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ABSTRACT

Increased bone resorption by osteoclasts after estrogen deficiency is the main cause of postmeno-
pausal osteoporosis. TET2 (tet methylcytosine dioxygenase 2) is a DNA demethylase that regulates
cellular function and differentiation potential. Macroautophagy/autophagy maintains cellular home-
ostasis by recycling unnecessary and damaged organelles. This study revealed that TET2 promoted
bone loss in oophorectomized (OVX) mice and that TET2 promoted osteoclast differentiation by
regulating autophagy. Tet2 knockdown inhibited autophagy and osteoclast differentiation in vitro.
Mechanistically, Tet2 knockdown increased BCL2 (B cell leukemia/lymphoma 2) expression and BCL2
exhibited increased binding to BECN1 and negatively regulated autophagy. Small interfering RNA
specific to Bcl2 interfered with BCL2 expression in Tet2-knockdown bone marrow cells/precursors,
partially reversing autophagy dysregulation and promoting osteoclast differentiation. Moreover, the
LV-shTet2 lentivirus prevented bone loss in OVX mice. In summary, our findings provide evidence
that TET2 promotes osteoclast differentiation by inhibiting BCL2 expression and positively regulating
BECN1-dependent autophagy.

Abbreviations: ACP5/TRAP: acid phosphatase 5, tartrate resistant; ATP6V0OD2: ATPase, H+ trans-
porting, lysosomal VO subunit D2; BCL2: B cell leukemia/lymphoma 2; BECN1: beclin 1, autophagy
related; BMs: bone marrow cells; CTSK: cathepsin K; MAP1LC3B/LC3B: microtubule-associated
protein 1 light chain 3 beta; MMP9: matrix metallopeptidase 9; OVX: oophorectomy; RUNXT1:
runt related transcription factor 1; SOCS3: suppressor of cytokine signaling 3; SPI1/PU.1: Spi-1
proto-oncogene; TNFSF11/RANKL: tumor necrosis factor (ligand) superfamily, member 11; TET2:
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tet methylcytosine dioxygenase 2.

Introduction

Estrogen deficiency affects all bone cell types and increases bone
turnover, thereby accelerating bone loss [1]. Owing to acute
estrogen deficiency, high expression of TNFSF11/RANKL
(tumor necrosis factor (ligand) superfamily, member 11) and
other osteoclast procytokines, including TNF/TNFa and IL1
(interleukin 1), released by osteoblasts and T cells, promotes
osteoclast formation [2]. Subsequently, a slight increase in
bone formation caused by excessive bone resorption does not
maintain balanced bone reconstruction, resulting in rapid thin-
ning of the cortex and reduction in bone trabeculae [3]. Given
the important role of osteoclast overactivation in bone destruc-
tion and osteoporosis, an in-depth study of the mechanism of
osteoclast activation is critical for inhibiting rapid loss of bone
mass post-menopause.

Osteoclasts are large multinucleated bone-resorptive cells
formed by the fusion of macrophage colony-stimulating factor
and TNFSF11-stimulated mononuclear macrophage/monocyte

lineage precursors [4]. TNFSF11 binds to TNFRSF11A/RANK
receptor to recruit and activate TRAF6 (TNF receptor-associated
factor 6), which activates MAPK (mitogen-activated protein
kinase), NFKB/nuclear factor-kappa B and other signaling path-
ways to regulate the expression of NFATCI (nuclear factor of
activated T cells, cytoplasmic, calcineurin dependent 1) and
osteoclast-associated functional proteins, thereby inducing
osteoclast differentiation and maturation [5]. Osteoclasts form
a unique ruffled membrane when they come into contact with
bones, creating a closed extracellular microenvironment that
facilitates bone matrix degradation [6].

Autophagy and autophagy-related proteins are reported to
be involved in osteoclast differentiation, migration and bone
resorption [5]. Autophagy can be activated to promote osteo-
clast differentiation during TNESF11-stimulated differentia-
tion [7,8]. The inhibition of chloroquine-mediated autophagy
can reduce osteoclast generation in oophorectomized (OVX)-
induced bone loss in mice through both the typical and atypical
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NFKB signaling pathways [9]. Osteoclast autophagy is signifi-
cantly enhanced in OVX mice, and reduced autophagy can
substantially attenuate bone loss [9-11].

TET2 (tet methylcytosine dioxygenase 2) is a DNA demethy-
lase that oxidizes 5-methylcytosine to 5-hydroxymethylcytosine
in the presence of a-ketoglutaric acid and ferrous iron [12].
TET2, a transcriptional cofactor, epigenetically regulates gene
expression by maintaining DNA in an unmethylated state [13].
TET2 reportedly regulates mast cell differentiation by maintain-
ing the expression of CEBP transcription factors [14]. TET2
demethylates the P2rx7 (purinergic receptor P2X, ligand-gated
ion channel, 7) promoter to control the release of exosomes and
miRNAs and maintain mesenchymal stem cell homeostasis [15].
Loss of TET2 increases the differentiation of granulocytes/
monocytes from hematopoietic stem/progenitor cells [16].
Furthermore, TET2 can interact with RUNXI1 (runt related
transcription factor 1) and SPI1/PU.1 (Spi-1 proto-oncogene)
to regulate the expression of genes crucial for osteoclast differ-
entiation, and tet2”"~ mice exhibit an osteopetrosis phenotype
[17,18]. These results suggest that TET2 plays an important role
in regulating the transcription of crucial genes during cell differ-
entiation. Moreover, TET?2 regulates gene expression at the post-
transcriptional level. Downregulation of TET2 can reduce the
demethylation of Socs3 (suppressor of cytokine signaling 3)
mRNA, thus reducing the binding of Socs3 to ADAR/ADARI1
(adenosine deaminase, RNA-specific) and preventing Socs3
degradation, thereby increasing the level of Socs3 and reducing
infection-induced myelopoiesis [19]. However, whether TET2
affects osteoclast autophagy and differentiation during the devel-
opment of postmenopausal osteoporosis remains unclear.

In our study, increased TET2 expression was observed in
the osteoclasts of OVX mice. Further in vitro experiments
showed that TET2 expression increased during osteoclast
differentiation and that TET2 downregulation inhibited auto-
phagy activation and decreased osteoclast formation. It was
also demonstrated that TET2 inhibition reduced osteoclast
autophagy and the number of ACP5/TRAP (acid phosphatase
5, tartrate resistant)-positive cells in vivo, and inhibited bone
loss in OVX mice. In conclusion, our results suggest that
TET2 promotes osteoclast differentiation by regulating auto-
phagy and provide a new basis for understanding the mechan-
ism of osteoclastogenesis.

