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Abstract

Aims: Osteoporosis is underdiagnosed because of the lack of a convenient diagnostic method.
Circulating microRNAs (miRNAs) emerge as novel biomarkers for disease diagnosis. Here, we
conducted a case-control study that included a total of 448 serum samples collected from 182
healthy participants, 132 osteopenia participants, and 134 osteoporosis patients.

Methods: Circulating miRNAs dysregulated during osteoporosis were screened and analyzed in
three randomly determined sub-cohorts: the discovery cohort identified 22 candidate miRNAs; the
training cohort tested the candidate miRNAs and constructed Index 1, comprising five miRNAs by
logistic regression, and Index2, comprising four miRNAs, was developed by linear combination.
Results: Both indices were tested in the validation cohort and showed statistically significant
results in distinguishing osteoporosis patients from healthy and osteopenic patients.
Moreover, Index 1 also showed improved performance over traditional bone turnover
biomarkers type | pro-collagen (tPINP) and type | collagen (B-CTx).

Conclusion: In conclusion, circulating miRNAs are potential biomarkers for osteoporosis. The
diagnostic panel of circulating miRNAs could be a complementary method for dual-energy
X-ray absorptiometry (DXA] in mass screening and routine examination to enhance the

osteoporosis detection rate.

Keywords: biomarker, case-control study, circulating miRNA, osteoporosis

Received: 17 January 2020; revised manuscript accepted: 5 August 2020.

Introduction

Osteoporosis, characterized by low bone mass
and decreased bone quality, is the most common
degenerative bone disease in the aged popula-
tion.!> Low bone mineral density (BMD) after
osteoporosis is an essential risk of fracture. As
reported, osteoporosis was associated with a frac-
ture rate four times that of normal BMD, and
osteopenia was associated with a 1.8-fold higher
rate.* The World Health Organization (WHO)
recommends patients with osteoporosis (T score
=<-2.5) to receive pharmacotherapy.> But, due to
the gap in diagnosis and a lack of awareness by
doctors, osteoporosis is still undertreated.®

Since osteoporosis is usually clinically asympto-
matic, dual-energy X-ray absorptiometry (DXA)
is the gold standard for BMD analysis.5 Despite

the availability of DXA for over a decade, its
application is limited by its high expense and
immobility. According to reports, less than 30%
of women and 4% of men at least 65years old
have had a DXA examination. Moreover, a cer-
tain percentage of osteoporosis is first diagnosed
after a fracture has occurred.>10-11 A reliable DXA
measurement of central bone must be conducted
by specifically trained technologists on profes-
sional instruments, which is not conducive to the
popularity of this method. Therefore, new nonin-
vasive diagnostic techniques are urgently needed
in large-scale screening and routine examination.

Noninvasive biomarkers in serum are potential
candidates for osteoporosis diagnosis and fracture
prediction. A good marker for osteoporosis needs
to be naturally stable, closely relevant to BMD,
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highly sensitive, and specific to bone remodeling,
and with the potential to predict fracture risk.
Several subtypes of biochemical bone turnover
markers (BTMs) have been applied to evaluate
the rate of bone remodeling, but their sensitivity
and specificity are strongly affected by age, gen-
der, body weight, and follow-up time.!2 Besides,
the association between BTMs and BMD is not
strong, which leads to a large dispersion of indi-
vidual marker concentration indicating subse-
quent bone loss as well as fracture risk.

Emerging evidence has revealed that circulating
microRNAs (miRNAs), a population of miRNAs
presenting in the plasma,!? are potential biomark-
ers for early diagnosis of disease. In physiological
conditions, circulating miRNA signatures are
usually steady and persistent. But their expression
pattern can be altered systematically in the dis-
ease state.!* The diagnostic potential of circulat-
ing miRNAs has been confirmed in a number of
diseases, including cancer,!5-17 diabetes,!81° car-
diovascular diseases,?? pulmonary embolism,2!
and liver pathologies.?? Notably, recent findings
uncovered that some circulating miRNAs are dys-
regulated in primary, secondary, and idiopathic
osteoporosis, suggesting a correlation between
the signature of circulating miRNAs and osteopo-
rosis. Moreover, emerging studies have explored
the potential of circulating miRNAs as biomark-
ers of osteoporosis diagnosis and osteoporotic
fracture prediction.?3-3 However, most of these
studies were limited by the small sample size and
lack of independent validation. Whether circulat-
ing miRNAs could be used as biomarkers in pop-
ulations of different age and gender is still unclear.

Therefore, in this study, we conducted a large-
scale case-control study to explore the circulating
miRNA signature in patients with osteoporosis,
and validate its efficacy in osteoporosis diagnosis.

