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Background: Duchenne/Becker muscular dystrophy (DMD/BMD) is an X-linked
recessive lethal neuromuscular disease. MicroRNAs expressed in striated muscle,
myomiRs, have been proposed as its potential biomarkers. Serum creatine kinase (CK)
is commonly used as a biomarker in clinical practice, but it is not reliable. The aim of this
study was to assess whether serum levels of myomiRs has diagnostic value for detection
of female DMD/BMD carriers with normal or elevated CK.

Methods: Thirty four female carriers and 33 age-matched healthy female controls were
enrolled. Peripheral blood samples were collected and serum miRNAs were extracted
for measurement of miR-1, miR-133a, miR-133b, miR-206, miR-208a, miR-208b, and
miR-499 by quantitative real-time polymerase chain reaction.

Results: MiR-1, miR-133a, miR-133b, miR-206, miR-208a, miR-208b, and miR-499
were upregulated in all female carriers in comparison to healthy controls. MiR-1
(Spearman’s rho = 4+0.406, p = 0.017) was correlated with CK in the female carrier
group. Receiver operating characteristic curve analysis of all seven myomiRs showed that
the area under the curve (AUC) for miR-499, miR-133b, miR-1, miR-208b, and miR-133a
exceeded 70.0%, and for miR-206 and miR-208a exceeded 60.0%. MiR-133b and
miR-499 were significantly increased in all female carriers, even those with normal
CK. AUC for the combination of all seven miRNAs was 87.2%. CK (OR 0.406, 95%
Cl 0.000-0.001, p < 0.0001) and miR-499 (OR 0.323, 95% CI 0.023-0.106, p =
0.003) were considered to be independent predictors for female carriers presence in
the multivariable regression analysis model.

Conclusions: MiR-133b and miR-499 are potentially useful biomarkers for female
carriers with DMD/BMD (including those with normal CK). The combination of all seven
serum miRNAs and their respective combinations with CK have better diagnostic value
for female carriers than either CK or any separate miBRNA.

Keywords: duchenne/becker muscular dystrophy, female carriers, microRNAs, myomiRs, creatine kinase,
biomarkers
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INTRODUCTION

Duchenne/Becker muscular dystrophy (DMD/BMD) is an X-
linked recessive lethal neuromuscular disease with an incidence
of ~1 in 3,500-5,000 live male newborns and is characterized
by progressive skeletal muscle weakness (1). It is caused by
mutations in the dystrophin gene, and two thirds of cases are
inherited from their mother. To date, as the disease has no
effective cure, implementing strategic family planning based on
available medical evidence might be a good approach to reduce
disease incidence. Thus, it is of great importance to establish a
correlation between the biological markers in mother and the
incidence rate.

It is estimated that ~2.5-40.0% of female carriers will have
manifestations of muscular dystrophy (MD) such as muscle
weakness or heart disease later on in their life, but these people
rarely show symptoms during childhood (2-4). In addition,
multiple studies have shown that ~45-76% of female carriers
have increased serum creatine kinase (CK) levels, while others are
normal (5-7). For those asymptomatic carriers with normal CK
levels, their affected male relatives are usually the first indication
of their so-called “gene carrier” status (8). Multiplex ligation-
dependent probe amplification (MLPA) and next-generation
sequencing (NGS) can be used to diagnose the condition at the
genetic level, but they have the disadvantages of being expensive
and time consuming. Muscle biopsy is seldom performed
as it is an invasive test, especially for asymptomatic female
carriers. Cardiac magnetic resonance imaging (CMR) and muscle
magnetic resonance imaging (MRI) are still at the exploratory
research stage, and no clear conclusions can be applied to
the detection of carriers. Currently, the most commonly used
circulating biomarker is serum CK. However, approximately one-
third of carriers have normal CK levels, and its level can fluctuate
with physical activity, muscle injury, cramps, toxic substances,
and age (9, 10). Therefore, it is highly desirable to explore
more effective potential biomarkers for detecting female carriers
of DMD/BMD.