Results

OVX induces autophagy and upregulates TET2 expression
in osteoclasts

First, an estrogen-deficient bone-loss mouse model was estab-
lished using bilateral OVX. Microcomputed tomography
(micro-CT) and hematoxylin and eosin (H&E) staining
showed that femoral bone mass in OVX mice was signifi-
cantly decreased compared with that in Sham mice 6 weeks
post-operation (Figure S1A-D). ACP5 staining showed that
the mean number of osteoclasts/bone surface (BS) was
increased in the OVX group (Figure SIE and F), indicating
that the proliferation and differentiation of osteoclast precur-
sors increased. Furthermore, bone marrow cells/precursors
(BMs) were extracted from the Sham (Sham-BMs) and OVX

(OVX-BMs) groups mice, and osteoclast differentiation was
induced using TNESF11. ACP5 staining showed that OVX-
BMs induced an increase in the number of ACP5-positive
cells (Figure S1G and H). Bone resorption assays also revealed
increased bone resorption areas in the OVX-BMs (Figure S1I
and J). Western blotting showed that osteoclast functional
proteins such as MMP9 (matrix metallopeptidase 9) and
CTSK (cathepsin K) were highly expressed in OVX-BMs
(Figure SIK and L). Additionally, the mRNA levels of osteo-
clast genes such as Mmp9, Ctsk, Atp6v0d2 (ATPase H+ trans-
porting VO subunit D2), and Acp5 were increased in OVX-
BMs (Figure SIM). These results suggest that excessive osteo-
clast numbers and osteoclast-induced bone resorption are
important contributors to OVX-induced bone loss, consistent
with the results of previous studies [20,21].

To determine whether OVX-induced osteoclast activation
was associated with autophagy, Sham-BMs and OVX-BMs
were stimulated with TNFSF11, and autophagic activity were
measured. The transmission electron microscopy (TEM)
results revealed that more autophagosomes and autolyso-
somes were generated in OVX-BMs than in Sham-BMs
(Figure 1A). Immunofluorescence staining of endogenous
LC3B showed the same result, and the number of LC3B
puncta, a marker of autophagosomes, was increased in OVX-
BMs (Figure 1B,C). The transformation of endogenous LC3B-
I to LC3B-II increases during autophagy; therefore, the LC3B-
I:LC3B-I ratio was further detected by western blotting [22].
The results showed that the LC3B-II:LC3B-I ratio increased
during osteoclast differentiation and was higher in OVX-BMs
than in Sham-BMs (Figure 1D,E). Additionally, levels of the
autophagy-related proteins ATG4B and ATGI12 were higher
in OVX-BMs than in Sham-BMs (Figure SIN and O). These
results suggest that enhanced autophagy promotes excessive
osteoclast differentiation in OVX-induced bone loss in mice.

To investigate whether TET2 affects osteoclast differentiation
in OVX-induced bone loss, TET2 expression in Sham-BMs and
OVX-BMs was measured by western blotting and real-time (RT)
quantitative polymerase chain reaction (RT-qPCR). The results
showed that TET2 expression was higher in OVX-BMs and
further increased during osteoclast differentiation (Figure 1F-
H). Immunohistochemical (IHC) staining showed more TET2-
positive cells in the OVX mice (Figure S1P and Q). In addition,
the western blotting and RT-qPCR results showed that TET2
expression gradually increased during the differentiation of
RAW264.7 cells into osteoclasts (Figure SIR-T). These results
suggest that TET2 is critical for osteoclast differentiation and
OVX-induced bone destruction.

Effect of TET2 on autophagy during osteoclastogenesis

To investigate whether TET2 affects autophagy during osteo-
clast differentiation, LV-shTet2 lentivirus particles were used
to suppress TET2 expression (Figure S2A-J), and autophagy
activity was assessed. The TEM results showed that autopha-
gosomes and autolysosomes were increased in LV-NC BMs
during osteoclast differentiation, and fewer autophagosomes
and autolysosomes were observed in the LV-shTet2 group
than in the LV-NC group (Figure 2A). Immunofluorescence
staining showed that the number of LC3B puncta was lower in
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Figure 1. OVX induces autophagy and upregulates TET2 expression in osteoclasts.

(A) After stimulation with TNFSF11/RANKL for 3 days, autophagosomes and

autolysosomes in BMs from the OVX and Sham group mice were observed via TEM. Red arrows indicated autophagosomes or autolysosomes. The experiment was
performed 3 times, and 15 different cells were randomly counted per experiment. Scale bars: 5 um and 2 pm. (B) Immunofluorescence staining of LC3B in the
different groups. Scale bars: 10 um. The experiment was performed 3 times, and 15 different cells were randomly counted per experiment. (C) Quantification of the
LC3B puncta per cell in the different groups. (D) Western blot analysis was performed to determine changes in the expression of autophagic molecules in BMs from
OVX and Sham group mice during osteoclast differentiation. (E) The western blot results were quantified. (F) The protein levels of TET2 in BMs from OVX and Sham
group mice were assessed by western blotting. (G) The western blot results were quantified. (H) The expression of Tet2 in BMs from OVX or Sham group mice during
osteoclast differentiation was analyzed by RT-gPCR. The data are expressed as the mean + SEM (* P < 0.05, ** P < 0.01, n = 3, three independent experiments were
performed at an interval of 2-4 weeks, and each group was repeated three times).

LV-shTet2-treated BMs (Figure 2B,C). It was also determined
that the LC3B-II:LC3B-I ratio increased in LV-NC BMs dur-
ing osteoclast differentiation; however, Tet2 knockdown
decreased the LC3B-II.LC3B-I ratio (Figure 2D,E).
Moreover, Tet2 knockdown decreased autophagy in
RAW264.7 cells (Figure S3A-D).