Methods

Study design overview and participant cohort
assignment

The project was approved by the ethical review
committee of the Third Affiliated Hospital of
Fourth Military Medical University (Ethical
Approval Number: IRB-REV-2013-023) and
conducted according to the Declaration of
Helsinki. All participants were well informed and
signed an informed consent form.

The details of the study design are shown in
Figure 1. A total of 455 participants from rural
and urban areas of Northwest China were
recruited from the health examination center of
the Affiliated Hospital of Fourth Military Medical
University from 1 December 2013 to 28 February
2016. Participants who received routine health
examinations were recruited randomly into this
study after obtaining their consent. Eventually,
448 participants were included after excluding
five participants with hemolysis and two partici-
pants with hyperlipemia. All participants were
classified into three participant groups by lumbar
BMD results: healthy participants (T score
=-1.0), osteopenia participants (—=2.5<T
score <—1.0), and osteoporosis patients (T scores
<-2.5) according to WHO diagnostic criteria.> All
examinations were performed by professional
medical technologists, and the participants were
recruited by experienced medical doctors accord-
ing to the inclusion and exclusion criteria in
Supplemental Tables S1 and S2. Circulating miR-
NAs dysregulated during osteoporosis were
screened and analyzed in three randomly deter-
mined sub-cohorts. The discovery cohort con-
tained serum samples from randomly selected 10
healthy, 10 osteopenia, and 5 osteoporosis partici-
pants of each sub-group included from 1 December
2013, to 28 February 2014 (Supplemental Table
S4). Serum samples from participants included
from 1 December 2013 to 31 December 2014,
along with the samples in the discovery cohort,
were allocated to the training cohort. The valida-
tion cohort included serum samples from partici-
pants included from 1 January 2015, to 28
February 2016. The distribution and clinicopatho-
logical information of participants in each sub-
group were presented in Supplemental Table S3.

For the discovery cohort, miRNA screening was
performed on the 25 serum samples. Candidate
circulating miRNAs as potential biomarkers were
selected following one of the following criteria:
(1) the serum levels of the miRNA in osteopenia
participants were increased by =50% compared
with those in healthy participants, and the serum
levels of the miRNA in osteoporosis patients were
increased by =50% compared with those in oste-
openia participants; (2) the serum levels of the
miRNA in osteopenia participants were decreased
by =33.3% compared with those in healthy par-
ticipants, and the serum levels of the miRNA in
osteoporosis patients were decreased by =33.3%
compared with those in osteopenia participants.
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183 Healthy control
135 Osteopenia
137 Osteoporosis

455 healthy, osteopenic and osteoporotic participants
(From Dec 1, 2013 to Feb 28, 2016)

Discovery cohort
(From Dec 1, 2013 to Feb
28, 2014)
10 young-Healthy control
10 mid-age-Osteopenia
5 old-Osteoporosis

2014)

Training cohort*
(From Dec 1, 2013 to Dec 31,

127 Healthy control
78 Osteopenia
87 Osteoporosis

Validation cohort
(From Jan 1, 2015 to Feb
28, 2016)

56 Healthy control

57 Osteopenia

50 Osteoporosis

Included (n=288)
126 Healthy control
76 Osteopenia
86 Osteoporosis

Excluded (n=4)
2 hemolytic sera
2 hyperlipemia sera

Included (n=160)
56 Healthy control
56 Osteopenia
48 Osteoporosis

Excluded (n=3)
3 hemolytic sera

Figure 1. Study design.
*Including 25 samples in the discovery cohort.

In the training cohort, the candidate miRNAs
were detected by quantitative real-time RT-PCR,
and significant ones were selected to establish two
diagnostic indices for osteoporosis. For the vali-
dation cohort, the diagnostic panels were tested
in 160 independent samples. The estimated sam-
ple size of each cohort is shown in Supplemental
Table S5.

Anthropometric parameter measurement and

DXA test

A certified densitometry technician with 4-years
experience executed all anthropometric parameter
measurements and the DXA test. Body mass index
(BMI) was calculated according to the formula:
BMI = body weight (kg)/[height (m)]2. The BMD
of the first to the fourth lumbar vertebra (LL1-1.4)
was measured using a DXA scanner of the Hologic
Discovery Wi system (software V13.3.0) with an
array mode (60s, 1 mm collimator). T scores were
calculated based on the Asia reference data.

Whole blood collection and serum preparation
Fasting blood samples were collected in the
morning (8:00 a.m. to 12:00 noon). The whole

blood (5ml) was collected by nurse practitioners
via ulnar vein puncture and imported into the
sterile vacuous dry tube without any anticoagula-
tion agents. The whole blood samples were kept
at room temperature for 30 min and then centri-
fuged (3000rpm) at 4°C for 15min. The upper
liquid was transferred to an RNA-free tube and
centrifugation was repeated to remove residual
blood cell and cell debris. Isolated serum was
examined by spectrophotometer at 414 nm wave-
length to identify and eliminate hemolytic serum,
and then stored at —80°C before detection.

