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As a precursor to type 2 diabetes mellitus (T2D), obesity adversely alters bone cell
functions, causing decreased bone quality. Currently, the mechanisms leading to
alterations in bone quality in obesity and subsequently T2D are largely unclear.
Emerging evidence suggests that long noncoding RNAs (lncRNAs) participate in a vast
repertoire of biological processes and play essential roles in gene expression and
posttranscriptional processes. Mechanistically, the expression of lncRNAs is implicated
in pathogenesis surrounding the aggregation or alleviation of human diseases. To
investigate the functional link between specific lncRNA and obesity-associated poor
bone quality and elucidate the molecular mechanisms underlying the interaction
between the two, we first assessed the structure of the bones in a diet-induced obese
(DIO) mouse model. We found that bone microarchitecture markedly deteriorated in the
DIO mice, mainly because of aberrant remodeling in the bone structure. The results of
in vitro mechanistic experiments supported these observations. We then screened
mRNAs and lncRNAs from DIO bones and functionally identified a specific lncRNA,
Gm15222. Further analyses demonstrated that Gm15222 promotes osteogenesis and
inhibits the expression of adipogenesis-related genes in DIO via recruitment of lysine
demethylases KDM6B and KDM4B, respectively. Through this epigenetic pathway,
Gm15222 modulates histone methylation of osteogenic genes. In addition, Gm15222
showed a positive correlation with the expression of a neighboring gene, BMP4. Together,
the results of this study identified and provided initial characterization of Gm15222 as a
critical epigenetic modifier that regulates osteogenesis and has potential roles in targeting
the pathophysiology of bone disease in obesity and potential T2D.
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INTRODUCTION

Obesity is known to be the main risk factor for type 2 diabetes. In
concordance with the WHO, overweight and obesity account for
44% of the diabetes cases (Frühbeck et al., 2013). Type 2 diabetes
mellitus (T2D) is most strongly associated with obesity, and the
prevalence of obesity-related diabetes is expected to double to 300
million by 2025 (Dyson, 2010).

T2D is a non-insulin–dependent diabetes mellitus and a
chronic metabolic disease that occurs due to an imbalance
between insulin secretion and glucose metabolism (Brownlee,
2001). Patients with T2D have as much as 50%–80% higher
incidence of bone disorders compared to those without T2D
(Rubin and Patsch, 2016). Hyperglycemia adversely alters bone
cell functions, causing decreased bone quality and delayed
wound healing; diseases with this pathological mechanism
are collectively referred to as diabetic bone disease (DBD)
(Bouillon, 1991). DBD represents a severe health issue
globally (Schwartz and Lane, 2018; Valderrábano and
Linares, 2018). Ongoing research continues to examine the
underlying mechanisms of DBD in hopes of optimizing
patient treatment. However, the mechanisms and pathology
of DBD are unclear and controversial. Characteristics of bone
differ between type 1 diabetes mellitus (T1D) and T2D (Nilsson
et al., 2017). Previous research indicates that patients with T2D
have average or higher bone mineral density (BMD), suggesting
that T2D primarily impacts bone quality rather than bone
density (Osório, 2011; Napoli et al., 2017). Disrupted bone
cell activity causes imbalanced bone metabolism, and the
diabetic microenvironment facilitates epigenetic and
transcriptional alteration (Vrtačnik et al., 2014; Sanches
et al., 2017).

Recent developments in high-throughput sequencing have
led to a renewed interest in long noncoding RNAs (lncRNAs)
and shown their vital role in mediating the occurrence and
pathogenesis of diseases, which challenges our previous
understanding of protein function (Chen et al., 2016).
lncRNAs are a family of transcripts with more than 200
nucleotides that do not translate into proteins. Emerging
evidence suggests that lncRNAs participate in a vast
repertoire of biological processes and play essential roles in
gene expression and post-transcriptional processes (Kung et al.,
2013). Mechanistically, lncRNA can influence the local
transcription by cis- and trans-effect (Kung et al., 2013;
Andersen et al., 2019). For example, the sequence of
lncRNAs alters DNA’s local structure and then change
expression of adjacent genes; lncRNAs recruit transcription
regulatory factors or link the proximal elements into
promotors for epigenetic modification (Engreitz et al., 2016).
Thus, lncRNAs are implicated in aggregation or alleviation of
human diseases.

Functionally, it is apparent that both lncRNAs and other cues
such as DNAmodifications are involved in the development and
metabolism of bone tissue. Lysine methylation is one of the most
characterized histone modifications (Shi, 2007). Osteoblasts
have a histone H3 lysine 27 trimethylation (H3K27me3)
landscape distinguishing them from the precursor cells. The

induction of different histone modifications leads to increases in
expression of bone morphogenic protein (BMP) and Homeobox
(HOX) family genes (Ye et al., 2012). Moreover, previous studies
have analyzed histone methylation associated with enzymes like
the histone lysine demethylase (KDM) family. For example,
activated lysine specific demethylase 6B (KDM6B) is implicated
in the promotion of downstream genes (Hui et al., 2014). These
studies highlight the importance of histone modifications and
associated enzymes in bone metabolism. Characterization of the
complex functions of epigenetic factors in osteoblast-mediated
osteogenesis is necessary to develop potential interventions for
bone diseases (Agger et al., 2008; Hui et al., 2014).

Moreover, previous studies demonstrated the correlation
between lncRNA and the level of H3K27me3 in the promoter
of target genes. For example, it was discovered that lncRNA
Gm15055 recruits PRC2 to maintain H3K27me3 modification,
which repressed the expression of HOXA (Liu et al., 2016). Other
research has indicated that lncRNA Firre maintains the
H3K27me3 modification by altering the structure of the X
chromosome (Fang et al., 2020). Therefore, there is a clear
linear relationship among lncRNA, histone modification, and
target gene expression. However, studies of lncRNA and its role in
histone modification in bone diseases are just emerging and
require further analysis.

This study aims to establish the functional link between a
particular lncRNA and bone quality changes induced by obesity
and to elucidate the molecular mechanisms underlying this
interaction. We discovered in a high-fat diet (HFD)
prediabetic mouse model that obesity alters osteogenesis via
mechanisms that involve lncRNAs. We have further identified
and initially characterized a specific lncRNA, Gm15222, that
promotes osteogenesis and might inhibit adipogenesis in
obesity. Gm15222 can recruit histone lysine demethylase
KDM6B and influence the methylation of osteogenic genes.
On the basis of the results of this study, lncRNA Gm15222
appears to have strong potential in targeting bone
pathophysiology in obesity and possibly T2D.

MATERIALS AND METHODS

Animal Experiments
Mice used in this study were purchased from the Jackson
Laboratory (JAX, Bar Harbor, ME, United States). In detail,
18-week-old male high-fat diet-induced obese (DIO) mice
(12 weeks of HFD) (Stock Number: 380,050, Strain Name:
C57BL/6J DIO, the Jackson Laboratory) and 18-week-old male
ND mice (Stock Number: 000,664, Strain Name: C57BL/6J, the
Jackson Laboratory) were used for microarray assay and
comparison of gene characteristics. Nine-week-old male DIO
mice (3 weeks of HFD) were generated via 3 weeks of HFD in 6-
week-old wild-type (WT) mice (Stock Number: 000,664, Strain
Name: C57BL/6J, the Jackson Laboratory), and 9-week-old male
NDmice were generated via 3 weeks normal diet (ND) in 6-week-
old WT mice (Stock Number: 000,664, Strain Name: C57BL/6J,
the Jackson Laboratory). If not otherwise specified, mouse
bone marrow mesenchymal stem cells (BMSCs) were obtained
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from 4- to 6-week-old male WT mice (Stock Number: 000,664,
Strain Name: C57BL/6J, the Jackson Laboratory). All in vivo
experiments in this study followed the Tufts University
Institutional Animal Care and Use Committee guidelines.

