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Force-induced decline of FOXM1 in human periodontal ligament cells
contributes to osteoclast differentiation
Qian Lia; Jianyun Zhangb; Dawei Liuc; Yunan Liud; Yanheng Zhoue
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differentiation.1,2 Bone resorption on the compression
side can be attributed to a series of proinflammatory
cytokines secreted by periodontal ligament cells
(PDLCs), such as macrophage colony-stimulating
factor, interleukin-6, interleukin-8, tumor necrosis
factor–a, and others.3 Among them, the receptor
activator of nuclear factor jB (RANK)/receptor activator of nuclear factor j-B ligand (RANKL)/osteopro-

INTRODUCTION
Orthodontic tooth movement (OTM) involves alveolar bone remodeling triggered by mechanical force
stimuli.1 During OTM, the periodontal ligament (PDL)
on the compression side displays bone resorption,
while the tension side is characterized by osteoblast
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ABSTRACT
Objectives: To investigate whether Forkhead family transcription factors are responsive to
mechanical force and the resulting influence on the osteoclast differentiation mediated by human
periodontal ligament cells (PDLCs).
Materials and Methods: A high-throughput RNA sequencing assay was performed in compressive
force–stimulated and control human PDLCs. Alteration of FOXM1, a member of the Forkhead
family transcription factors, was further confirmed by Western blotting and quantitative reversetranscription polymerase chain reaction. Expression of FOXM1 was inhibited by either small
interfering RNA (siRNA) transfection or addition of its specific inhibitor Siomycin A. Then, cells were
exposed to compressive force and co-cultured with the murine macrophage cell line Raw264.7,
followed by tartrate-resistant acid phosphatase staining assay. Expression changes of receptor
activator of nuclear factor jB ligand (RANKL) and osteoprotegetin (OPG) caused by FOXM1
suppression were measured. Alkaline phosphatase (ALP) staining, ALP activity assay, and crystal
violet staining assay were performed after FOXM1 inhibition.
Results: FOXM1 transcription decreased after mechanical stimulation in PDLCs. Inhibition of
FOXM1 promoted force-induced osteoclast differentiation of RAW264.7 and upregulated the
RANKL/OPG ratio in PDLCs. Interference of FOXM1 led to promoted osteogenic differentiation but
decreased proliferation of PDLCs.
Conclusions: FOXM1 is a novel mechano-responsive gene in human PDLCs. Suppressing
FOXM1 expression could promote osteoclast differentiation as well as RANKL/OPG in human
PDLCs. FOXM1 also plays a role in controlling PDLC differentiation and proliferation capacity.
(Angle Orthod. 2019;89:804–811.)
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tegetin (OPG) axis plays a pivotal role and is
considered to be a rate-limiting determinant of
OTM.4,5 OPG, a decoy receptor of RANKL, competes
with RANK for the binding and therefore functions as
a negative regulator of osteoclastogenesis.6 Studies
have demonstrated the reduced expression of OPG
during OTM.7–11 Local OPG gene transfer to periodontal tissue was demonstrated to inhibit OTM,12 suggesting the critical role of OPG downregulation in
OTM. However, little is known about the mechanisms
governing the declined expression of OPG. In
addition, force-induced changes at the genetic level
and the mechano-transduction mechanisms in PDLCs
are not fully understood.
The Forkhead family of transcriptional factors (TFs)
are characterized by a Forkhead DNA-binding domain
with approximately 100 amino acids, which are capable
of binding on the target genes’ promoter or enhancer
elements with the consensus DNA sequence.13 Their
target genes are involved in a wide range of biological
processes, including embryonic organogenesis, carcinogenesis, and cellular senescence.13–16 However,
whether this family of TFs could respond to mechanical
stimuli and mediate downstream biological events in
PDLCs is still unknown.
To screen for mechano-responsive genes among
the FOX family in human PDLCs, a high-throughput
RNA sequencing assay was performed. The results
indicated a significant decrease of FOXM1, a proproliferative transcription factor with diverse functions
in vivo such as proliferation, differentiation, migration,
DNA repair, surfactant production, and formation of
cellular junctions.13,17 Because of such critical roles of
FOXM1 in cell functional maintenance, it is plausible to
speculate that force-induced reduction of FOXM1
might lead to expression changes of its downstream
target genes, thereby resulting in corresponding
alterations in cellular behaviors such as osteoclastogenesis, proliferation, and differentiation capacity of
PDLCs. Therefore, this study aimed to elucidate the
functional changes in human PDLCs caused by forceinduced downregulation of FOXM1, with emphasis on
the induction of osteoclast differentiation and RANKL/
OPG changes of PDLCs.

