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ABSTRACT
Background Skeletal muscle weakness in chronic
obstructive pulmonary disease (COPD) carries a poor
prognosis, therefore a non-invasive marker of this
process could be useful. Reduced expression of muscle-
specific microRNA (myomiRs) in quadriceps muscle in
patients with COPD is associated with skeletal muscle
weakness and changes in muscle fibre composition.
Circulating exosomal miRNAs can be measured in blood,
making them candidate biomarkers of biopsy phenotype.
To determine whether plasma myomiR levels were
associated with fibre size or fibre proportion, we
measured myomiRs in plasma from patients with COPD
and healthy controls.
Methods and results 103 patients with COPD and
25 age-matched controls were studied. Muscle-specific
miRNA was elevated in the plasma of patients with
COPD and showed distinct patterns. Specifically, miR-1
was inversely associated with fat-free mass in the cohort,
whereas levels of miR-499 were more directly associated
with strength and quadriceps type I fibre proportion.
Two miRs not restricted to muscle in origin (miR-16 and
miR-122) did not differ between patients and controls.
Plasma miR-499 was also associated with muscle
nuclear factor κB p50 but not p65 in patients with early
COPD whereas plasma inflammatory cytokines were
associated with miR-206 in patients with more advanced
disease.
Conclusions Plasma levels of individual myomiRs are
altered in patients with COPD but alone do not predict
muscle fibre size or proportion. Our findings are
consistent with an increase in muscle wasting and
turnover associated with the development of skeletal
muscle dysfunction and fibre-type shift in patients with
stable COPD.

INTRODUCTION
Patients with chronic obstructive pulmonary disease
(COPD) can demonstrate weakness due to reduced
muscle mass and fibre size1 2 and reduced muscle
endurance due to a shift to reduced type I muscle
fibre proportions.3 4 Quadriceps weakness5 6 and
wasting7 are present in spirometrically mild disease,
but are predictors of mortality among patients with
moderate to severe COPD, independent of lung
function.8 The fibre-type shift towards a predomin-
ance of fast fibres (mainly type IIa)4 9 10 is inde-
pendently associated with exercise intolerance in
COPD.3 11 12

The available data suggest considerable hetero-
geneity in the lower limb muscle fibre size and

proportions in patients with COPD.3 13 Potential
therapeutic agents might address different facets of
skeletal muscle dysfunction in COPD; in particular
a drug which improved muscle bulk might not
reverse fibre shift and vice versa, making biomar-
kers of skeletal muscle composition useful.14

The control of muscle mass and composition is
complex, involving numerous transcription factors
and other regulators including microRNAs. In
muscle, much attention has focussed on miR-1,
miR-499, miR-206, miR-133 (myomiRs) and
miR-181. Some myomiRs affect myocyte prolifer-
ation and differentiation, and are organised as
bicistronic genes, for example the miR-1 family.15

Others, for example miR-208b and miR-499,1516

are encoded within the slow myosin heavy chain
(MHC) genes17 and thereby are restricted to type I
fibres where they modulate fibre type.17 18 Mir-181
is thought to maintain muscle mass in an activity-
dependent manner. We have previously shown that
expression of miR-1 and miR-499 is suppressed in
the quadriceps of patients with COPD.19

MiRNAs circulate in blood and are resistant to
endogenous RNAses,20 therefore circulating
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Key messages

What is the key question?
▸ Are circulating muscle-specific microRNA levels

different in patients with chronic obstructive
pulmonary disease (COPD) compared with
controls and are they associated with muscle
biopsy characteristics?

What is the bottom line?
▸ MiR-1, miR-499, miR-133 and miR-206 levels

are higher in patients with stable COPD
compared with controls, likely as a result of the
increase in muscle wasting and turnover which
is associated with the development of skeletal
muscle dysfunction in COPD.

Why read on?
▸ This study implies that altered muscle turnover

is a component of stable COPD and that levels
of circulating microRNAs reflect changes
occurring within the skeletal muscle and may
form part of a future diagnostic tool for
COPD-associated muscle dysfunction.
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miRNAs are potential disease biomarkers.21 We predicted that
plasma levels of myomiRs differ between patients with COPD
and age-matched healthy controls and are associated with fibre
cross-sectional area (CSA) and fibre type proportions in patients.
Furthermore, we investigated associations of plasma myomiRs
with inflammatory signalling to provide insight into potential
mechanisms of muscle wasting in COPD.