Furthermore, we investigated the effects of TET2 inhibition
on osteoclastogenesis, and ACP5 staining results showed that
the formation of ACP5-positive cells was obviously reduced
following Tet2 knockdown (Figure 2F,G). A bone resorption
assay showed that the bone resorption area was reduced in the
LV-shTet2 group (Figure 2H,I). In addition, western blotting
showed that levels of the osteoclast markers MMP9 and CTSK
were lower upon Tet2 knockdown (Figure 2],K). Additionally,
the mRNA levels of the osteoclast factors Ctsk, Mmp9,
Atp6v0d2 and Acp5 were lower upon Tet2 knockdown
(Figure 2L). Decreased osteoclastogenesis was also observed
in Tet2-knockdown RAW264.7 cells (Figure S3E-K).

Consistent with previous reports that decreased autophagy
can inhibit osteoclast differentiation, we conclude that TET2
inhibition can decrease autophagy and impair TNFSF11-
induced osteoclast formation and activation.

Tet2 knockdown alters the gene expression profiles of
osteoclasts and reduces autophagic vesicle formation by
increasing BCL2 expression

RNA sequencing (RNA-seq) was performed in Tet2-
knockdown BMs after the cells were treated with TNFSF11
for 1 or 3 days to examine transcriptome changes, in order to
explore the underlying molecular mechanisms by which TET2
regulates autophagy and osteoclast differentiation. In total,
1753 (1 day) and 1372 (3 days) genes with significantly differ-
ential expression (P < 0.05) in Tet2-knockdown BMs com-
pared to control BMs were identified in the two groups
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Figure 2. Effect of TET2 on autophagy during osteoclastogenesis. (A) Autophagosomes and autolysosomes in BMs after transfection with LV-NC or LV-shTet2
lentivirus and stimulation with TNFSF11 for 3 days were observed via TEM. Red arrows indicated autophagosomes or autolysosomes. The experiment was performed
3 times, and 15 different cells were randomly counted per experiment. Scale bars: 5 pm and 2 pm. (B) Images of LC3B puncta in the different groups. The experiment
was performed 3 times, and 15 different cells were randomly counted per experiment. Scale bars: 10 um. (C) Quantification of the LC3B puncta per cell in the
different groups. (D) Western blot analysis was performed to determine changes in the expression levels of autophagic molecules in the different groups during
osteoclast differentiation. (E) The western blot results were quantified. (F) ACP5 staining was used to analyze osteoclast differentiation. Scale bars: 200 pm. (G) ACP5-
positive cells from 2.5 x 10* BMs per well were quantified (n = 3, three independent experiments with three replicates each). (H) Scanning electron micrographs of
bone resorption pits. Scale bars: 500 um. (I) The ratio of bone resorption pits in the entire area of a piece of a bovine bone slice was calculated. (J) The expression
levels of MMP9 and CTSK in BMs after transfection with LV-NC or LV-shTet2 lentivirus and stimulation with TNFSF11 for 3 days were analyzed by western blotting. (K)
The western blot results were quantified. (L) The mRNA levels of Ctsk, Mmp9, Atp6v0d2, and Acp5 were analyzed in BMs transfected with LV-NC or LV-shTet2 lentivirus
after TNFSF11 stimulation for 3 days. The data are expressed as the mean + SEM (* P < 0.05, ** P < 0.01, n = 3, three independent experiments were performed at an
interval of 2—-4 weeks, and each group was repeated three times).

(fold change > 1.5, and FDR < 0.05) (Figures 3A,B, S4A,
and B). We observed that the expression of crucial genes in
osteoclasts, such as Ctsk, Atp6v0d2, Acp5, Nfatcl, and
Mmp9, was dramatically decreased in LV-shTet2 osteo-
clasts, and the RNA-seq results were validated by RT-
qPCR (Figure S4C-G). Consistent with our previous
results, Tet2 knockdown significantly inhibited functional
osteoclast gene expression. Further examination revealed
that the mRNA levels of functional autophagy genes, such
as Ulkl (unc-51 like kinase 1), Becnl, Atg5 (autophagy

related 5), Atg7 and Atgl3, did not change significantly
following LV-shTet2 intervention, which was also verified
by quantitative RT-qPCR (Figure S4H-L). Levels of BCL2,
a negative regulator of autophagy, were significantly
increased at both time points during differentiation (1
and 3 days) that were evaluated after transfection, and
this finding was verified by western blotting and RT-
qPCR (Figure 3C,D, and S4M). Therefore, we hypothesize
that TET2 affects osteoclast autophagy through BCL2 and
further affects osteoclast function.
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Figure 3. Tet2 knockdown alters the gene expression profiles of osteoclasts and reduces autophagic vesicle formation by increasing BCL2 expression. (A) Volcano
plots of all differentially expressed genes (>1.5-fold) in LV-NC- and LV-shTet2-transfected BMs after stimulation with TNFSF11 for 3 days. (B) Heatmaps of all
differentially expressed genes (>1.5-fold) in LV-NC- and LV-shTet2-transfected BMs after stimulation with TNFSF11 for 3 days were shown; red represented higher

expression, and blue represented lower expression. (C) The expression of BCL2 in

LV-NC and LV-shTet2 BMs during osteoclast differentiation was analyzed by western

blot analysis. (D) The western blot results were quantified. The data are expressed as the means + SEM (* P < 0.05, ** P < 0.01, n = 3, three biological duplications).

Interfering with BCL2 enhances autophagy and osteoclast
differentiation after TET2 inhibition

To investigate the effect of BCL2 on osteoclast autophagy and
differentiation, small interfering RNA (siRNA) was used to
decrease BCL2 expression in osteoclasts stimulated with LV-
shTet2 lentivirus particles. The knockdown efficiency of BCL2
using siRNA was confirmed by western blotting and RT-
qPCR (Figure S5A-E). After Bcl2 expression was knocked
down, the decrease in autophagy was partially reversed, and
the numbers of autophagosomes, autolysosomes and LC3B
puncta were increased (Figure 4A-C). Western blotting con-
firmed that the LC3B-II:.LC3B-I ratio, as well as the levels of
ATG4B and ATG12, were increased in the Bcl2 siRNA-treated
group (Figure 4D,E, S5F and S5G). These results confirm that
decreased BCL2 expression alleviates TET2 inhibition-
induced autophagy dysregulation.

BCL2 binds to BECN1 and blocks BECN1 from promoting
the localization of other autophagic proteins to the phago-
phore assembly site, thereby preventing autophagy. In the
current study, the co-immunoprecipitation (co-IP) results
showed that anti-BCL2 antibodies could bind to BECN1 in
both LV-NC and LV-shTet2 RAW264.7 cells; furthermore,
more BECN1 was pulled down in LV-shTet2 RAW264.7
cells (Figure 4F,G). Moreover, the anti-BECN1 antibody reci-
procally bound to BCL2, and the interaction increased after
Tet2 knockdown (Figure 4H,I). These results suggest that
TET2 promotes BECNI1-mediated osteoclast autophagy by
negatively regulating BCL2 expression.

