reduced by 40%,
suggesting a central role of Runx1 in chondrocyte proliferation.
Runx1 ablation also reduced the expression of Ocn, Osx, Atf4,
and Runx?2 in osteoblasts, and resulted in an osteoporotic phe-
notype in Runx?”/Osx-Cre mice. Deficiency of RUNXI re-
sults in a 2-fold decrease in osteoprogenitor cells in the perios-
teum, subsequently leading to the lack of bone collar in the
newborn Runx?”Osx-Cre mice and 2-fold decrease in cortical
bone width seen in 14-week—old Runx?”/Osx-Cre mice. Inter-
estingly, our data demonstrate that the expression levels of
Runx2 and Osx are both decreased in the RunmxF”Osx-Cre
mice. The expression of osteocalcin, a mature osteoblast
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Figure 4. RUNX1 deficiency affects chondrocyte proliferation and maturation in Runx1” Osx-Cre mice. A, safranin O staining of tibia and comparison of
growth plate development between 3-week-old Runx1”Osx-Cre and WT mice. B, quantification of hypertrophy zone and proliferation zone in A. C-£, IHC
staining of tibia paraffin sections from 3-week-old Runx1”Osx-Cre (f/f/A) and WT (f/f) mice using (C) Col2a1 antibody, (D) Col10a1 antibody, and () PCNA anti-
body. F, quantification of immunostaining positive cells of anti-Col2a1, anti-Col10a1, and anti-PCNA in B-D. Results are expressed as mean * S.D.,n=9in each

group. ¥, p < 0.05; **, p < 0.01.

marker, was also decreased in the Runx?”/Osx-Cre mice. Our
data demonstrate that Runx1 plays a central role in promoting
the commitment of osteoblast precursors into the osteoblast
lineage. Our ChIP and luciferase assay show that RUNX1 can
bind to the Runx2 promoter, and our ChIP assay showed that
RUNX1 can bind to the Ocn promoter, indicating that RUNX1
can up-regulate Runx2 and Ocn expression directly.
Endochonderal ossification and intramembranous ossification
are two major modes of bone formation. Endochondral ossifica-
tion is involved in the formation of long bones through a carti-
lage intermediate, whereas the intramembranous ossification
directly forms the flat bone on the mesenchyme (25). Our
results showed that the skull bone density was lower, the ALP
and Von Kossa stain were decreased in the mutant mouse more
than in the Osx-cre and Runx?” control mice, which indicated
that the intramembranous ossification was affected because
of the impaired osteoblast activity. As for the lone bone ossifica-
tion, both chondrocyte and osteoblast were affected in the mu-
tant mouse, so the deletion of Runx! in both the chondrocyte
and pre-osteoblast contributed to the endochondral ossifica-
tion. Taken together, these results indicate that RUNX1 pro-
motes osteoblast formation and differentiation to promote bone
formation through up-regulating Runx2 and bone genes.
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Previous reports have demonstrated that Runx1 is important
for mesenchymal stem cell commitment to the early stages of
chondrogenesis, and is required for chondrocyte lineage com-
mitment and differentiation (9, 10, 26), whereas there may be a
cross-regulation between RunxI and Runx2 in chondrocytes
(10). Runx1 was found expressed in vivo in osteoblasts at the
site of bone formation and chondroblasts at sites of cartilage
growth (11), and it was previously reported that RUNX1 dose-
dependently regulates endochondral ossification during skele-
tal development and fracture healing (9). Yet the role of
RUNX1 in bone formation and bone homeostasis has not been
previously reported. RUNX2 regulates the expression of /17 and
Col10al in their respective layers in the growth plate (16). Our
results show that the expression of Runx2 was not significantly
changed in the hypertrophic zone in newborn mice, however, 3-
week—old mice displayed an impaired hypertrophic zone, as
well as significantly reduced expression of Coll10al. Through
ChIP assays and promoter activity mapping, we demonstrated
that Runx2 is directly up-regulated by RUNX1 at the transcrip-
tional level. Furthermore, our ChIP data also showed that
RUNX1 directly associates with the promoter of Ocn. Thus,
RUNXI regulates Runx2 expression directly to regulate chon-
drocyte and osteoblast differentiation and terminal maturation.
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Figure 5. The expression of Sox9, Ihh, Cyclin D1, and Ptc in the growth plate, and the expression of Ocn in femurs were significantly decreased in
Runx170sx-Cre mice compared with WT mice. A-D, IF staining of the growth plates of PO Runx17/0sx-Cre mice compared with that of WT mice to detect (A)
Sox9, (B) Ihh, (C) Ptc, and (D) Cyclin D1. E, IF staining with anti-Osterix, and anti-Ocn antibodies of femur frozen sections from PO Runx1”'Osx-Cre (f/f/A) and WT
(f/f) mice. F, quantification of A-E. Results are expressed as mean = S.D., n = 3 in each group.

