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Runx2 controls the osteogenic fate of
growth plate chondrocytes
The origin of bone marrow osteoblasts is not totally under-
stood. Recent findings demonstrated that bone marrow os-
teoblasts could be derived from a subpopulation of
hypertrophic Col2þ/Col10þ chondrocytes which migrate
from the growth plate into the bone marrow cavity under-
neath the growth plate and dedifferentiate into mesen-
chymal progenitor cells and then differentiate into mature
osteoblasts.1 This process is called chondrocyte-osteoblast
transdifferentiation. This type of osteoblast participates in
bone formation and is involved in maintaining bone remod-
eling, especially in the epiphyseal and diaphyseal regions of
long bone. Several growth factors, such as Ihh, PTH, and Wnt
signaling molecules have been demonstrated to play a crit-
ical role in the regulation of chondrocyte-osteoblast trans-
differentiation2; however, the role of Runx2, the key
transcription factor controlling skeletal development,3 in
chondrocyte-osteoblast transdifferentiation has not been
fully defined.

To examine the role of Runx2 in chondrocyte trans-
differentiation in Col2-expressing cells, we first confirm that
Col2-expressingcells indeedcanmigrate into thebonemarrow
cavity. So,wegeneratedZsGreen-tdTomatoCol2CreERmice, and
the expression of the reporter gene is controlled by the Col2
promoter. We administered tamoxifen (0.75 mg/10 g body
weight) to these mice at the postnatal P7 stage by intraperi-
toneal injections for threeconsecutivedays.TheCol2-labeling
cells showed migration to the bone marrow cavity in a time-
dependent manner (Fig. S1), indicating that Col2-expressing
cells could migrate into the bone marrow cavity. We then
determined the role of Runx2 in chondrocyte trans-
differentiation by generating Runx2Col2CreER conditional
knockout (Runx2 cKO) mice through breeding Runx2flox/flox

mice4 with Col2-CreER transgenic mice.5 Deletion of Runx2 in
Col2-expressing cells in growth plate cartilage causes animal
growthdelay (Fig. S2) anddefects in growthplatechondrocyte
differentiation. The hypertrophic zone of growth plate
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cartilagewas significantly expanded (Fig. 1AeC). This couldbe
due to the acceleration of chondrocyte hypertrophy or the
delay of chondrocyte transdifferentiation after the loss of
Runx2 in Col2-expressing cells. The numbers of Col-X-positive
cells were significantly increased (Fig. S3), suggesting that the
process of chondrocyte hypertrophy was increased.

In addition to the defects in growth plate cartilage
development, Runx2 cKO mice also showed trabecular bone
loss in the bone marrow cavity (Fig. 1D). Trabecular bone
volume, bone mineral density, trabecular thickness, and
trabecular numbers were significantly reduced (Fig. 1EeH).
In contrast, trabecular separation was significantly increased
(Fig. 1I). In addition, cortical bone volume and cortical bone
area were also significantly decreased in Runx2 cKO mice
(Fig. 1J, K). We also determined changes in cell apoptosis in
Runx2 cKO mice by performing terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assays. We
found that apoptotic cell numbers were significantly
increased, especially in the hypertrophic zone of Runx2 cKO
mice (Fig. 1M). Consistent with the bone loss phenotype,
expression of osteoblast marker genes was significantly
decreased in 4- and 6-week-old Runx2 cKO mice (Fig. S4, 5).
Since transdifferentiated progenitor cells could also differ-
entiate into adipocytes,2 we also determined adipocyte
formation in Runx2 cKO mice and found that adipocyte for-
mation was significantly increased in Runx2 cKO mice
(Fig. 1NeQ). We determined the expression of adipocyte
marker genes and found that expression of lipoprotein lipase
(LPL) and CCAAT enhancer binding protein b (C-EBP-b) was
significantly up-regulated; however, expression of perilipin 1
(PLIN1) and peroxisome proliferator activated receptor
gamma (PPAR-g) was not significantly changed in bone
marrow stromal cells of 4- and 6-week-old Runx2 cKO mice
(Fig. S6, 7). We further determined changes in osteoclast
formation by performing tartrate-resistant acid phosphatase
(TRAP) staining and found that the numbers of TRAP-positive
osteoclasts were significantly increased in Runx2 cKO mice
(Fig. 1R, S). We also examined changes in osteoclast marker
genes in bone marrow stromal cells, such as Rankl and Opg,
and found no significant changes in these genes in bone
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Figure 1 Runx2 controls the osteogenic fate of growth plate chondrocytes. (AeC) Growth plate cartilage expansion in Run-
x2Col2CreER (Runx2 cKO) mice. Histological analysis showed growth plate cartilage defects in Runx2 cKO mice, including significantly
enlarged growth cartilage thickness and growth plate hypertrophic zone. (DeK) Trabecular bone loss in Runx2 cKO mice. Micro-CT
analysis showed that bone volume (BV), bone mineral density (BMD), and trabecular thickness (Tb.Th.) were significantly decreased
(DeH). In contrast, trabecular separation (Tb.Sp.) was significantly increased (I). In addition, cortical bone volume (BV) and
cortical bone area (BA) were significantly decreased (J, K). (L, M) Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay demonstrated that apoptosis cell numbers were significantly increased in Runx2 cKO mice. (NeQ) Toluidine blue
staining showed that adipocyte numbers, lipid droplet numbers, and average lipid droplet area were significantly increased in
Runx2 cKO mice. (R, S) TRAP staining showed that TRAP-positive cell numbers were increased in Runx2 cKO mice.
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marrow stromal cells of Runx2 cKO mice (Fig. S8). Our
findings demonstrated that Runx2 plays a key role in con-
trolling chondrocyte-osteoblast transdifferentiation. It has
been demonstrated that Ihh, PTH, and Wnt signaling path-
ways regulate chondrocyte-osteoblast transdifferentiation.2

However, it is not clear if Runx2 is involved in these signaling
pathways, although our findings demonstrated that Runx2
plays a key role in controlling chondrocyte-osteoblast
transdifferentiation. The role of Runx2 in Ihh, PTH, and Wnt
signaling during chondrocyte-osteoblast transdifferentiation
requires further investigation.

Our studies using Col2-CreER mice and findings from
other laboratories using Col10-CreER mice1 clearly indicate
that only a subpopulation of hypertrophic chondrocytes is
involved in chondrocyte-osteoblast transdifferentiation.
However, it is not known how the functions of progenitor
cells from the periosteum and the hypertrophic chon-
drocytes in the growth plate are coordinated during bone
remodeling, which also requires in-depth investigation.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gendis.2024.101453.
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