METHODS
Subjects
Patients with COPD according to the Global Initiative for
Obstructive Lung Disease guidelines 200422 (36 women, 67
men) were enrolled from clinics at the Royal Brompton
Hospital (GOLD I or II, n=34; III, n=38; IV, n=31). Patient
exclusion criteria and ethical approval are described in the
online supplement. Control subjects (n=25) were recruited by
local advertisement. Data on lung function, strength, fibre size,
fibre proportion and MHC expression from this cohort have
been published previously.19 23 24

Physiological measurements
Measurements of lung volume, carbon monoxide transfer,
blood gases, fat-free mass index (FFMI), quadriceps strength
(maximum voluntary contraction (MVC)), and exercise per-
formance (6 min walk distance (6MWD)) are described in the
online supplement.

Quadriceps muscle biopsy assessment
Percutaneous needle biopsy of the vastus lateralis in the anterior
mid-thigh of the leg on which strength was tested was per-
formed under local anaesthesia using the Bergstrom

technique.25 Fibre size and fibre proportion were determined by
immunofluorescence. Messenger RNA (mRNA) was extracted
and quantified as described previously26 and in the online sup-
plement. Quadriceps nuclear factor κB (NFκB) p50 and p65
subunits were analysed using transcription factor ELISA, also
detailed in the online supplement.

Measurement of circulating miRNA and cytokine levels
Stored plasma samples were denatured, spiked with a synthetic
RNA for normalisation,27 poly-adenylated and reverse tran-
scribed and each miRNA was quantified by quantitative real-
time PCR. Detailed methods are given in the online supplement.
Cytokine levels were determined by luminex as described in the
online supplement.

Data analysis
Data were analysed by Student’s t test, ANOVA, Man–Whitney
U test, Pearson correlation and receiver operating characteristic
(ROC) analysis as appropriate and as described in the online
supplement.

RESULTS
Patient characteristics and muscle phenotype
Consistent with a diagnosis of COPD, the patients had impaired
lung function (forced expiratory volume in 1 s (FEV1) and gas
transfer) and reduced arterial blood oxygen tensions compared
with controls. There was no difference in age, body mass index,
FFMI or arterial blood CO2 tensions between groups. Patients
had a significantly reduced quadriceps force (MVC and twitch
force) and exercise capacity measured by 6MWD compared
with controls (table 1). Patients with GOLD III and GOLD IV

Table 1 Clinical characteristics of study subjects

Condition Control COPD Significance of difference, p value

Number 25 103
M (F) 14 (11) 67 (36) 0.4888 (F)
Age 67.04 (8.1) 66.47 (8.4) 0.757 (T)

Height (cm) 168 (8.9) 168 (8.6) 0.886 (T)
Weight (kg)* 69.1 (83.5, 62) 68.8 (80.6, 59.5) 0.359 (MW)
BMI (kg/m2)* 24.8 (27.05, 24) 24.1 (27, 21.4) 0.134 (MW)
FFMI (kg/m2)* 16.4 (19.8, 15.2) 15.7 (17.2, 14.5) 0.060 (MW)
Pack year smoking* 0 (8.75, 0) 45 (60.6, 34) <0.001 (MW)
FEV1 (% pred)* 110 (114, 101) 42 (57, 27) <0.001 (MW)
RV/TLC (%) 37 (4.8) 57 (9.2) <0.001 (T)
TLCO (% pred) 91 (14.2) 43 (17.6) <0.001 (T)
PaCO2 (kPa) 5.28 (0.4) 5.14 (0.6) 0.337 (T)
PaO2 (kPa) 11.0 (1.2) 9.31 (1.3) <0.001 (T)
6MWD (m) 614 (83) 394 (120). <0.001 (T)
SGRQ* 2 (7.5, 0) 54 (64, 43) <0.001 (MW)
Best MVC (kg) 35.8 (10.2) 29.5 (10.2) 0.006 (T)
Best TwQ (kg)* 8.6 (11.4, 7.0) 7.6 (9.2, 6) 0.081 (MW)
MVC/wt (kg/kg)* 0.49 (0.38, 0.57) 0.41 (0.37, 0.51) 0.014 (MW)
MHCI mRNA (AU)* 32 (48, 20) 7.3 (14.5, 4.6) <0.001 (MW)
MHCIIa mRNA (AU)* 1.6 (2.3, 0.9) 2.5 (3.8, 1.5) 0.045 (MW)
MHCIIx mRNA (AU)* 5.2 (8.1, 4.2) 11.4 (19.3,8.0) <0.001 (MW)