The effect of BCL2 on osteoclastogenesis was also exam-
ined. ACP5 staining revealed that the formation of ACP5-
positive multinucleated cells increased after Bcl2 knockdown
in LV-shTet2 BMs (Figure 5A,B). The bone resorption assay
also showed that the bone resorption area increased after Bcl2
knockdown (Figure 5C,D). Additionally, the expression of
functional proteins (MMP9 and CTSK) in osteoclasts was
partially reversed, as shown by western blotting (Figure 5E,
F). Furthermore, the mRNA levels of Mmp9, Ctsk, Acp5, and
Atp6v0d2 also increased after Bcl2 knockdown (Figure 5G-J).
Overall, these results suggest that Tet2 knockdown reduces
osteoclast differentiation by increasing BCL2 expression and
reducing BECN1-dependent autophagy.

TET2 knockdown ameliorates bone loss in OVX mice

To elucidate the role of TET2 in OVX-induced bone loss, an
LV-shTet2 lentivirus was used to knock down TET2 expres-
sion in the BMs of OVX mice. Western blotting showed that
TET2 expression was significantly decreased in BMs isolated
from OVX mice injected with LV-shTet2, and THC staining
showed that the LV-shTet2 lentivirus significantly reduced
TET2 expression in OVX mice in vivo (Figure S6A-D).
Micro-CT and 3D reconstruction images indicated that, con-
sistent with the above results, the femoral bone mass in OVX
mice was significantly reduced. Interestingly, the change in
bone mass was partially restored following treatment with LV-
shTet2 lentivirus but not LV-NC lentivirus (Figure 6A).
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Figure 4. Bcl2 knockdown enhances autophagy in LV-shTet2-transfected BMs. (A) TEM was used to observe the autophagosomes and autolysosomes in osteoclasts
transfected with LV-shTet2 lentivirus with or without siRNA-induced Bc/2 knockdown. Red arrows indicated autophagosomes or autolysosomes. The experiment was
performed 3 times, and 15 different cells were randomly counted per experiment. Scale bars: 5 pm and 2 pm. (B) Images of LC3B puncta in the different groups. The
experiment was performed 3 times, and 15 different cells were randomly counted per experiment. Scale bars: 10 um. (C) Quantification of the LC3B puncta per cell in
the different groups. (D) Western blot analysis was performed to determine changes in the expression levels of autophagic molecules in the different groups during
osteoclast differentiation. (E) The western blot results were quantified. (F-I) Co-IP analysis of BCL2 and BECN1 in RAW264.7 cells was performed after transfection
with LV-NC or LV-shTet2 and stimulation with TNFSF11 for 3 days. Anti-BCL2 and anti-BECN1 antibodies were used as pull-down antibodies in F and H, respectively.
Cell lysates are shown as inputs, and IgG was used as an internal control. The data are expressed as the mean + SEM (* P < 0.05, ** P < 0.01, n = 3, three
independent experiments were performed at an interval of 2-4 weeks, and each group was repeated three times).

Furthermore, quantitative analysis of bone parameters showed
that, compared with those of Sham mice, the bone mineral
density (BMD), bone volume per tissue volume (BV/TV),
trabecular number (Tb.N), and bone volume (BV) of OVX
model mice were decreased, and trabecular separation (Tb.sp)
was increased. These changes were reversed after treatment

with LV-shTet2, but not with LV-NC (Figure 6D-H). H&E
staining was used for the histological staining of mouse femur
tissue sections to further evaluate the bone tissue microstruc-
ture. Compared with that of the LV-NC-treated OVX mice,
the osteoporotic phenotype of the LV-shTet2-treated OVX
mice in H&E-stained tissue samples were significantly
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Figure 5. Bcl2 knockdown enhances osteoclast differentiation in LV-shTet2-transfected BMs. (A) ACP5 staining was used to analyze the differentiation of osteoclasts
from BMs that were transfected with LV-shTet2 lentivirus with or without siRNA-induced Bcl2 knockdown. Scale bars: 200 pm. (B) ACP5-positive cells from 2.5 x 10*
BMs per well were quantified (n = 3, three independent experiments with three replicates each). (C) Scanning electron micrographs of bone resorption pits. Scale
bars: 500 pm. (D) The ratio of bone resorption pits in the entire area of a piece of the bovine bone slice was calculated (n = 3, three independent experiments with
three replicates each). (E) The expression levels of MMP9 and CTSK in BMs transfected with LV-shTet2 lentivirus with or without Bcl2 knockdown under TNFSF11
stimulation for 3 days were analyzed by western blotting. (F) The western blot results were quantified. (G-J) The mRNA levels of Mmp9, Ctsk, Acp5, and Atp6v0d2
were analyzed in the different groups after TNFSF11 stimulation for 3 days. The data are expressed as the mean £ SEM (* P < 0.05, ** P < 0.01, n = 3, three
independent experiments were performed at an interval of 2-4 weeks, and each group was repeated three times).

improved, which was confirmed by quantitative histomorpho-
metrical analysis of the BS (Figure 6B,I). ACP5 staining
showed that the number of osteoclasts in the OVX group
was significantly reduced by LV-shTet2, but not by LV-NC
(Figure 6C,]). In addition, the effect of Tet2 knockdown on
osteoclast autophagy was verified in vivo. IHC analysis
showed that the number of LC3B-positive cells was signifi-
cantly higher in OVX mice than in Sham mice. After LV-sh
Tet2 lentivirus injection, LC3B expression decreased in OVX
mice, but not in LV-NC mice (Figure S6E and G). Moreover,
compared with those in the OVX group, the number of BCL2-
positive cells increased after LV-shTet2 injection; however,
there was no significant change after LV-NC injection
(Figure S6F and H). These results suggest that Tet2

knockdown inhibits autophagy in vivo by increasing BCL2
expression. In addition, the lentiviruses showed no organ
toxicity in vivo (Figure S6I). Overall, these results suggest
that Tet2 knockdown decreases osteoclast autophagy by
increasing BCL2 expression and attenuating bone loss in
OVX mice in vivo.

