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MicroRNA-137 dysregulation predisposes to osteoporotic
fracture by impeding ALP activity and expression
via suppression of leucine-rich repeat-containing
G-protein-coupled receptor 4 expression
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Abstract. Osteoporosis is defined as a loss of bone mass and
deterioration of its architecture resulting in bone weakness,
which becomes prone to fracture. The objective of this study
was to investigate the molecular mechanism by which miR-137
can reduce the risk of fracture in patients with osteoporosis. An
online miRNA database and a luciferase reporter assay system
were used to confirm that leucine-rich repeat-containing
G-protein-coupled receptor 4 (LGR4) was the target of
miR-137. Real-time PCR and western blot analysis were used
to study miR-137 mRNA, the expression of LGR4 mRNA
and protein among different groups or cells transfected with a
scrambled miRNA control, miR-137 mimic, LGR4 siRNA and
miR-137 inhibitor. Expression of miR-137 was upregulated to
higher levels in cells isolated from osteoporosis patients with
fracture than in those without fracture. The ‘seed sequence’ was
found to be located within the 3' untranslated region (3'-UTR)
of LGR4 mRNA by searching an online miRNA database.
Luciferase reporter assay was performed to confirm that LGR4
is a direct target gene of miR-137 with a potential binding site
in the 3'UTR of LGRA4. Luciferase activity of cells transfected
with wild-type LGR4 3'UTR was much lower than that of
the cells transfected with mutant LGR4 3'UTR. The results
of real-time PCR and immunohistochemistry experiments
demonstrated that the expression levels of LGR4 mRNA and
protein were much higher in osteoporosis patients with frac-
ture than osteoporosis patients without fracture. We found that
the expression levels of LGR4 mRNA and protein were clearly
upregulated following transfection with miR-137 inhibitor,
while noticeably downregulated following transfection with
miR-137 mimic when compared with the scramble control.
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Furthermore, the expression of ALP mRNA and ALP activity
in bone tissue were much higher in osteoporosis patients with
fracture than those without fracture. In conclusion, these data
prove that the overexpression of miR-137 was associated with
an altered risk of fracture in patients with osteoporosis, and
can be used as a biomarker for the prediction of risk of fracture
in osteoporosis.

Introduction

A major priority for public health authorities is to manage the
effects of osteoporosis. Nearly a third of women over the age
of 50 are affected by the disease, around 50% of whom have
a combined lifetime risk of forearm, vertebral or hip fracture,
approximately the same risk that is related to cardiovascular
disease (1). In Europe, the estimated total direct cost of osteo-
porosis was €31.7 billion in 2000 and likely to have nearly
doubled by 2050 due to demographic changes in the popula-
tion (2). An osteoporotic fracture will by experienced by ~50%
of women and 22% of men over the age of 50 in their life-
time (3). The weakness of bone associated with osteoporosis
may increase the incidence of fractures in the elderly aged 50
and above. The incidence of osteoporosis is increasing in the
aging society (4).

There is an awareness that there is an interaction between
certain ‘lifestyle-related diseases’, such as chronic kidney
disease, hypertension or type 2 diabetes with osteoporosis (5).
Furthermore, it has been shown that certain lifestyle-related
diseases (e.g., atherosclerosis and type 2 diabetes) increase
fracture risk while being unrelated to changes in bone mineral
density (BMD) (6). It is believed that increased oxidative stress
contributes to the association between bone metabolism and
lifestyle-related diseases, by promoting the fragility of bone in
patients through accumulation of advanced glycation products
in bone through various mechanisms, such as abnormalities
in collagen cross-link formation in bone and decreased osteo-
blast differentiation resulting in increased death of osteoblasts
or osteocytes (6).