Micro-Computed Tomography
Femurs were obtained from 18-week-old DIO and ND mice and
scanned by Bruker Skyscan micro-CT at 9-µm voxel resolution.
One hundred and fifty µCT slices, corresponding to a 1.35-mm
region distal to the growth plate, were acquired for analysis.
Micro-CT data were processed using Ctan software (Bruker
Skyscan, MA, United States) to quantify three-dimensional
measures of bone microarchitecture, including trabecular
number (Tb.N), trabecular separation (Tb.Sp), trabecular
thickness (Tb.Th), and bone volume/tissue volume (BV/TV)
(Bouxsein et al., 2010). All processes were conducted
according to the manufacturer’s instructions.

Histomicroscopical Analysis and
Tartrate-Resistant Acid Phosphatase
Staining
The femurs of DIO and ND mice were fixed in 4%
paraformaldehyde, decalcified for 3 weeks, embedded with
paraffin, and cut into 5-μm sections as described in our
previous work (Wu et al., 2019). Tissue sections were prepared
for hematoxylin and eosin (H&E) and Tartrate-resistant acid
phosphatase (TRAP) staining as previously described. Images
were acquired using an Olympus BX53 microscope (Olympus,
Norfolk, VA, United States).

Cell Culture
MC3T3-E1 cells were obtained from the American Type Culture
Collection (Manassas, VA, United States) and cultured in
modified essential medium (α-MEM, Gibco, Life Technologies,
Carlsbad, CA, United States) with 10% fetal bovine serum (FBS;
Gibco, Life Technologies, Carlsbad, CA, United States) and 1%
(v/v) penicillin/streptomycin (Gibco, Life Technologies,
Carlsbad, CA, United States). All cells were cultured in an
incubator at 37°C with 5% CO2. Mouse BMSCs were isolated
from 4- to 6-week-old male mice as previously described (Han
et al., 2015). BMSCs used to investigate the long-period HFD
were isolated from 18-week-old HFD and NDmice. BMSCs were
maintained in Dulbecco’s modified Eagle medium (Gibco, Life
Technologies, Carlsbad, CA, United States) with 10% FBS and 1%
(v/v) penicillin/streptomycin. Osteogenic differentiation of
MC3T3-E1 cells and BMSCs was achieved by using an
osteogenic medium containing ascorbic acid (50 mg/ml;
Sigma-Aldrich, St. Louis, MO, United States), 5 mM β-
glycerophosphate (Sigma-Aldrich, St. Louis, MO,
United States), and 10 nM dexamethasone (Sigma-Aldrich, St.
Louis, MO, United States) for 4 days.

siRNA Transfection
The Small interfering RNA (siRNA), or scrambled control, was
designed and purchased from Thermo Fisher Scientific (Waltham,

MA, United States). The transfection was processed using HiPerFect
Transfection Reagent (Qiagen, Hilden, Germany) as described in the
manufacturer’s guidelines. Briefly, cells were seeded at a density of
5 × 105 cells per well in 12-well plates. After overnight incubation, the
cells were transfected for 72 h with siRNAs targeting specific genes
(final siRNA concentration of 10 nM) or scrambled control and then
harvested for subsequent measurements.

RNA Extraction, Reverse Transcription, and
Real-Time Quantitative Polymerase Chain
Reaction
Quick-RNA Miniprep Kit (ZYMO Research, Irvine, CA,
United States) was used for total RNA extraction from cells.
Total RNA of the femur was extracted using TRIzol reagent
(Thermo Fisher Scientific, Waltham, MA, United States) as
described in our previous study (Qiu et al., 2021). Moloney-
Murine Leukemia Virus (M-MLV) reverse transcriptase was used
for reverse transcription of 1 μg of total RNA (Thermo Fisher
Scientific, Waltham, MA, United States) as described in the
manufacturer’s instructions. Finally, PowerUP SYBR Green
Master Mix (Thermo Fisher Scientific, Waltham, MA,
United States) was used for qRT-PCR on a Bio-Rad iQ5
Thermal Cycler (Bio-Rad Laboratories, Hercules, CA,
United States), and each sample was repeated with three
technical replicates. Primers used for qRT-PCR are listed in
Supplementary Table S1.

Alkaline Phosphatase and Alizarin Red S
Staining
One-Step™NBT/BCIP plus Suppressor Substrate Solution (Cat.
No. 34042, Thermo Scientific™, Waltham, MA, United States)
was used to detect alkaline phosphatase (ALP) activity
according to the protocol provided by Thermo Scientific™.
Alizarin Red S (ARS; Cat. No. A5533, Sigma-Aldrich, St.
Louis, MO, United States) was used for analyzing
osteogenesis. ARS (40mM) was dissolved in 100 ml of
Phosphate-buffered saline (PBS) with an adjusted pH of 4.2.
Cells were washed with PBS and then fixed in 10% formalin for
5 min. After rinsing, the ARS solution was added for 10 min to
perform ARS staining. dH2O was used for subsequent rinse. The
ARS stain was then dissolved with 10% (v/v) cetylpyridinium
chloride for further quantitation at 562-nm absorbance.

Microarray Analysis
Femurs were collected from 18-week-old DIO and WT mice.
Total RNAwas extracted using TRIzol reagent as described in our
previous work (Qiu et al., 2021). The quality of RNAwas tested by
RNA gel electrophoresis. Total RNA (5 μg) from each femur was
sent to Arraystar Inc. (Rockville, MD, United States) for further
microarray analysis. Arraystar Inc. also performed data
extraction, analysis, and figure plotting.

Western Blot
Total proteins were prepared using RIPA Lysis and Extraction Buffer
(Thermo Fisher Scientific, Waltham, MA, United States) containing
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Halt™ protease and phosphatase Inhibitor Cocktail and EDTA
(Thermo Fisher Scientific, Waltham, MA, United States). The
concentration of total protein was quantified by the Pierce™
BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA,
United States). The samples were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidene difluoride membrane (Merck
Millipore, Darmstadt, Germany). Membranes were blocked at
room temperature with 5% skim milk for 1 h. The blots were
incubated with primary antibodies against BMP2 (1:1,000, Cat.
No. ab214821, Abcam, Waltham, MA, United States), BMP4 (1:
1,000, Cat. No. 4680, Cell Signaling Technology, MA, United States),
Runx2 (1:1,000, Cat. No. sc-390351, Santa Cruz, CA, United States),
and β-actin (1:20,000, Cat. No. ab8226, Abcam, Waltham, MA,
United States) overnight at 4°C. After being washed with Tris-
buffered saline with Tween buffer (Cat. No. 20360, Thermo
Fisher Scientific, Waltham, MA, United States), the blots were
incubated with horseradish peroxidase (HRP)-conjugated anti-
rabbit (1:10,000) or anti-mouse (1:10,000) at room temperature
for 1 h. Finally, the protein bands were visualized using an ECL
Chemiluminescent Substrate Reagent kit (Thermo Fisher Scientific,
Waltham, MA, United States).

Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed on
MSCs (1 × 107 cells per ChIP) using the EZ-Magna ChIP™
A/G Chromatin Immunoprecipitation Kit (Cat. No. 17-10086,
Merck KGaA, Darmstadt, Germany) as described by the
manufacturer. A 150-mm culture dish containing 20 ml of
medium was used for cell culture. One percent of
formaldehyde was used to fix cells; subsequently, cell lysis
buffer was used to create appropriately sized chromatin
fragments. Next, cross-linked DNA was sheared to
200–1,000 base pairs for further immunoprecipitation with
KDM6B (1:50, Cat. No. ab38113, Abcam, MA,
United States) and H3K27me3 (1:50, Cat. No. 9733, Cell
Signaling Technology, MA, United States) antibody. Finally,
qRT-PCR was used to analyze the immunoprecipitated DNA
fragments. Primers used for qRT-PCR are listed in
Supplementary Table S1.

