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Foxk1 promotes bone formation through inducing aerobic
glycolysis
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Transcription factor Foxk1 can regulate cell proliferation, differentiation, metabolism, and promote skeletal muscle regeneration
and cardiogenesis. However, the roles of Foxk1 in bone formation is unknown. Here, we found that Foxk1 expression decreased in
the bone tissue of aged mice and osteoporosis patients. Knockdown of Foxk1 in primary murine calvarial osteoblasts suppressed
osteoblast differentiation and proliferation. Conditional knockout of Foxk1 in preosteoblasts and mature osteoblasts in mice
exhibited decreased bone mass and mechanical strength due to reduced bone formation. Mechanistically, we identified Foxk1
targeted the promoter region of many genes of glycolytic enzyme by CUT&Tag analysis. Lacking of Foxk1 in primary murine
calvarial osteoblasts resulted in reducing aerobic glycolysis. Inhibition of glycolysis by 2DG hindered osteoblast differentiation and
proliferation induced by Foxk1 overexpression. Finally, specific overexpression of Foxk1 in preosteoblasts, driven by a preosteoblast
specific osterix promoter, increased bone mass and bone mechanical strength of aged mice, which could be suppressed by
inhibiting glycolysis. In summary, these findings reveal that Foxk1 plays a vital role in the osteoblast metabolism regulation and
bone formation stimulation, offering a promising approach for preventing age-related bone loss.
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INTRODUCTION
Osteoporosis is a prevalent disease characterized by loss of bone
mass and degeneration of bone microarchitecture, leading to an
increased risk of fractures and difficulties in fracture recovery [1, 2].
As an age-related degenerative disease, the incidence of
osteoporosis is rising significantly with the global aging popula-
tion, posing a substantial burden on public health [3]. Bone
undergoes continuous dynamic remodeling, regulated by the
number and activity of bone-forming osteoblasts and bone-
resorbing osteoclasts. Osteoblasts, essential for the growth and
maintenance of the skeleton, play a crucial role in bone formation.
A major function of osteoblasts is to synthesize extracellular matrix
and to support mineralization [4].
Osteoblast dysfunction caused by aging leads the imbalance of

bone formation and bone resorbing, resulting in occurrence of
osteoporosis [5, 6]. Antiresorptive drug, e.g. bisphosphonates, has
been widely used and achieved satisfactory curative effect in
reducing fracture rates, however it cannot be applied for a long
term due to the risk of atypical femoral fractures [7]. And
bisphosphonates are unable to improve age-related bone
formation loss, which is harmful to bone quality. Parathyroid
hormone (PTH) and Wnt signaling are classical accelerant of bone
formation [8]. Although antibody treatment against sclerostin and
intermittent low-dose PTH treatment to induce Wnt signaling has

been used to enhance osteoblast activity, the cost and risk of side
effects limit their widespread application [9, 10]. Consequently,
there remains a clinical need for additional therapeutics that safely
stimulates osteoblast number and function.
Forkhead box (FOX) proteins are a superfamily of evolutionarily

conserved transcription factors that are characterized by their
“Forkhead” or “winged-helix” DNA binding domain [11]. Fox family
comprise of 19 subfamilies (Foxa to Foxs) based on sequence
homology [12]. Fox members are widely expressed in various
tissues and regulate multiple cellular functions, including cell
proliferation, differentiation, metabolism, and carcinogenesis,
playing an important role in many diseases [13–16]. Foxk1 is
one of the two members, Foxk1 and Foxk2, of the Foxk family [17].
Previous studies showed that Foxk1 play a vital role in myogenic
stem cell differentiation and proliferation, and is essential for
muscle regeneration [18, 19]. Foxk1 promotes cardiogenesis by
regulating embryonic stem cell differentiation [20]. Furthermore,
Foxk1 involves in cancer initiation, proliferation, invasion and
metastasis [11]. Nevertheless, the role for Foxk1 in osteoblast
function and bone formation is unknown and warrants further
investigation.
Here, we identify Foxk1 as a critical manipulator of osteoblast

metabolism regulation and bone formation. We found that
conditional knockout of Foxk1 in preosteoblasts or mature

Received: 24 April 2024 Revised: 9 August 2024 Accepted: 27 August 2024

1Division of Spine, Department of Orthopedic Surgery, Shenzhen People’s Hospital (The Second Clinical Medical College, Jinan University; The First Affiliated Hospital, Southern
University of Science and Technology), Shenzhen 518020 Guangdong, China. 2Shenzhen Key Laboratory of Musculoskeletal Tissue Reconstruction and Function Restoration,
Shenzhen, China. 3The First Affiliated Hospital, Jinan University, Guangzhou 510630, China. 4Shenzhen Clinical Research Centre for Geriatrics, Shenzhen People’s Hospital,
Shenzhen, China. 5These authors contributed equally: Chungeng Liu, Naibo Feng. ✉email: houqinglong@163.com; pengsonglin@mail.sustech.edu.cn

www.nature.com/cdd

Official journal of CDDpress

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-024-01371-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-024-01371-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-024-01371-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41418-024-01371-w&domain=pdf
http://orcid.org/0000-0003-4480-7298
http://orcid.org/0000-0003-4480-7298
http://orcid.org/0000-0003-4480-7298
http://orcid.org/0000-0003-4480-7298
http://orcid.org/0000-0003-4480-7298
http://orcid.org/0000-0002-4042-7071
http://orcid.org/0000-0002-4042-7071
http://orcid.org/0000-0002-4042-7071
http://orcid.org/0000-0002-4042-7071
http://orcid.org/0000-0002-4042-7071
https://doi.org/10.1038/s41418-024-01371-w
mailto:houqinglong@163.com
mailto:pengsonglin@mail.sustech.edu.cn
www.nature.com/cdd


osteoblasts in mice impaired bone formation and overexpression
of Foxk1 in preosteoblasts increased bone mass and mechanical
strength of aged mice by promoting bone formation. We also
demonstrated that Foxk1 triggers osteoblast differentiation and
proliferation, and bone formation through the induction of
aerobic glycolysis in osteoblasts. Collectively, our data highlight
the previously unknown role for Foxk1 in osteoblast function and
bone formation, and provide a potential target for preventing age-
related bone loss.

RESULTS
Foxk1 involved in age-related osteoporosis and osteogenesis
To investigate whether Foxk1 is a functional molecule in
osteoporosis, we examined its expression patterns in bone tissues
of 3 month (3 m)- and 12 month (12 m)-old mice. Analysis of distal
femur metaphysis by microCT revealed that reduced bone mass in
12m-old mice (Supplementary Fig. S1A). The bone volume (BV),
bone volume/tissue volume ratio (BV/TV) and trabecular number
(Tb.N) were significantly reduced in 12m-old mice compared to
3m-old (Supplementary Fig. S1B–D, n= 4 per group), while the
trabecular separation (Tb.Sp) increased (Supplementary Fig. S1E,
n= 4 per group). The expression of Foxk1 was decreased in 12m-
old mice (Fig. 1A (n= 3 per group) and 1B), with the reduced
osteogenic markers expression, Runx2 and Osterix (Fig. 1B).
Immunofluorescence (IF) staining images showed a remarkable
reduction of Osterix and Foxk1 positive cell (Supplementary
Fig. S1F). We next collected the bone tissue samples from
individuals diagnosed with osteoporosis and from control subjects
to investigate the expression of Foxk1. The results demonstrated
that Foxk1 was also remarkably decreased in samples with
osteoporosis (Fig. 1C (n= 6 per group) and 1D). To further
examine the dynamic expression of Foxk1 during osteogenesis
in vitro, primary murine calvarial osteoblasts were isolated and
induced osteoblast differentiation. We found that the expression
of osteogenic markers, Runx2, Osterix and alkaline phosphatase
(Alp) increased during osteoblast differentiation (Supplementary
Fig. S1G). The gradually enhanced Alp staining further confirmed
osteoblast differentiation (Supplementary Fig. S1H). qPCR and
Western blot revealed that Foxk1 expression significantly
increased on the third day (day 3) of osteoblast differentiation
and remained at a high level on day 7 (Fig. 1E (n= 3 per group)
and Supplementary Fig. S1I). The above results suggested that
Foxk1 is associated with osteoporosis and osteogenesis.