Discussion

In this study, TET2 is shown to promote osteoclast differen-
tiation by promoting autophagy. In vivo, the targeted inhibi-
tion of TET2 expression attenuates the low bone mass
phenotype of OVX mice. Mechanistic studies demonstrate



2824 (&) C.YANG ET AL.

OVX

OVX+LV-NC OVX+LV-shTet2

S
[}

Tb.sp (mm)
o

o
=)

Tb.N (1/mm)

N.Oc¢/BS (1/mm)

5
4
3
2
1
0

Figure 6. Tet2 knockdown prevents OVX-induced bone loss in vivo. (A) Representative 3D micro-CT reconstruction images of trabecular bone under the distal femur
growth plate in the Sham group, OVX group, LV-NC group, and LV-shTet2 group were shown (n = 5 per group). Scale bars: 500 pm. (B) Representative H&E staining
images of trabecular bone under the distal femur growth plate from the Sham group, OVX group, LV-NC group, and LV-shTet2 group were shown (n = 5 per group).
Scale bars: 200 um. (C) ACP5 staining showed the trabecular region under the distal femur growth plate from the Sham group, OVX group, LV-NC group, and LV-sh
Tet2 group (n = 5 per group). The red stained area indicates ACP5-positive osteoclasts and methyl green stained area indicates the nuclei. Scale bars: 100 um and
50 pum. (D-H) Quantitative analysis of bone parameters. The region of interest selected for trabecular analysis started 100 sections below the proximal end of the
distal femur growth plate, and 150 slices (6 pm each) were read per sample. (D) BMD (g/cm>). (E) BV/TV (%). (F) Tb.N (1/mm). (G) BV (mm?). (H) Tb.sp (mm). (I)
Quantitative analysis of histomorphometric bone parameters of BS (mm?). (J) Number of ACP5-positive osteoclasts on the trabecular bone surface (N.Oc/BS, 1/mm) in
distal femora from the Sham group, OVX group, LV-NC group, and LV-shTet2 group. The data are expressed as the mean + SEM (ns: no significance, * P < 0.05, **

P < 0.01, n = 5 biologically independent mice per group).

that TET2 enhances BECN1-dependent autophagy by down-
regulating BCL2 expression, thereby promoting osteoclast
differentiation.

TET2, a transcription cofactor, is recruited by other tran-
scription factors to the target gene region to demethylate the
target gene [23-26]. Loss of TET2 increases the differentiation
of granulocytes/monocytes from hematopoietic stem/

progenitor cells [16], however, the specific mechanism is
unclear. However, our results showed that Tet2 knockdown
reduced the TNFSF1l-induced osteoclast differentiation of
BMs and RAW264.7 cells. Chu et al. [18] demonstrated that
TET2 interacts with RUNXI to negatively regulate the tran-
scription of genes that impair osteoclast differentiation.
Furthermore, TET2 interacts with SPI1 to regulate the



expression of genes crucial for osteoclast differentiation [17].
These results suggest that the effect of TET2 on osteoclast
differentiation is partly due to the effects of the transcription
factors RUNX1 and SPI1 on their target genes, which are
crucial for osteoclast differentiation and function.
Additionally, our results showed that TET2 regulates osteo-
clast differentiation by regulating autophagy.

Autophagy is an intracellular degradation pathway that
improves cell survival by recycling damaged organelles and
proteins [27]. Osteoclast differentiation requires turnover of
organelles and intracellular proteins, and autophagy is involved
in this process. The autophagy inhibitor 3-methyladenine can
significantly inhibit osteoclast differentiation [7]. Through
genome-wide association analysis, Zhang et al. [28] found
that autophagy-related biological processes contribute to the
progression of wrist osteoporosis. In our study, we found that
osteoclast autophagy was significantly increased in the OVX
mouse model. Autophagy activation was also found to be
increased during BM differentiation into osteoclasts in vitro,
and this activation was obviously upregulated in OVX-BMs
compared to Sham-BMs. These results further confirm that
enhanced autophagy promotes osteoclast differentiation in
the OVX-induced bone loss model. We found that Tet2 knock-
down decreased autophagy in BMs and RAW264.7 cells, and
similar results were observed in vivo; Tet2 knockdown in the
bone marrow significantly reduced LC3B expression in BMs
and attenuated bone loss in OVX mice.

RNA-seq results showed that Tet2 knockdown led to
increased Bcl2 expression, which was verified by RT-qPCR
and western blotting. Previous studies have shown that TET2
tends to bind to genes whose promoters or coding regions are
rich in CpG Islands to regulate transcription [12]. An analysis
with MethPrimer software suggested that the promoter region
of Bcl2 is rich in CpG Islands (Figure S6J). Therefore, we
speculated that TET2 may regulate the methylation of CpG
Islands in the Bcl2 promoter and inhibit its transcription.
However, the specific mechanisms require further investiga-
tion. BCL2 can interact with the autophagic protein BECN1 to
prevent other BECN1-dependent autophagic proteins from
binding to the phagophore assembly site, thereby inhibiting
the process of autophagic flux [29,30]. A co-IP assay was used
to examine the binding of BCL2 to BECNI. The results
showed that BCL2 could bind with BECN1 in RAW264.7
cells, and this binding was increased after Tet2 knockdown.
Furthermore, we found that inhibition of BCL2 expression
reversed the reduction in autophagy and osteoclastogenesis
caused by Tet2 knockdown. Based on these results, we con-
clude that TET2 promotes osteoclast autophagy and differen-
tiation through altering the expression of BCL2.

Bcl2 is an important osteoclast survival gene, and BCL2
overexpression in mouse hematopoietic cells can increase the
number of osteoclasts [31]. BCL2 is an important regulator of
apoptosis. Apoptosis is accelerated in bcl2”~ osteoclasts, but
this effect can be prevented by the reintroduction of BCL2
[32]. However, though the specific mechanism by which
increased BCL2 expression enhances osteoclast differentiation
remains unclear, it may be related to decreased apoptosis. In
our experiment, BCL2 expression was increased after the
deletion of TET2; however, osteoclast differentiation was still
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reduced, which appears to be contrary to the above results.
However, TET2 affects osteoclasts through multiple mechan-
isms, such as the transcriptional function of RUNX1 and SPI1
[17,18]. Our results suggest that the increased expression of
BCL2 caused by Tet2 knockdown could decrease autophagy
due to increased binding of BCL2 to BECNI. Inhibition of
BCL2 expression partially reversed impaired osteoclast auto-
phagy and differentiation. Yamashita et al. [33] also reported
that bel2™~ osteoclast differentiation is more rapid than bcl2*/
* osteoclast differentiation, however, the lifespan of bcl2™/~
osteoclast is shorter, suggesting that BCL2 is involved in
osteoclast fusion and apoptosis.