The main feature of osteoporosis is low BMD which is a
highly heritable trait with heritability of 0.5-0.8 (7). Osteo-
porotic fracture (OF) also has moderate heritability ranging
from about 0.5 to 0.7 and thus acts as an end-point clinical
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outcome of osteoporosis (8). We now know that genome-wide
association studies (GWASs) and their meta-analyses have
identified over 20 genes/loci related to risk of osteoporosis and
more than 60 related to variations in BMD. In addition, a novel
rare nonsense mutation within the gene leucine-rich repeat-
containing G-protein-coupled receptor 4 (LGR4) strongly
related to low BMD and OF has been identified in a recently
published study on whole-genome sequencing.

MicroRNAs (miRNAs), a class of non-coding RNAs
19-25 nucleotides in length, control the expression of genes
at the post-transcriptional level (9). The first miRNA to be
discovered, lin-4, was found in Caenorhabditis elegans
in 1993, and since then a number of miRNAs have been
identified in different organisms (10). The latest miRBase
release (v20, June 2013) reported that 24,521 miRNA loci had
been discovered from 206 species producing 30,424 mature
miRNA products. Numerous miRNAs regulate different
pathophysiological events such as organogenesis, apoptosis,
tumorigenesis, proliferation, organ development and hemato-
poietic function (11).

A recent in vitro study found that osteoclastogenesis
in human circulating mononuclear cells was inhibited by
miR-146a (12). Furthermore, another in vitro and in vivo
study showed that osteoclastogenesis in human circulating
mononuclear cells was promoted by miR-148a (13). A further
study found higher levels of miR-133a in circulating mono-
cytes in vivo in postmenopausal women with low BMD than
in those with high BMD, and thus miR-133a can be identified
as a potential biomarker related to postmenopausal osteopo-
rosis (14). Recently, an analysis of miRNAs from total bone
tissue comparing osteoporotic vs. non-osteoporotic bone was
conducted (15,16). Seeliger ef al and Garmilla-Ezquerra et al
identified six miRNAs that were upregulated in osteoporotic
fracture patients: miR-21, miR-23a, miR-24, miR-25, miR-100
and miR-125b (15,16). LGR4 has been shown to be associ-
ated with the development of osteoporotic facture, and the
differential expression of miR-137 has been identified in the
disease (16-18). LGR4 was also found to be a potential target
of miR-137 in an online miRNA database. In this study, we
investigated the relationship between miR-137 and LGR4 and
explored their roles in the pathogenesis of fracture in patients
with osteoporosis.

Patients and methods

Sample collection. A total of 30 osteoporosis patients with
OF (n=16) or without OF (n=14), and 18 patients without
osteoporosis at Department of Orthopedics, The People's
Hospital of Huangdai (Qingdao, China) were included.
Patients with metabolic bone disease, who had undergone
therapies such as hormone replacement therapy, calcitonin,
bisphosphonates and fluoride were excluded from the study.
Information of the participants, such as sex, age at diagnosis,
meal preferences (meat vs. vegetables), physical activity, and
previous disease history were collected prior to study. The
Institution's Ethics and Research Committees approved this
study. The patients signed informed consent for participa-
tion in the study. The study was conducted according to the
Declaration of Helsinki. All specimens were obtained after
surgical resection.

1027

RNA isolation and real-time PCR. TRIzol (Invitrogen,
San Diego, CA, USA) reagent was used to extract the total
RNA from cultured cells and tissue samples in accordance
with manufacturer's instructions. NanoDrop ND-2000c
(Thermo Fisher Scientific, Inc., Wilmington, DE, USA)
was used to determine the concentrations and purities of
RNA extracted. Spot Check Nucleic Acid Quantitation kit
(Sigma-Aldrich, St. Louis, MO, USA) and gel electrophoresis
were used to test the integrity of RNA following standard
protocol. TagMan MicroRNA reverse transcription kit
(Applied Biosystems, Foster City, CA, USA) was used to
reverse transcribe the RNA to DNA (cDNA) with carefully
designed primer purchased from Applied Biosystems in accor-
dance with the protocol by supplier. TagMan hsa-miR-137
amplification kit (Applied Biosystems) was used to amplify
the cDNA in accordance with manufacturer's instructions.
Roche LightCycler 480-II real-time thermal cycler (Roche,
Basel, Switzerland) was used to perform the quantitative
RT-PCR analysis of miR-137 expression according to the
manufacturer's recommendation, and the real-time PCR were
performed using microRNA specific probes and TagMan
Universal Master Mix (Applied Biosystems) according to the
manufacturer's instructions. RNU43 was used as the internal
control to normalize the expression of LGR4 mRNA. AACt
method was used to analyze the expression of LGR4 mRNA
and miR-137. All experiments were run 3 times.

