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RAPID COMMUNICATION
Histone demethylase Kdm5c regulates
osteogenesis and bone formation via
PI3K/Akt/HIF1a and Wnt/b-catenin
signaling pathways
Fractures have an extraordinarily negative impact on in-
dividuals’ quality of life and functional status. Nonunion or
disability of fracture is a major health issue with important
clinical, social, and economic implications.1 Mesenchymal
stem cells (MSCs) play an indispensable role in the initiation
of the fracture repair process including the formation of a
callus which is replaced by new bone. The use of MSCs in
the treatment of fractures is very attractive as they can
reduce the time of healing and occurrence of nonunion.2

However, the effects of MSCs are often hindered by the
harsh ischemic micro-environment at the fracture sites,
such as low cell survival rate and differentiation in vivo.3

Histone modifications are one of the most important
epigenetic regulations with the ability to control the fate of
stem cells. Lysine demethylase 5C (Kdm5c) is frequently
mutated in patients with X-linked intellectual disabilities,
many of whom exhibit physical and behavioral abnormal-
ities, including epilepsy, short stature, etc.4 In our previous
study, we investigated the de-differentiated MSCs with
enhanced osteogenic differentiation capacity and found
that Kdm5c might be involved in regulating the properties
of dedifferentiated osteogenic MSCs by PCR array.5 How-
ever, it is still unclear whether Kdm5c plays a role in
osteogenesis, bone formation, and fracture repair.

First, we established the Kdm5c conventional knockout
mice. The MSCs were isolated to evaluate their osteogenic
differentiation potential in vitro. The data showed that
deletion of Kdm5c significantly impaired osteogenic dif-
ferentiation as indicated by decreased mRNA levels of
osteogenic markers, including alkaline phosphatase (Alp),
Runt-related transcription factor 2 (Runx2), osteopontin
(Opn) and osteocalcin (Ocn), as well as Alizarin Red S
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staining (Fig. S1). At 5 days and 2 months of age, it was
observed that Kdm5c knockout (KO) mice had a smaller
body size compared to wild-type (WT) littermates (Fig. S2).
The whole skeleton of Kdm5c KO mice was smaller than
that of WT littermates (Fig. 1A). The lengths of the rib,
spine (1st thoracic to 1st lumber spine), humerus, ulna,
radius, femur, and tibia were shorter in Kdm5c KO mice, as
compared with that of WT littermates (Fig. 1BeF). The
microCT analysis showed Kdm5c KO mice exhibited
decreased trabecular bone mineral density, bone volume
(BV), bone volume fraction (BV/TV), and trabecular number
at 8 weeks of age (Fig. 1G, H). Simultaneously, the mineral
apposition rate and bone formation rate of both groups
were assessed in non-decalcified histological sections of
femurs by Calcein-Alizarin Red labeling assay. The endo-
cortical bone formation rate, median mineralizing surface
per unit of the bone surface, and endocortical mineral
apposition rate were reduced in the Kdm5c KO mice
compared to WT littermates (Fig. S3A, B), suggesting a
decreased endocortical bone formation. The immunohis-
tochemistry (IHC) staining showed that OPG, OCN, and OPN
were decreased in the femur’s trabecular bone and bone
cortex in Kdm5c KO mice (Fig. S3C, D).