Foxk1 positively regulates osteoblast differentiation and
proliferation
To determine the intrinsic role of Foxk1 in osteoblasts, we
examined the differentiation and proliferation of primary murine
calvarial osteoblasts knocked down of Foxk1 or not by siRNA. The
introduction of siFoxk1 resulted in a reduction of Foxk1 mRNA
expression (Fig. 1F, n= 3 per group), which is consistent with the
protein reduction (Fig. 1K). Knockdown of Foxk1 decreased the
osteogenic marker genes expression, including Runx2, Osterix,
Alp, and osteocalcin (Ocn) (Fig. 1G–J, n= 3 per group). These
findings were further confirmed by introducing siFoxk1 into
primary murine calvarial osteoblast cultures, which decreased
RUNX2 and OSTERIX protein levels (Fig. 1K). Furthermore, cells
treated with siFoxk1 displayed significant inhibition of ALP and
Alizarin Red S (ARS) staining (Fig. 1L, M). Then, we investigated the
proliferation of osteoblasts by examining Edu incorporation and IF
staining of cell cycle marker Ki67, and found that knockdown of
Foxk1 displayed a significant reduction in Edu incorporation and
the percentage of Ki67 positive cells in primary murine calvarial
osteoblast (Fig. 1N, O, n= 3 per group). These results indicated
that Foxk1 is required for osteoblast differentiation and
proliferation.

Deletion of Foxk1 in Preosteoblasts leads to low bone mass
and strength
To understand the role of Foxk1 in osteogenesis in vivo, the Osx-
cre transgenic mice were mated with Foxk1fl/fl mice to deplete
Foxk1 from committed osteoblast progenitors (Supplementary
Fig. S2A). IF staining images showed that the osterix positive cells
significantly decreased in Osx-cre;Foxk1fl/fl mice, with the reduction
of Foxk1 (Supplementary Fig. S2B), which coincide with knock-
down of Foxk1 inhibiting osteoblast proliferation. Immunohisto-
chemical (IHC) staining further confirmed the successful deletion
of Foxk1 (Supplementary Fig. S2C). Male and female Osx-
cre;Foxk1fl/fl mice at 4 weeks of age were smaller and lighter than
their Osx-cre littermates (Supplementary Fig. S2D, E, G and H, n= 8
per group). Analysis of femur metaphysis with microCT showed
that Foxk1 deletion impaired the bone mass (Fig. 2A, B) and
decreased the BV, BV/TV, and Tb.N compared to control mice
(Fig. 2C (Osx-cre mice: n= 7; Osx-cre;Foxk1fl/fl mice: n= 8) and 2D
(n= 8 per group)). In addition, Foxk1 knockout also led to
significant elevation of Tb.Sp (Fig. 2C, D). Next, the trabecular bone
area and number, determined by H&E staining, were reduced in
Osx-cre;Foxk1fl/fl mice compared to Osx-cre littermates (Supple-
mentary Fig. S2J, L). Biomechanical testing showed that Osx-
cre;Foxk1fl/fl mice exhibited an overall deterioration in biomecha-
nical properties characterized by markedly reduced maximum
force, maximum bending strength, and elastic modulus (Supple-
mentary Fig. S2F, I, Fig. 2E, F, n= 7 per group).
Next, calcein double labeling was used to analyze the bone

formation ability in Osx-cre;Foxk1fl/fl mice. The results shewed that
bone formation activity was lower in the Osx-cre;Foxk1fl/fl mice than
the Osx-cremice, indicated as slower mineral apposition rate (MAR)
and bone formation rate (BFR) (Fig. 2G, H, n= 3 per group). OCN IHC
staining revealed shrunk number of osteoblasts on trabecular bone
surface in Osx-cre;Foxk1fl/fl mice compared to Osx-cremice (Fig. 2I, J,
n= 5 per group), which is consistent with the reduced ossification
and bone formation rate. Interestingly, Tartrate resistant acid
phosphatase (TRAP) staining indicated that the osteoclast number
showed no obvious differences between groups in male Osx-
cre;Foxk1fl/fl mice, whereas, the osteoclast number significantly
decreased in female (Supplementary Fig. S2N, O, n= 5 per group).
ELISA showed that Foxk1 knockout did not affect the level of
C-terminal telopeptides of type I collagen (CTX-1) in male mice, but
it reduced its level in female mice (Supplementary Fig. S2K, M, n= 6
per group).

Loss of Foxk1 in osteoblasts causes reduced bone mass and
strength
To explore how Foxk1 functioned in mature osteoblasts in vivo,
we deleted Foxk1 in mature osteoblasts using Ocn-Cre (Supple-
mentary Fig. S3A). The results demonstrated that deletion of
Foxk1 resulted in Ocn positive cells significantly decreased with
the reduction of Foxk1 (Supplementary Fig. S3B), suggesting that
Foxk1 regulates the proliferation of mature osteoblasts. IHC
staining of Foxk1 further confirmed the successful deletion
(Supplementary Fig. S3C). Knockout of Foxk1 did not affect the
body size (data not shown) and body weight in both male and
female mice at 4 weeks of age (Supplementary Fig. S3D (n= 7 per
group) and Supplementary Fig. S3G (n= 8 per group)). Analysis of
femur metaphysis with microCT demonstrated that the bone mass
(Fig. 3A, B) and the BV, BV/TV, and Tb.N showed a significant
reduction in Ocn-Cre;Foxk1fl/fl mice compared to Ocn-Cre mice,
while the Tb.Sp was elevated (Fig. 3C (n= 7 per group) and 3D
(n= 8 per group)). And we found that the trabecular bone area
and number were reduced in Osx-cre;Foxk1fl/fl mice compared to
Osx-cre littermates by H&E staining (Supplementary Fig. S3J, K).
Biomechanical testing reveled that deletion of Foxk1 impaired the
biomechanical properties of femur (Fig. 3E, F, Supplementary
Fig. S3E, H, n= 6 per group). Dynamic histomorphometric analysis
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of calcein double labeling revealed that bone formation activity
remarkably decreased in the Ocn-cre;Foxk1fl/fl mice than the Ocn-
cre mice, manifested as slower MAR and BFR (Fig. 3G, H, n= 3 per
group). In addition, the osteopenic manifestations of the Ocn-
cre;Foxk1fl/fl mice was further confirmed by the decrease in
osteoblast numbers (Fig. 3I, J, n= 5 per group). The osteoclast
number and bone resorption showed no obvious differences

between groups in male mice (Supplementary Fig. S3L (n= 5 per
group) and Supplementary Fig. S3F (n= 6 per group)), however
these showed a reduction in female Ocn-cre;Foxk1fl/fl mice
(Supplementary Fig. S3M (n= 5 per group) and Supplementary
Fig. S3I (n= 6 per group)).
Taken together, these findings demonstrated that osteoblastic