Cell culture and transfection. RPMI-1640 medium (Hyclone,
Logan, UT, USA) containing 10% fetal bovine serum (FBS),
antibiotics, 1% streptomycin-penicillin and L-glutamine,
was used to incubate U-2 and MC3T3 cells in a humidified
atmosphere 5% CO,/95% air at 37°C at a final concentration of
1x109 cell/ml for 72 h according to the manufacturer's instruc-
tions. After the confluence reached 80%, Lipofectamine 2000
(Invitrogen Life Technologies, Carlsbad, CA, USA) was used
to transfect 20 pmol of miR-137 mimics or its inhibitors with
U-2 or MC3T3 cells according to the manufacturer's descrip-
tion. The test was carried out in triplicate.

ALP activity determination. ALP activity determination kit
(Abcam, Boston, MA, USA) was used to measure the ALP
activity in the bone tissue samples.

Luciferase assay. The fragment 3' untranslated region (3'UTR)
of LGR4 amplified by PCR was inserted into the multiple
restrictive sites of psiCHECK-2 vector (Promega, Madison,
WI, USA), and site-directed mutagenesis kit was used to intro-
duce the mutation to replace the identified binding sites in the
3'UTR of the LGRA4.

Lipofectamine 2000 (Invitrogen Life Technologies) was
used to transiently transfect the U-2 cells with pRL Renilla
as the control vector (Promega) and the promoter/luciferase
reporter gene in accordance with the manufacturer's instruc-
tions, and the pRL Renilla as the control vector (Promega)
was used to correct transfection efficiency. The cells were
collected 48 h after transfection, and phosphate-buffered
saline (PBS) was used to wash the cells, and then the lysis
reagent (Promega) was used to lyze the cells in accordance
with the manufacturer's instruction. Luciferase assay reagent
(Promega) was used to detect the firefly luciferase activity,
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Stop & Glo reagent (Promega) was used to detect the Renilla
luciferase activity based on the standard by supplier. Three
independent experiments were carried out.

Western blot analysis. RIPA buffer (Invitrogen Life
Technologies) was used to extract the whole protein from
U-2 cells in accordance with manufacturer's instruction.
XCell SureLock Mini-Cell electrophoresis system (Invitrogen
Life Technologies) with 12% SDS-PAGE was used to
separate the total protein, and then transferred to the poly-
vinylidene fluoride membranes (Immobilon-P membrane;
Millipore, Billerica, MA, USA). Ponceau S staining was
used to verify the equal loading of proteins. Tris-buffered
saline-Tween-20 (TBS-T) with 5% dried milk (Abcam,
Cambridge, UK) was used to block the membranes, and the
anti-LGR4 and anti-ALP antibodies at a dilution of 1:500
and anti-f-actin at a dilution of 1:5,000 (all from Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) were used to
incubate the membrane at 4°C overnight in accordance with
the manufacturer's recommendation, and then the membrane
was washed, the secondary antibody anti-rabbit IgG with a
1:10,000 dilution (Molecular Probes, Eugene, OR, USA) was
used to detect the primary antibody for another 1 h. LI-COR
Odyssey Blots scanner (LI-COR, Lincoln, NE, USA) was used
to visualize the corresponding fluorescence signal in accor-
dance with the manufacturer's instructions. Anti-o-tubulin
(DM1A; Abcam) at a dilution of 1:1,000 was used to assess
the equal protein loading. Odyssey 2.1 software (LI-COR)
was used to calculate the quantification of protein. The band
intensities of LGR4 and a-tubulin (¢TUB) were corrected by
subtracting the respective background intensities. All experi-
ments were performed 3 times.