RNA Immunoprecipitation
RNA immunoprecipitation (RIP) was performed on MSCs (2 ×
107 cells/RIP) using the Magna RIP™ RNA-Binding Protein
Immunoprecipitation Kit (Cat. No. 17-701, Merck KgaA,
Darmstadt, Germany) as described by the manufacturer. A
150-mm culture dish containing 20 ml of medium was used
for cell culture. One percent of formaldehyde was used to fix
the cells; subsequently, cell lysis buffer was used to create
appropriately sized chromatin fragments. Next, cross-linked
DNA was sheared to 200-1,000 base pairs for further
immunoprecipitation with KDM6B antibody (1:50, Cat. No.
ab38113, Abcam, Waltham, MA, United States). Finally,
reverse transcription and qRT-PCR were used to analyze the
immunoprecipitated RNA fragments. Primers used for qRT-PCR
are listed in Supplementary Table S1.

Calvarial Bone Wound Model and
Regeneration in Mice
Experimental calvarial defects, 2 mm in diameter, were created as
we described in detail in our previous reports (Tu et al., 2007; Li
et al., 2008). After anesthesia, two critical-sized calvarial defects
with a diameter of 2 mm were created on both sides of the
calvarial bone using a low-speed dental bur with saline rinse.
A cylinder-shaped silk scaffold (SS) of 2 mm diameter and 2 mm
thickness was gently placed into each defect using tissue forceps.
Animals were randomly assigned into two groups of five defects
each, receiving the following treatments: 1) SS seeded with
osteoblasts (transfected with siRNA negative control); 2) SS
seeded with siRNA-Gm15222–transfected osteoblasts. Cells
were concentrated to 1 × 107 cells/ml in medium and then
seeded onto the SS by pipetting the cell suspension onto the
materials. The cell/SS construct was incubated for an additional
4 h to enable cell attachment ex vivo prior to implantation. Mice
were sacrificed at 4 weeks post-surgery for determination of wound
healing, and femur samples including wound sites were harvested.

Statistical Analysis
Data analysis and graph generation were performed using
GraphPad Prism software. Two-tailed student’s t-tests
examined differences between two groups. A one-way analysis
of variance (ANOVA) was used in conjunction with Tukey’s
multiple comparisons test to examine differences between
multiple groups. p ≤ 0.05 was considered significant.

Microarray Data Accession
Microarray data have been deposited to the Gene Expression
Omnibus database with the identification number of
GSE193922.

RESULTS

DIO Mice Exhibit Pathological Changes in
Bone Development, Formation, and
Regeneration
In this study, DIO mice were utilized as we and others described
(Zhang et al., 2014; Yu et al., 2015; Fang et al., 2019; Wu et al.,
2019; Wang et al., 2020; Harris et al., 2021; Qiu et al., 2021; Wu
et al., 2022). These mice serve as an animal model of obesity and
potential pre-T2D with elevated blood glucose and impaired
glucose tolerance for a variety of metabolic studies including
obesity, hyperglycemia, dyslipidemia, and glucose tolerance in
T2D. Given that bone metabolism is a dynamic process in which
gene expression varies during different developmental growth
stages and HFD is a major risk factor for obesity that leads to
T2D, we investigated the impact of the HFD on bone
metabolism at various times, including 3 and 12 weeks. DIO
mice exhibited pathological changes in bone development and
formation. We observed bone metabolic changes in femurs
including an increase in osteoclastogenesis. H&E staining
showed morphological alterations after 3 and 12 weeks of
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HFD characterized by loosened spongious bone structures.
Histomorphometric studies with TRAP staining also showed
an increase in osteoclast activity in femurs and vertebrae at 3
and 12 weeks of HFD (Figures 1A,B). The bodyweight of the
mice fed with HFD significantly increased compared to those
fed with ND (Figure 1C).

Using primary cells, including bone marrow stromal cells
(BMSCs) and bone marrow–derived macrophages (BMMs), an
osteogenic environment was provided to BMSCs and
osteoclast differentiation medium was provided to BMMs.
ALP and OCN gene expression in BMSCs with osteogenic
medium in both transient and short-period groups was

FIGURE 1 | High-fat diet (HFD) leads to bone loss and alters bone metabolism in adult mice. (A) TRAP staining of femurs (left two panels) and vertebrae (right
panels) of normal diet (ND) mice (18-week-old with ND) and HFD mice (18-week-old with 12 weeks of HFD). (B) H&E staining of femurs (left two panels) and vertebrae
(right panels) of NDmice (18-week-old with ND) and HFDmice (18-week-old with 12 weeks of HFD) at 18 weeks of age. (C) The body weight curve. Male C57BL/6J DIO
mice were fed HFD (60 kcal% fat) and control mice were fed normal diet (ND, 10 kcal% fat) between the ages of 6 and 18 weeks n = 4. Data were shown as mean ±
S.D. (D) The mRNA expression of ALP (upper) and Ocn (lower), as detected by qRT-PCR in femurs of HFD and ND mice (3 weeks of HFD, n = 3). (E) The mRNA
expression of TRAP and cathepsin K in femurs of HFD and NDmice (12 weeks of HFD, n = 3). (F) The mRNA expression of Opg and Rankl, as detected by qRT-PCR in
femurs of HFD and NDmice (12 weeks of HFD, n = 4). (G)Representative images as detected and reconstructed bymicro-CT and Ctan software in the femur of HFD and
ND mice (12 weeks of HFD). (H) Histomorphometric analysis of micro-CT reconstruction of distal femurs, as measured by Ctan software, n = 3. Data were shown as
mean ± S.D., two-tail t-test was used to test for those data between two groups. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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significantly inhibited in DIO mice (Figure 1D). In contrast,
osteoclast differentiation medium increased osteoclast-related
genes, TRAP, and cathepsin K in BMMs (Figure 1E).
Consistent with these findings, the ratio of the expression of
RANKL to that of osteoprotegerin was increased to 1.5 in the
femurs of DIO mice compared to the ND group, indicating
increased osteoclastogenesis (Figure 1F). Evidence of
imbalanced bone metabolism was also seen upon analysis of
femoral bone microstructure by micro-CT. Femurs from the
DIO mice showed lower BV/TV and Tb.N and higher Tb.Th,
compared to ND (Figures 1G,H).

Identification of a Specific lncRNA With
Important Roles in Pathogenesis of Bone
Disorder in Obese Mice
All the above results indicate inhibition of osteogenesis and
increased osteoclastogenesis in mice after short- and long-
periods of HFD. We next sought to use RNA microarray to
gain insight into the bone metabolic processes that produced

these changes. Total RNA was extracted from bones of WT as
well HFD mice with quality control. In the microarray assay,
we observed differential expression of multiple genes
including lncRNAs (305 upregulated lncRNAs, 401
downregulated lncRNAs, and 20,305 lncRNAs that were
not differentially expressed) and mRNAs (205 upregulated
mRNAs, 188 downregulated mRNAs, and 18,738 mRNAs that
were not differentially expressed) (Volcano Plot,
Supplementary Figure S1). We focused on bone
formation-related genes and associated biological processes
discovering that those molecules were significantly
upregulated (Figures 2A,B). A lncRNA gene (Gm15222)
was remarkably upregulated in DIO mice (Figure 2C).
Gm15222 positively correlates with the evolution of BMP4
(Figure 2D), a potent osteogenic indicator that has been
widely used in clinics for inducing bone regeneration and
improving bone graft implants.