Next, we isolated the total RNA of bone marrow MSCs
from Kdm5c KO and WT mice and performed RNA
sequencing (RNAseq) analysis. Among the 724 differentially
expressed genes, 112 genes were up-regulated and 612
genes were down-regulated (Fig. S4A). The Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway analysis
showed Kdm5c KO MSCs were enriched with a variety of
signaling pathways closely related to bone development,
such as PI3K-Akt, Wnt, Hippo, and Transforming growth
factor-b (TGFb) signaling pathways, etc (Fig. 1I). Down-
regulation of genes associated with PI3K/Akt and Wnt
signaling pathways were shown in Figure S4B. The Western
behalf of KeAi Communications Co., Ltd. This is an open access
by/4.0/).
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Figure 1 Kdm5c deletion impaired bone development by inhibiting PI3K/Akt/HIF1a and Wnt/b-catenin pathways, and its
overexpression accelerated fracture healing. (AeE) Double staining with Alizarin Red and Alcian Blue of the whole skeleton (A), ribs
(B), upper extremities (C, D), and lower extremities (E) of the newborn (Day 1) WT and Kdm5c KO mice. Three animals were used in
each group. (F) The length of the rib, spine (1st thoracic to 1st lumber spine), humerus, ulna, radius, femur, and tibia were
calculated. The data are expressed as mean � standard deviation (SD) (n Z 3); *P < 0.05. (G, H) Femurs of 2-month-old WT and
Kdm5c KO mice were analyzed by Micro-CT. The 3D reconstruction of the trabecular bone and quantitative parameters were
displayed. The data are expressed as mean � SD (n Z 5); *P < 0.05. (I) RNA-seq analysis of gene expression profile of MSCs from WT
and Kdm5c KO mice. The KEGG analysis showed multiple signaling pathways were inhibited in Kdm5c KO MSCs, especially the PI3K/
Akt and Wnt signaling pathways. (J) Western blot analysis of the relative protein levels of Kdm5c, p-Akt, Akt, b-catenin, and HIF1a
in MSCs from WT and Kdm5c KO mice. (K) The Kdm5c-MSC and Vector-MSC were treated with an osteogenic induction medium for 14
days, and then the cells were fixed and stained with Alizarin Red S. (L) Representative 3D Micro-CT images of the fractured femur of
mice treated with Kdm5c-MSC and Vector-MSC, respectively. (M) The bone mineral density and bone volume fraction (BV/TV)
calculated from Micro-CT analysis were displayed. The data are expressed as mean � SD (n Z 5); *P < 0.05. (N) Three-point
bending mechanical testing at week 4 post-surgery was performed, and the statistical data were displayed (n Z 5, *P < 0.05). (O)
Hematoxylin & eosin (H&E) and immunohistochemistry (IHC) staining with antibodies of OCN and HIF1a. The relative intensity was
calculated with Image J. H&E staining: scale barZ 500 mm; IHC staining: scale barZ 100 mm. The data are expressed as mean � SD
(n Z 5); *P < 0.05.
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blot analysis also showed the levels of p-Akt, b-catenin, and
HIF1a were all decreased in MSCs isolated from Kdm5c KO
mice (Fig. 1J). In addition, the IHC staining of the tibia
revealed significantly reduced p-Akt, b-catenin, and HIF-1a
in 2-month-old Kdm5c KO mice compared with WT litter-
mates (Fig. S4C).

Then, mouse MSCs were transduced with lentivirus car-
rying Kdm5c or empty vector. Stable cell lines of MSCs
(Kdm5c-MSC and Vector-MSC) were established. After 5
days of osteogenic induction, the mRNA expression levels of
Alp, Opn, Bmp2, Runx2, and Ocn were significantly
increased in Kdm5c-MSC (Fig. S5A). The Alizarin Red S
staining showed that the mineralization of MSCs was also
increased by Kdm5c over-expression at 14 days after oste-
ogenic induction (Fig. 1K). The levels of p-Akt, b-catenin,
and HIF1a were all increased by Kdm5c over-expression
(Fig. S5B).

Finally, we established the mouse open femur fracture
model, and Kdm5c-MSC and Vector-MSC were locally
injected into the fracture sites. The Micro-CT result
revealed that mice treated with Kdm5c-MSC trans-
plantation displayed better fracture healing, significantly
higher bone mineral density and bone volume fraction, and
better mechanical properties (Fig. 1LeN). Increased levels
of OCN and HIF1a in the callus tissue of Kdm5c-MSC trans-
plantation mice could be observed (Fig. 1O).

Taken together, our data showed that Kdm5c deletion
mice displayed decreased bone mass and abnormal bone
development, with multiple signaling pathways inhibited,
especially the PI3K/Akt/HIF1a and Wnt/b-catenin pathways
(summarized in Fig. S6). Kdm5c-modified MSCs could be
used for accelerating fracture healing, which may have
clinical implications for the delayed unions.
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