MicroRNAs (miRNAs) are small non-coding RNA molecules
that exist both in cells and the circulation, and play an
important role in regulating gene expression at the post-
transcriptional level (11-13). The levels of miRNAs in serum
are stable, reproducible, and consistent among individuals of
the same species (13, 14). MiRNAs which are exclusively or
preferentially expressed in striated muscle are called myomiRs
(15). The group mostly includes miR-1, miR-133a, miR-133b,
miR-206, miR-208a, miR-208b, miR-486, and miR-499 (16—
21). Li et al. (22) found that the serum levels of a group of

Abbreviations: AUC, Areas under the curve; BMD, Becker Muscular Dystrophy;
CK, Creatine kinase; CMR, Cardiac magnetic resonance imaging; CI, Confidence
interval; CXMDy, canine X-linked MD Japanese dog model; DAPC, Dystrophin-
associated protein complex; DMD, Duchenne Muscular Dystrophy; FPR,
False-positive rate; IQR, Interquartile range; MD, Muscular dystrophy; Mdx, MD
mouse model; MiRNAs, MicroRNAs; MLPA, Multiplex ligation-dependent probe
amplification; MRC, Medical Research Council; MRI, Magnetic resonance
imaging; NGS, Next-generation sequencing; OR, Odds ratio; qRT-PCR,
Quantitative reverse transcription polymerase chain reaction; ROC, Receiver
operating characteristic curve; SD, Standard deviation.

miRNAs including miR-1, miR-133, miR-206, miR-208a, miR-
208b, and miR-499 have important diagnostic and prognostic
values for DMD patients. Anaya-Segura et al. (4) further
researched and concluded that up-regulated serum miR-206
could be used to detect DMD female carriers. Mousa et al.
(23) also confirmed that plasma miR-499 was significantly up-
regulated and had the ability to identify female carriers. As most
of the existing literature only revealed the role of myomiRs
in DMD patients and only few of them detected part of
myomiRs’ role in DMD carriers, we aimed to study the ability
of different myomiRs in diagnosing female DMD carriers in a
larger sample size in order to prevent the birth of DMD babies
to some extent. Hence, we assessed the expression patterns of
the seven serum myomiRs (miR-1, miR-133a, miR-133b, miR-
206, miR-208a, miR-208b, and miR-499) in DMD/BMD patients,
carriers and normal controls, and found that DMD patients
had the highest expression levels, followed by female carriers
and the lowest expression was detected in normal controls.
Although these data have not been formally published yet,
they lay the foundation for our present study of the ability of
circulating myomiRs to act as biomarkers in female carriers
of DMD/BMD.

In the present study, we attempted to explore and evaluate
the diagnostic value of miR-1, miR-133a, miR-133b, miR-
206, miR-208a, miR-208b, and miR-499 for the detection
of female DMD/BMD carriers with normal or elevated
CK levels.

MATERIALS AND METHODS
Study Population

Thirty-four females were genetically confirmed to be DMD or
BMD carriers and their gene mutation results are listed in the
Supplementary File. Collectively these subjects were referred to
as “MD-carriers,” and 33 of which were DMD carriers and the
other one was a BMD carrier (Table 1). The assessment of muscle
strength and cardiac performance was mainly carried out by
carefully asking the carriers for symptoms such as fatigue, muscle
pain, exercise intolerance, chest tightness after exercise, dyspnea,
and so on. Then the carriers’ proximal upper, proximal lower, and
distal lower extremity was evaluated according to the Medical
Research Council (MRC) Scale (24). The control group consisted
of 33 age-matched healthy females with normal CK levels, whose
genetics showed them to be negative for MD and have no related
symptom. The study protocol complies with the Declaration
of Helsinki and was approved by the Ethics Committee of
the First Affiliated Hospital of Guangxi Medical University,
Nanning, PR China. Informed consent was obtained from
all participants.

Blood Sampling in Carriers and Controls
Sera from blood samples in collection tubes were extracted on
the day of collection and centrifuged at 3,000 rpm for 10 min.
The sera were stored in clean enzyme-free cryotubes (Eppendorf,
Germany) at —20°C until use. In addition, CK levels were
determined using a spectrophotometric assay.
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TABLE 1 | Characteristics of the study population.

MD-carriers Controls p-value
Female, n 34 33 -
DMD/BMD, n (%) 33 (97.00)/1 (3.00) - -
Age, years 31.18 + 8.88 26.76 £ 4.72 0.014

CK, U/L [median (IQR)] 311.00 (147.50-598.25) 72.00 (62.00-86.00) <0.0001
CK < 178U/L, n (%) 10 (30.30) 33 (100.00) 0.000

Both data of DMD/BMD and CK <178U/L were expressed in frequency (n) and
percentage (%). The age of the study population conformed to a normal distribution and
was expressed as mean =+ standard deviation (SD), and the independent-sample t test
was used for analysis. CK does not conform to the normal distribution and was expressed
in median and interquartile range (IQR), and the non-parametric Mann-Whitney U-test
was used for analysis. P-value in bold was statistically significant (o < 0.05).