MiRNA isolation, microarray, and

quantitative RT-PCR

Samples were divided into three subgroups in
three cohorts (discovery: 10 healthy controls, 10
osteopenia, 5 osteoporosis; training: 126 healthy
controls, 76 osteopenia, 86 osteoporosis; valida-
tion: 56 healthy controls, 56 osteopenia, 48 oste-
oporosis). The frozen serum samples were melted
on ice and were then homogenated by a vortex.
Total RNA was isolated from 200pul serum by
using a TRI Reagent® BD (750 ul) with Polyacryl
Carrier (Molecular Research Center, Cincinnati,
OH, USA) according to the manufacturer’s
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protocol. All instruments directly contacting with
the serum were treated with DEPC water to elim-
inate RNase. For quality control, UniSP2 spike-
in control (Qiagen, Hilden, Germany) was
introduced to determine the efficiency of RNA
isolation according to the instruction.

For miRNA microarray, the samples within each
participant group were pooled together and
detected using a Human miRNA microarray chip
19.0 (Agilent Technologies, Santa Clara, CA,
USA). The microarray chip was scanned by an
Agilent Microarray Scanner [resolution 5 um,
photomultiplier tube (PMT) 100%, 5%] and
analyzed with Feature Extraction software 10.7
(Agilent Technologies). Raw data were normal-
ized by using Gene Spring software 11.0 (Agilent
Technologies). A total of 533 of 2006 covered
miRNAs were detected above background com-
pared with the average + 2X standard deviation
(SD) from negative control spots. Microarray
data can be accessed in the database of the
National Center for Biotechnology Information
(NCBI; accession number GSE91033).

For quantitative RT-PCR, miRNAs were reverse-
transcribed into cDNA by using a Mir-X miRNA
First-Strand Synthesis Kit (Clontech, Mountain
View, CA, USA) following the manufacturer’s
protocol [20ul reaction system: (2X miRNA
Reaction Buffer Mix (10ul) + miRNA RT
Enzyme Mix (2ul)+0.1% BSA (2ul) + total
RNA (500ng) + DEPC water (up to 20 ul); reac-
tion condition: Step 1: 37°C 60 min, Step 2: 85°C
5s]. Realtime RT-PCR analysis of miRNAs was
performed using an SYBR Premix Ex Taq II kit
(Tli RNaseH Plus) (Takara, Kyoto, Japan) with a
CFX-96 Real-time RT-PCR system (Bio-Rad,
Feldkirchen, Germany) [20pul reaction system:
SYBR Premix Ex Taq II (Tli RNaseH Plus)
10 ul) + forward primer (0.8 pul) + reverse primer
(0.8 ul)+ cDNA (2.0 ul)+ sterile distilled water
(6.4 pl); reaction condition: Step 1: 95°C 30s,
Step 2: PCR reaction; GO TO: 39 (40 cycles),
95°C 55, 60°C 30s, Step 3: Melt Curve]. Each
sample was tested for three technical duplicates,
and no template control (INTC) resulted in no Ct
value. Because there is no consensus on the
housekeeping miRNA for RT-PCR assay of cir-
culating miRNA, we tried using U6,2> miR-16,3!
miR-1228,1> and spike-in lyophilized Caenor-
habditis elegans miRNA mimic as an internal ref-
erence according to previous reports.!” However,
in our system, U6 was barely detected, and the

expressions of miR-16 and miR-1228 were unsta-
ble among the samples (Supplemental Table
S15). Therefore, lyophilized C.elegans miR-39
miRNA mimic (5.6 X 108 copies/200 ul, Qiagen)
was used as a spike-in reference. The levels of
miRNAs were normalized to the levels of C. elegans
miR-39 miRNA mimic using the 2-A¢t method.
The primer sequences are displayed in
Supplemental Table S18. For quality control,
UniSP3 and UniSP6 spike-in controls (Qiagen)
were introduced to determine the efficiency of
cDNA synthesis according to the manufacturer’s
recommendations.

Diagnostic indices development

The candidate miRNAs isolated from the discov-
ery cohort were verified in the training cohort.
Among them, 10 miRNAs were highly expressed
in serum, and differed significantly within the
three participants groups. The contribution of the
10 miRNAs to the logistic regression formula was
assessed respectively using multiple logistic
regression analysis. MiRNAs with a p value >0.01
were excluded because of their non-significant
contribution to the formula, while the rest were
included for index 1 development (Index1 =0 +
B1*miR-A + B2*miR-B + 3*miR-C + f4*miR-
D+ B5*miR-E +...+ Bn*miR-N), where 0 is a
constant and B1—Pn are estimated coefficients of
the logistic regression model. This index was fit-
ted from raw data and corresponded to the upper
limit in terms of the training cohort.