Values are mean (SD) for normally distributed data or median (75th, 25th percentile) for non-normally distributed data in patients with COPD or healthy controls (indicated by*).
p Values were calculated by t test (normally distributed data, T), Mann–Whitney test (non-normally distributed data, MW) or Fischer’s exact test (F) and are shown in bold when
p<0.05. MHC RNAs were determined by quantitative PCR and normalised to the expression of RPLPO in the same samples as described in the online supplement.
6MWD, 6 min walk distance; BMI, body mass index; COPD, chronic obstructive pulmonary disease; CSA, cross-sectional area; FEV1, forced expiratory volume in 1 s; FFMI, fat-free mass
index; MHC, myosin heavy chain; MVC, maximal voluntary contraction; PaCO2, arterial carbon dioxide tension; PaO2, arterial oxygen tension; pred, predicted; RV, residual volume;
SGRQ, St George’s Respiratory Questionnaire; TLC, total lung capacity; TLCO, transfer factor of the lung for carbon monoxide; TwQ, twitch force in the quadriceps.
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COPD had significantly lower FFMI than those with GOLD II
COPD and patients with GOLD IV COPD had significantly
worse 6MWD compared with those with GOLD II or III.
Quadriceps strength did not differ significantly across the
GOLD stages (see online supplementary table S1, figure S1).

Quadriceps muscle fibre size and proportion for the entire
cohort have been reported.3 The association of fibre type and
size with GOLD stage for those included in this study is shown
in online supplementary table S1. From that report we highlight
that the patients had markedly smaller IIX fibres (p<0.001),
more type II fibres and fewer type I fibres. Neither fibre propor-
tion nor fibre CSA was different between the GOLD groups (see
online supplementary table S1).

MiRNA levels in the plasma of patients with COPD
compared with control subjects
Circulating levels of miR-1, miR-499, miR-206 and miR-133 were
significantly elevated in the plasma of patients with COPD com-
pared with those in controls (figure 1). MiR-1 and miR-499 had
the greatest fold difference, 2.5 and 1.5 times higher in patients
with COPD and controls respectively. The trend towards an
increase in miR-181 did not reach significance (p=0.052). By con-
trast there was no difference in levels of miR-16 (an miRNA previ-
ously used as a control in plasma27) or miR-122 (a liver-specific
miRNA28), both serving as non-muscle-specific miR controls (see
online supplementary figure S2) or in the spiked in exogenous
control raw cycle threshold values in patients compared with

controls (p=0.308). As smoking affects miRNA levels in the lung
we compared plasma levels of the miRNAs in current (n=16) and
ex-smokers (n=87) with COPD; smoking status did not affect
plasma miRNA levels significantly.

Plasma microRNA and lung function
MiR-1 was negatively but modestly associated with FEV1 as %
predicted (r=−0.3, p=0.001) and with the transfer factor of the
lung for carbon monoxide (TLco)% predicted (r=−0.3,
p=0.002) when all subjects were analysed (figure 2). MiR-499,
miR-206 and miR-133 showed a distinct and similar pattern.
Although plasma miRNA was higher in patients than in the con-
trols, within the patient group, the miRNAs were higher in
patients with the most preserved lung function (figure 2; see
also online supplementary figure S3). Patients with GOLD IV
COPD had lower plasma miR-499 and miR-206 than those
with GOLD II COPD (p=0.004 and p=0.007 respectively; see
online supplementary figure S3) and both miRNAs had a
modest positive correlation with FEV1% predicted within the
patients alone (miR-499 r=0.26, p=0.007; miR-206 r=0.25,
p=0.013; figure 2). Neither miR-16 nor miR-122 varied with
GOLD stage (see online supplementary figure S4). Although
there were no overt differences in miRNA levels between
smokers and ex-smokers with COPD, because of the potential
confounder of smoking status, we re-analysed these correlations
in ex-smoking patients alone and found that the correlation was