MiRNA Extraction and Quantification
MicroRNAs were extracted from 200 wL of the participants’
serum samples using the miRcute Serum/Plasma miRNA
Isolation Kit (cat. no. DP503, Tiangen Biotech, Beijing, China)
following the manufacturer’s instructions, and were stored at
—80°C. Using microRNAs as templates, cDNA was reverse
transcribed using miRcute Plus miRNA First-Strand ¢cDNA Kit
(cat. no. KR211, Tiangen Biotech). The final reverse transcription
reaction volume of 20 pL contained 2 L miRNA RT enzyme mix
[E.coli Poly(A) polymerase, RTase and RNasin], 10 pL of 2 x
miRNA RT reaction buffer and 8 L of total RNA. The reaction
was performed following the manufacturer’s protocol. The
miRNA expression levels were quantified by reverse transcription
polymerase chain reaction (RT-PCR) using miRcute Plus miRNA
PCR Kit (SYBR Green) (cat. no. FP411, Tiangen Biotech)
on the Applied Biosystems 7500 Fast Real-Time PCR System
(Applied Biosystems, Foster, California, United States) following
the manufacturer’s protocol. Relative levels of miRNA expression
were calculated by normalization to expression levels of an
external control for miRNAs (cat. no. CR100-01, Tiangen
Biotech). The 272ACt method was used to determine relative
miRNA levels, where Ct is the threshold cycle. Differences in
the expression levels of the seven miRNAs in the MD-carriers
were compared with the control subjects and were expressed as
-fold changes.

Statistical Analysis

Processed variables that were normally distribution were
expressed as mean =+ standard deviation (SD), and variables
that were skewed were expressed as median and interquartile
range (IQR). Categorical variables were expressed as frequency
with a percentage. The independent sample t-test was used
for comparison of normally distributed variables, and the non-
parametric Mann-Whitney U-test was used for comparison of
non-normally distributed variables. Non-parametric Kruskal-
Wallis H-test was used to perform multiple comparisons of
non-normally distributed variables. Correlation analysis used
the parametric Pearson correlation coeflicient and the non-
parametric Spearman correlation coefficient. Analysis of the
receiver operating characteristic curves (ROC) were used to
evaluate the specificity and sensitivity of each miRNA as a serum

biomarker for detecting MD-carriers. The ROC curve is known
as a plot of a tests false-positive rate (FPR), or 1-specificity
(plotted on the horizontal axis), vs. its sensitivity (plotted on
the vertical axis) (25). Specificity (the true negative rate) tells
us how good the test is at defining people without the disease
correctly. Sensitivity (the true positive rate) tells us how good
the test is at finding people with the condition investigated. (26).
Youden’s index (sensitivity-+specificity-1) (25), corresponding to
the optimal sensitivity and specificity, is used to identify the
optimal cut-off point. The area under the curve (AUC) represents
a generalized measure of accuracy, and its value ranges from
0.5 (chance) to 1.0 (perfect discrimination or accuracy) (25).
When combining multiple myomiRs and CK for ROC analysis,
binary logistic regression was used to calculate the predicted
probability values of multiple indicators, and the predicted
probability values were used as the test variable for ROC analysis.
In order to initially screen out the presence of independent
predictors for MD-carriers, we first performed a binary logistic
regression analysis. Subsequently, we introduced parameters with
significant p-values into the multivariable regression analysis.
Statistical analysis was performed using SPSS software (version
25.0, SPSS, Chicago, Illinois, United States) and GraphPad
(version 8.0.2, GraphPad, San Diego, California, United States)
for Windows. All p-values were two-sided, and p < 0.05 was
considered statistically significant.

RESULTS

Characteristics of the Study Population

The general characteristics for the MD-carriers (n = 34) and
female control group (n = 33) are shown in Table 1. All MD-
carriers and controls had no related MD manifestations or heart
involvement such as fatigue, myalgia or exercise intolerance,
and their muscle strengths were recorded as 5/5 according to
the MRC scale. The MD-carriers are comprised of 33 (97.00%)
carriers with DMD and 1 (3.00%) with BMD with a median age
of 31.18 =+ 8.88 years (p = 0.014). Moreover, the MD-carriers had
significantly higher average CK levels compared to controls (4.32-
fold, p < 0.0001, Figure 1). In the MD-carriers, 10 (30.30%) of
them exhibited a CK level below the upper limit of the normal
range (<178U/L).