We hypothesized that lncRNA Gm15222 plays a role in
bone metabolism in our DIO mouse model. To test this
hypothesis, BMSCs and BMMs were cultured in

FIGURE 2 | Identification of Gm15222 which has a distinct function in bone regeneration in the HFD mouse bones. (A) Upregulated genes annotated to a gene
ontology (GO) term and example genes by gene ontology enrichment analysis of each component for ND mice and HFD mice. (B) Relative gene expression of
osteogenesis (left) and osteoclastogenesis (right) markers ND and HFD mice. (C) The cluster heat map shows differentially expressed genes with expression change of
more than two-fold from microarray data (three biological replicates per group, p < 0.05). Selected lncRNA has been highlighted in the red box. (D) lncRNAs
classification and subgroup analysis showed the significantly expressed lncRNAs and their significantly expressed nearby genes. (E) BMMs were treated with or without
osteoclasts differentiation medium [M-CSF (10 ng/ml) and RANKL (50 ng/ml)] for 5 days. The relative expression of Gm15222 and its related gene, Bmp4, were
examined, n = 3. (F) BMSCs were treated with or without a mineralization medium [OM, ascorbic acid (50 μg/ml), 5 mM β-glycerophosphate] for 5 days, the relative
expression of Gm15222 and its related gene Bmp4 were examined, n = 3. (G)Gm15222 deficiency inhibits bone regeneration in cranial bone of wild-type (WT) mice and
high-fat-diet (HFD) mice. New bone was shown and highlighted with blue dotted lines. Data were shown as mean ± S.D., two-tail t-test was used to test for those data
between two groups. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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FIGURE 3 | lncRNA Gm15222 upregulates the expression of Bmp4 and promotes osteoblast differentiation. (A) The interference efficacy of si-Gm15222, as
detected by qRT-PCR in MC3T3-E1 cell line treated with or without mineralization medium, n = 3 [OM, ascorbic acid (50 μg/ml), 5 mM β-glycerophosphate]. Si-NC,
siRNA negative control; Si-Gm15222, Gm15222 siRNA; OM, osteogenic medium. (B) The silence of Gm15222 inhibited its neighboring gene Bmp4 expression, as
detected by qRT-PCR in MC3T3-E1 cell line treated with or without mineralization medium and si-Gm15222, n = 3. (C) The silence of Gm15222 impaired its
neighboring gene Bmp4 expression as detected by ALP staining and Alizarin red R staining in MC3T3-E1 cell line treated with or without mineralization medium: the left
two columns of plates were detected by alkaline phosphatase (ALP) staining; and the right two columns of plates were detected by Alizarin Red S (ARS) staining; the right

(Continued )
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osteoblastogenic and osteoclastogenic culture medium,
respectively. Expression of lncRNA Gm15222 and BMP4
was unchanged during osteoclastogenesis in BMMs
(Figure 2E), whereas the expression of lncRNA and BMP4
showed a significant increase when BMSCs were induced to
osteogenic differentiation (Figure 2F). We next tested the

function of Gm15222 in bone regeneration in vivo, using a
cranial bone defect model. The osteoblasts transfected with si-
Gm15222 were seeded onto SSs and placed into the cranial
bone wound. After 4 weeks, bone regeneration was found to be
retarded in DIO and ND mice in the si-Gm15222 group
(Figure 2G).

FIGURE 3 | column plot was the quantification of ARS staining, n = 3. (D) The silence of Gm15222 impaired osteogenic genes Alp, Bsp, Osx, Ocn, Runx2, and Bmp2
mRNA expression as detected by qRT-PCR in MC3T3-E1 cell line treated with or without mineralization medium and Si-Gm15222, n = 3. (E) The silence of Gm15222
impaired osteogenic genes Bmp4, Runx2, and Bmp2 protein expression as detected by Western blot in MC3T3-E1 cell line treated with or without Si-Gm15222, n = 3.
(F) The interference efficacy of si-Gm15222 as detected by qRT-PCR in BMSCs cell line treated with or without mineralization medium and Si-Gm15222, n = 3. (G) The
silence of Gm15222 impaired gene Bmp4 expression as detected by ALP staining and Alizarin red R staining in BMSCs cell line treated with or without mineralization
medium and Si-Gm15222, n = 3. (H) The silence of Gm15222 inhibited the osteogenesis of BMSCs treated with or without mineralization medium and Si-GM15222: the
left two columns of plates were detected by ALP staining, and the right two were detected by ARS staining; the right column plot was the quantification of ARS staining,
n = 3. (I) The silence of Gm15222 impaired osteogenic genes Alp, Bsp, Osx, Ocn, Runx2, and Bmp2 expression, as detected by qRT-PCR in BMSCs cell line treated
with or without mineralization medium, n = 3 [OM, ascorbic acid (50 μg/ml), 5 mM β-glycerophosphate] and Si-Gm15222. (J) The silence of Gm15222 impaired
osteogenic Bmp4, Runx2, and Bmp2 protein expression, as detected byWestern blot in BMSCs cell line treated with or without Si-Gm15222, n = 3. Data were shown as
mean ± S.D., one-way ANOVA with Tukey’s post hoc test was used to test those data. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

FIGURE 4 | Gm15222 regulates the expression of Kdm6b and its downstream Hox gene family. (A) The silence of Gm15222 inhibited KDM6B expression, as
detected by qRT-PCR in MC3T3-E1 cell line treated with or without mineralization medium and Si-Gm15222, n = 3. (B) The silence of Gm15222 impaired KDM6B
protein expression in the process of mineralization, as detected by Western blot in MC3T3-E1 cell line treated with or without mineralization medium and Si-GM15222.
(C) The silence of Gm15222 impaired HOXC6 expression, as detected by qRT-PCR in MC3T3-E1 cell line treated with or without mineralization medium and Si-
Gm15222. (D) The silence of Gm15222 impaired HOXA10 gene expression, as detected by qRT-PCR in MC3T3-E1 cell line treated with or without mineralization
medium and Si-Gm15222, n = 3. (E) The silence of Gm15222 inhibited KDM6B expression, as detected by qRT-PCR in BMSCs treated with or without mineralization
medium and Si-GM15222, n = 3. (F) The silence of Gm15222 impaired KDM6B expression in the process of mineralization, as detected by Western blot in BMSCs
treated with or without Si-Gm15222, n = 3. (G) The silence of Gm15222 impaired HOXC6 gene expression, as detected by qRT-PCR in BMSCs treated with or without
mineralization medium and Si-Gm15222. (H) The silence of Gm15222 impaired HOXA10 expression, as detected by qRT-PCR in BMSCs treated with or without
mineralization medium and Si-Gm15222, n = 3. Data were shown as mean ± S.D., one-way ANOVA with Tukey’s post hoc test was used to test those data. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.
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Expression of lncRNA Gm15222 Regulates
the Expression of BMP4, Leading to a
Downstream Impact on Osteo-Related
Genes
To investigate the relationship between Gm15222 and its
neighboring gene, BMP4, we downregulated the expression of
Gm15222 in an osteoblastic cell line (MC3T3-E1) and BMSCs.
The results revealed that the RNA and protein expression of
BMP4 was positively correlated with the level of Gm15222. In
MC3T3-E1 cells, the results showed that BMP4 was significantly
decreased at both mRNA and protein levels when the expression
of Gm15222 was inhibited (Figures 3A,B,E). Osteogenesis was
subsequently determined by ALP and ARS staining revealing
inhibition of osteogenic activity (Figure 3C). The expression
levels of the osteogenic genes Alp, Bsp, Osx, Ocn, Bmp2, and
Runx2 were decreased by the inhibition of Gm15222 as well
(Figure 3D). The protein expression of BMP2 and RUNX2 also
showed downregulation (Figure 3E). Similarly, the expression of
BMP4 was downregulated while inhibiting Gm15222 in BMSCs
(Figures 3F,G,J). Mineralization and osteogenic gene expression
were reduced by inhibition of Gm15222 (Figures 3H–J)

LncRNA Gm15222 Regulates the
Expression of KDM Family Genes and
Osteogenesis and Adipogenesis Distinctly
Histone demethylase KDM regulates osteogenesis and adipogenesis
by reducing the level of methylation in the promotor of osteogenic
genes and stimulating gene expression. To investigate the relationship
between Gm15222 and KDM6B, we downregulated the expression of
Gm15222 in MC3T3-E1 cells and BMSCs. We subsequently
determined the expression level of KDM6B with qRT-PCR. The
expression level of KDM6B was positively correlated with the
Gm15222 expression level in both MC3T3-E1 cells (Figures 4A,B)
and BMSCs (Figures 4E,F). It has been shown that the HOX gene is
also stimulated by KDM6B (Ye et al., 2012). We determined the
expression levels of the HOX family genes in this experiment. Results
revealed that the expression of HOXC6 and HOXA10 decreased
when Gm15222 was downregulated (Figures 4C,D,G,H). Given that
HOX gene family expression is correlated with osteogenic genes, we
might conclude that Gm15222 promotes osteogenesis.