Foxk1 positively regulates the function of osteoblasts and bone

Fig. 1 Knockdown of Foxk1 inhibited osteoblast differentiation and proliferation. A qPCR analysis of mRNA levels of Foxk1 in femurs of
3 months (3 m) and 12m-old mice (n= 3 per group). B Western blot analysis of FOXK1, RUNX2 and OSTERIX protein from 3m and 12m-old
mice femur. C qPCR analysis of mRNA levels of Foxk1 in bone tissues of osteoporosis patients and controls (n= 6 per group). D Western blot
analysis and quantification of FOXK1 from bone tissues of osteoporosis patients and controls. E qPCR analysis of mRNA levels of Foxk1 in
primary murine calvarial osteoblasts at day 0, day 3 and day 7 during osteoblast differentiation (n= 3 per group). F–J qPCR was used to
quantify Foxk1, Runx2, Osterix, Alp and Ocn mRNA levels after 7 days of siRNA transfection in primary murine calvarial osteoblasts (n= 3 per
group). K Western blot analysis of FOXK1, RUNX2 and OSTERIX protein levels in primary murine calvarial osteoblasts after transfection with
siNC or siFoxk1 for 7 days. L Representative images of ALP staining of primary murine calvarial osteoblasts after transfection with siRNA for
7 days. M Representative images of ARS staining of primary murine calvarial osteoblasts after transfection with siRNA for 14 days.
N Representative images and quantification of Edu incorporation in primary murine calvarial osteoblasts after transfection with siRNA for
3 days (n= 3 per group). O Representative images and quantification of Ki67 IF staining in primary murine calvarial osteoblasts after
transfection with siRNA for 3 days (n= 3 per group). *p < 0.05, **p < 0.01, ***p < 0.001.
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formation, and controls ossification and proliferation both in
preosteoblasts and mature osteoblasts in vivo.

Foxk1 is involved in regulating aerobic glycolysis in
osteoblasts
Next, we performed the Cleavage Under Targets and Tagmen-
tation (CUT&Tag) assay of primary murine calvarial osteoblasts
to assess the DNA-binding profiles of transcription factor
Foxk1. Global mapping analysis showed that Foxk1 peaks were
mainly observed at or near transcription start site (TSS)
(Supplementary Fig. S4A). We identified 5961 genomic Foxk1
binding sites, of which 73.11% were localized on the promoter
regions (Supplementary Fig. S4B). Kyoto encyclopedia of genes
and genomes (KEGG) analysis of Foxk1 binding genes showed
that significant enrichment in glycolysis/glycogenesis signaling
pathways (Fig. 4A). Specifically, the promoter region of several
rate-limiting enzyme genes of glycolysis, including hexokinase-
2 (Hk2), phosphofructokinase muscle isoform (Pfkl, Pfkp, and
Pfkfb3), pyruvate kinase (Pkm), and enolase 1 (Eno1), were

enrichment (Fig. 4B). Notably, Foxk1 could bind to the
promoter region of pyruvate dehydrogenase kinases 1 (Pdk1)
(Fig. 4B), which can phosphorylate regulatory subunit E1α of
the pyruvate dehydrogenase complex (PDC) to inhibit its
enzymatic activity. The link between Foxk1 and these enzyme
genes was confirmed by qPCR after chromatin immunopreci-
pitation (ChIP) (Supplementary Fig. S4C, n= 3 per group).
Foxk1 knockdown decreased the expression of Hk2, Pfkl, Pfkp,
Pfkfb3, Eno1, Pkm, and Pdk1 in primary murine calvarial
osteoblasts (Supplementary Fig. S4D, n= 3 per group).
Osx-cre;Foxk1fl/fl mice showed a significant reduction of these
glycolytic gene expression in femur (Supplementary Fig. S4E,
n= 5 per group).
Positive regulation of glycolytic genes by Foxk1 led us to

investigate the role of Foxk1 in glycolysis process. Knockdown of
Foxk1 in primary murine calvarial osteoblasts significantly
decreased glucose uptake (Fig. 4C, n= 6 per group). Seahorse
glycolytic stress test demonstrated that Foxk1 knockdown caused
a significant decrease of glycolysis, which was manifested by

Fig. 2 Loss of Foxk1 in preosteoblasts leads to low bone mass and strength. Representative images of microCT analysis of male (A) and
female (B) Osx-cre;Foxk1fl/fl mice and corresponding controls including two-dimensional construction of distal femur and three-dimensional
reconstruction of trabecular bone of distal femur at 4 weeks old. Quantification of microCT analyses of the femur distal end from male (C) and
female (D) Osx-cre;Foxk1fl/fl mice and corresponding controls at 4 weeks old (male: n= 7 for Osx-cre mice and n= 8 for Osx-cre;Foxk1fl/fl mice;
female: n= 8 per group). Biomechanical properties analysis of the left femur from male (E) and female (F) Osx-cre;Foxk1fl/fl mice and
corresponding controls at 4 weeks old (n= 7 per group). Dynamic osteogenic index of trabecular bone, including MAR and BFR, from the
femoral metaphysis in male (G) and female (H) Osx-cre;Foxk1fl/fl mice and corresponding controls at 4 weeks old (n= 3 per group).
Representative images and quantification of OCN IHC staining in male (I) and female (J) Osx-cre;Foxk1fl/fl mice and corresponding controls at
4 weeks old (n= 5 per group). *p < 0.05, **p < 0.01.
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extracellular acidification rate (ECAR) (Fig. 4D–F, n= 6 per group).
Cells knocked down for Foxk1 showed a reduction in lactate
concentration in culture medium, consistent with ECAR (Fig. 4G,
n= 4 per group). And Foxk1 knockdown showed no obvious
impact of mitochondrial respiration, examined by seahorse
mitochondrial stress test (Supplementary Fig. S4F–H, n= 6 per
group). Next, we performed metabonomic analysis in primary
murine calvarial osteoblasts with Foxk1 knockdown, to detect
intermediate metabolites of glycolysis pathways. Strikingly, our
data confirm an inhibition of glycolysis caused by the suppression
of Foxk1, with glucose 6-phosphate (G6-P), fructose 6-phosphate
(F6-P), Fructose 1,6-bisphosphate (F1,6-P), 3-phosphoglyceric acid
(3-PG), pyruvate and lactate remarkably decreased (Fig. 4H–M,
n= 6 per group). Therefore, we found that Foxk1 controls the
glycolytic pathway through multiple dimensions in osteoblasts
(Fig. 4N). Thus, Foxk1 could positively regulate glycolysis in
osteoblasts, even in oxygen rich conditions, called aerobic
glycolysis.