extracted from four donors with their written informed
consent. Cells were used at three to six passages.
For the application of static compressive force,
PDLCs were seeded into the six-well plate (1 3 105
cells/well). After reaching 80% confluence, a cover
glass and a glass bottle with steel granules were
placed over the monolayer PDLCs. The weight of the
steel granules was adjusted to reach the indicated
force intensity (Figure 1A–D).
RNA Sequencing Assay

Western Blotting Analyses
Western blotting analyses were performed according
to protocols described previously.15,16 Antibodies used
in this study were as follows: anti-FOXM1 (C15410232,
Diagenode, San Diego, Calif), anti-RANKL (ab45039,
Abcam, Cambridge, UK), anti-OPG (ab11994, Abcam),
anti-a-tubulin (2125s, CST, Danvers, Mass), anti–
g l yc e r a l d e h y d e -3 - p h o sp h a t e d e h yd r o g e n a s e
(GAPDH; sc-47724, Santa Cruz, Dallas, Tex). Each
experiment was repeated three times. The relative
intensities of the results were measured by Image J
1.37v software.
RNA Isolation and Reverse-Transcription
Polymerase-Chain Reaction
Total RNAs were isolated from cultured PDLCs
using Trizol reagent (Invitrogen, Waltham, Mass)
according to the manufacturer’s instructions. Reverse-transcription and real-time polymerase chain
reaction (PCR) were performed following protocols
described elsewhere.15 All quantitative reverse-transcription PCR (qRT-PCR) processes were performed
three times using GAPDH as the internal control. The
primer sequences of each gene are listed in Table 1.

MATERIALS AND METHODS

Small-Interfering RNA Transfection

Cell Culture and Force Static Compressive
Application

Small-interfering RNAs (siRNAs) against FOXM1
and the scrambled control siRNA were chemically
synthesized (GenePharma, Shanghai, China). Cells
were transfected with 50-nm siRNA oligonucleotides
for 72 hours using lipofectamine RNAiMAX (Invitrogen). The siRNA sequences were as follows: siFOXM1, CUCUUCUCCCUCAGAUAUA, and siNC,
UUCUCCGAACGUGUCACGU.

This study was conducted with approval from the
Human Research Ethics Committee of Peking University (PKUSSIRB-201630098). Human PDLCs were
isolated from normal premolars extracted for orthodontic purposes, as previously reported.18 Teeth were
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In-depth whole transcriptomic sequencing was performed by the Beijing Genome Institute in PDLCs
subjected to static compressive force of 1 g/cm2 for 24
hours and the control cells. The reads from RNA-seq
were aligned to the human genome with TopHat.19
Cufflinks20 was used to normalize and call mechanical
stress–induced differentially expressed genes.
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Figure 1. FOXM1 decreases in response to compressive force stimuli. (A) PDLCs were exposed to compression stress (1 g/cm2) for 24 hours.
The total mRNA from two biological replicates of stressed or control PDLCs was then isolated and subjected to RNA-seq. The gene expression
level was measured as fragments per kilobase of transcript sequence per millions base (FPKM). The heatmap shows expression levels of
Forkhead family TFs. This map was sorted by the mean FPKM difference in stressed vs control cells. (B) Bar plot shows FPKM for indicated
genes. n.s., no statistical significance (Student’s t-test). (C) Protein and mRNA levels of FOXM1 in stressed or control PDSCs were determined by
Western blotting (left panel) and qRT-PCR (right panel). a-tubulin served as a loading control. (D) Freshly isolated PDLCs from three donors were
subjected to static compression force. FOXM1 expression was examined by RT-qPCR. C indicates control; F, force. Data represent the mean 6
SD for triplicate experiments. *P , .05.
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Co-culture of PDLC and RAW 264.7 and TartrateResistant Acid Phosphatase Staining