Index 2 was developed according to a linear com-
bination of 4 miRNAs (Index2=miR-A + miR-B
— miR-C — miR-D), where two miRNAs were sig-
nificantly up-regulated and the other two were
down-regulated. This index was designed to amplify
the contrast between cases and controls, and simul-
taneously remove the influence from technical bias.
There were three up-regulated candidate miRNAs;
thus, the coefficient of variation (CV) analysis was
used to remove the inappropriate one. The miRNA
with the highest CV would be excluded from Index
2 because of its lower stability compared with the
other two up-regulated miRNAs.

The cutoff point, the area under the receiver
operating characteristic (ROC) curve (AUCQC),
p value, designed sensitivity, specificity, accuracy,
true positive, true negative, false positive, and
false negative were applied to evaluate the perfor-
mance of miRNAs and Indexes.
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BTM measurement

Total PINP and B-CTX levels in serum were ana-
lyzed with commercial electrochemiluminescence
immunoassay kits (Roche, South San Francisco,
CA, USA) and a Cobase €601 machine (Roche).
A certified clinical laboratory technician with
5-years experience executed all BTM measure-
ments following standard protocol.

Statistical analysis

For microarray analysis, the raw data were nor-
malized by the Quantile algorithm. The Kruskal—
Wallis test was used for pairwise comparisons
among three groups. Step-wise multiple logistic
regression analysis was used to examine the fac-
tors and interaction effects, and to develop the
miRNA diagnostic Index1. A simple linear model
was used to develop the miRNA diagnostic Index
2. The ROC curve was plotted and the AUC was
used to display the diagnostic performance of
individual marker and index. The diagnostic per-
formance was considered by defining a cutoff
value to fix the sensitivity to 80.0%. The (2 X 2)
and (3 X 2) Pearson’s chi-squared tests were used
to compare sample information distribution.
Covariance analysis was used to exclude the dis-
turbance of age, height, weight, and BMI varia-
tions in subgroups. Spearman’s rank correlation
analysis was used to investigate the correlation
between BMD and miRNAs. All data were cal-
culated in SPSS 13.0 (SPSS, Chicago, IL, USA),
PASS 11.0 (NCSS Statistical Software, Kaysville,
UT, USA) and Medcalc 16.0 (Medcalc, Seoul,
Republic of Korea); p value <0.05 (two sides)
was considered to be statistically significant.

Results

Identification of dysregulated circulating

miRNAs during osteoporosis

Serum samples collected from 448 participants
were involved in this study (Figure 1). Gender,
height, weight, and BMI were well-matched in
healthy participants, osteopenia participants, and
osteoporosis patients in both the training cohort
and validation cohort (Supplemental Table S3).
Since aging is a major pathogenic factor of osteopo-
rosis, the age distribution differed among the three
participants groups (Supplemental Table S3).

In the discovery cohort, miRNA microarray
revealed 22 candidate miRNAs, where the expres-
sion of 13 miRNAs gradually increased, while the

expression of 9 miRNAs gradually decreased as the
T-score changes from healthy participants to osteo-
penia participants to osteoporosis patients
(Supplemental Figure S1, Supplemental Table
S6). In the training cohort, the 22 candidate miR-
NAs were verified in 288 samples. Among them,
10 miRNAs (miR-30c-2-3p, miR-199a-5p, miR-
424-5p, miR-497-5p, miR-550a-5p, miR-654-5p,
miR-663a, miR-877-3p, miR-1260b, miR-1299)
were highly expressed in serum and differed signifi-
cantly among the three participants groups
(Supplemental Figure S2, Table 1).

The performance of diagnostic miRNA panels in
the training and validation cohort

Based on the results from the training cohort, two
models were employed to construct miRNA pan-
els that could distinguish osteoporosis patients
from the non-osteoporosis population. Index 1
was developed by the logistic regression model.
Five miRNAs (miR-550a-5p, miR-654-5p, miR-
663a, miR-1260b, miR-1299) were excluded
from the 10 candidate miRNAs because of their
non-significant contribution to the formula
(Supplemental Table S8). The remaining five
miRNAs were finally included in Index 1
(Supplemental Table S16, S17), which is pre-
sented as —0.394 + (0.105 X miR-30c-2-3p) +
(=1.022 X miR-199a-5p) + (=0.078 X miR-
424-5p) + (-0.046 X miR-497-5p) +
(0.089 X miR-877-3p). Index 2 is a simple linear
model sharing four same miRNAs with Index 1,
while miR-497-5p was excluded because of its
lower stability in CV analysis (Supplemental Table
S9). Index 2 is presented as (miR-30c-2-3p+miR-
877-3p)-(miR-199a-5p+miR-424-5p), where two
miRNAs are significantly up-regulated and two
miRNAs are significantly down-regulated.