Foxk1 regulates the osteoblast differentiation and
proliferation by inducing glycolysis
Our next objective was to assess the role of glycolysis in osteoblast
function. The results showed that glucose uptake, ECAR and
lactate release significantly increased during osteoblast differen-
tiation, indicating elevation of glycolysis (Supplementary Figs. S5A,
S5E (n= 3 per group), Supplementary Fig. S5B–D (n= 6 per
group)). Inhibition of glycolysis by 2-deoxy-Dglucose (2DG)
suppressed the expression of osteogenic marker genes in
osteoblasts (Supplementary Fig. S5G–J (n= 3 per group), Supple-
mentary Fig. S5K). Interestingly, Foxk1 expression was elevated
after glycolysis inhibiting (Supplementary Fig. S5F (n= 3 per
group) and Supplementary Fig. S5K), which may be a negative
feedback regulation. ALP and ARS staining were markedly reduced
in cells treated with 2DG (Supplementary Fig. S5L). Edu
incorporation and IF staining of Ki67 demonstrated that suppres-
sion of glycolysis significantly decreased the proliferation of
osteoblasts (Supplementary Fig. S6A, B, n= 3 per group).

Fig. 3 Deletion of Foxk1 in mature osteoblasts results in low bone mass and strength. Representative images of microCT analysis of male
(A) and female (B) Ocn-cre;Foxk1fl/fl mice and corresponding controls including two-dimensional construction of distal femur and three-
dimensional reconstruction of trabecular bone of distal femur at 4 weeks old. Quantification of microCT analyses of the femur distal end from
male (C) and female (D) Ocn-cre;Foxk1fl/fl mice and corresponding controls at 4 weeks old (male: n= 7 per group; female: n= 8 per group).
Biomechanical properties analysis of the left femur from male (E) and female (F) Ocn-cre;Foxk1fl/fl mice and corresponding controls at 4 weeks
old (n= 6 per group). Dynamic osteogenic index of trabecular bone, including MAR and BFR, from the femoral metaphysis in male (G) and
female (H) Ocn-cre;Foxk1fl/fl mice and corresponding controls at 4 weeks old (n= 3 per group). Representative images and quantification of
OCN IHC staining in male (I) and female (J) Ocn-cre;Foxk1fl/fl mice and corresponding controls at 4 weeks old (n= 5 per group). *p < 0.05,
**p < 0.01.
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Subsequently, we examined whether Foxk1 regulates osteo-
blast function by enhancing glycolysis. We found that 2DG
blocked the promoting effect of Foxk1 on osteoblast glycolysis
(Fig. 5A–C (n= 5 per group) and Fig. 5D (n= 6 per group)).
Inhibiting glycolysis weakened the enhanced osteogenic marker

genes by overexpression of Foxk1 (Fig. 5E–H (n= 3 per group),
Supplementary Fig. S6D). Reduction of ALP and ARS staining
confirmed that the positive effect of Foxk1 on osteogenic
differentiation was prevented by glycolysis inhibition (Fig. 5I, J).
Edu incorporation and IF staining of Ki67 showed that Foxk1 could
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promote osteoblast proliferation, which was impeded by inhibi-
tion of glycolysis (Fig. 5K, L, Supplementary Fig. S6E, F, n= 3 per
group). These results demonstrate that Foxk1 primarily enhances
osteoblast differentiation and proliferation by promoting aerobic
glycolysis.

Foxk1 increases the bone mass of aged mice through
induction of glycolysis
To investigate the role of Foxk1 in age-related bone loss, we
constructed an adeno-associated virus 9 (AAV9) that contained a
preosteoblast-specific promoter (Osterix) to overexpress Foxk1 in
preosteoblasts (AAV9-Osterix-Foxk1) (Supplementary Fig. S7A). We
first aimed to examine the infection efficiency and function in vitro
and incubated AAV9-Osterix-GFP (AAV9-GFP) and AAV9-Osterix-
Foxk1 (AAV9-Foxk1) with primary murine calvarial osteoblasts and
RAW cells. Transduced cells were evaluated for GFP expression by
fluorescence microscopy and we found that AAV9-GFP transduced
osteoblasts efficiently, but poorly in RAW cells (Supplementary
Fig. S7B). The expression of Foxk1 showed a significant elevation
in osteoblasts treated with AAV9-Foxk1, while represented a
relatively unimpressive upregulation amplitude in RAW cells
(Supplementary Fig. S7C (n= 3 per group) and Supplementary
Fig. S7D). AAV9-Foxk1 infection increased the osteogenic marker
gene expression, ALP staining and ARS staining, suggesting
promotion of osteoblast differentiation (Supplementary Fig. S7E–H
(n= 3 per group) and Supplementary Fig. S7I, J).
Next, to examine whether Foxk1 promotes bone formation

through the upregulation of glycolysis in aged mice, 12m-old male
mice were simultaneously injected with AAV9-Foxk1 and 2DG
(12m-Foxk1-2DG) via tail vein (Fig. 6A). Whole body and individual
organ imaging showed that the expression of GFP was highest in
the hindlimbs, modest in liver and not detected in heart, spleen,
lung, and kidney (Fig. 6B). Expression of GFP in the femur and liver
was further confirmed by IF staining (Supplementary Fig. S8A).
Notably, IF staining revealed that GFP colocalized with Osterix in
femur (Fig. 6C), indicating that AAV9 could efficiently infect
preosteoblasts. IHC staining showed that the expression of Foxk1
decreased in 12m-old mice femur compared to 3m-old mice, but
treatment of AAV9-Foxk1 significantly increased Foxk1 expression
and 2DG boosted this effect (Fig. 6D). qPCR confirmed the
alteration of Foxk1 expression in the femur (Fig. 6E, n= 3 per
group). And we found that the expression of Foxk1 increased in
liver (Supplementary Fig. S8B, n= 3 per group), which corre-
sponds with GFP expression (Fig. 6B and Supplementary Fig. S8A).
No significant changes in histological features of heart, liver,
spleen, lung, and kidney were observed in different groups
(Supplementary Fig. S8C).
The MicroCT analysis demonstrated that glycolysis inhibition

blocked the promoting effect of Foxk1 on bone mass (Fig. 6F), the
BV, BV/TV, and Tb.N, and suppression effect on Tb.Sp (Fig. 6G–J,
n= 6 per group). H&E staining revealed that the trabecular bone
area and number were increased in AAV9-Foxk1 treated 12m-old
mice (the group of 12m-Foxk1-PBS), which was prevented by 2DG
administering (the group of 12m-Foxk1-2DG) (Supplementary
Fig. S9A). Biomechanical testing reveled that glycolysis inhibiting
suppressed the elevation of the femur biomechanical properties in

AAV9-Foxk1 treated 12m-old mice (Fig. 6K, L, n= 6 per group).
Foxk1 overexpression improved the MAR and BFR in 12m-old
mice, which could be attenuated by glycolysis inhibition
(Fig. 6M–O, n= 3 per group). AAV9-Foxk1 treated mice displayed
an increased number of osteoblasts, while administration of 2DG
impeded this effect (Supplementary Fig. S9B, C, n= 5 per group).
These data indicated that the promoting effect of Foxk1 on bone
formation was counteracted by inhibition of glycolysis in aged
mice. TRAP staining (Supplementary Fig. S9D, E, n= 5 per group)
and Elisa of CTX-1 (Supplementary Fig. S9F, n= 5 per group)
showed that the number of osteoclast and bone resorption
presented no significant alteration in AAV9-GFP, AAV9-Foxk1 and
2DG treated groups. These findings collectively indicate that the
protection effect of Foxk1 on age-related bone loss was mediated
by enhancement of aerobic glycolysis.