Alkaline Phosphatase Staining, Alkaline
Phosphatase Activity Assay, and Crystal Violet
Staining Assay
For alkaline phosphatase (ALP) staining and ALP
activity assay, PDLCs were cultured in 24-well plates
and transfected with siRNA against FOXM1 or the
none-sense control or subjected to Siomycin A
treatment. Then, the medium was replaced by the
osteogenic medium. After 2 weeks’ incubation, an ALP
staining kit or ALP activity assay kit (Jiancheng
Bioengineering Institute, Nanjing, China) was applied
to perform ALP staining or ALP activity assay.
Siomycin A–treated PDLCs cultured in normal medium
were subjected to crystal violet staining as previously
described.16
Statistical Analyses
Statistical analysis was performed using Student’s ttest. P values are specified in the relevant figure
legends. All data are expressed as mean 6 standard
deviation. Statistical significance was considered at P
, .05.
RESULTS
Compressive Force Decreases the Expression of
FOXM1 in Human PDLCs
To understand mechanical loading–induced global
gene transcriptional changes, high-throughput RNA
sequencing (RNA-seq) was performed in human
PDLCs. Human PDLCs were exposed to a compressive force of 1 g/cm2. After 24 hours of strain, total
mRNA from the stressed or control PDLCs were

collected and subjected to RNA-seq. Surprisingly, of
the 41 factors of the Forkhead family, FOXM1 was the
only member showing significant expression changes.
Mean expression levels measured by fragments per
kilobase of transcript sequence per millions base
(FPKM) were downregulated more than twofold responding to mechanical force (Figure 1A,B; Student’s
t-test, P , 1e-4). The following members with the most
decreased FPKM, including FOXD1 and FOXF2, or the
members with the most increased FPKM, including
FOXQ1 and FOXO3, showed no significant changes in
their mRNA levels (Figure 1B). Western blotting and
qRT-PCR analyses confirmed the downregulation of
FOXM1 after stress loading (Figure 1C). This point was
further consolidated by qRT-PCR using PDLCs isolated from the other three donors (Figure 1D).
Inhibition of FOXM1 in PDLCs Promotes Osteoclast
Differentiation of Co-cultured RAW264.7 Cells
Force application was able to induce osteoclast
differentiation both in vitro and in vivo, as demonstrated
by previous studies.4,21,22 Therefore, this study set out
to investigate whether force-induced decline of FOXM1
could influence osteoclastogenesis of RAW264.7 cells.
RAW264.7 cells were co-cultured with supernatant
from PDLCs transfected with FOXM1 or none-sense
control siRNA followed by force application. TRAP
staining indicated elevated numbers of multinucleated
osteoclasts in FOXM1-knocked down cells, as compared with the control group (Figure 2A). Consistent
results were obtained with RAW264.7 cells co-cultured
with PDLCs pretreated with Siomycin A, an inhibitor
specific for FOXM123 (Figure 2B).
Inhibition of FOXM1 Promotes the RANKL/OPG
Ratio
Next, the molecular mechanism by which FOXM1
influences the pro-osteoclast differentiation capacity of
PDLCs was explored. Because of the pivotal role of
RANKL/OPG in osteoclast differentiation, the expression changes of RANKL and OPG in PDLCs treated
with increasing dosage of FOXM1 inhibitor Siomycin A
were examined. Western blot analysis revealed an
upregulation of RANKL and downregulation of OPG
expression, along with the gradual reduction of FOXM1
protein level (Figure 3A). A drop was also observed in
OPG expression at the mRNA level, while alteration of
RANKL was not significant as shown by qRT-PCR
(Figure 3B). Knockdown of FOXM1 by siRNA transfection also revealed the remarkable decrease of OPG
at the mRNA level (Figure 3C). These data collectively
demonstrated that loss of FOXM1 could upregulate the
RANKL/OPG ratio.
Angle Orthodontist, Vol 89, No 5, 2019
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The murine monocytic cell line RAW264.7 was
cultured in a-MEM containing 10% fetal bovine serum.
PDLCs were seeded into six-well plates, and then
FOXM1 was suppressed by either siRNA transfection
(Figure 2A) or addition of Siomycin A (15378, Cayman,
Ann Arbor, Mich) into the medium with increasing
concentrations (as indicated in Figures 2B, 3A,B, and
4A,B). Then, the cells were subjected to a compressive
force of 1 g/cm2 for 24 hours followed by supernatant
collection. RAW264.7 cells were seeded into six-well
plates and cultured with supernatant from the PDLCs.
After 5 days, the cells were fixed and stained for
tartrate-resistant acid phosphatase (TRAP) using an
acid phosphatase kit (387A-1KT, Sigma, St Louis, Mo).
TRAP-positive multinucleated osteoclasts were counted in each visual field (n ¼ 3). The average value of
three experiments was calculated.
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Table 1. Primer Sequences for Quantitative Reverse-Transcription Polymerase Chain Reaction (qRT-PCR)
Target