Previous research has shown that adipogenesis and osteogenesis
have an inverse relationship. As adipogenesis increases, osteogenesis
is expected to decrease, and vice versa. We examined the impact of
Gm15222 on adipogenesis as well. Downregulation of Gm15222 led
to decreased expression levels of KDM4B and DLX genes (Suppl.
Figures 2A,B), suggesting that Gm15222 might inhibit adipogenesis
through the KDM4B-DLX-adipogenesis axis (Ye et al., 2012).

LncRNA Gm15222 Recruits KDM6B and
Induces Osteogenic Activity by Decreasing
Methylation in the Promotors of BMP4 and
HOXC6
Previous studies report that KDM6B transcriptionally activates
BMP and HOX families, including BMP4 and HOXC6 (Ye et al.,

2012). We speculated that there is a pathway that involves
Gm15222, KDM6B, methylation, and osteogenesis. Therefore,
we designed a ChIP experiment to examine changes in the level of
histone methylation. Silencing of Gm15222 resulted in increased
levels of histone methylation and decreased levels of KDM6B in
the promotor of BMP4 and HOXC6 (Figures 5A–D), suggesting
that less binding of KDM6B reduced the demethylation of the
H3K27me3. We hypothesized that Gm15222 recruits KDM6B
and forms an RNA-protein complex, inducing histone
methylation in the promotor. We used RNA-Protein
Interaction Prediction (RPISeq) to predict interaction
probabilities. Results showed 86% interaction probability by
SVM classifier and the 75% interaction probability by RF
classifier (Figure 5E) (Muppirala et al., 2011). Subsequently,
we used RIP to determine the existence of a complex. We
found that the level of Gm15222 was around 10 times higher
when using the KDM6B antibody than the control IgG
(Figure 5F).

DISCUSSION

This study used a mouse DIO model to identify a novel lncRNA
Gm15222. Consistent with our observations that a pre-
T2D–relevant physiological state influences both osteogenesis
and adipogenesis, we found that Gm15222 mediates
methylation of osteogenic genes through recruitment of
KDM6B. In addition, Gm15222 inhibits KDM4B and its
downstream genes Dlx5 and Dlx6 suggesting the suppression
of adipogenesis. On the basis of the results, we believe that we
have discovered a new pathological mechanism for obesity-
induced bone disease and other metabolic bone disorders.

In this study, DIO mice showed deterioration of bone
microarchitecture with decreased BV/TV and Tb.N and
increased Tb.Th values. The increased Tb.Th value may
indicate a compensation in the long-term of HFD-associated
DIO. The expression of osteoblast- and osteoclast-related genes
positively correlates with disease, which is also consistent with
previous studies. Diabetic bone disorder is an essential
complication of metabolic alterations seen in obesity and T2D.
Growing evidence indicates that individuals with T2D have
impaired bone quality with diminished bone formation and
increased marrow adiposity with a higher risk of fracture
despite increased BMD (Valderrábano and Linares, 2018;
Picke et al., 2019). In addition, a number of systemic reviews
have demonstrated an increase in the risk of fragility fractures in
patients with T2D (Janghorbani et al., 2007). In two animal
models of T2D, DIO and KK-Ay, bone density is elevated
with impaired trabecular architecture (Takagi et al., 2012). In
addition to alteration in phenotype, bone-related genes and
pathways contribute to dysregulation of the balance between
osteoblastogenesis and osteoclastogenesis (Vrtačnik et al.,
2014; Sassi et al., 2018). Therefore, abnormal bone metabolism
with aberrant expression of genes in obesity may contribute to the
dysregulation of bone formation and mineralization in diabetes.

The study of lncRNA in the skeletal system is an entirely novel
area of research, and lncRNA activities are essential and requisite
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in pathophysiology. The functional mechanisms of lncRNAs
vary; however, they can be divided into two main groups: cis-
regulation and trans-transcriptional regulation (Yan et al., 2017).
Several lncRNAs have been discovered that affect the
pathogenesis of T2D: lncRNA betaFaar regulates islet beta-cell
function and survival in T2D mice; lncRNA VEAL2 targets
PRKCB2 contributing to reducing hyperpermeability in a
hyperglycemic animal model (Sehgal et al., 2021; Zhang et al.,
2021). This latter study suggests that lncRNA impacts the
expression of genes that regulate bone mineralization. We
found that Gm15222 controls DNA epigenetic modification in
a DIOmodel. The expression of Gm15222 is positively correlated
with that of BMP4, which is notably a key component of
osteogenesis. Moreover, we present in vitro evidence showing
that Gm15222 mediates the expression of downstream osteogenic
genes. Overexpression of Gm15222 was shown to positively
regulate osteogenesis and negatively regulate adipogenesis.
Subsequent experiments demonstrated Gm15222-dependent
recruitment of KDM6B demethylase and histone methylation
levels of H3K27me3, which transcriptionally activated
downstream genes. Various lncRNAs act as modular scaffolds
or serve as recruiters of histone modification complexes (Engreitz
et al., 2016). The results of the current study indicate that
Gm15222 is involved in maintaining the compact chromatin
structure of the BMP4 promoter through interactions with

KDM6B. The downregulation of Gm15222 induced by siRNA
inhibits the recruitment of Gm15222 to the BMP4 promoter
region and then deactivates the transcription of BMP4. The BMP
family (including BMP2, BMP4, and BMP7) is a potent inducer of
osteogenic differentiation and can stimulate master transcription
factors (Wang et al., 2014). In this study, we provide new insights
into the contribution of BMPs to osteogenic differentiation. The
silencing function of the H3K27me3 gene is critical for
maintaining the homeostasis of differentiation in BMSCs.
Hence, it is important to analyze the correlation between
lncRNAs and histone modifications.

Osteoporosis is a typical bone metabolic disorder. It is related
to a shift in the BMSC spectrum, where increased adipose tissue is
accompanied by bone loss in the bone marrow compartment
(Patel et al., 2015). In our study, we revealed a reduction of
H3K27me3 in BMSCs with impaired Gm15222. These results
suggest that Gm15222 may play an essential role relevant to
obesity and diabetic bone loss by affecting the differentiation of
BMSCs in the bone marrow. As a modifiable enzyme for histone
demethylation, KDM6B can be activated or inactivated to
determine the direction of BMSC-specific lineage
differentiation (Huang et al., 2015). Gm15222 may serve as a
mediator to recruit this modifiable enzyme to the correct site. We
found that Gm15222 can recruit KDM6B, which selectively
targets the BMP4 promoter region. Gm15222 promotes