DISCUSSION
Development of more efficient and safer regulatory targets that
stimulate osteoblast number and differentiation to enhance bone
formation is extraordinary important in improving treatment of
osteoporosis. In the current study, we discovered that Foxk1
promote osteoblast differentiation and proliferation, and bone
formation by enhancing aerobic glycolysis. Preosteoblast and
mature osteoblast-specific knockout of Foxk1 deceased the bone
mass and mechanical strength by weakening bone formation.
Forcing the expression of Foxk1 in preosteoblasts improve the
bone mass and mechanical strength in aged mice, which could be
attenuated by glycolysis inhibitor 2DG. Consequently, our findings
suggest that targeting Foxk1 could serve as a strategy for
preventing age-related bone loss.
The transcription factors Foxk1 ubiquitously expressed in

various tissues and organs and they play vital roles in cell
function, including cell proliferation, cell differentiation and cell
metabolism [11]. Foxk1 can regulate skeletal muscle by mediating
myogenic stem cell proliferation and differentiation [18, 19, 21]
and promote cardiogenesis by regulating Wnt signaling [20].
Recently, a report showed that Foxk1 regulate adipogenic
differentiation of bone marrow stromal cells [22]. In addition,
Foxk1 have been shown to have important roles in tumorigenesis
[11]. Here we found that Foxk1 expression decreased in bone
tissues of aged mice and osteoporosis patients, while gradually
increased during osteoblast differentiation. These findings
prompted us to investigate the role of Foxk1 in osteoblast
function and bone formation. We knocked down Foxk1 in primary
murine calvarial osteoblasts and found that Foxk1 has a positive
role in regulating osteoblast differentiation and proliferation.
Then, to conditionally knockout Foxk1 from preosteoblasts at the
initial stage of differentiation and from mature osteoblast at late
stage of differentiation, two lines of transgenic mice were
generated by using different temporal markers of osteoblast,
Osterix and Ocn [23]. We found that deletion of Foxk1 in both
initial and late stage decreased bone mass and mechanical
strength through suppressing bone formation, which indicates
that Foxk1 is necessary for maintaining osteoblast differentiation
in vivo at the whole period. To our knowledge, this is the first

Fig. 4 Foxk1 plays a critical role in regulating aerobic glycolysis of osteoblasts. A KEGG analysis of direct target genes from CUT&Tag-seq of
Foxk1 overexpressing primary murine calvarial osteoblasts. B IGV visual analyzed the FOXK1 biding regions of its targeted genes. C Glucose
uptake is determined in Foxk1 knockdown versus control primary murine calvarial osteoblasts (n= 6 per group). D–F The extracellular
acidification rate (ECAR) in primary murine calvarial osteoblasts was measured using Seahorse XF assay, in response to Foxk1 knockdown.
Glycolysis (E) and glycolytic capacity (F) were analyzed (n= 6 per group). G Lactate levels of medium cultured for Foxk1 knockdown and
control primary murine calvarial osteoblasts was examined (n= 4 per group). H–M Metabonomic analysis glycolytic intermediate metabolites
(G6-P, F6-P, F1,6-P, 3-PG, pyruvate and lactate) in primary murine calvarial osteoblasts with Foxk1 knockdown was performed (n= 6 per group).
N Mapping of Foxk1-induced metabolic genes and metabolites within glycolytic pathways. The factors decreased in primary murine calvarial
osteoblasts with Foxk1 knockdown are marked in red font. *p < 0.05, **p < 0.01, ***p < 0.01.
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report describing the roles of Foxk1 in osteoblast function and
bone formation.
Foxk1 can promote aerobic glycolysis by targeting many

glycolytic enzymes and inhibiting further oxidation of pyruvate
in the mitochondria by increasing the activity of Pdk1 and Pdk4 in
3T3L1 adipocytes and L6 myoblasts [24]. Moreover, Foxk1
regulates multiple genes associated with glycolysis and down-
stream anabolic pathways and contribute to mTORC1-regulated
metabolic reprogramming in mouse embryonic fibroblasts [25].
We discovered that FOXK1 protein could bind to promoter regions
of several glycolytic enzyme genes in primary murine calvarial
osteoblasts by using CUT&Tag, which is consistent with previous

report [24, 25]. And we found that Foxk1 could regulate these
glycolytic enzyme genes in vitro and in vivo. Furthermore, we
found that Foxk1 could positively regulate aerobic glycolysis and
knockdown of Foxk1 decreased glycolytic intermediates by
applying metabonomic analysis. However, our data demonstrated
that Foxk1 had no significant effect on mitochondrial oxidative
metabolism.
Aerobic glycolysis produces 80% of the energy in mature

osteoblasts and is a prominent feature of osteoblast differentia-
tion [6, 26]. Stabilization of Hif1α drive bone formation by up-
regulation of glycolytic metabolism [27]. As classical accelerant of
bone formation, PTH and Wnt signaling can promote osteoblast

Fig. 5 Foxk1 regulation of osteoblast differentiation and proliferation relies on glycolysis. A–C The extracellular acidification rate (ECAR) in
control (oeNC) and Foxk1 overexpressed (oeFoxk1) primary murine calvarial osteoblasts treated with PBS or 2DG was measured using
Seahorse XF assay. Glycolysis (B) and glycolytic capacity (C) were analyzed (n= 5 per group). D Lactate levels of medium cultured for Foxk1
overexpressed primary murine calvarial osteoblasts and control treated with PBS or 2DG was examined (n= 6 per group). E–H mRNA levels of
Runx2, Osterix, Alp, and Ocn in control and Foxk1 overexpressed primary murine calvarial osteoblasts treated with PBS or 2DG were quantified
by qPCR (n= 3 per group). Representative images of ALP (I) and ARS (J) staining of control and Foxk1 overexpressed primary murine calvarial
osteoblasts treated with PBS or 2DG. K, L Representative images and quantification of Edu incorporation in control and Foxk1 overexpressed
primary murine calvarial osteoblasts treated with PBS or 2DG (n= 3 per group). *p < 0.05, **p < 0.01, ***p < 0.01.
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Fig. 6 Foxk1 increases the bone mass of aged mice through the induction of glycolysis. A Experimental design of the 12m-old mice treated
with AAV9-Foxk1 and 2DG via tail vein injection. Femurs from different groups were collected for further analysis after 56 days of AAV9
treatment. B The IVIS-100 optical imaging system was used to monitor GFP expression in individual tissues. y-axis, radiant efficiency (p/s/cm2/
sr/μW/cm2). C Representative IF staining images of GFP and Osterix in femur of 3m and 12m-old mice treated with AAV9-GFP.
D Representative images of FOXK1 IHC staining of the femurs from treated 3m and 12m-old mice. E mRNA levels of Foxk1 in femurs from
treated 3m and 12m-old mice was quantified by qPCR (n= 3 per group). F Representative MicroCT images of two-dimensional image
construction of distal femur and three-dimensional image reconstruction of trabecular bone of distal femur from treated 3m and 12m-old
mice. G–J Quantification of microCT analyses of the femur distal end from treated 3m and 12m-old mice (n= 6 per group). K, L Biomechanical
properties analysis of the left femur from treated 3m and 12m-old mice (n= 6 per group).M–O Dynamic osteogenic index of trabecular bone,
including MAR (N) and BFR (O), from the femoral metaphysis in treated 3m and 12m mice (n= 3 per group). *p < 0.05, **p < 0.01, ***p < 0.01.
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differentiation and bone formation through aerobic glycolysis
[6, 28–30]. Extracellular vesicles derived from skeletal muscle can
promote osteogenesis by inducing aerobic glycolysis [31]. Our
data further confirmed that aerobic glycolysis elevated with
osteoblast differentiation. We found that inhibition of glycolysis
blocked the osteogenesis mediated by the overexpression of
Foxk1 in vitro, even if inhibiting glycolysis further increases the
expression of Foxk1. The increase in Foxk1 expression caused by
inhibition of glycolysis may be a negative feedback regulation,
which has also been reported in previous studies [32–34]. Of
course, the specific mechanism needs further experimental
exploration. And we discovered that glycolysis is essential for
Foxk1 triggering bone formation in vivo. Besides, we observed
that glycolysis is necessary for inducing osteoblast proliferation by
Foxk1. In fact, proliferative cells, like cancer cells, also rely on
glycolysis to produce energy, a phenomenon termed “the
Warburg effect” [35]. Providing more metabolic intermediates
for synthesis of extracellular matrix or cellular components may be
the reason of osteoblast prefer aerobic glycolysis when undergo
differentiation and proliferation [6, 35]. Of course, more research is
needed to explore this hypothesis.
In relevant preclinical and clinical studies, the AAV vector has a