Multiple intracellular signaling pathways simultaneously
regulate autophagy and apoptosis. Maintaining autophagy at
an appropriate level can reduce apoptosis, whereas excess
autophagy can accelerate apoptosis by removing the necessary
proteins. When pressure exceeds a certain threshold or inten-
sity, apoptotic and non-apoptotic lethal programs are acti-
vated, and caspase-mediated autophagic protein cleavage can
inactivate autophagy [34]. Pattingre et al. [30] suggested that
the degree to which BCL2 and BECN1 bind may regulate the
transition between autophagy activation and autophagy gene-
dependent cell death. Our findings confirm that TET2 regu-
lates autophagy by negatively regulating BCL2 expression;
however, whether TET2 affects osteoclast apoptosis requires
further investigation.

In summary, we found that TET2 regulates BCL2 expres-
sion and affects the autophagy and differentiation of osteo-
clasts, and that targeted blocking TET2 reduces autophagic
activity and alleviates OVX-induced bone loss. Our results
reinforce the epigenetic regulation of autophagy and osteo-
clast differentiation by TET2, and provide a new basis for
elucidating the mechanism of osteoclastogenesis.

Materials and methods
Reagents

Dulbecco’s modified Eagle’s medium (DMEM/high glucose;
C3113-0500), alpha modification of Eagle’s medium (a-MEM;
C3060-0500), and fetal bovine serum (FBS; C2820-0500) were
purchased from VivaCell. Recombinant Mouse TNFSF11 (462-
TEC-010/CF) and Recombinant Mouse CSF1/M-CSF (416-ML
-050/CF) were purchased from R&D Systems. The antibodies
used in this study included MMP9 (ABclonal, A0289), LC3B
(Abclonal, A19665), TET2 (ABclonal, A1526), ATG4B
(ABclonal, A5059), ATG12 (ABclonal, A19610), ACTB (actin,
beta) (Abconal, AC026), CTSK (Abcam, ab187647), BECN1
(Abcam, ab207612), LC3B (Abcam, ab192890), BCL2 (Abcam,
ab182858), and BCL2 (Cell Signaling Technology, 3498S). Anti-
rabbit HRP-conjugated secondary antibodies (GAR0072) were
purchased from Multisciences.

Cell culture

The RAW264.7 murine macrophage cell line was obtained
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China) and cultured in DMEM containing 10%
FBS. RAW264.7 cells from passages 3 to 15 were used in
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this study. BMs were extracted from the femur bone mar-
row of female C57BL/6 mice as reported in our previous
studies [35,36]. Specifically, the femurs of C57BL/6 mice
were aseptically dissected, and the bone marrow was washed
with phosphate buffered solution (Solarbio, P1010) using
a 23-G needle several times. Then, the collected bone mar-
row suspension was centrifuged, and red blood cells were
removed with red blood cell lysis buffer (Beyotime, C3702).
After that, the single-cell suspensions were washed 3 times
with phosphate buffered solution, counted, and then plated
at 1 x 107 cells per 100-mm dish in a-MEM supplemented
with 10% FBS and 30 ng/ml CSF1/M-CSF. Afterward, the
medium was changed every other day. After 4 days of
culture, the BMs had adhered to the bottom of the culture
plate; the BMs were then digested, collected using trypsin
(Beyotime, C0203) and counted for different experiments.
Cells from one mouse were extracted from each group at
a time, and each experiment was repeated three times (three
biologically independent mice).

In this study, BMs in the Sham and OVX groups were
isolated from the femurs of Sham and OVX mice 6 weeks
after surgery. The BMs that demonstrated the effect of the
lentivirus in vivo were isolated from the femurs of OVX
mice (5 weeks after the injection of lentivirus), and the
remaining BMs were extracted from 6- to 8-week-old female
mice.

ACPS5 staining

BMs (2.5 x 10* cells/well) or RAW264.7 cells (1 x 10* cells/
well) were incubated overnight in 48-well plates and subse-
quently stimulated with 100 ng/ml TNFSF11. Three days later,
the cells were stained using an ACP5 staining kit (Sigma-
Aldrich, 387A-1 KT). An inverted microscope (Zeiss,
Germany) was used to acquire images. Mature osteoclasts
had three or more nuclei.

Bone resorption assay

BMs (1 x 10* cells/well) or RAW264.7 cells (0.8 x 10* cells/
well) were incubated on bovine bone slices (JoyTech
Biotechnology, 2-001-100) in 96-well plates and subse-
quently stimulated with 100 ng/ml TNFSF11. Seven days
later, cells were removed from the bovine bone slices using
a sonicator. Resorption pits on bone slices were observed
using an FEI Quanta 250 scanning electron microscope
(Hillsboro, USA) and quantified using Image] software
(National Institutes of Health, USA). The pit area was nor-
malized to the whole area of the field of bovine bone slices.
Three independent experiments with three replicates each
were performed.

RT-gPCR

Total cellular RNA was extracted from the different groups
using TRIzol reagent (Beyotime, R0011) according to the
manufacturer’s guidelines. RNA samples were quantified and
qualified on a NanoDrop-2000 spectrophotometer (Thermo