FIGURE 5 | Gm15222 recruits KDM6B and alters the histone methylation in the promoters of BMP4 and HOXC6. (A) Quantification of BMP4 from retrieved
Chromatin of BMSCs in the process of mineralization treated with or without si-Gm15222 in ChIP assay using H3K27me3 antibody, n = 3. SiNC, siRNA negative control.
(B) Quantification of Bmp4 from retrieved Chromatin of BMSCs in the process of mineralization treated with or without si-Gm15222 in ChIP assay using Kdm6B
antibody. (C)Quantification of HoxC6 from retrieved Chromatin of BMSCs in the process of mineralization treated with or without si-Gm15222 in ChIP assay using
H3K27me3 antibody, n = 3. (D) Quantification of HoxC6 from retrieved DNAs of BMSCs in the process of mineralization treated with or without si-Gm15222 in ChIP
assay using Kdm6B antibody, n = 3. (E) The interaction possibilities of Gm15222 and Kdm6b from RPISeq. (F) Quantification of Gm15222 from retrieved RNAs of
BMSCs in RIP assay using Kdm6b antibody, n = 4. Data were shown as mean ± S.D., a two-tail t-test was used to test for those data between two groups, and a one-
way ANOVA with Tukey’s post hoc test was used to test those data between more than two groups. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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osteogenesis indirectly by enhancing the expression of its
downstream molecule BMP4, which may provide feedback
regulation with KDM6B. KDM6B stimulation during
osteogenic differentiation can induce the expression of BMP4
by regulating levels of H3K27me3; however, upstream epigenetic
mechanisms governing KDM6B-dependent BMP4 expression are
unclear. By identifying Gm15222 as a positive regulator of BMP4,
we determined the epigenetic regulation network of KDM6B-
BMP4 signaling and osteogenic differentiation. Although this
study demonstrated that Gm15222 regulates the chromatin state
of the BMP4 promoter, the biological function of Gm15222 in
vivo awaits further investigation. It is intriguing to consider that
additional lncRNAs or chromatin modifiers might directly
interact with Gm15222 to recruit it specifically to the BMP4
promoter region.

lncRNAs have emerged as critical regulators in multiple
biological processes such as osteogenesis, osteoclastogenesis,
and the immune response. lncRNAs play essential roles in the

immune response, especially in macrophage polarization in the
innate immune response (Wang and Zheng, 2018). Suryaji Patil
and his colleagues reported that lncRNA directly or indirectly
impacts bone metabolism and osteoporosis (Patil et al., 2020).
The fact that Gm15222 is derived from DIO mouse tissues and
our data indicating its critical role in epigenetic-related
osteogenesis collectively suggest that lncRNA might impact the
entire process of bone metabolism and thus have promise as a
therapeutic target. This discovery has the potential to be utilized
in regenerative medicine, especially in the treatment of human
metabolic bone diseases, including obesity and diabetes-related
bone disease.

In this study, we explored the regulatory mechanism between
lncRNA and the epigenetic modulation in bone and found that
KDM6B can be recruited by Gm15222 to target the modification of
H3K27me3, leading to activation of osteogenesis. In our ongoing
studies in this direction, we are applying more biological replicates
for an extensive comparison between groups. Furthermore, we

FIGURE 6 | A schematic diagram showing our newly identified Gm15222 and the epigenetic mechanisms and potential of how Gm15222 targets the
pathophysiology of diabetic bone disease (DBD). In detail, Bmp4 contains four exons (E1-E4), and Gm15222 contains two exons (E1-E2). lnR-Gm15222 can recruit
KDM6B and reducing the modification of H3K27me3, thereby leading to the expression of osteogenic genes; meanwhile, to overcome the adipogenesis, Gm15222
might participate the KDM4B associated adipogenic inhibition.
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perform a set of independent metabolic phenotyping tests
including HbA1c or blood glucose levels of the mice, instead of
using the DIO mice directly purchased from the Jackson
Laboratory. In summary, our research identifies lncRNA
Gm15222 as a critical epigenetic modifier that regulates
osteogenesis and adipogenesis (Figure 6). We provide new
insights into the epigenetic modifications of bone metabolism
and the metabolic regulation of bone tissue, and we suggest
possible clues for the therapeutic intervention of pathological
bone changes in obesity and possibly T2D.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) of Tufts University.

AUTHOR CONTRIBUTIONS

ZH, QT, and JC designed the research; ZH, WQ, YY, XW, and FF
performed experiment; ZH, XZ, XX, QT, TD, and JC analyzed the

data; ZH, XZ, QT, EM, TD, and JC wrote the paper; and JC
supervised the research.

FUNDING

This work was supported by research grants NIH DE25681 and
DE30074 to JC; NIH DE030129 to QT; NIH DE25020 to TD;
NIH AR54620 and NIH AR071657 to EM; National Science
Foundation (2001606); and the Gustavus and Louise Pfeiffer
Research Foundation Award to XX.

ACKNOWLEDGMENTS

We are grateful for the technical expertise of the Micro-
Computed Tomography Imaging Core Facility at Boston
University. We also thank Ms. Elissa K. Zboinski for spelling
and grammatical checking of the manuscript. All data generated
in this study will be available from the corresponding author
upon request.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.832460/
full#supplementary-material

REFERENCES

Agger, K., Christensen, J., Cloos, P. A., and Helin, K. (2008). The Emerging
Functions of Histone Demethylases. Curr. Opin. Genet. Dev. 18, 159–168.
doi:10.1016/j.gde.2007.12.003

Andersen, R. E., Hong, S. J., Lim, J. J., Cui, M., Harpur, B. A., Hwang, E., et al.
(2019). The Long Noncoding RNA Pnky Is a Trans-acting Regulator of Cortical
Development In Vivo. Develop. Cel 49, 632–642. doi:10.1016/j.devcel.2019.
04.032

Bouillon, R. (1991). Diabetic Bone Disease. Calcif Tissue Int. 49, 155–160. doi:10.
1007/bf02556109

Bouxsein, M. L., Boyd, S. K., Christiansen, B. A., Guldberg, R. E., Jepsen, K. J., and
Müller, R. (2010). Guidelines for Assessment of Bone Microstructure in
Rodents Using Micro-computed Tomography. J. Bone Miner Res. 25,
1468–1486. doi:10.1002/jbmr.141

Brownlee, M. (2001). Biochemistry and Molecular Cell Biology of Diabetic
Complications. Nature 414, 813–820. doi:10.1038/414813a

Chen, J., Shishkin, A. A., Zhu, X., Kadri, S., Maza, I., Guttman, M., et al.
(2016). Evolutionary Analysis across Mammals Reveals Distinct Classes of
Long Non-coding RNAs. Genome Biol. 17, 19. doi:10.1186/s13059-016-
0880-9

Dyson, P. A. (2010). The Therapeutics of Lifestyle Management on Obesity.
Diabetes Obes. Metab. 12, 941–946. doi:10.1111/j.1463-1326.2010.01256.x

Engreitz, J. M., Haines, J. E., Perez, E. M., Munson, G., Chen, J., Kane, M.,
et al. (2016). Local Regulation of Gene Expression by lncRNA Promoters,
Transcription and Splicing. Nature 539, 452–455. doi:10.1038/
nature20149

Fang, H., Bonora, G., Lewandowski, J. P., Thakur, J., Filippova, G. N., Henikoff, S.,
et al. (2020). Trans- and Cis-Acting Effects of Firre on Epigenetic Features of the
Inactive X Chromosome. Nat. Commun. 11, 6053. doi:10.1038/s41467-020-
19879-3

Fang, J. Y., Lin, C. H., Huang, T. H., and Chuang, S. Y. (2019). Vivo Rodent Models
of Type 2 Diabetes and Their Usefulness for Evaluating Flavonoid Bioactivity.
Nutrients 11, 530. doi:10.3390/nu11030530

Frühbeck, G., Toplak, H., Woodward, E., Yumuk, V., Maislos, M., and Oppert, J.-
M. (2013). Obesity: The Gateway to Ill Health - an EASO Position Statement on
a Rising Public Health, Clinical and Scientific Challenge in Europe. Obes. Facts
6, 117–120. doi:10.1159/000350627