long-term record of safety and efficacy, because of their lack of
pathogenicity [36]. AAV9 has been confirmed to have superior

bone targeting properties, but AAV9 can target a wide range of
tissues withal [37]. To solve this side-effect of AAV9, we
engineered AAV9 vector genome using preosteoblast-specific
promoter (Osterix) to transduce exclusively osteoblast lineage
cells. We demonstrated that our engineered AAV9 vector
possessed satisfactory osteoblast specificity in vitro and in vivo.
We found that overexpression of Foxk1 in preosteoblasts by using
AAV9 vector modified by promoter Osterix improved bone mass
and mechanical strength through enhancing bone formation. And
inhibition glycolysis could hinder Foxk1 promoted bone formation
in aged mice, which further indicated that glycolysis plays a critical
role in Foxk1 regulated osteogenesis. Thus, our findings demon-
strated that Foxk1 can serve as a target for preventing age-related
bone loss and provided an ideal gene therapy vectors for bone
disease.
In conclusion, our study identified Foxk1 as a novel regulator of

osteoblast metabolism and bone formation (Fig. 7). Conditional
knockout of Foxk1 in osteoblast reduced bone formation in mice.
Foxk1 enhanced osteoblast differentiation and proliferation by
inducing glycolysis. Overexpression of Foxk1 in preosteoblasts
improved bone mass and mechanical strength in aged mice
through enhancing glycolysis. We provide a novel insight in the
regulatory mechanism of bone formation and target of preventing
age-related bone loss.

Fig. 7 A model of Foxk1 in osteogenesis and age-related bone loss. Foxk1 promotes transcription of several glycolytic genes and improve
the level of glycolysis in osteoblasts, which induces osteoblast differentiation and proliferation and bone formation. In aged mice, the
expression of Foxk1 is decreased in osteoblasts, resulting in suppression of glycolysis. Limited glycolysis weakens osteoblast differentiation
and proliferation, which causes age-related bone loss.
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MATERIALS AND METHODS
Experimental animals
All animal experimentation conducted in this investigation received
approval from the Animal Ethics Review Committee of Shenzhen People’s
Hospital, and all procedural interventions strictly adhered to its stipulated
guidelines. The sample size of animal was minimized according to the
animal care guidelines. The investigators responsible for histological
analyses were blinded to group information. Mice were randomly assigned
to the experimental groups.

Mice
WT C57BL/6J mice were obtained from SPF(BEIJING) BIOTECHNOLOGY CO.,
LTD. (Beijing, China). Foxk1fl/+ mice were obtained from Professor Yu Nie of
Fuwai Hospital, Chinese Academy of Medical Sciences. Osterix-Cre mice
were purchased from BIOCYTOGEN (Shanghai, China). Ocn-Cre mice
purchased from Cyagen Biosciences (Suzhou, China). To generate Osx-
cre;Foxk1fl/fl and Ocn-cre;Foxk1fl/fl conditional knockout mice, Osterix-Cre
and Ocn-Cre mice were crossed for over three generations with Foxk1fl/+

mice. Tail genomic DNA is applied to identify the genotypes by PCR
amplification. Genotype identification primers of the Foxk1 knockout allele
and Cre transgene mice are listed in Supplementary Table S1. Specific
pathogen free facilities were used to propagate and raise all mice.

MicroCT
Mouse right femurs were fixed in 4% paraformaldehyde and scanned with
a MicroCT system (SkyScan 1276, Bruker, Belgium) at 80 kVp, 100 μA,
exposure time 926ms, and 20 μm pixels. NRecon software was used to
construct a two-dimensional image of the distal femur and a three-
dimensional image of the trabecular bone of the distal femur. The
cylindrical area at the distal end of the growth plate is used to define the
volume of interest (VOI) of the femur. The bone volume/tissue volume ratio
(BV/TV), bone volume (BV), trabecular number (Tb.N) and trabecular
separation (Tb.Sp) were analyzed.

ELISA
Blood collected from mice was centrifuged at 2000 × g for 30 min to
harvest the plasma. The concentration of C-terminal telopeptides of type I
collagen (CTX-1) (Jianglai Biology, JL20123, Shanghai, China) in the plasma
was analyzed according to the manufacturer’s instructions.

Bone biomechanical properties
Three-point bending mechanical strength devices (AG-IS, Shimadzu, Japan)
were used to test the biomechanical properties as previous described [38].
Briefly, the left femur was obtained from mice and cleaned of adherent
tissue. A three-point bending test was conducted at the mid-shaft of the
femur wrapped in saline-soaked gauze. The femur was placed at two
points 6 mm apart, and the test specimen was moved down at a speed of
1 mm/min. The biomechanical data were produced and analyzed to
determine the max force, max bending strength, and elastic modulus.

Bone histomorphometry
In order to analyze dynamic behavior, mice were double labeled with calcein
(20mg/kg; Sigma-Aldrich, C0875, Missouri, USA) through intraperitoneal
injection at 9 days and 3 days before sacrifice. The right femurs were
dehydrated with 20% sucrose solution and performed frozen sectioning at a
thickness of 10 µm to obtain frontal sections of the trabecular bone using a
Leica SM2500E microtome (Leica Microsystems, Wetzlar Germany). Obtain
fluorescence images using an inverted fluorescence microscope (Leica
image analysis system, Q500MC). Then the dynamic bone formation
parameters, including mineral apposition rate (MAR) and bone formation
rate (BFR), were analyzed by ImageJ software (NIH, USA).