To distinguish osteoporosis patients from healthy
participants, the AUC was 0.86 (95% CI, 0.81—
0.91) for Index 1 and 0.77 (95% CI, 0.70-0.83)
for Index 2. To distinguish osteoporosis patients
from osteopenia participants, the AUC was 0.80
(95% CI, 0.72-0.87) for Index 1 and 0.69 (95%
ClI, 0.60-0.77) for Index 2. To distinguish osteo-
penia participants from healthy participants, the
AUC was 0.58 (95% CI, 0.50-0.66) for Index 1
and 0.59 (95% CI, 0.51-0.67) for Index 2 (Figure
2A, B, G-I, Table 2) in the training cohort.

In the validation cohort, the performances of
Index 1 and Index 2 were validated in 160 inde-
pendent samples. The diagnostic performance of
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Table 1. Fold change of 22 candidate miRNAs among the healthy, osteopenic and osteoporotic population in
the training cohort.

miRNA Fold change (average, compared with healthy)

Healthy controls pvalue Osteopenia p value Osteoporosis p value
miR-29b-3p 1.00 \ 1.60 0.019 0.60 0.310
miR-30c-2-3p 1.00 \ 0.49 0.017 2.29 5.032 X 10-5%
miR-145-5p 1.00 \ 0.42 0.431 0.48 0.984
miR-199a-5p 1.00 \ 1.18 0.646 0.38 4.822 X 10-9*
miR-301a-3p 1.00 \ 0.48 0.895 0.24 0.634
miR-497-5p 1.00 \ 0.86 0.417 1.70 0.002*
miR-526b-5p 1.00 \ 0.24 0.049 1.24 0.723
miR-550a-5p 1.00 \ 0.63 0.480 BW/5 0.002*
miR-575 1.00 \ 0.38 0.779 0.56 0.694
miR-654-5p 1.00 \ 1.81 0.078 0.95 0.001*
miR-877-3p 1.00 \ 3.90 0.760 1.40 1.570 X 10-4*
miR-1260b 1.00 \ 0.40 0.925 0.18 2.640 X 10-4*
miR-4769-3p 1.00 \ 0.49 0.030 0.59 0.058
miR-15a-5p 1.00 \ 0.63 0.025 0.46 0.059
miR-424-5p 1.00 \ 0.27 0.002# 0.19 0.001*
miR-663a 1.00 \ 0.79 0.353 0.45 0.001*
miR-708-5p 1.00 \ 0.42 0.128 0.35 0.549
miR-1246 NA \ NA \ NA \
miR-1299 1.00 \ 1.19 0.025 0.50 0.001*
miR-1323 NA \ NA \ NA \
miR-4447 NA \ NA \ NA \
miR-5685 1.00 \ 0.53 0.227 0.37 0.474

Notes: O.correction = 0-0125 (corrected by Bonferroni correction). *p <0.0125: significant difference between healthy controls
and osteoporosis; #p <0.0125: significant difference between healthy controls and osteopenia.
miRNA, microRNA.

individual miRNA is shown in Supplemental
Figure S3 and Table 3. To distinguish osteoporosis
patients from healthy participants, the AUC was
0.85 (95% CI, 0.79-0.92) for Index 1 and 0.79
(95% CI, 0.71-0.88) for Index 2. To distinguish
osteoporosis patients from osteopenia participants,
the AUC was 0.76 (95% CI, 0.67—0.85) for Index
1 and 0.70 (95% CI, 0.59-0.80) for Index 2. To

distinguish osteopenia participants from healthy
participants, the AUC was 0.65 (95% CI, 0.54—
0.75) for Index 1 and 0.65 (95% CI, 0.55-0.76) for
Index 2 (Figure 2D, E, J-L, Table 3). Moreover,
for Index 1, 80% (38/48) osteoporosis patients,
66.1% (37/56) healthy participants, and 55.3%
(31/56) osteopenia participants received a correct
diagnosis; For Index 2, 80% (38/48) osteoporosis
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Figure 2. The performances of Index 1, Index2 and tPINP combined with B-CTx to identify osteoporosis. [A-C] Box-plots and ROC
curves of Index1 (A), Index2 (B), and P+C (C) from healthy participants, osteopenia participants, and osteoporosis participants in
the training cohort; (D-F) Box-plots and ROC curves of Index1 (D), Index2 (E), and P+C (F) from healthy participants, osteopenia
participants, and osteoporosis participants in the validation cohort; (G-1) Comparison of ROC curves of Index1, Index2, and P+C

to differentiate osteoporosis patients from healthy participants (G), osteoporosis patients from osteopenia participants (H), and
osteopenia participants from healthy participants (I} in the training cohort; (J-L) Comparison of ROC curves of Index1, Index2, and
P+C to distinguish osteoporosis patients from healthy participants (J), osteoporosis patients from osteopenia participants (K], and
osteopenia participants from healthy participants (L) in the validation cohort.