Immunohistochemistry. PBS with 4% paraformaldehyde was
used to fix the bone tissue samples, and xylenes were used
to deparaffinize the sections, which were next dehydrated by
a series of graded ethanol. Subsequently, hematoxylin and
eosin (H&E) was used to stain the section. The histological
score of each slide was evaluated.

Statistical analysis. All data are shown as mean + standard
deviation (SD). One-way analysis of variance (ANOVA) and
Student's t-test were used to compare between the groups.
SPSS version 17.0 (SPSS Inc., Chicago, IL, USA) was used to
analyze the statistical procedures.

Results

miR-137 is a potential biomarker for the development of frac-
tures. Real-time PCR was used to find potential biomarkers
for the development of a fracture. We recruited 48 partici-
pants for our study, 18 osteoporosis patients with fracture,
16 without fracture and 14 in the normal group. As shown in
Fig. 1, the level of miR-137 expression was much lower in the
group of osteoporosis patients with fracture compared with
those without fracture or the normal group, while the level
of miR-137 expression was significantly higher in the normal
group than in osteoporosis patients without fracture, indicating
that downregulation of miR-137 expression contributes to the
formation of osteoporosis and fracture.
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Figure 1. Expression of miR-137 was downregulated in cells collected from
patients with fracture compared with osteoporosis patients without fracture
and normal groups.

hsa-miR-137 3’ —-UUAUL (|3[|IUUAAGAAUACGCGUAG— 5

Wild type LGR4 5" ~TATAACGAGATGATGTGGATTCT- 3'
hsa-miR-137 3’ ~UUAUUGCUUAAGAAUACGCGUAG- 5'

Mutant LGR4 5' -TCGGTATCGATGATGTGGATTCT- 3’

Figure 2. Leucine-rich repeat-containing G-protein-coupled receptor 4
(LGR4) was identified as target of miR-137 with possible binding regions
which accordingly generated mutant LGR4 where the possible binding site
sequences were replaced with their complementary sequences, respectively.

LGRA4 is predicted to be a target of miR-137. miR-137 was found
to be involved in the pathogenesis of various human diseases,
such as osteoporosis and fracture. Based on computational
analysis using the online target predicting tool TargetScan
(www.targetscan.org), we identified that miR-137 was able to
bind to the 3'UTR of LGR4, indicating this gene may be a
potential molecular target for miR-137, as shown in Fig. 2.

LGR4 was confirmed to be a direct target of miR-137. To
verify that miR-137 and LGR4 interact with each other, we
performed a luciferase assay to confirm that LGR4 is a direct
shared target of miR-137. As shown in Fig. 3, the luciferase
activity of cells transfected with wild-type LGR4 was signifi-
cantly downregulated compared with cells transfected with
mutant-type LGR4 and scramble control, while the luciferase
activity in the cells transfected with mutant 3'UTR of LGR4
was clearly upregulated compared with the scramble control,
confirming that LGR4 is a direct target of miR-137.

Interaction between miR-137 and LGR4 mRNA. To further
confirm the regulatory relationship between miR-137 and
LGR4 mRNA in different cell lines, we transfected miR-137
mimic and its inhibitor into cultured U-2 and MC3T3 cells.
The results of qRT-PCR analysis (Fig. 4A) revealed signi-
ficantly enhanced LGR4 mRNA expression in U-2 cells
transfected with miR-137 inhibitor and reduced LGR4
mRNA expression in the miR-137 mimic treatment group
compared with the scramble control. The expression of
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Figure 3. Luciferase activities of cells transfected with wild-type leucine-rich
repeat-containing G-protein-coupled receptor 4 (LGR4) 3' untranslated
region (3'UTR) was much lower than scramble and mutant] LGR4, while
notably higher when the cells were transfected with mutant LGR4.

LGR4 mRNA in MC3T3 cells transfected with miR-137
mimic was also clearly downregulated compared to that
of the scramble control, and transfection with miR-137
inhibitor was also much higher than that of the scramble
control, establishing the downregulatory effect of miR-137
on the LGR4 gene. The inhibitory effect of miR-137 was
stronger in U-2 cells.