Serum Levels of MyomiRs in MD-Carriers
and Controls

Serum miRNA results in MD-carriers and controls are shown
in Table 2. A varying degree of up-regulation in MD-carriers
compared to controls was found in all serum miRNAs included
in the analysis (Figure 1): miR-1 (3.23-fold increase, p < 0.0001),
miR-133a (2.40-fold, p = 0.005), miR-133b (3.50-fold, p <
0.0001), miR-206 (2.46-fold, p = 0.029), miR-208a (1.36-fold, p =
0.078), miR-208b (3.41-fold, p = 0.001), and miR-499 (2.00-fold,
p < 0.0001).

In addition, the carriers were divided into four groups
according to the types of gene mutation sites, and the expression
levels of these seven miRNAs were compared between the four
groups. The results showed no significant difference (p > 0.05,
Table 3).
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FIGURE 1 | Levels of microRNAs and CK in serum of MD-carriers (n = 34)
compared to controls (n = 33). (A-H); miR-1, miR-133a, miR-133b, miR-206,
miR-208a, miR-208b, mir-499, and CK, respectively. As data of both the
carrier and control group were non-normally distributed variables, the
non-parametric Mann-Whitney U-test was used for comparison between the

two groups. P < 0.05 was considered statistically significant.

The Correlations Between Serum Levels of
MyomiRs, Age and CK Levels

In the MD-carrier group, no significant correlation between
serum miRNAs and age was found. When we assessed the
relationship between serum miRNAs and CK in the MD-
carrier group, no significant relationship was found but miR-
1 (Spearman’s rtho = +0.406 p = 0.017) showed a weak but
significant correlation (Table 4).

TABLE 2 | Serum miRNA levels in MD-carriers compared to control subjects.

miRNA serum MD-carriers (n = 34) Controls (n =33) p-value
levels (2-4ACY)

[median (IQR)]

miR-1 2.30 (1.40-4.56) 0.71(0.46-2.50)  <0.0001
miR-133a 2.38 (1.07-6.36) 0.99 (0.41-2.51) 0.005
miR-133b 2.91 (1.49-4.99) 0.83(0.56-2.34) < 0.0001
miR-206 2.91 (0.88-7.65) 1.18 (0.38-2.48) 0.029
miR-208a 1.31(0.73-3.56) 0.96 (0.46-2.67) 0.078
miR-208b 4.30 (1.78-8.77) 1.26 (0.19-3.34) 0.001
miR-499 1.96 (1.31-3.97) 0.98 (0.54-1.73) < 0.0001

The serum levels of miRNAs in the two groups did not conform to the normal distribution
and their data were described by the median and IQR. The non-parametric Mann-Whitney
U-test was used for comparison between the two groups. P-value in bold was statistically
significant (p < 0.05).

Assessment of the Diagnostic Potential of

MyomiRs in MD-Carriers

ROC analysis was carried out to assess the capacity of serum
miRNAs to identify female MD-carriers and controls (Figure 2).
Our data indicated that five of the seven up-regulated miRNAs
in MD-carriers vs. controls revealed AUC values exceeding
70.0%, and the other two exceeding 60.0%. AUC, sensitivity and
specificity for these miRNAs were, respectively, listed as follows:
(a) miR-499: 78.6, 73.5, and 75.8% (with a cut-off value of 1.485,
p < 0.0001), (b) miR-133b: 77.9, 73.5, and 72.7% (with a cut-
off value of 1.760, p < 0.0001), (c) miR-1: 77.1, 82.4, and 72.7%
(with a cut-off value of 1.215, p < 0.0001), (d) miR-208b: 73.0,
73.5, and 72.7 (with a cut-off value of 2.555, p = 0.001), (e) miR-
133a: 70.1, 88.2, and 48.5% (with a cut-off value of 0.690, p =
0.005), (f) miR-206: 65.5, 52.9, and 78.8 (with a cut-off value
of 2.645, p = 0.029) and (g) miR-208a: 62.5, 79.4, and 45.5%
(with a cut-off value of 0.700, p = 0.078). In comparison, ROC
analysis for the conventional serum marker, CK, with regards
to the identification of MD-carriers revealed an AUC value of
86.6% with a sensitivity of 76.5%, a specificity of 100.0% (with
a cut-off value of 146.500, p < 0.0001) (Figure 2). None of the
seven miRNAs had a higher AUC and specificity than CK, but
the sensitivity of miR-1 and miR-133a was higher than CK.