Han, Q., Yang, P., Wu, Y., Meng, S., Sui, L., Zhang, L., et al. (2015). Epigenetically
Modified Bone Marrow Stromal Cells in Silk Scaffolds Promote Craniofacial
Bone Repair and Wound Healing. Tissue Eng. A 21, 2156–2165. doi:10.1089/
ten.tea.2014.0484

Harris, D. A., Subramaniam, R., Brenner, T., Tavakkoli, A., and Sheu, E. G. (2021).
Weight and Organ Specific Immune Cell Profiling of Sleeve Gastrectomy in
Mice. Metabolism 118, 154729. doi:10.1016/j.metabol.2021.154729

Huang, B., Li, G., and Jiang, X. H. (2015). Fate Determination in Mesenchymal
Stem Cells: a Perspective from Histone-Modifying Enzymes. Stem Cel Res Ther
6, 35. doi:10.1186/s13287-015-0018-0

Hui, T., Wang, C., Gao, B., Zhang, P., Wang, J., Zhou, X., et al. (2014). EZH2, a
Potential Regulator of Dental Pulp Inflammation and Regeneration.
J. Endodontics 40, 1132–1138. doi:10.1016/j.joen.2014.01.031

Janghorbani, M., Van Dam, R. M., Willett, W. C., and Hu, F. B. (2007). Systematic
Review of Type 1 and Type 2 Diabetes Mellitus and Risk of Fracture. Am.
J. Epidemiol. 166, 495–505. doi:10.1093/aje/kwm106

Kung, J. T. Y., Colognori, D., and Lee, J. T. (2013). Long Noncoding RNAs: Past,
Present, and Future. Genetics 193, 651–669. doi:10.1534/genetics.112.146704

Li, S., Tu, Q., Zhang, J., Stein, G., Lian, J., Yang, P. S., et al. (2008). Systemically
Transplanted Bone Marrow Stromal Cells Contributing to Bone Tissue
Regeneration. J. Cel. Physiol. 215, 204–209. doi:10.1002/jcp.21302

Liu, G.-Y., Zhao, G.-N., Chen, X.-F., Hao, D.-L., Zhao, X., Lv, X., et al. (2016). The
Long Noncoding RNAGm15055repressesHoxagene Expression by Recruiting
PRC2 to the Gene Cluster. Nucleic Acids Res. 44, 2613–2627. doi:10.1093/nar/
gkv1315

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 83246012

Hu et al. LncRNA-Gm15222 Affects Bone in Obesity Mice

https://www.frontiersin.org/articles/10.3389/fcell.2022.832460/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.832460/full#supplementary-material
https://doi.org/10.1016/j.gde.2007.12.003
https://doi.org/10.1016/j.devcel.2019.04.032
https://doi.org/10.1016/j.devcel.2019.04.032
https://doi.org/10.1007/bf02556109
https://doi.org/10.1007/bf02556109
https://doi.org/10.1002/jbmr.141
https://doi.org/10.1038/414813a
https://doi.org/10.1186/s13059-016-0880-9
https://doi.org/10.1186/s13059-016-0880-9
https://doi.org/10.1111/j.1463-1326.2010.01256.x
https://doi.org/10.1038/nature20149
https://doi.org/10.1038/nature20149
https://doi.org/10.1038/s41467-020-19879-3
https://doi.org/10.1038/s41467-020-19879-3
https://doi.org/10.3390/nu11030530
https://doi.org/10.1159/000350627
https://doi.org/10.1089/ten.tea.2014.0484
https://doi.org/10.1089/ten.tea.2014.0484
https://doi.org/10.1016/j.metabol.2021.154729
https://doi.org/10.1186/s13287-015-0018-0
https://doi.org/10.1016/j.joen.2014.01.031
https://doi.org/10.1093/aje/kwm106
https://doi.org/10.1534/genetics.112.146704
https://doi.org/10.1002/jcp.21302
https://doi.org/10.1093/nar/gkv1315
https://doi.org/10.1093/nar/gkv1315
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Muppirala, U. K., Honavar, V. G., and Dobbs, D. (2011). Predicting RNA-Protein
Interactions Using Only Sequence Information. BMC Bioinformatics 12, 489.
doi:10.1186/1471-2105-12-489

Napoli, N., Chandran, M., Chandran, M., Pierroz, D. D., Abrahamsen, B.,
Schwartz, A. V., et al. (2017). Mechanisms of Diabetes Mellitus-Induced
Bone Fragility.Nat. Rev. Endocrinol. 13, 208–219. doi:10.1038/nrendo.2016.153

Nilsson, A. G., Sundh, D., Johansson, L., Nilsson, M., Mellström, D., Rudäng, R.,
et al. (2017). Type 2 Diabetes Mellitus Is Associated with Better Bone
Microarchitecture but Lower Bone Material Strength and Poorer Physical
Function in Elderly Women: A Population-Based Study. J. Bone Miner Res.
32, 1062–1071. doi:10.1002/jbmr.3057

Osório, J. (2011). BMD and Fracture Risk in T2DM-Clarifying a Paradox.Nat. Rev.
Endocrinol. 7, 376. doi:10.1038/nrendo.2011.89

Patel, A. A., Ramanathan, R., Kuban, J., andWillis, M. H. (2015). Imaging Findings
and Evaluation of Metabolic Bone Disease. Adv. Radiol. 2015, 812794. doi:10.
1155/2015/812794

Patil, S., Dang, K., Zhao, X., Gao, Y., and Qian, A. (2020). Role of LncRNAs and
CircRNAs in Bone Metabolism and Osteoporosis. Front. Genet. 11, 584118.
doi:10.3389/fgene.2020.584118

Picke, A.-K., Campbell, G., Napoli, N., Hofbauer, L. C., and Rauner, M.
(2019). Update on the Impact of Type 2 Diabetes Mellitus on Bone
Metabolism and Material Properties. Endocr. Connect. 8, R55–r70.
doi:10.1530/ec-18-0456

Qiu, W., Wu, H., Hu, Z., Wu, X., Tu, M., Fang, F., et al. (2021). Identification and
Characterization of a Novel Adiponectin Receptor Agonist Adipo Anti-
inflammation Agonist and its Anti-inflammatory Effects In Vitro and In
Vivo. Br. J. Pharmacol. 178, 280–297. doi:10.1111/bph.15277

Rubin, M. R., and Patsch, J. M. (2016). Assessment of Bone Turnover and Bone
Quality in Type 2 Diabetic Bone Disease: Current Concepts and Future
Directions. Bone Res. 4, 16001. doi:10.1038/boneres.2016.1

Sanches, C. P., Vianna, A. G. D., and Barreto, F. d. C. (2017). The Impact of Type 2
Diabetes on Bone Metabolism. Diabetol. Metab. Syndr. 9, 85. doi:10.1186/
s13098-017-0278-1

Sassi, F., Buondonno, I., Luppi, C., Spertino, E., Stratta, E., Di Stefano, M., et al.
(2018). Type 2 Diabetes Affects Bone Cells Precursors and Bone Turnover.
BMC Endocr. Disord. 18, 55. doi:10.1186/s12902-018-0283-x

Schwartz, A. V., and Lane, N. E. (2018). “Bone and Joint Complications in
Diabetes,” in Schwartz Received Speaker Honorarium and Travel Support to
Attend a Conference from Chugai Pharmaceutical, Served on an Advisory Panel
for Janssen Pharmaceuticals and for Amgen, and Received Research Support
from Hologic. Editors C.C. Cowie, S.S. Casagrande, A. Menke, M.A. Cissell,
M.S. Eberhardt, J.B. Meigs, et al. (US: National Institute of Diabetes and
Digestive and Kidney Diseases).