Sense Primer (5 0 -3 0 )

Antisense Primer (3 0 -5 0 )

GAPDH
RANKL
OPG
FOXM1

CAATGACCCCTTCATTGACC
ATCACAGCACATCAGAGCAGAGA
GAGGCATTCTTCAGGTTTGC
TGCCAAGGGAAAAGAGAGTG

ATGACAAGCTTCCCGTTCTC
AGGACAGACTCACTTTATGGGAAC
GCTGTGTTGCCGTTTTATCC
TAGCTGGTTTGGGTTTGAGG

FOXM1 Affects Osteogenic Differentiation Potential
and Proliferation Ability of Human PDLCs

DISCUSSION
Although OTM-associated compressive force was
discovered to be able to induce alteration of large
amounts of genes,24 the molecular mechanisms

Figure 2. Blockade of FOXM1 promotes force-induced osteoclast differentiation of co-cultured RAW264.7 cells. PDLCs were transfected with
siRNA against FOXM1 (siFOXM1) or none-sense control (siNC; A) or pretreated with increasing dosage of Siomycin A (B) followed by
compressive force application (1 g/cm2, 24 hours). TRAP staining images of RAW264.7 co-cultured with supernatants from PDLCs are shown.
The statistical analyses are shown on the right. Scale bar: 200 lm. Data represent mean 6 SD for triplicate experiments. *P , .05.
Angle Orthodontist, Vol 89, No 5, 2019
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Since PDLCs contain osteoblast progenitors possessing osteogenic differentiation potential, the last
question was whether a force-induced decrease of
FOXM1 could affect PDLC differentiation potential, as
well as proliferation capacity. Depletion of FOXM1
through siRNA transfection or Siomycin A treatment
led to enhanced osteogenic differentiation, as revealed

by ALP staining and ALP activity assay (Figure 4A).
Crystal violet staining indicated that proliferation of
PDLCs was repressed upon Siomycin A treatment
(Figure 4B).
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accounting for alteration of these genes are still not
clear enough. Forkhead TFs are well known to play
pivotal roles in regulating various cellular behaviors.13,25
For the first time, the Forkhead family member,
FOXM1, was identified as a novel mechanosensitive
gene in human PDLCs.
This study demonstrated that suppression of FOXM1
in PDLCs promoted the osteoclastogenesis of cocultured RAW264.7 cells, implying that force-induced
FOXM1 reduction contributed to osteoclast differentiation (Figure 2). It was further demonstrated that this
effect could be attributed to regulation of RANKL/OPG
ratio by FOXM1, since FOXM1 suppression led to a
transcriptional decrease of OPG (Figure 3). This study