Interaction between miR-137 and LGR4 protein. To further
confirm the regulatory relationship between miR-137 and
LGR4 protein in different cell lines, we transfected miR-137
mimic and inhibitor into cultured U-2 and MC3T3 cells. The
results of western blot analysis (Fig. 5A) revealed a signifi-
cantly enhanced LGR4 protein level in U-2 cells transfected
with miR-137 inhibitor and reduced LGR4 protein level in the
miR-137 mimic treatment group compared with the scramble
controls. As shown in Fig. 5B, the level of LGR4 protein in
MC3T3 cells transfected with miR-137 mimic was clearly
downregulated in comparison with the scramble control, and
that of MC3T3 cells transfected with miR-137 inhibitor was
much higher compared with the scramble control, demon-
strating the downregulation of LGR4 gene by miR-137. The
inhibitory effect of miR-137 was stronger in U-2 cells.

Expression level of LGR4 mRNA and protein varied in
different groups. Real-time PCR and immunohistochemistry
were used to detect the expression level of LGR4 mRNA and
protein among osteoporosis patients both with and without
fracture and a normal group of patients. As shown in Fig. 6,
the expression of LGR4 mRNA (Fig. 6A) and protein (Fig. 6B)
were much lower in osteoporosis patients without fracture
and the normal group compared with osteoporosis patients
with fracture. The expression of LGR4 mRNA (Fig. 6A) and
protein (Fig. 6B) were significantly lower in the normal group,
suggesting that upregulation of LGR4 mRNA and protein
expression may contribute to the formation of osteoporosis
and fracture.

Expression level of ALP and ALP activity varied in different
groups. Finally, ELISA was used to measure the expression
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Figure 4. Real-time PCR was used to detect the effect of miR-137 on leu-
cine-rich repeat-containing G-protein-coupled receptor 4 (LGR4) mRNA in
different cell lines. miR-137 mimics, and miR-137 inhibitors were transfected
into cultured U-2 and MC3T3 cells. (A) The expression of LGR4 mRNA of
U-2 cells transfected with miR-137 mimics was much lower than scramble
control, while the LGR4 mRNA level of U-2 cells transfected with miR-137
inhibitors was much higher than scramble control. (B) The expression of
LGR4 mRNA of MC3T3 cells transfected with miR-137 mimics was much
lower than scramble control, while the LGR4 mRNA level of MC3T3 cells
transfected with miR-137 inhibitors was much higher than scramble control.

level of ALP and to detect ALP activity in osteoporosis patients
with and without fracture, and the normal group. As shown
in Fig. 7, ALP expression (Fig. 7A) and ALP activity (Fig. 7B)
in bone tissue were much higher in osteoporosis patients both
with and without fracture than the normal group, while both
ALP expression and ALP activity were highest in osteoporosis
patients with fractures, significantly so, indicating that upregu-
lation of ALP and ALP activity contributes to the formation of
osteoporosis and fracture.

Discussion

It has been shown in recent studies that miR-137 influences
the process of tumorigenesis. For example, it was shown that
the sensitivity of pancreatic cancer cells to chemotherapy,
invasion and growth are modulated by miR-137 (19). It
was also revealed that miR-137 inhibited proliferation of
melanoma cells by targeting PAK2 and was considerably
downregulated in melanoma (20). Moreover, it was shown
that miR-137 in colorectal cancer tissues was reduced and
that colony formation, tumorsphere and cell growth of colon
cancer cells were inhibited by miR-137 through targeting
Musashi-1 (21). It was also found that miR-137 in non-small
cell lung cancer (NSCLC) tissues was downregulated and
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Figure 5. Western blot analysis to detect the effect of miR-137 on leucine-rich repeat-containing G-protein-coupled receptor 4 (LGR4) protein in different cell
lines. miR-137 mimics, and miR-137 inhibitors were transfected into cultured U-2 cells and MC3T3 cells. (A) The expression of LGR4 protein of U-2 cells
transfected with miR-137 mimics was much lower than scramble control, while the LGR4 protein level of U-2 cells transfected with miR-137 inhibitors was
much higher than scramble control. (B) The expression of LGR4 protein of MC3T3 cells transfected with miR-137 mimics was much lower than scramble
control, while the LGR4 protein level of MC3T3 cells transfected with miR-137 inhibitors was much higher than scramble control.