Lower bone mineral density and a 50% reduction in cortical
thickness and 40% reduction in trabecular bone volume in the
tibiae of Runx”/Osx-Cre mice, which may be due to decreased
osteoblast numbers in the bone collar, suggest that RUNX1 is
required as an endogenous regulator of skeletal size and bone
architecture. Kimura et al. (7) previously reported that in Prx1
Runx?” mice, aside from delay in sternal development, no
other skeletal elements of the mice showed any abnormalities,
however, their analysis was limited to PO to 3-week—old mice
using PrxI Cre. In our study, we examined mice from PO to 14
weeks old to determine the role of RunxI in maintaining bone
homeostasis. Our data demonstrate that Runx?”/Osx-Cre mice
exhibited slower bone mineralization and bone formation rates,
leading to lower bone density. These results suggest that
RUNX1 is important for intramembranous and endochondral
ossification. Interestingly, we found that Runx?”/Osx-Cre mice
also displayed a mandibular defect characterized by a smaller
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angle of the lower jaw. The growth plate is the specialized car-
tilaginous structure for the longitudinal growth of bones (27).
Fibril-forming type II collagen is the major collagen type in
the growth plate, whereas hypertrophic chondrocytes in the
growth plate produce type X collagen (27). We found that
COL2al and COL10al, which are produced by the prolifera-
tive and hypertrophic chondrocytes, were decreased in the
mutant mice. Runxl1 is involved in chondrocyte proliferation
and lineage determination (28), and whereas Runx1 is only ex-
pressed in the proliferative and resting chondrocytes, Runx2
is expressed primarily by hypertrophic chondrocytes of the
growth plates (29). Thus, following conditional deletion of
Runxl, proliferative and resting chondrocytes cannot differenti-
ate into hypertrophic chondrocytes due to the loss of Runx2 reg-
ulation, leading to the significant reduction in trabecular bone
observed in Runx¥”Osx-Cre mice. Moreover, the expression of
PCNA was decreased in RunxP”/Osx-Cre mice. Thus, the
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Figure 6. RUNX1 deficiency in primary calvarial cells cultured from Runx1”Osx-Cre mice inhibits osteoblastogenesis. A, calvarial cells from
Runx1”'0sx-Cre (f/f/A) and WT (f/f) newborn mice were cultured in osteogenic medium for 14 and 21 days, followed by ALP and Von Kossa stain, respectively.
B, protein levels of Runx1, Runx2, CbfB, Osx, and Atf4 were analyzed by Western blotting analysis on days 7 and 14. GAPDH is shown as a control. C, quantifica-
tion of B. D, qPCR analysis of mMRNA expression levels of Runx1, Runx2, Osx, Atf4, ALP, ColTa1, Ocn, Opg, and RANKL in calvaria-derived osteoblasts from
Runx1”'0sx-Cre (f/f/A) and WT (f/f) mice. E, RNA-Seq analysis of the osteoblasts cultured for 14 days in osteoblast differentiation medium showed decreased
osteoblast gene expression and increased adipocyte formation genes expression. Heat map analysis of differentially expressed genes with at least a 2-fold
change and controlled by adjusted p value of 0.05, as comparing osteoblasts of WT and Runx17/Osx-Cre. In the heat map, red indicates up-regulation, whereas
green indicates down-regulation. Select genes are listed separately. Results are expressed as mean *+ S.D., n = 3 in each group. N.S., not significant; *, p < 0.05;