Fisher, USA). Then, an equal amount of RNA (0.5 pg) was
mixed with ANTPs (Monad, MR05001 M) for reverse tran-
scription. Next, real-time PCR amplification was performed in
a CFX96™ thermal cycler (Bio-Rad Laboratories, USA) with
a mixture containing 5 ul of gQPCR Mix (Monad, MQ00401S),
0.5 pl of the corresponding primers, 2 ul of ddH,O and 2 pl of
c¢DNA. Dissociation curves were generated to ensure the
specificity of each RT-qPCR experiment. Gapdh (glyceralde-
hyde-3-phosphate dehydrogenase) was used as a housekeep-
ing gene for normalization and quality control purposes. The
primers utilized in this study are listed below: Acp5: 5'-
TGTGGCCATCTTTATGCT-3' (forward), 5'-GTCATTTC
TTTGGGGCTT-3' (reverse); Atp6v0d2: 5'-GACCCTGTGGC
ACTTTTTGT-3' (forward), 5-GTGTTTGAGCTTGGGGA
GAA-3" (reverse); Atg5: 5-AGTCAAGTGATCAACGAA
ATGC-3' (forward), 5-TATTCCATGAGTTTCCGGTTGA-3'
(reverse); Atg7: 5-GTGTACGATCCCTGTAACCTAG-3'
(forward), 5'-GATGCTATGTGTCACGTCTCTA-3' (reverse);
Atgl3: 5'-ACATCTTTTTCCACATCCCCTC-3' (forward), 5'-
TGTTTAAGCCAGCAGTAAACAC-3" (reverse); Bcl2: 5'-
GGTGGGGTCATGTGTGTGG-3" (forward), 5-CGGTTC
AGGTACTCAGTCATCC-3' (reverse); Becnl: 5'-CAAACAG
CGTTTGTAGTTCTGA-3"  (forward), 5-TAATAGCTT
CACTCTGATCGGG-3" (reverse); Ctsk: 5-CTTCCAATA
CGTGCAGCAGA-3"  (forward), 5-TCTTCAGGGCTT
TCTCGTTC-3" (reverse); Gapdh: 5-GGTTGTCTCCT
GCGACTTCA-3 (forward), 5-TGGTCCAGGGTT
TCTTACTCC-3' (reverse); Mmp9: 5-CGTGTCTG
GAGATTCGACTTGA-3' (forward), 5-TTGGAAACTCACA
CGCCAGA-3" (reverse); Nfatcl: 5-GAGAATCGAGA
TCACCTCCTAC-3" (forward), 5-TTGCAGCTAGGAAGT
ACGTCTT-3' (reverse); Tet2: 5-CTGCTGTTTGGGTCTGA

AGGAAGG-3'  (forward), 5-GTTCTGCTGGTCTCTGT
GGGAATG-3" (reverse); Ulkl: 5'-ACTCAGGTGCACAA
TTACCAG-3' (forward), 5'-CTTGGGGAGAAGGT

GTGTAG-3" (reverse). Relative mRNA expression levels
were quantified using the 27**“" method after normalization
to the expression of the positive control.

Western blot analysis

Cellular proteins were extracted from the different groups
with RIPA buffer (Beyotime, P0013B). Proteins (30 pg)
were separated by SDS-PAGE and transferred onto nitro-
cellulose (NC) membranes (Beyotime, FFN03). The mem-
branes were incubated with primary antibodies against
TET2 (ABclonal, A1526; 1:1000), MMP9 (ABclonal,
A0289; 1:1000), CTSK (Abcam, ab187647; 1:1000), LC3B
(Abcam, ab192890; 1:2000), BECNI1 (1:2000), BCL2
(1:1000), ATG4B (ABclonal, A5059; 1:1000), ACTB (actin
beta) (Abconal, AC026; 1:50,000), and ATGI12 (ABclonal,
A19610; 1:1000) and then incubated with a secondary anti-
body (Multisciences;1:5000). ACTB was used as a loading
control. The bands were developed using enhanced chemi-
luminescence (New Cell & Molecular Biotechnology,
P10300) and quantified using Image Lab 3.0 (Bio-Rad,
USA), and the band detections were within the linear
range.



TEM

Briefly, the cells were collected in a centrifuge tube by trypsi-
nization and centrifugation at 253 x g for 5 min and prefixed
with 2.5% glutaraldehyde (12 h, 4°C). Each sample was post-
fixed with 1% osmium tetroxide (SPI-CHEM, 20,816-12-0;
OsOy, 2 h), dehydrated sequentially with ethanol (30%, 50%,
70%, 80%, 90%, 95% and 100%) for 20 min, transferred to
pure acetone (20 min), and embedded in spurr resin (SPI-
CHEM, 90,529-77-4), Sections were generated on a Leica EM
UC7 ultratome (Leica, Germany). After staining with uranyl
acetate and alkaline lead citrate for 5 min, the sections were
observed by TEM (FEI Tecnai Spirit, USA).

Lentiviral transfection

To knockdown Tet2, the lentiviruses LV-GFP-shTet2 (200902DZ)
and LV-GFP-NC (H22 FZ) were purchased from GenePharma.
The sequences were as follows: GGAGCTATTTGCTGA
AGAATA and TTCTCCGAACGTGTCACGT. Lentiviral parti-
cles (multiplicity of infection [MOI] = 50) were used to transfect
BMs and RAW264.7 cells. At 5 days postinfection, the knockdown
efficiency was determined by western blot analysis and RT-qPCR.
The infectious efficiency was determined by calculating the pro-
portion of cells expressing GFP using a fluorescence microscope
(Zeiss, Germany).

Immunofluorescent staining

BMs were seeded on coverslips, treated with LV-NC or LV-sh
Tet2, and induced with TNFSFI1 (100 ng/ml) in 24-well
plates for 3 days. Then, 4% paraformaldehyde (New Cell &
Molecular Biotechnology, N1012), 0.2% Triton X-100
(Beyotime, P0096) and QuickBlock™ blocking buffer for
immunostaining (Beyotime, P0102) were used to fix, permea-
bilize and seal the cells, respectively, in sequence. Then, the
cells were incubated with anti-LC3B (Abcam, ab192890; 1 pg/
ml) antibodies, goat anti-rabbit IgG H&L (Abcam, Alexa
Fluor 647; 1:500), and DAPI (Beyotime, C1006) successively.
LC3B puncta were imaged using a high-resolution confocal
microscope (Leica, Germany).

RNA-seq

BMs for RNA-seq were extracted from 6-week-old female
C57BL/6 mice. After transfection with LV-NC or LV-shTet2
lentiviral particles, the BMs were stimulated with 100 ng/ml
TNESF11 for 1 or 3 days. Total cellular RNA was extracted
from the different groups using TRIzol reagent (Beyotime,
RO011). Transcriptome sequencing and analysis were con-
ducted by OE Biotechnology (Shanghai, China). The clean
reads were mapped to the Mus musculus genome (GRCm38.
p6) using HISAT2 [37]. Cufflinks [38] was used to calculate
the fragments per kilobase of exon per million mapped frag-
ments (FPKM) [39] value of each gene, and htseq-Count [40]
was used to calculate the read count of each gene. Differential
expression analysis was performed using the DESeq [41]
(2012) R package functions estimateSizeFactors and
nbinomTest. A P value < 0.05 and FC > 1.5 or FC< 0.5 were
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set as the thresholds for significant differential expression.
Volcano plots and heatmaps were used to show the expression
patterns of different genes in different samples.