Immunohistochemical analyses
4% paraformaldehyde was used to fix the femur for 48 h, followed by 10%
EDTA to decalcify it. Decalcified bones are dehydrated and then
embedded in paraffin. A paraffin microtome (Leica, Wetzlar, Germany) is
used to cut bone specimens into 5-µm-thick sections. The decalcified bone
specimens were applied to perform H&E staining, IHC staining, IF staining
and Trap staining.
IHC staining and IF staining were performed according to the protocol.

After dewaxing, the slides were incubated overnight at 4 °C with the
primary antibody. After incubating the secondary antibody at room

temperature for one hour, take photos for testing. IHC staining for OCN
was used to assess the number of OCN positive osteoblasts as previous
described [39]. The numbers of osteoblasts on cancellous bone surface in
the entire region of interest were counted and the data were then
normalized to the number of osteoblasts per millimeter of trabecular bone
surface perimeter (N mm−1). Trap staining was used to assess the number
of osteoclasts as previous described [39]. IHC and Trap staining images
were obtained by light microscopy (TS2-S-SM; Nikon, Tokyo, Japan). IF
staining images were obtained by an inverted fluorescence microscope
(Leica image analysis system, Q500MC). FOXK1 (ab18196, 1:500) and GFP
(ab290, 1:200) primary antibody were purchased from abcam (Cambridge,
England). OCN (sc-390877, 1:200) and OSTERIX (sc-393325, 1:200) primary
antibody were purchased from santa cruz biotechnology (California, USA).
Anti-rabbit (A-11008, 1:400; A-11012, 1:400) and anti-mouse (A-11005,
1:400; A-11001, 1:400) secondary antibody were purchased from Invitrogen
(California, USA). TRAP staining kit (387A) was purchased from Sigma
Aldrich (Missouri, USA).

AAV9 construction and injection in mice
Adeno-associated virus-9 (AAV9) was used as a vector to overexpressed
Foxk1 in mice. AAV9 vector was modified by preosteoblast specific
promoter osterix to target exclusively osteoblast lineage cells, which was
designed and synthetized by WZ Biosciences Inc. (Shangdong, China).
4×1011 GC AAV9 was diluted with PBS to 100 μl and injected into each
mouse through the tail vein. Tail vein injection of 100 μl PBS as control
group to perform Whole body and individual organ imaging of GFP
expression and obtain tissues 2 weeks after injection. To investigate the
role of glycolysis in Foxk1 mediated bone formation, 2DG (200 μl, 0.5 mg/g,
Sigma-Aldrich, D8375) or PBS (200 μl) was injected every three days via
intraperitoneal until the mice are euthanized at 8 weeks after virus
injection according previous report [31].

Human samples
The bone samples of 12 man subjected to spinal fusion surgery in
Shenzhen People’s Hospital were employed in this research. The inclusion
criteria are based on bone density manifested by T-score. Osteoporosis
group (n= 6) consisted of individuals with low bone mineral density
(T score ≤ -2.5 SD), while control group (n= 6) consisted of individuals with
normal bone mineral density (T score ≥ -1.0 SD) [40]. Individuals with other
bone diseases, including rheumatoid arthritis and osteoarthritis, were
excluded from the research. The research ethics committee of Shenzhen
People’s Hospital approved this study. Each participant has signed an
informed consent form.

Cell culture and osteoblast differentiation
Mouse calvaria of 1 to 3-day-old pups was applied to isolate Primary calvarial
osteoblasts. Briefly, the collected calvarias were cut into pieces and incubated
with 2.5% tryptase (Gibco, 25200072, New York, USA) at 37°C with gentle
shaking for 10min. Supernatant was discarded and type I collagenase
(Biyotime, ST2294-100mg, Shanghai, China) was added to cover the calvaria
at 37°C with gentle shaking for 30min. Supernatant was discarded again and
type I collagenase was added to cover the calvaria at 37°C with gentle
shaking for 60min. Then supernatant was collected and centrifuged 300 g for
5minutes at room temperature. The precipitated cells were resuspended in
α-MEM (Gibco, 12571063) with 10% fetal bovine serum (Gibco, 10099141 C)
and incubated under 5% CO2 at 37°C overnight. The next day, replace the
culture medium with a new one to remove non adherent cells.
For all experiments, the primary calvarial osteoblasts were incubated

with osteogenic induction medium, as previous described [26], containing
10mM b-glycerol phosphate (Sigma-Aldrich, G9422) and 50 ug/ml ascorbic
acid (Sigma-Aldrich, A4544) and replace the culture medium every
other day.

siRNA transfection and virus infection
The small interfering RNAs against Foxk1 (Table S4) and control siRNAs were
designed and synthesized by Hanbio Co. Ltd (Shanghai, China). siRNAs were
transfected into the primary calvarial osteoblasts after reaching ~80-90%
confluency using Lipofectamine 2000 (Invitrogen, 11668027, California, USA)
in accordance with the manufacturer’s instructions.
The adenovirus of overexpression of Foxk1 and control adenovirus in

cells were designed and synthesized by WZ Biosciences Inc. Adenovirus
were added to the primary calvarial osteoblasts after reaching ~80-90%
confluency with 2DG (2 mM) or PBS.
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western blotting
To isolate protein, cells were scraped, or bones were pulverized in RIPA
lysis buffer (Biyotime, P0013B) containing protease inhibitors (Biyotime,
P1005). Protein concentration was measured using the BCA method and
10 μg of the protein was run on 12-14% SDS-PAGE gels (Yeasen
Biotechnology, 36249ES10, Shanghai, China) and transferred to PVDF
membranes (Millipore, IPVH00005, Massachusetts, USA). Then the PVDF
membranes were blocked with TBST containing 5% dried skimmed milk
and incubated with anti-FOXK1 (ab18196, 1:1000), anti-RUNX2 (1:500,
Proteintech, 20700-1-AP, Wuhan, China), anti-OSTERIX (sc-393325, 1:500),
anti-ALP (1:500, Proteintech, 60294-1-Ig) and anti-β-Tubulin (1:1000,
Proteintech, 10094-1-AP) at 4°C overnight. Incubate the membranes
containing the primary antibody with the HRP anti-rabbit secondary
antibody (Proteintech, RGAR001, 1:5000) or HRP anti-mouse secondary
antibody (Proteintech, RGAM001, 1:5000 for WB) at room temperature for
1 hour. Finally, the membranes were visualized using SuperSignal™ West
Pico PLUS Chemiluminescent Substrate Reagent (Thermo Fisher Scientific,
34580 Massachusetts, USA).

qPCR
The RNeasy kit (Qiagen, 74104, Hilden, Germany) was used to extract Total
RNA from cells, while TRIzol reagent (Invitrogen, 15596018CN) was applied
in tissues, according to the manufacturers’ instructions. RNA concentra-
tions were determined using a Nano-Drop ND-2000 spectrophotometer
(Thermo Fisher Scientific). Total 1000 ng RNA was performed Reverse
transcription using the Prime Script™ Reverse Transcript Master Mix
(TaKaRa Bio, RR037A, Otsu, Japan). qPCR was performed on a StepOnePlus
Real-Time PCR system (Applied Biosystems, Waltham, USA). The relative
mRNA concentrations were calculated by the 2-ΔΔCt method and normal-
ized to that of β-actin. The primers used for qPCR are listed in Table S2.