¥ p < 0.01; %%, p < 0.001.

shorter stature of the mice may be due to the inhibition of the
chondrocyte differentiation and terminal maturation. Given the
reduced numbers of proliferative and hypertrophic chondro-
cytes, osteoblasts, and reduced trabecular bone in Runx?Osx-
Cre mice, Runxl may maintain trabecular bone formation
through its regulation of Runx2, Sox9, Ihh, Ptc, and Cyclin DI in
hypertrophic chondrocytes.

Our data show that the expression levels of Sox9, Ihh, Ptc,
and Cyclin D1, genes that are involved in chondrocyte differen-
tiation, were decreased in RunxP”/Osx-Cre mice, suggesting a
potential role of Runx1 in pre-hypertrophic chondrocyte prolif-
eration and differentiation. SOX9 is a transcription factor of
the SRY-related high mobility group box family of proteins,
which is the nuclear factor that is required for chondrogenesis
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(30, 31). Although Sox9 is dispensable for the initial formation
of mesenchymal condensations, it necessary for the subsequent
steps toward chondrocyte differentiation (32). A previous study
showed that RUNX1 can directly regulate the expression of
Sox9 (9). IHH produced by pre- and early hypertrophic chon-
drocytes leads to chondrocyte proliferation (33). Cyclin DI
plays an important role in chondrocyte proliferation and is a
target of IHH (24). IHH, a major regulator of bone develop-
ment, coordinating chondrocyte proliferation, chondrocyte dif-
ferentiation, and osteoblast differentiation, also binds to mem-
brane protein PTC (34—37). Thus, RunxI regulates the early
stages of the chondrocyte differentiation, whereas Runx2 is im-
portant for the chondrocyte maturation (16). Furthermore, Itk
signaling in mature osteoblasts controls bone resorption by
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Figure 7. RUNX1 regulates Runx2 expression by directly associating with its promoters. A, schematic display of the Ocn (-4000/+200) promoter region:
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regulating Rankl expression (38). Although it was previously
believed that OSX functions exclusively as an osteoblast-spe-
cific transcription factor, our results and that of others (39-41)
demonstrate that Osx also plays a role in postnatal chondrogen-
esis. Previous reports have demonstrated that Osx couples
chondrogenesis and osteogenesis in postnatal condylar growth,
and is essential for the coupling of terminal cartilage differen-
tiation (39). Furthermore, Osx-Cre also targets olfactory glo-
merular cells and a subset of the gastric and intestinal epithe-
lium in postnatal mice (40). Notably, Cheng et al. (41)
demonstrated that haploinsufficiency of OSX in chondrocytes
impairs skeletal growth in mice. Previous reports demonstrate
that the Osx-Cre transgene itself has no effect on the trabecular
bone parameters and minimal effect on the cortical parameters
for 1-month—old mice, and as the mature mice, they display
comparable cortical and trabecular bone parameters compared
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with the control mice (22, 42). At 6 weeks of age, Osx-Cre mice
display reduced body weight and delayed cortical bone expan-
sion and accrual, however, the delayed weight gain and cortical
growth bone of Osx-Cre mice is overcome by 12 weeks of age,
with no differences between Osx-Cre and WT mice (43). Thus,
the phenotype observed in the Runx?”Osx-Cre mice was due
to the deletion of Runx1, and not due to the Osx-Cre transgene
itself.