BCL2 knockdown by siRNA

To knockdown Bcl2, siRNAs targeting Bcl2 were purchased
from GenePharma (Suzhou, China). Briefly, after transfection
with LV-shTet2 lentiviral particles for five days, the cells were
transfected with siRNAs using Lipofectamine RNAIMAX
reagent (Invitrogen, 13,778,150). The transfection efficiency
was validated by western blot analysis and RT-qPCR. The
sequences of the Bcl2 siRNA oligonucleotides were as follows:
siRNA1: sense, 5-GGGAGAACAGGGUAUGAUATT-3; anti-
sense, 5-UAUCAUACCCUGUUCUCCCTT-3; siRNA2:
sense, 5-GGAUGACUGAGUACCUGAATT-3; and antisense,
5-UUCAGGUACUCAGUCAUCCTT-3. The sense sequence
of the negative control siRNA was 5-UUCUCCGAACGU
GUCACGUTT-3, and the antisense sequence was 5-ACGU
GACACGUUCGGAGAATT-3.

Co-IP

Total proteins were extracted from RAW264.7 cells trans-
fected with LV-NC or LV-shTet2 lentiviral particles using
cell lysis buffer for western blotting and IP (Beyotime,
P0013). First, protein A + G magnetic beads (Beyotime,
P2108) were incubated with anti-BCL2 (1:100), anti-BECN1
(1:30) or IgG antibodies (Beyotime, A7016) for 1 h on a rotat-
ing platform at room temperature. Then, the prepared protein
A + G magnetic beads were incubated with 600 pg of the
extracted proteins at 4°C with rotation overnight.
Subsequently, the beads were separated by a magnetic shelf
and washed three times with lysis buffer. The supernatant was
separated on a magnetic rack for 10 seconds and analyzed by
western blotting.

OVX-induced osteoporosis mouse model

The Ethics Committee of the First Affiliated Hospital of
Soochow University approved all the animal experiments. In
brief, (1) twenty female C57BL/6 mice (ten weeks old) were
divided into two groups (n = 10 each group): the Sham group
(exteriorized without resection), and the OVX group (bilateral
OVX). (2) Forty female C57BL/6 mice (ten weeks old) were
divided into four groups (n = 10 each group): the Sham group
(exteriorized without resection), the OVX group (bilateral
OVX), the LV-Tet2 group (OVX+LV-shTet2 lentivirus), and
the LV-NC group (OVX+LV-NC lentivirus). One week after
OVX, the lentivirus (in a volume of 25 ul) was injected into
the marrow cavity through the periosteum and cortex of the
femur at the epiphyseal transition once every two weeks. All
animals were anesthetized with Nembutal during the opera-
tions. All animals survived and were housed at a temperature
of 20-25°C and relative humidity of 40-70%. Six weeks after
surgery, all of the left femur samples were extracted for micro-
CT and histology experiments, the right femur was removed
and immersed in saline for BM collection, and heart, liver,
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spleen, lung and kidney tissues were collected for lentivirus
toxicity analysis.

Micro-CT imaging

Mouse femur samples were fixed for 24 h in 10% buffered
formalin and then scanned with a SkyScan 1176 micro-CT
(Aartselaar, Belgium) (n = 5/group). NRecon software
(SkyScan micro-CT, Aartselaar, Belgium) was used to analyze
the three-dimensional (3D) histomorphometric images.
SkyScan software was applied to analyze the parameters of
the distal femoral metaphyseal trabecular bone, including the
BV (mm?), BV/TV (%), BMD (g/cm3), Tb.sp (mm), and Tb.N
(1I/mm). The region of interest selected for trabecular analysis
started 100 sections below the proximal end of the distal
femur growth plate, and 150 slices (6 um each) were read
per sample.

Histomorphometrical and IHC staining analysis

Femur samples were fixed for 24 h in 10% buffered formalin,
decalcified with 10% EDTA (Sigma-Aldrich, V900081-500 G)
for 4 weeks, embedded in paraffin (Leica, 39,601,095), and
sliced into 6-um-thick sections (Leica 2135, Germany). These
slices were subjected to H&E staining to observe morpholo-
gical changes, and ACP5 staining (Sigma-Aldrich, 387A-1KT)
and methyl green staining (Beyotime, C0115) were performed
to observe osteoclasts. The slices were imaged with an
Axiovert 40C optical microscope (Zeiss, Germany). The BS
(mm?*) and number of ACP5-positive osteoclasts/BS (N.Oc/
BS, 1/mm) were used to assess differences between groups
according to standard procedures [42] using Bioquant Osteo
2017 (BIOQUANT, USA). The osteoclasts on the cancellous
BS were counted throughout the area of interest, and the data
were normalized to the number of osteoclasts per millimeter
trabecular surface perimeter (N mm™"). The region of interest
that was confined under the growth plate of the distal femur
per image was also selected for trabecular bone CT analysis.
The levels of TET2, LC3B and BCL2 in vivo were determined
by IHC staining. Briefly, the slices were dewaxed and sub-
jected to gradient hydration and antigen retrieval, after which
they were incubated with primary antibodies against LC3B
(ABclonal, A19665; 1:100), BCL2 (Abcam, ab182858; 1:500),
and TET2 (ABclonal, A1526; 1:100), followed by incubation
with secondary and tertiary antibodies (Vector Laboratories,
PK-6200). A DAB kit (Cell Signaling Technology, 8059S) was
used to induce a color reaction. The region of interest that
was restricted under the growth plate of the distal femur and
the region containing trabecular bone were selected as the
imaging area in the whole viewed area. Semiquantitative eva-
luation of the IHC staining results was performed as pre-
viously described [43,44].

Statistical analysis

The data are displayed as the mean + standard error of the
mean (SEM). GraphPad Prism 8.0 software was used for
statistical analysis. Comparisons of data with a normal dis-
tribution between two groups were performed using Student’s

t tests; otherwise, the nonparametric Mann-Whitney test was
used. One-way ANOVA followed by Tukey’s test was used for
comparisons of multiple groups of data that were normally
distributed, and the Kruskal-Wallis test was used for compar-
isons of data with a nonnormal distribution. Differences with
a P value <0.05 were defined as statistically significant.
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