B-CTx, type | collagen; P+C, tPINP combined with 3-CTx; ROC, receiver operating characteristic; tPINP, type | pro-collagen.

patients, 58.9% (33/56) healthy participants, and
37.5% (21/56) osteopenia participants got a correct
diagnosis (Table 3). In addition, the correlation of
Indexl and BMD was stronger than individual

miRNA and stable in the training and validation
cohort (Supplemental Table S13). These results
indicate that Index 1 performed better than Index 2
in osteoporosis diagnosis.
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miRNA Index 1 is more powerful to identify
osteoporosis than traditional bone turnover
biomarkers

To compare the validity of miRNA panels with
traditional biomarkers, we analyzed the levels of 3
isomerized C-terminal cross-linking telopeptides
of type I collagen (B-CTx) and total N-terminal
propeptides of type I pro-collagen (tPINP) — two
bone turnover biomarkers recommended by the
International Osteoporosis Foundation (IOF). In
the training cohort and validation cohort , the
AUCs for tPINP combined with B-CTx (P+C)
were 0.62 (95% CI, 0.55-0.70) and 0.79 (95%
CI, 0.70-0.88), respectively, for osteoporosis
patients wersus healthy participants, and 0.60
95% CI, 0.51-0.69) and 0.56 (95% CI, 0.45—
0.67), respectively, for osteoporosis patients ver-
sus osteopenia participants (Figure 2C, F, G-L,
Supplemental Figure S4, Table 4). The AUCs
for P+ C to distinguish osteoporosis patients from
osteopenia and healthy participants were lower
than those of the miRNA Index 1 (Figure 2C, F,
G-L, Table 4). For Index of P+ C, 67.9% (38/56)
healthy participants and 30.4% (17/56) osteope-
nia participants got a correct diagnosis. The accu-
racy rate was also lower than that of miRNA
Index 1 (Table 4).

In the clinic, only patients with osteoporosis
(T score <-2.5) are considered for pharmaco-
therapy.> To establish an evaluative index for
treatment decisions, all samples were redistrib-
uted as a non-osteoporotic subgroup (comprising
of healthy and osteopenic participants) and osteo-
porotic subgroup (osteoporosis participants).
MiRNA Index 1 efficiently separated osteoporo-
tic individuals from non-osteoporotic population
in the training cohort [AUC of 0.84 (95% CI,
0.79-0.88)] and validation cohort [AUC of 0.81
95% CI, 0.74-0.88)]. Compared with miRNA
Index 1, Index of tPINP and B-CTx was less
powerful to identify osteoporosis (Supplemental
Figure S5, Supplemental Table S10).

miRNA Index 1 is not affected by

gender and age

To identify whether Index 1 works stably in differ-
ent genders, all samples were regrouped by gender
and reanalyzed. Index 1 efficiently separated
healthy participants and osteopenia participants
from osteoporosis patients both in male and
female populations in the training and validation
cohort. The performance of Index 1 was similar

between the male and female populations
(Supplemental Figure S6, S9, and Supplemental
Table S11).

To verify whether the expression of these candi-
date miRNAs was affected by age, we assessed
the value of Index 1 in the different age subgroups
of healthy participants, osteopenia participants,
and osteoporosis patients. No significant differ-
ence was found between the age <60 subgroups
and age =60 subgroups in each population
(Supplemental Figure S7). We also assessed the
performance of Index 1 in age-matched popula-
tions. For osteoporosis patients wversus healthy
participants, the AUC was 0.83 (95% CI, 0.76—
0.91) in mid-age population, while it was 0.91
(95% CI, 0.81-1.00) in the old-age population;
For osteoporosis patients wversus osteopenia par-
ticipants, the AUC is 0.75 (95% CI, 0.66-0.84)
in mid-age population, while 0.76 (95% CI,
0.65-0.86) in the old-age population; for osteo-
penia participants versus healthy participants, the
AUC is 0.61 (95% CI, 0.52-0.69) in mid-age
population, while it is 0.75 (95% CI, 0.56-0.93)
in the old-age population (Supplemental Figure
S8 and Supplemental Table S12). These data
indicate that miRNA Index 1 was affected by
osteoporosis status, not age.

Discussion

Until now, only a few studies aimed at detecting
circulating miRNAs for osteoporosis diagnosis
have been reported.26-30:32 However, these studies
were limited by one or more defects of experi-
mental design. First, in several studies, the
miRNA panel had not been validated by an inde-
pendent cohort. Second, miRNA screening per-
formed in some studies was not based on the
whole miRNA bank, which raised the possibility
of missing some key miRNAs in the discovery
phase. Third, the sample numbers in some stud-
ies were not large enough to present a firm con-
clusion. Fourth, the performance of the miRNA
panel in some studies was not good enough to be
a biomarker.