Serum Levels of MyomiRs in MD-Carriers
With Normal and Elevated CK Levels

Serum miRNAs in MD-carriers with normal and elevated CK
levels are shown in Table 5. A varying degree of up-regulation
was found in MD-carriers with normal CK (n = 10) compared
to controls (n = 33) for all serum miRNAs included in the
analysis (Figure 3): miR-1 (1.89-fold increase, p = 0.5266), miR-
133a (2.70-fold, p = 0.0404), miR-133b (3.99-fold, p = 0.0069),
miR-206 (3.02-fold, p = 0.0422), miR-208a (1.40-fold, p =
0.3099), miR-208b (2.84-fold, p = 0.1866) and miR-499 (2.00-
fold, p = 0.0069). Similarly, compared with the control group,
the serum miRNAs in MD-carriers with elevated CK levels (n
= 24) were also increased to varying degrees (Figure 3): miR-
1 (3.82-fold increase, p < 0.0001), miR-133a (2.18-fold, p =
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TABLE 3 | Comparison of serum miRNA levels in MD-carriers with different gene mutation.

miRNA serum levels Deletion mutation Duplication Point mutation Splice mutation p-value
(2-AACt) Imedian (n = 20) mutation (n=25) n=4)

(1QR)] (n=5)

miR-1 2.21 (1.29-4.89) 2.30 (1.58-4.64) 3.86 (3.35-11.19) 1.18 (0.78-1.46) 0.3203
miR-133a 2.38 (1.15-7.05) 1.47 (0.97-4.12) 6.31 (1.65-11.91) 1.09 (0.29-2.59) 01907
miR-133b 3.24 (1.92-6.83) 2.26 (1.43-3.19) 4.17 (1.21-8.23) 1.22 (0.65-3.62) 0.2059
miR-206 3.21 (0.96-9.22) 1.02 (0.60-6.29) 4.03 (1.74-17.61) 0.85 (0.36-10.68) 0.4410
miR-208a 1.31 (0.89-3.15) 0.86 (0.67-2.29) 4.84 (0.75-7.10) 0.70 (0.41-4.23) 0.3830
miR-208b 5.37 (1.88-9.09) 4.33 (2.76-6.36) 2.93 (0.77-379.80) 5.32 (1.49-21.16) 0.4765
miR-499 2.22 (1.38-6.55) 1.73 (1.35-3.40) 1.97 (1.51-7.13) 1.62 (0.89-2.54) 0.4023

The serum miRNA levels in MD-carriers with different gene mutation did not conform to the normal distribution and were expressed by the median and IQR. The non-parametric
Mann-Whitney U-test was used for comparison between the two groups. P < 0.05 was considered statistically significant.

TABLE 4 | Correlation between serum miRNA levels and age and CK levels of
MD-carriers.

MD-carriers (n = 34) Age, years CK, U/L
miR-1 r-value 0.158 0.406*
p-value 0.371 0.017
miR-133a r-value —0.037 0.020
p-value 0.836 0.912
miR-133b r-value —0.013 0.130
p-value 0.940 0.463
miR-206 r-value —0.047 -0.157
p-value 0.790 0.375
miR-208a r-value 0.024 0.024
p-value 0.894 0.895
miR-208b r-value 0.033 0.042
p-value 0.853 0.815
miR-499 r-value —0.051 0.142
p-value 0.774 0.422

*weak correlation. r-value: correlation coefficient.

The non-parametric Spearman correlation coefficient was used to analyze the correlation
between the serum miRNA levels of MD-carriers and age and CK levels. P-value in bold
was statistically significant (p < 0.05).

0.0708), miR-133b (3.51-fold, p = 0.0024), miR-206 (1.70-fold,
p = 0.4503), miR-208a (1.36-fold, p =0.5209), miR-208b (3.87-
fold, p = 0.0051) and miR-499 (1.96-fold, p = 0.0015). Among
them, a significant up-regulation was found for miR-133b and
miR-499, both in CK elevated MD-carriers and in those patients
with normal CK levels.

Assessment of the Diagnostic Potential of
the Combination of MyomiRs and CK in

MD-Carriers

Combining all seven myomiRs (miR-1, miR-133a, miR-133b,
miR-206, miR-208a, miR-208b, and miR-499; Figure4) as
potential diagnostic signatures for female MD-carriers, an
improved AUC value of 87.3% was reached with a sensitivity of
91.2% and a specificity of 66.7% (with a cut-off value of 0.339, p

< 0.0001). In addition to specificity, this combination had higher
sensitivity and AUC value than CK alone or any single miRNA.