Our in vitro mechanistic studies demonstrate that Runxl
conditional deletion in osteoblast precursors and differentiat-
ing chondrocytes has significant effects on genes critical for
skeletal development such as Runx2, Osx, Atf4, and Ocn. These
findings suggest that RUNXI1 plays an indispensable role in
postnatal skeletal development and bone homeostasis by up-
regulating the expression of Runx2 and multiple bone genes.
Our study shows that RUNX1 associates with the promoter
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regions of Runx2 and Ocn and highly up-regulates the expres-
sion of Runx2 at the transcriptional regulation level as shown
by ChIP assay, qPCR analysis, and promoter reporter assay.
Although we found multiple binding sites for RUNX1 on the
Runx2 promoter, we found that RUNX1 potentially binds to
the Runx2 promoter around binding site 4. Previous reports
have shown that RUNX1 mediates epigenetic regulation to
inhibit or facilitate multiple regulatory regions in the target
genes (44—46). RUNXI1 has been shown to interact with his-
tone acetyltransferases, as well as components of the histone
deacetylase complex (46). Thus, the interaction of RUNX1
with histone acetyltransferases acetylates chromatin-associ-
ated histones, which lead to chromatin conformational
changes and transcriptional activation, could be responsible
for the high binding efficiency of RUNX1 on the Runx2 pro-
moter at binding site 4. However, the landscape of epige-
netic alterations in many cell types is distinctively complex,
thus future research is warranted to fully explore whether
and how RUNX1 leads to epigenetic changes at genes cen-
tral to osteoblastic lineage commitment.

Because Runx2 exhibits high homology with Runx1, it has
been suspected that RunxI may be responsible for some
cases of CCD. Although no RunxI mutation has yet been
identified in classical CCD patients, our Runx”/Osx-Cre
mouse models support the notion that search genetic altera-
tions in the Runx1 gene may be responsible for CCD in those
patients with no Runx2 mutation. Our results are in agree-
ment with that of previous studies reporting that Runx2
deficiency causes an arrest in clavicular development (47).
These findings provide great insight into the pathogenesis
of CCD and the role of Runx! in both postnatal skeletal and
tooth development.

Overall, our genetic dissection approach revealed that
RUNX1 plays an indispensable role in postnatal skeletal de-
velopment and bone homeostasis by up-regulating the
expression of Runx2 and multiple bone genes. Our study of
Runxl in the osteoblast lineage has demonstrated that
Runx1 is required to promote chondrocyte and osteoblast
differentiation to maintain bone homeostasis. Targeting
RUNX1, a regulator of both Runx2 and bone genes, could
facilitate the design of safer and novel therapeutic approaches
for osteoporosis. Taken together, this work provides important
insights into the role of RUNX1 in bone formation and the
mechanisms underlying how RUNX1 maintains bone homeo-
stasis. The insights resulting from this study may assist in the
development of novel treatments for osteoporosis and other
osteolytic diseases.

Experimental procedures

For more detailed descriptions, please refer to the Support-
ing Materials and Methods. For primer sequences please refer
to Tables S1-S3.

Generation of Runx17'0sx-Cre mice

All animal experimentation was carried out according to the
legal requirements of the Association for Assessment and Ac-
creditation of the Laboratory Animal Care International and
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the University of Alabama at Birmingham Institutional Animal
Care and Use Committee. Jackson Laboratory, strain name
B6.129P2-Runx1tml1Tani/], JAX No. 008772, were crossed
with skeletal tissue cell (including osteoblast precursors, osteo-
blasts, chondrocytes, and odontoblasts)-specific Osx-Cre mice
(19) (Tg(Sp7-tTA,tetO-EGFEP/cre)1Amc, Mouse Genome Infor-
matics) Their progeny were crossed with Runx?” mice to
obtain Runx?”Osx-Cre mice. In our study, we only use one
copy of Osx-Cre (Runx?” Osx-Cre/+) in the CKO mutation.
Osx-Cre mice had no detectable bone phenotype and served as
control groups along with Runx?”/ mice. Mice were bred in-
house and euthanatized by CO, asphyxiation. All mice were
maintained under a 12-h light—dark cycle with ad libitum
access to regular food and water at the University of Alabama
Animal Facility. Both male and female mice of each strain were
randomly selected into groups of five animals each. The investi-
gators were not blinded during allocation, animal handling, and
end point measurements. Genotyping by PCR was carried out
as described (48).