proposed FOXM1 as a regulator of OPG, accounting
for force-induced reduction of OPG, which further
contributes to osteoclast differentiation and OTM rate.
FOXM1 as a TF can not only occupy its cognate-cis
elements in the promoter region but can also bind at
distal regulatory enhancers to create chromatin competency, allowing efficient recruitment of downstream
TFs. Thus, future research should include probing the
precise binding site of FOXM1 on the regulatory
elements of OPG. In addition, the protein level of
RANKL was upregulated with force application, but its
mRNA level remained unchanged. It is likely that
RANKL is not a direct transcriptional target of FOXM1
but, rather, there exist some unknown factors that are
Angle Orthodontist, Vol 89, No 5, 2019
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Figure 3. Blockade of FOXM1 increases the RANKL/OPG ratio in human PDLCs. (A,B) The protein and mRNA levels of RANKL and OPG in
PDLCs treated with increasing dosage of Siomycin A were determined by Western blotting (A) and qRT-PCR (B), respectively. GAPDH served as
a loading control. (C) PDLCs were transfected with siRNA against FOXM1 (siFOXM1) or the none-sense control (siNC). The mRNA levels of
indicated genes were determined by qRT-PCR. Data represent the mean 6 SD for triplicate experiments. *P , .05.
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transcriptionally regulated by FOXM1 and mediate the
posttranscriptional regulation of RANKL. Given the
contributing effect of FOXM1 inhibition on RANKL/
OPG upregulation and osteoclastogenesis, this study
indicated FOXM1 as a novel molecular therapeutic
target whose pharmacological inhibitors might be used
to accelerate the clinical OTM process and perhaps
reduce the adverse effects caused by OTM in the
future.
Another interesting finding of this work was the
influence of FOXM1 on PDLC proliferation and
osteogenesis. It was reported that PDLC proliferation
was repressed after compressive force stimulation.8
Given the finding that FOXM1 depletion suppressed
proliferation of PDLCs (Figure 4B), it is possible that
compressive force–induced growth retardation might
be mediated at least in part by the reduced
expression of FOXM1. In addition, increased osteogenic differentiation was found after FOXM1 inhibition
(Figure 4A). The expression of osteoblastic marker
genes was shown in previous reports to be elevated
in PDLCs under pressure.26 It may be inferred that
the force-induced decrease of FOXM1 might be a
Angle Orthodontist, Vol 89, No 5, 2019

player in mediating osteogenesis in response to
compressive force. The underlying mechanisms
through which FOXM1 exerts its influence on the
osteogenesis of PDLCs remain to be clarified by
future work.
CONCLUSIONS






Expression of FOXM1 decreased in response to
static compressive force in human PDLCs, which
enhanced force-induced osteoclast differentiation
and the RANKL/OPG ratio.
FOXM1 inhibition also affected proliferation and
osteogenic differentiation potential of human PDLCs.
These findings shed new light on molecular mechanisms governing force-induced osteoclastogenesis
during OTM.
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Figure 4. Influence of FOXM1 inhibition on the proliferation and osteogenic differentiation potential of PDLCs. (A) Human PDLCs were transfected
with siRNA against FOXM1 (siFOXM1) or none-sense control (siNC; left panel) or pretreated with increasing dosage of Siomycin A (right panel).
Then, cells were induced toward osteogenic differentiation and subjected to ALP staining (left panel) or ALP activity assay (right panel). Data
represent mean 6 SD for triplicate experiments. *P , .05. (B) PDLCs were cultured in medium containing indicated concentrations of Siomycin A
for 2 weeks. Results of the crystal violet staining are shown.
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