ALP and Alizarin red staining
ALP and Alizarin red staining was performed to examine the osteogenic
ability of primary calvarial osteoblasts. Briefly, treated primary calvarial
osteoblasts were induced osteogenic differentiation for 7days to perform
ALP staining and for 14days to perform Alizarin red staining. Cells were
washed twice at the corresponding time point and fix them with 4%
paraformaldehyde for 10min. Then ALP staining solution (Beyotime,
P0321S) or Alizarin red S staining solution (Beyotime, C0140-100ml,) at pH
8.3 was used to stain the cells for 30min. After washing twice, the cells
were photographed by light microscopy (TS2-S-SM, Nikon, Japan).

Glucose uptake assays and lactate measurements
Glucose uptake of primary calvarial osteoblasts was detected by a Glucose
uptake kit (abcam, ab136955) according to the instructions. Briefly, primary
calvarial osteoblasts were seeded to 96-well plates and starved for 4 hours
with α-MEM without FBS. Then, Cells were incubated with 10mM 2DG for
20min. Cells were Lysed after wash twice and interacted with reaction mix.
Measure output at OD 412 nm on a microplate reader (TECAN, Spark 10 M,
Switzerland). Uptake of glucose was normalized to the cell numbers.
Lactic Acid assay kit (Nanjing Jiancheng Bioengineering Institute, A019-

1-1, Nanjing, China) was used to measure lactate levels in culture medium.

Measurement of extracellular acidification rate and oxygen
consumption rate
The Extracellular Acidification Rate (ECAR) and Oxygen Consumption Rate
(OCR) were measured by XF24 Extracellular Flux Analyzer (Seahorse
Bioscience, Maine, USA) as previously described [41]. Briefly, a poly-L-
lysine-coated XF24 V7 microplate (Seahorse Bioscience) was seeded with
70000 primary calvarial osteoblasts. Next, primary calvarial osteoblasts
were treated with siNC, siFoxk1, or adenovirus for Foxk1 overexpression as
described in the results. On the day of measurement, osteoblasts were
washed twice with XF medium and incubated for 1 hour in a CO2 free
incubator at 37°C before loading. Glucose (25mM), oligomycin (1 μM), FCCP
(2 μM), antimycin A (0.5 μM), rotenone (0.5 μM), 2-deoxy-glucose (50mM) and
BSA:palmitate (200 μM) were used to measure ECAR (mpH/min) and OCR
(pmol/min). Data were normalized to the cell numbers.

Metabolomics analysis
Primary calvarial osteoblasts were plated on 10 cm cell culture dish and
knocked down Foxk1 using siRNA. Cells were harvested to detect energy
metabolism related metabolites using Acquity-I Xevo TQ-S LCMs (Waters,

Massachusetts, USA). Use MassLynx software (v4.1, Waters) to process the
raw data files generated by UPLC-MS/MS, and perform peak search,
integration, calibration, and quantification for each metabolite.

Cell proliferation detection
Primary calvarial osteoblasts were seeded in 24 well plate size cell crawling
plate. Next, primary calvarial osteoblasts were treated with siNC, siFoxk1, or
adenovirus for Foxk1 overexpression as described in the results. Then cells
were collected to perform Edu incorporation (Yeasen Biotechnology,
40275ES60, Shanghai, China) according to the instructions or IF staining of
Ki67 (abcam, ab16667) to evaluate osteoblast proliferation. Obtain
fluorescence images using an inverted fluorescence microscope (Leica
image analysis system, Q500MC).

CUT&Tag
Primary calvarial osteoblasts were seeded in 12 well plate and over-
expressed Foxk1 using adenovirus. Cells were collected to perform
CUT&Tag using a Hyperactive Universal CUT&Tag Assay Kit for Illumina
(Vazyme Biotechnolegy, TD903-01, Nanjing, China) after 72 hours treat-
ment according to the manufacturer’s protocol. Briefly, Cells were collected
and resuspended with 100 μl wash buffer. Cell suspension incubated with
activated ConA Beads for 10min at room temperature. The supernatant
was discarded after instantaneous centrifugation and resuspended with
50 μl precooled antibody buffer containing 1 μg anti-FOXK1 antibody
(abcam, ab18196). Cell suspension was placed at 4°C overnight. The
supernatant was discarded and sediment incubated with 50 μl Dig-wash
Buffer containing secondary antibody for 60min at room temperature
with rotation. The supernatant was discarded and sediment incubated
with 100 μl Dig-300 Buffer containing 2 μl pA/G-Tnp for 60min at room
temperature. The supernatant was discarded and sediment incubated with
50 μl Dig-300 Buffer containing 10 μl 5×TTBL for 60min at 37°C to make
fragmentation of chromatin. Chromatin fragmentation incubated with 5 μl
Proteinase K, 100 μl Buffer L/B and 20 μl DNA Extract Beads for 10min at
55°C. The supernatant was discarded and beads were washed twice with
Buffer WA and Buffer WB respectively. The supernatant was discarded and
DNA eluted with 22 μl sterilized ultrapure water. Then, Libraries were
amplified and sequenced on Illumina Novaseq platform at Novogene
Science and Technology Co., Ltd (Beijing, China) and 150 bp paired-end
reads were generated.
Data obtained from CUT&Tag of Foxk1 was analyzed as described

previously with modifications [42]. To clean raw fastq reads, fastp (version
0.20.0) was used first. Clean reads obtained from CUT&Tag of Foxk1 were
aligned to the reference genome using BWA (v0.7.12) mem. Further
analysis only used unique mapped (MAPQ 13) and de-duplicated reads.
MACS2 (version 2.1.0) was used for all peak calling. Peaks with q-value
threshold of 0.05 was used for all data sets. Peak summit positions around
transcription start sites can be used to predict protein-gene interaction
sites. The nearest genes around the peak were retrieved and genomic
region of the peak was annotated by ChIPseeker. KEGG pathways were
statistically enriched for peak related genes using KOBAS software. IGV was
used to perform visualization of peak distribution along genomic regions
of interested genes.

ChIP assay
Primary calvarial osteoblasts were seeded in 15 cm cell culture dish and
overexpressed Foxk1 using adenovirus. Cells were collected to perform
ChIP using a SimpleChIP® Enzymatic Chromatin IP Kit (Cell Signaling
Technology, 9003, Massachusetts, USA) after 72 hours treatment according
to the manufacturer’s protocol. In brief, 37% formaldehyde solution was
used to crosslink protein and DNA of each sample. Cells were harvested
and then added SDS lysis buffer with protease inhibitor cocktail. Chromatin
was digested by enzyme and ultrasound. Chromatin fragments were
incubated with 1 μg primary antibody of anti-FOXK1 (abcam, ab18196) or
anti-IgG (Cell Signaling Technology, 9003) at 4°C overnight. DNA samples
were precipitated with beads and quantified with specific primers
(Table S3) via qPCR.

Statistical analysis
Prism 8 (GraphPad software) was used for statistical analysis, and data are
presented as mean ± SEM. Statistical significance was determined by
unpaired two-tailed Student’s t-test for independent sample tests or one-
way ANOVA followed by Tukey’s multiple comparisons test for multiple
comparisons. P < 0.05 was considered significant.
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DATA AVAILABILITY
All data and material that support this study are available upon requests to the
corresponding authors. The CUT&Tag data generated in this study have been
deposited in the NCBI database under accession code PRJNA1093607.
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