In our study, we included 182 healthy partici-
pants, 132 osteopenia participants, and 134 oste-
oporosis patients, and conducted a case-control
study to develop miRNA panels. To our knowl-
edge, this is the first cohort-dependent study
aimed at finding biomarkers for osteoporosis by
screening the whole miRNA bank.
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Table 4. The performance of BTMs and miRNA Index1.

microRNA  Cutoff AUC pvalue Designed Specificity Accuracy True True False False
(95% CI) Sensitivity (%) (%) (%) positive negative positive negative
Training cohort
Osteoporosis versus Healthy
tPINP 46.27 0.61(0.53-0.68) 0.009 80.00 42.06 57.45 69 53 73 17
B-CTx 0.25 0.62(0.54-0.70) 0.040 80.00 31.90 51.41 69 40 86 17
P+C 0.18 0.62(0.55-0.70) 0.003 80.00 36.51 54.15 69 46 80 17
Index1 -0.89 0.86(0.81-0.91) <0.001 80.00 76.19 77.74 69 96 30 17
Osteoporosis versus Osteopenia
tPINP 45.48 0.65(0.56-0.73) 0.001 80.00 40.79 61.61 69 31 45 17
B-CTx 0.25 0.57(0.49-0.66) 0.108 80.00 30.26 56.67 69 23 53 17
P+C 0.18 0.60(0.51-0.69) 0.028 80.00 28.95 56.05 69 22 54 17
Index1 -0.89 0.80(0.72-0.87) <0.001 80.00 76.32 78.27 69 58 18 17
Osteopenia versus Healthy
tPINP 72.82 0.52(0.44-0.60) 0.598 80.00 19.05 41.98 61 24 102 15
B-CTx 0.23 0.54(0.46-0.62) 0.329 80.00 23.81 44.95 61 30 96 15
P+C 0.1 0.52(0.44-0.61) 0.585 80.00 25.40 45.94 61 32 94 15
Index1 -2.58 0.58(0.50-0.66) 0.071 80.00 36.51 52.87 61 46 80 15
Validation cohort
Osteoporosis versus Healthy
tPINP 41.80 0.74(0.64-0.83) <0.001 80.00 57.14 67.69 38 32 24 10
B-CTx 0.27 0.78(0.69-0.87) <0.001 80.00 57.14 67.69 38 32 24 10
P+C 0.24 0.79(0.70-0.88) <0.001 80.00 67.86 73.46 38 38 18 10
Index1 -1.44 0.85(0.79-0.92) <0.001 80.00 66.07 72.50 38 37 19 10
Osteoporosis vs Osteopenia
tPINP 42.07 0.50(0.39-0.62) 0.961 80.00 21.43 48.46 38 12 L4 10
B-CTx 0.21 0.58(0.46-0.69) 0.184 80.00 21.43 48.46 38 12 Lb 10
P+C 0.23 0.56(0.45-0.67) 0.309 80.00 30.36 53.27 38 17 39 10
Index1 -1.44 0.76(0.67-0.85) <0.001 80.00 55.36 66.73 38 31 25 10
Osteopenia vs Healthy
tPINP 4151  0.73(0.64-0.83) <0.001 80.00 57.14 68.57 45 32 24 1"
B-CTx 0.26 0.72(0.63-0.82) <0.001 80.00 57.14 68.57 45 32 24 1"
P+C 0.16 0.75(0.66-0.84) <p.001 80.00 58.93 69.47 45 33 23 11
Index1 -3.44 0.65(0.54-0.75) 0.008 80.00 37.50 58.75 45 21 35 (K

Note: Designed sensitivity#: the performance was considered by defining a cutoff value corresponding to fixing the sensitivity to 80.00%. P+C: the

logistical model of serum tPINP and -CTx.

AUC, area under the ROC curve; BTM, bone turnover marker; Cl, confidence interval; miRNA, microRNA; ROC, receiver operating characteristic.
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In this study, we focused on the relationship
between circulating miRNA and BMD. This is
because BMD is one of the most critical factors
determining bone fracture rate. We also noticed a
few studies suggesting that circulating miRNAs
are also related to fracture,?326 thus miRNAs
could have the potential to solve the discrepancy
issue between low BMD and the rate of fragility
fracture. Therefore, our next project will focus on
investigating whether the miRNAs could be used
as biomarkers to predict fracture in a follow-up
study of these participants.