A B
2.5- 47
o I c O
o £ > " I
g § 2.0 3 @ 31
€ 5159 ' £§
< ® . 2 4 -
x 101 = e o
(L] a 05 14
=1 % 0.5 - x l_—l—_I
) @
0.0 T : r 0 1y P4 :
& & O
&,\o g (}o" & c}& &
& 2 2 &* & «*
N & & A «
& & N & o &
& & o N & 5
) & & P
)
‘0 QO £ QQ
o L ) )
R 28 R &
& o Y o
o° )
= .
|
e -,
wod - ]
] Lol i » 4
L | % = 1 \-
Normal control Osteoporosis without fracture Osteopbrosié wifh fracture

Figure 6. Real-time PCR and immunohistochemistry to detect the leucine-rich repeat-containing G-protein-coupled receptor 4 (LGR4) mRNA and protein
among osteoporosis patients with fracture, osteoporosis patients without fracture and normal groups. (A) LGR4 mRNA was much higher in osteoporosis
patients with fracture and osteoporosis patients without fracture than normal groups, while the LGR4 mRNA was significantly lower in osteoporosis patients
with fracture group. (B) LGR4 protein was much higher in osteoporosis patients with fracture and osteoporosis patients without fracture than normal groups,
while the LGR4 protein was significantly lower in osteoporosis patients with fracture group, as evaluated by immunohistochemistry.
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Figure 7. ELISA was used to detect the ALP level and ALP activity in bone
tissue among osteoporosis patients with fracture, osteoporosis patients
without fracture and normal groups. (A) ALP level was much higher in osteo-
porosis patients with fracture and osteoporosis patients without fracture than
normal groups, while the ALP level was significantly lower in osteoporosis
patients with fracture group. (B) ALP activity in bone tissue was much higher
in osteoporosis patients with fracture and osteoporosis patients without frac-
ture than normal groups, while the ALP activity were significantly lower in
osteoporosis patients with fracture group.

that NSCLC cell proliferation and motility were inhibited by
miR-137 directly through targeting of SLC22A18 (22). We
found that NSCLC cell migration, invasion and proliferation
could be inhibited by overexpression of miR-137 through
the targeting of BMP7. As an important signaling molecule,
bone morphogenetic protein (BMP) was first identified via
its ability to induce the formation of cartilage and bone (23).
As the expression of miR-137 is lost, so the ability of a
cell to arrest at the G1 phase is reduced, which increases
its proliferation, and thus may result in the accumulation
of DNA damage which accordingly enhances genomic
instability (24). In this study, we initially conducted real-
time qPCR to estimate the expression of miR-137 among
osteoporosis patients with and without fracture, and a
normal group, and found that the expression was much
lower in osteoporosis patients in both groups compared to
normal patients, while the expression of miR-137 level was
the lowest in the fracture group.
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As another potential contributor, miR-137 plays a possible
role in switching from proliferation to cellular differentia-
tion (25).Ithasbeenreported that the expression level of miR-137
is reduced in poorly differentiated gliomas and increased in
neuronal differentiation, although it is not currently known
whether this generalizes to other histology (26). Conversely,
because of our ability to detect such a relationship is limited
by low statistical power, no relationship has been discovered
between miR-137 promoter methylation and grade of tumor.
Although it involves the control of cell cycle, no significant
relationship between miR-137 promoter methylation and other
squamous cell carcinoma of the head and neck (SCCHN)
prognostic factors, such as tumor size, stage, surgical tumor
margin positivity or nodal involvement has been found (27).
In this study, we searched a miRNA online database (wWww.
mirdb.org) to find the target gene of miR-137, and found that
LGR4 was a virtual target of miR-137 with a potential binding
site in the 3'UTR of LGR4. Furthermore, we performed a
luciferase assay to confirm that LGR4 is a direct shared target
of miR-137, and found that the luciferase activity of cells trans-
fected with wild-type LGR4 was significantly downregulated
compared with mutant-type LGR4 and the scramble control
group, while luciferase activity in cells transfected with mutant
3'UTR of LGR4 was substantially downregulated compared
with the scramble control.