In order to further explore the potential of myomiRs to
diagnose MD-carriers, we performed ROC analysis by combining
CK with the seven different myomiRs, respectively (Figure 5).
Their AUCs, sensitivities and specificities were all improved
compared to each individual evaluation. Among which, the AUC
values of the combination of CK with miR-133b (AUC 93.3%,
sensitivity 82.4%, specificity 100.0%, with a cut-off value of
0.618) and CK with miR-499 (AUC 91.4%, sensitivity 82.4%,
specificity 100.0%, with a cut-off value of 0.594) exceeded 90.0%,
the sensitivities exceeded 80.0% and the specificities were 100.0%.
The combination of these two miRNAs with CK had an even
higher AUC value and sensitivity than CK or any individual
miRNA, and the specificity was also 100%.

Assessment of Possible Predictors of

MD-Carriers

In order to identify potential predictors for the occurrence of
MD-carriers in the population, we first performed binary logistic
regression analyses for a series of parameters, including CK
and the seven miRNAs (Table 6). In this analysis, a significant
association with the presence of MD-carriers was found for the
CK, miR-1, miR-133a, miR-133b, and miR-499. Subsequently, we
performed a multivariable regression analysis focusing on CK
and these four miRNAs. In this model, CK (OR 0.406, 95% CI
0.000-0.001, p < 0.0001) and miR-499 (OR 0.323, 95% CI 0.023—
0.106, p = 0.003) were considered to be independent predictors
for the presence of MD-carriers.

DISCUSSION

DMD is an X-linked recessive hereditary muscle disease.
Detection of female carriers is important to avoid the birth of
affected children (4). CK is currently the most common used
non-invasive biomarker in detecting carriers, but since CK is
not always reliable and only 45.0-76.0% of female carriers have
increased levels of CK, the search for new biomarkers in detecting
DMD/BMD carriers is especially important (5-7, 22). At present,
there are also some studies on miRNAs as biomarkers of DMD,
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but few are about DMD carriers. In the present study, we tested
the serum expression levels of seven miRNAs to evaluate their
potential for diagnosing DMD/BMD female carriers.

The results of this study showed that these seven myomiRs
were highly expressed (about 2.0-3.5 fold) in the serum of MD-
carriers, in comparison to the control group. Cacchiarelli et al.
(27) found that miR-1, miR-133, and miR-206 expression were
5-100 fold enriched in DMD and BMD patients in comparison

TABLE 5 | The characteristics of MD-carriers and serum miRNA levels in relation
to CK values.

Normal CK Elevated CK p-value
Female, n 10 24 _
DMD/BMD, n (%) 9(90.00)/1 (10.00) 24 (100.00)/0 (0.00) -
Age, years (mean + SD) 31.00 £+ 6.65 31.25 £9.79 0.942
CK, U/L [median (IQRY)] 77.00 412.50 < 0.0001

(65.25-120.50) (250.50-1011.00)

miR-1 (2~ 2AC) [median 1.34 (0.79-3.36) 2.71 (1.79-5.05) 0.2835
(IQR)]
miR-133a (2~ 24CY) 2.67 (0.94-9.89) 216 (1.13-5.06) > 0.9999
[median (IQR)]
miR-133b (2~ 244C%) 3.31 (1.25-6.30) 2.91(1.63-4.78) > 0.9999
[median (IQR)]
miR-206 (2~ 2ACt) [median ~ 3.56 (1.22-13.94) 2.01 (0.74-4.95) 0.5511
(IQR)]
miR-208a (2~ 44Ct) 1.34 (0.72-4.90) 1.31(0.76-2.96) > 0.9999
[median (IQR)]
miR-208b (2~ AACY) 3.58 (1.04-8.94) 4.87 (2.03-8.88) > 0.9999
[median (IQR)]
miR-499 (2~ AACt [median  1.96 (1.31-7.97) 1.92(1.38-3.41) > 0.9999
(IQR)]

The number of females in the two groups was expressed by frequency (n). The
classification of DMD/BMD was expressed in frequency (n) and percentage (%). The age
of the MD-carriers conformed to a normal distribution and was expressed as mean =+
SD, and the independent-sample t-test was used for analysis. CK and serum miRNA
levels did not conform to the normal distribution and was expressed in median and IQR,
and the non-parametric Mann-Whitney U-test was used for analysis. P-value in bold are
statistically significant (p < 0.05).