miRNAs could be a rich source of osteoporosis
biomarkers to provide diagnostic information
because of their fundamental roles in bone devel-
opment, remodeling, and corruption during oste-
oporosis. By retrieving The Human miRNA Tissue
Atlas, miR-30c-2-3p, miR-199a-5p, miR-424-5p,
and miR-497-5p are proven to be present in bone
tissues (Supplementary Table 14), suggesting
bone tissue as a possible source of these miR-
NAs. According to published documents, all the
miRNAs in Index 1 have been confirmed to be
related to bone development and remodeling
(Supplementary Table 14). Specifically, miR-
199a is highly expressed in osteoblasts and chon-
drocytes compared with mesenchymal stem
cells,?3 and could promote osteogenesis of mesen-
chymal stem cells through the hypoxia-inducible
factor-1 alpha (HIF1a) pathway?4; whereas miR-
199a-5p is also reported to regulate osteoclas-
togenesis, miR-30c impedes osteogenesis or
calcification by targeting osteogenic specific tran-
scriptional factor RUNXZ235%36; miR-424 is
reported to suppress osteogenic differentiation of
adipose stem cells (ASCs)37; miR-497 inhibits
osteogenic differentiation of MSCs wvia BMP
signaling and angiogenesis-related pathway?$;
and miR-877-3p regulates MSCs osteogenesis
through Smad7 signaling. In this study, the target
genes of the 5 miRNAs (miR-30c-2-3p, miR-
199a-5p, miR-424-5p, miR-497-5p, miR-
877-3p) had been shown to regulate the TGF-3
pathway and mesenchymal stem cell differentia-
tion by gene ontology (GO) analysis (data not
shown), suggesting that they play a role in bone
remodeling. This evidence supports the notion
that the candidate circulating miRNAs in our
study are important regulators of bone develop-
ment and remodeling. But it remains elusive
where these circulating miRNAs come from and
why their expression is dysregulated during
osteoporosis. Additional studies are needed to

understand the rationale for these circulating
miRNAs to be biomarkers of osteoporosis.

Although BTMs are sensitive to bone remode-
ling, poor diagnostic performance hinders their
application in the clinical diagnosis of osteoporo-
sis. According to previous reports,39-44 the perfor-
mances of serum procollagen Type I N-terminal
propeptide (PINP), procollagen type I C-terminal
propeptide (PICP), serum carboxy-terminal col-
lagen crosslinks-a (CTX-a), and serum alkaline
phosphatase (ALP) to distinguish osteoporosis
patients from the non-osteoporotic population
are 0.71, 0.75, 0.48-0.70, 0.59, and 0.60-0.70,
respectively. Therefore, tPINP and B-CTX are of
no value as diagnostic or prognostic markers for
osteoporosis. However, the IOF and International
Federation of Clinical Chemistry still recommend
studies to include these two markers as references
at a minimum. Therefore, we might just use these
two BTMs as reference markers to evaluate the
performance of miRNAs, but not to demonstrate
the efficacy of miRNAs in diagnosing osteoporo-
sis. In this study, the performance of miRNA
Index 1 was AUC of 0.85 in the validation cohort,
which was better than tPINP and B-CTX, indi-
cating that circulating miRNAs have the potential
to identify osteoporosis.

In the discovery cohort, there was a discrepancy
in the age of healthy participants, osteopenia par-
ticipants, and osteoporosis patients. This was due
mainly to that fact that the incidence and severity
of osteoporosis are closely associated with
aging.4>4% To exclude the influence of age in our
results, we compared the Index values in groups
of different ages, and no significant difference was
found. We also evaluated the efficacy of the
miRNA Index in the age-matched population. Of
note, the miRNA Index worked efficiently to dif-
ferentiate osteoporosis patients from non-osteo-
porosis individuals in both the mid-age group and
the aged group. The results largely excluded the
influence of age.

There are a few limitations to our study. First, the
participants were collected from a clinical center
in China and most of them are of Han nationality.
Further multicenter investigations are necessary
to determine whether the miRNA panels work in
other ethnicities. Second, the positive predictive
value of our study is not fully comparable with the
gold-standard of osteoporosis diagnosis. A small
percentage of osteoporosis patients diagnosed
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with circulating miRNAs might be healthy.
Although the two miRNA diagnostic panels could
not replace DXA in osteoporosis diagnosis, they
could be useful tools in large-scale osteoporosis
screening, routine medical examination, and in
community clinics. The information from circu-
lating miRNA in blood assay would be valuable
for clinicians to refer more asymptomatic indi-
viduals with suspected osteoporosis for further
diagnosis. Third, the major limitation is that this
study addressed only BMD as endpoint and not
osteoporotic fracture. The current study does not
develop a predictive tool to evaluate fracture risk
of osteoporotic patients, which is significant in
managing osteoporosis. Further study will con-
centrate on this topic to improve the prognostic
value of these biomarkers, and facilitate the man-
agement of osteoporosis.
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