Sehgal, P., Mathew, S., Sivadas, A., Ray, A., Tanwar, J., Vishwakarma, S., et al.
(2021). LncRNA VEAL2 Regulates PRKCB2 to Modulate Endothelial
Permeability in Diabetic Retinopathy. Embo j 40, e107134. doi:10.15252/
embj.2020107134

Shi, Y. (2007). Histone Lysine Demethylases: Emerging Roles in Development,
Physiology and Disease. Nat. Rev. Genet. 8, 829–833. doi:10.1038/nrg2218

Takagi, S., Miura, T., Yamashita, T., Ando, N., Nakao, H., Ishihara, E., et al. (2012).
Characteristics of Diabetic Osteopenia in KK-Ay Diabetic Mice. Biol. Pharm.
Bull. 35, 438–443. doi:10.1248/bpb.35.438

Tu, Q., Valverde, P., Li, S., Zhang, J., Yang, P., and Chen, J. (2007). Osterix
Overexpression in Mesenchymal Stem Cells Stimulates Healing of Critical-
Sized Defects in Murine Calvarial Bone. Tissue Eng. 13, 2431–2440. doi:10.
1089/ten.2006.0406

Valderrábano, R. J., and Linares, M. I. (2018). Diabetes Mellitus and Bone Health:
Epidemiology, Etiology and Implications for Fracture Risk Stratification. Clin.
Diabetes Endocrinol. 4, 9. doi:10.1186/s40842-018-0060-9

Vrtačnik, P., Marc, J., and Ostanek, B. (2014). Epigenetic Mechanisms in Bone.
Clin. Chem. Lab. Med. 52, 589–608. doi:10.1515/cclm-2013-0770

Wang, R. N., Green, J., Wang, Z., Deng, Y., Qiao, M., Peabody, M., et al. (2014).
Bone Morphogenetic Protein (BMP) Signaling in Development and Human
Diseases. Genes Dis. 1, 87–105. doi:10.1016/j.gendis.2014.07.005

Wang, Z., and Zheng, Y. (2018). lncRNAs Regulate Innate Immune Responses and
Their Roles in Macrophage Polarization. Mediators Inflamm. 2018, 8050956.
doi:10.1155/2018/8050956

Wang, Z., Tang, J., Li, Y., Wang, Y., Guo, Y., Tu, Q., et al. (2020). AdipoRon
Promotes Diabetic Fracture Repair through Endochondral Ossification-Based
Bone Repair by Enhancing Survival and Differentiation of Chondrocytes. Exp.
Cel Res. 387, 111757. doi:10.1016/j.yexcr.2019.111757

Wu, X., Qiu, W., Hu, Z., Lian, J., Liu, Y., Zhu, X., et al. (2019). An Adiponectin
Receptor Agonist Reduces Type 2 Diabetic Periodontitis. J. Dent Res. 98,
313–321. doi:10.1177/0022034518818449

Wu, X., Sun, Y., Cui, R., Qiu, W., Zhang, J., Hu, Z., et al. (2022). A Novel
Adiponectin Receptor Agonist (AdipoAI) Ameliorates Type 2 Diabetes-
Associated Periodontitis by Enhancing Autophagy in Osteoclasts.
J. Periodontal Res. 57, 381–391. doi:10.1111/jre.12969

Yan, P., Luo, S., Lu, J. Y., and Shen, X. (2017). Cis- and Trans-acting lncRNAs in
Pluripotency and Reprogramming. Curr. Opin. Genet. Dev. 46, 170–178. doi:10.
1016/j.gde.2017.07.009

Ye, L., Fan, Z., Yu, B., Chang, J., Al Hezaimi, K., Zhou, X., et al. (2012). Histone
Demethylases KDM4B and KDM6B Promotes Osteogenic Differentiation of
Human MSCs. Cell Stem Cell 11, 50–61. doi:10.1016/j.stem.2012.04.009

Yu, L., Tu, Q., Han, Q., Zhang, L., Sui, L., Zheng, L., et al. (2015). Adiponectin
Regulates Bone Marrow Mesenchymal Stem Cell Niche through a Unique
Signal Transduction Pathway: an Approach for Treating Bone Disease in
Diabetes. Stem Cells 33, 240–252. doi:10.1002/stem.1844

Zhang, F., Yang, Y., Chen, X., Liu, Y., Hu, Q., Huang, B., et al. (2021). The Long
Non-coding RNA βFaar Regulates Islet β-cell Function and Survival during
Obesity in Mice. Nat. Commun. 12, 3997. doi:10.1038/s41467-021-24302-6

Zhang, L., Meng, S., Tu, Q., Yu, L., Tang, Y., Dard, M.M., et al. (2014). Adiponectin
Ameliorates Experimental Periodontitis in Diet-Induced Obesity Mice. PLoS
One 9, e97824. doi:10.1371/journal.pone.0097824

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Hu, Qiu, Yu, Wu, Fang, Zhu, Xu, Tu, Van Dyke, Morgan and
Chen. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org April 2022 | Volume 10 | Article 83246013

Hu et al. LncRNA-Gm15222 Affects Bone in Obesity Mice

https://doi.org/10.1186/1471-2105-12-489
https://doi.org/10.1038/nrendo.2016.153
https://doi.org/10.1002/jbmr.3057
https://doi.org/10.1038/nrendo.2011.89
https://doi.org/10.1155/2015/812794
https://doi.org/10.1155/2015/812794
https://doi.org/10.3389/fgene.2020.584118
https://doi.org/10.1530/ec-18-0456
https://doi.org/10.1111/bph.15277
https://doi.org/10.1038/boneres.2016.1
https://doi.org/10.1186/s13098-017-0278-1
https://doi.org/10.1186/s13098-017-0278-1
https://doi.org/10.1186/s12902-018-0283-x
https://doi.org/10.15252/embj.2020107134
https://doi.org/10.15252/embj.2020107134
https://doi.org/10.1038/nrg2218
https://doi.org/10.1248/bpb.35.438
https://doi.org/10.1089/ten.2006.0406
https://doi.org/10.1089/ten.2006.0406
https://doi.org/10.1186/s40842-018-0060-9
https://doi.org/10.1515/cclm-2013-0770
https://doi.org/10.1016/j.gendis.2014.07.005
https://doi.org/10.1155/2018/8050956
https://doi.org/10.1016/j.yexcr.2019.111757
https://doi.org/10.1177/0022034518818449
https://doi.org/10.1111/jre.12969
https://doi.org/10.1016/j.gde.2017.07.009
https://doi.org/10.1016/j.gde.2017.07.009
https://doi.org/10.1016/j.stem.2012.04.009
https://doi.org/10.1002/stem.1844
https://doi.org/10.1038/s41467-021-24302-6
https://doi.org/10.1371/journal.pone.0097824
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Identification and Characterization of a Novel Long Noncoding RNA that Regulates Osteogenesis in Diet-Induced Obesity Mice
	Introduction
	Materials and Methods
	Animal Experiments
	Micro-Computed Tomography
	Histomicroscopical Analysis and Tartrate-Resistant Acid Phosphatase Staining
	Cell Culture
	siRNA Transfection
	RNA Extraction, Reverse Transcription, and Real-Time Quantitative Polymerase Chain Reaction
	Alkaline Phosphatase and Alizarin Red S Staining
	Microarray Analysis
	Western Blot
	Chromatin Immunoprecipitation
	RNA Immunoprecipitation
	Calvarial Bone Wound Model and Regeneration in Mice
	Statistical Analysis
	Microarray Data Accession

	Results
	DIO Mice Exhibit Pathological Changes in Bone Development, Formation, and Regeneration
	Identification of a Specific lncRNA With Important Roles in Pathogenesis of Bone Disorder in Obese Mice
	Expression of lncRNA Gm15222 Regulates the Expression of BMP4, Leading to a Downstream Impact on Osteo-Related Genes
	LncRNA Gm15222 Regulates the Expression of KDM Family Genes and Osteogenesis and Adipogenesis Distinctly
	LncRNA Gm15222 Recruits KDM6B and Induces Osteogenic Activity by Decreasing Methylation in the Promotors of BMP4 and HOXC6

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