to healthy controls. They concluded that the differences in serum
levels of these miRNAs were due to the intensive degeneration
that occurred in the muscles of MD patients. Hu et al. (13)
considered that the increase of muscle-specific miRNAs in
serum was explained by the observed miRNAs in exosomal
particles (28), which were in turn caused by an increased
leakage or secretion of miRNAs from muscles (29). Israeli et al.
(10) considered that the upregulation of miR-1, miR-133, and
miR-206 in the serum of MD patients was due to their high
expression in muscles and the upregulation was proportional to
the levels of myofiber degeneration. Therefore, we speculated
that damage of the muscles of MD-carriers in our study led
to the release of myomiRs into the circulation. Papa et al.
(30) stated that although usually asymptomatic, female carriers
of DMD might develop muscle weakness in up to 17.0% of
cases, these patients consequently showed signs of a degenerative
process upon histological muscle examination regardless of their
clinical phenotypes. Preusse et al. (8) also found that muscle
biopsies from female carriers of DMD showed morphological
abnormalities and a mosaic pattern of dystrophin loss. When
studying plasma miRNAs expression in DMD patients and
carriers, Mousa et al. (23) speculated that partial muscle functions
of the carriers were impaired due to the presence of mutated
copies of the DMD gene, and progressive death of muscle cells
or modulation of their expression by myocytes could cause
variations in the circulating levels of these miRNAs. Based on the
above literature reports, we drew the conclusion that although
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serum of MD-carriers with normal CK values (n = 10) and MD-carriers with
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non-parametric Kruskal-Wallis H-test was used for multiple comparison.
P-value was the comparison of serum miRNA levels in MD-carriers with
normal CK or elevated CK vs. controls. P < 0.05 was considered statistically
significant.

female carriers in the present study had no clinical manifestations
of MD, their muscles might have been damaged due to presence
of mutated copies of the DMD gene. Subsequently, these
myomiRs were released into the circulation, resulting in the
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FIGURE 4 | ROC analysis of the combination of seven serum miRNAs.
P-value indicated asymptotic significance, and p < 0.05 was considered
statistically significant.

higher expression of the seven miRNAs in the serum of female
carriers in comparison to the controls group.

We performed a correlation analysis and found that miR-
1 and CK had a weak positive correlation in the MD-carriers
group. CK is a dimeric enzyme presented within the muscle
cytoplasm. CK locates on myofibrils and inside mitochondria
(31), and it leaks into the blood stream upon muscle damage (10).
Mizuno et al. (29) found that the serum levels of miR-1, miR-
133a, and miR-206 were increased in both dystrophin-deficient
MD mouse model (mdx) and the canine X-linked MD Japanese
dog model (CXMDy). However, miR-1, miR-133a, and miR-206
were significantly decreased in the skeletal muscles of mdx mice.
They concluded that the increase of muscle-specific miRNAs in
the serum of these DMD models was caused by an increase in
leakage or secretion of miRNAs from the muscles (29). In this
way, the release mechanism of miRNAs and CK seems to be very
similar, which may be the reason why miR-1 and CK are weakly
and positively correlated in the MD-carriers group. In addition,
miR-1 can be expressed in both cardiac and skeletal muscles, and
almost exclusively found in mature myofibers (10, 19, 27), which
may be another reason for this result.

Recent studies have shown that circulating miRNAs can be
used as potential diagnostic biomarkers for female DMD/BMD
carriers (4, 11). Therefore, we evaluated the ability of these
seven serum myomiRs and CK to diagnose MD-carriers using
ROC curve analysis. The results showed that the AUC of CK
was the highest, reaching 86.6%, and the AUCs of miR-499,
miR-133b, miR-1, miR-208b, and miR-133a were 78.6, 77.9,
77.1, 73.0, and 70.1%, respectively, all of which exceeded 70.0%.
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In addition, the specificity of CK was 100.0%, which was not
exceeded by any miRNA. The sensitivities of miR-133a (88.2%),
miR-1 (82.4%), and miR-208a (79.4%) were higher than that of
CK, and miR-499 (73.5%) and miR-133b (73.5%) were close to
CK. The sensitivity of CK was only 76.5%, which indicated that
the false negative rate of CK was higher and it was, therefore,
more prone to misdiagnosis. Hashim et al. (32) found that the
sensitivity of CK was only 33.3% and the specificity was 100.0%

TABLE 6 | Binary logistic regression analysis regarding the predictors for
MD-carriers.