An orphan receptor can be encoded with the LGR4
gene and it has been shown in genome-based studies that its
genetic features are associated with low BMD and osteopo-
rotic fractures (18). It has been reported that local cytokines
negatively regulate the BMP-induced increase in expression
of the LGR4 gene, which are important for bone formation
in addition to TGF beta and FGF (28,29). It was reported that
for osteoporotic patients an orphan receptor was encoded with
the LGR4 gene which is identified as a genetic determinant
for bone mass. In osteoblastic cells, the effects of BMP on
LGR4 expression were examined. During culture, the LGR4
gene was expressed in the osteoblastic cell line MC3T3El in
a time-dependent manner. The expression of LGR4 mRNA
was partially enhanced by BMP treatment via transcrip-
tional events. While LGR4 mRNA was downregulated, the
BMP-induced increase in ALP mRNA and ALP activity was
inhibited. FGF suppressed BMP enhancement of LGR4 gene
expression, but this was reversed by dexamethasone. In primary
cultures of calvarial osteoblasts, the expression of LGR4 was
also enhanced by BMP. It can be inferred from these data that
BMP regulates the LGR4 gene which is required for BMP to
influence osteoblastic differentiation (17).

LGR4 is located on chromosome 11 at position 11p14-pl3,
which is ~107 kb in length. As one of the genes under
active investigation in our laboratory, LGR4 is also known
as G protein-coupled receptor 48 (Gpr48). LGR4 is widely
expressed and critical for the development of many organs
including kidneys, the reproductive tract, heart, cartilage, the
nervous system and the intestines (30). LGR4-knockout mice
demonstrated the importance of LGR4 on the development of
various organs such as the male reproductive tract, kidneys,
eyelids, erythropoiesis, hair placode, gallbladder and cystic
duct, and bones (31-36). A recent study revealed a variant
at position 126 caused by a ¢.376C<T nonsense mutation of
human LGR4 (37). This mutation resulted in the complete loss
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of function of LGR4, and had important association with risks
for osteoporosis, resulting in low BMD, gallbladder/biliary
tract cancer, skin SCC and reduced testosterone levels (18).

As an end-point clinical outcome of osteoporosis, OF also
has moderate heritability ranging from about 0.5 to 0.7 (8).
We now know that GWASs and their meta-analyses have
identified over 20 genes/loci related to risk of OF and more
than 60 genes/loci related to variations in BMD. Moreover, a
rare, novel, nonsense mutation within the LGR4 gene strongly
related to low BMD and OF was identified in a recently
published study involving whole-genome sequencing (18). In
the present study, we performed real-time PCR and western
blot analysis to evaluate LGR4 mRNA and protein in U-2 and
MC3T3 cells in osteoporosis patients with and without fracture
and normal patients, and found that LGR4 mRNA and protein
levels in both cell types were much higher when transfected
with miR-137 inhibitor, while LGR4 mRNA and protein levels
were much lower following transfection with miR-137 mimics
than the scramble control. Finally, we performed real-time
PCR and immunohistochemistry to measure LGR4 mRNA
and protein expression, and ALP expression and ALP activity
in bone tissue in osteoporosis patients with and without frac-
tures, and the normal group, and found that they were much
higher in osteoporosis patients with and without fractures than
the normal group, while they were significantly the lowest in
osteoporosis patients with fractures.

In conclusion, these data prove that overexpression of
miR-137 is associated with an altered risk of fracture in patients
with osteoporosis, and could be recognized as a biomarker to
predict risk of fracture in osteoporosis.
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