Histomorphometric analysis

Histomorphometric samples were processed as un-decalci-
fied hard-tissue sections as described (49, 50). Bone parameters
were quantified via 6-um sections obtained from mice.

Primary cell culture

Calvarial cells were isolated from newborn mice and
seeded in cell culture dishes at a density of 3 X 10? cells/cm?
as described (51). After growing to confluence, cells were
induced to differentiate into osteoblasts using osteogenic
medium supplemented with 10% (v/v) FBS, 50 ug/ml of L-
ascorbic acid (Sigma, A4544), and 5 mm fB-glycerolphos-
phate (Sigma, G9891). Osteoblastogenesis was analyzed by
ALP staining according to the manufacturer’s manual (Sigma,
A2356) on day 14. Osteoblast mineralization was examined by
Von Kossa staining on day 21.

Chip

Cells were derived from calvaria of newborn WT mice, and
ChIP was performed as described (52). After immunoprecipita-
tion using monoclonal anti-Runx1 antibody (ab23980; Abcam)
and DNA extraction, quantitative PCR was performed using
the primers in the promoter region of the mouse gene Runx2.

RNA-Sequencing analysis

Total mRNA was isolated using TRIzol reagent (Invitrogen
Corp.) from the osteoblasts that were cultured for 14 days in
osteoblasts differentiation medium following the manufac-
turer's protocol and submitted to Admera Health (South
Plainsfield, NJ) who assessed sample quality with the Agilent
Bioanalyzer and prepared the library using the NEBnext Ultra
RNA-Poly(A) kit. Libraries were analyzed using Illumina next
generation sequencing and relative quantification was provided
by Admera Health.
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Promoter analyses

Runx2 promoter sequences were analyzed for putative
RUNX-binding sites with PROMO3.0 (RRID:SCR_016926)
using version 8.3 of the TRANSFAC database. The promoter
region (—) and (+) of the mouse Runx2 gene was amplified by
PCR wusing Runx2 Bac clone (catalog No. CH29-571B2;
CHORI). Then the promoter regions were inserted into the
pGL3-basic vector to construct the pGL3-Runx2 promoter
fragments. The insertions of the constructs were confirmed
by sequencing. C3H10T1/2 cells were cultured in 24-well—-
plates, and were transiently transfected with a DNA mixture
containing the pGL3-Runx2 construct (0.3 pg) and B-Gal-
expressing plasmids (0.06 ug), with or without RumnxI
expressing vector (pCMV-Sport6-Runx1, 0.3 pg) using Lip-
ofectamine and Plus reagents. Luciferase was detected using
Glo Luciferase Assay System (Promega) 48 h post-transfec-
tion as described (52). The B-Gal activity of the cell lysates
was analyzed using B-Galactosidase Enzyme Assay System
(E2000; Promega). The level of luciferase activity was nor-
malized to the level of B-Gal activity.

Statistical analysis

All data are presented as the mean * S.D. (n = 6). Statistical
significance was assessed using Student’s ¢ test. p values <0.05
were considered significant. Data are expressed as mean *
S.D.,nZ6,% p <0.05 *, p < 0.01; ***, p < 0.001. The results
are representative of at least four individual experiments. The
analyses of the data were performed with the SPSS 16.0 soft-
ware (SPSS Incorporation, Chicago, IL, USA).

Data availability

The RNA-Seq data are available upon request from Yi-Ping
Li, Department of Pathology, University of Alabama at Bir-
mingham, E-mail: yipingli@uabmc.edu. All other data are con-
tained within the manuscript.
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