Variable (n = 67) OR (95 % CI) p-value

CK 1.028 (1.011-1.045
miR-1 1.254 (1.003-1.568
miR-133a 1.312 (1.034-1.666
miR-133b 1.939 (1.286-2.924

( ) 0.001
( )
( )
( )
miR-206 1.077 (0.976-1.187)
( )
( )
( )

0.047
0.025
0.002
0.139
0.112
0.341
0.008

miR-208a 1.233 (0.953-1.596
miR-208b 1.034 (0.965-1.107
miR-499 1.814 (1.172-2.809

OR, odds ratio = Exp(Beta); Cl, confidence interval.
P-value in bold was statistically significant (p < 0.05). The OR values of CK, miR-1,
miR-133a, miR-133b, and miR-499 was >1 and their p < 0.05.

in the diagnosis of female carriers of DMD. To reduce missed
diagnosis, we anticipate that new biomarkers may ideally have
higher sensitivities than CK. Considering the AUCs, sensitivities
and specificities, we suggest that miR-499 (AUC = 78.6%,
sensitivity = 73.5%, specificity = 75.8%), miR-133b (AUC =
77.9%, sensitivity = 73.5%, specificity = 72.7%) and miR-1 (AUC
= 77.1%, sensitivity = 82.4%, specificity = 72.7%) are potentially
new biomarkers which are closest or superior to CK (AUC =
86.6%, sensitivity = 76.5%, specificity = 100.0%).

Anaya-Segura et al. (4) conducted a similar study exploring
the diagnostic ability of miR-206 on 23 DMD carriers and 24
controls, and found an AUC of 80.3%, a sensitivity of 78.26%
and a specificity of 70.83%. They believed that miR-206 was
superior to CK and could be used to detect female carriers of
DMD. However, in the present study, the AUC value of miR-
206 was only 69.8%, the sensitivity was 48.4% and the specificity
was 90.0 %. In addition, Mousa et al. (23) found that miR-499
could be detected in circulating plasma of DMD carriers, while
it was undetectable in the controls with a study of 26 DMD
carriers and 10 normal controls. ROC curve analysis showed that
the specificity and sensitivity of miR-499 were 100.0%. Finally,
they concluded that miR-499 could identify the female carriers.
This is very similar to our result. Still, experiments with more
carriers enrolled will be needed to identify the most appropriate
biomarker. Subsequently, we measured serum levels of myomiRs
in MD-carriers with normal or elevated CK levels. The results
showed that compared with the control group, these seven
miRNAs increased in varying degrees in MD-carriers with both
normal or elevated levels of CK. Among them, miR-133b and
miR-499 in both groups were more significantly increased (p <
0.05). This result further suggests that serum myomiRs have the
potential to diagnose MD-carriers with normal CK.

Since all seven miRNAs increased to varying degrees in the
MD-carriers, ROC curve analysis was performed to evaluate the
diagnostic ability of these miRNAs when they were combined.
Their AUC was 87.3%, the sensitivity was 91.2% and the
specificity was 66.7%. Although the specificity was still lower
than CK alone, both the AUC and sensitivity were higher than
CK alone or with any single miRNA. In addition, we also
combined each miRNA with CK for the ROC analysis. Their
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AUCG:s, sensitivities and specificities were improved compared to
the individual miRNA or CK. Among them, the AUCs of the
combination of CK and miR-133b or miR-499 both exceeded
90.0%, the sensitivities exceeded 80.0% and the specificities
were 100.0%. This result suggests that we may be able to use
a combination of CK with various miRNAs to diagnose MD-
carriers in the future.

Additional binary logistic regression analysis revealed a
significant association between the expression levels of CK,
miR-1, miR-133a, miR-133b, and miR-499 to the status of
MD-carriers. This result is very similar to the miRNAs we
screened for by ROC curve analysis. Furthermore, multivariable
regression analysis revealed that CK and miR-499 were
considered to be independent predictors for MD-carrier status.
This result further affirmed the diagnostic ability of miR-
499. Combining all of the above data, we suggest that
the up-regulation of miR-133b and miR-499 expression in
the serum may serve as potential useful biomarkers for
identification of MD-carriers (including those with normal
CK levels), with miR-499 being the strongest and significant
candidate biomarker.

CONCLUSION

By detecting each serum level of miR-1, miR-133a, miR-133b,
miR-206, miR-208a, miR-208b, and miR-499, we found that these
seven myomiRs were up-regulated in MD-carriers, respectively.
Serum miR-133b and miR-499 appear to be the promising
novel biomarkers for MD-carriers (including those MD-carriers
with normal CK levels). In addition, the combination of
these seven serum miRNAs and their respective combinations
with CK have better diagnostic ability for MD-carriers than
CK alone or individual miRNA. Our data suggest that a
combination of miRNAs or a combination of CK and miRNAs
may be more effective and reliable than any single miRNA
and can be used as new non-invasive biomarkers for detecting
MD-carriers.
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