Figure 1 Muscle-derived miRNAs are elevated in the plasma of patients with stable chronic obstructive pulmonary disease (COPD). Plasma miR
levels were measured as described in ‘Methods’ and normalised to a spiked Caenorhabditis elegans control. Data are presented as log-normalised
levels with the notched boxes showing median and IQR, error bars at the 10th and 90th percentile, outliers are also shown. Patients with Global
Initiative for Obstructive Lung Disease (GOLD) stage I and II COPD are represented by filled grey circles, those with GOLD stage III and IV disease are
represented by filled black circles and controls are shown as open grey circles. Statistical significance was calculated by t test or Mann–Whitney U
test as the non-parametric alternative.
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numerically strengthened despite a smaller number of data
points (miR-499 r=0.3, p=0.006; miR-206, r=0.34 p=0.001).

Plasma microRNA, muscle mass and strength
Plasma miR-1 levels negatively correlated with FFMI when patients
were analysed either with or without the controls (r=−0.21,
p=0.036 and r=–0.25, p=0.013, respectively; figure 3) and also
correlated with type I fibre CSA in patients (r=−0.27, p=0.027;
figure 3). In ex-smoking patients FFMI was more strongly asso-
ciated with plasma miR-1 than in the entire patient cohort
(r=−0.30, p=0.005; see online supplementary figure S5).
However, there was no association of miR-1 with strength.

The other myomiRs were not associated with FFMI or with
fibre CSA and showed only weak correlations between circulat-
ing miR levels and measures of quadriceps strength. MiR-133,
miR-499 and miR-206 weakly correlated with quadriceps MVC
corrected for weight (r=0.23, p=0.022; r=0.20, p=0.036; and
r=0.21, p=0.034, respectively). In ex-smoking patients the
associations were stronger than in the whole cohort (r=0.29,
p=0.008; r=0.27, p=0.013; and r=0.28, p=0.009; see online
supplementary figure S5).

Plasma miRNAs and fibre shift
Reduced lung function indices are associated with a reduction in
the percentage of type I fibres (TI%). In the entire patient group
none of the miRNAs were associated with TI%. However,
restricting the patient group to those with GOLD III and IV
disease showed a weak association between plasma miR-499
and TI% (r=0.26, p=0.033) and plasma miR-499 was signifi-
cantly lower in those with evidence of pathological fibre shift
(figure 4). MiR-499 was positively correlated with 6MWD
(r=0.22, p=0.028; figure 4), an association numerically
strengthened by considering ex-smoking patients alone (r=0.25,
p=0.020). However, miR-499 was not correlated with quadri-
ceps endurance.

To determine whether plasma myomiRs are useful predictors of
fibre-type shift, we performed ROC analysis which showed that
TLCO% predicted and 6MWD% predicted were better predictors
of fibre shift than the plasma miRNAs alone in patients with
GOLD III and IV COPD, but combining these values, the ROC
area under the curve (AUC) increased to 0.89 (table 2, figure 5 and
see online supplementary figure S6). Inclusion of patients with
GOLD I and II COPD (who did not show an association between

Figure 2 Association of plasma miRNAs with lung function. Plasma miRNAs were determined as described in ‘Methods’ and compared with
forced expiratory volume in 1 s (FEV1) % predicted. MiR-1 showed a negative association with FEV1 across the whole cohort (A) whereas miR-499
(B) and miR-206 (C) were highest in patients with early stage chronic obstructive pulmonary disease (COPD) (Global Initiative for Obstructive Lung
Disease (GOLD) I and II). Consequently although miR-499 and miR-206 levels were significantly higher in patients than controls (see figure 1) there
was a negative association of these miRNAs with FEV1 within the patients group alone (miR-499 r=0.29, p<0.003; miR-206 r=0.26, p<0.009).
Patients with GOLD I and II COPD are represented by filled grey circles, those with GOLD III and IV COPD are represented by filled black circles and
control subjects are represented by open grey circles.
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TI% and plasma miR-499) reduced the predictive value of physio-
logical and miRNA values for fibre shift (eg, TLCO% predicted
AUC=0.70 and the combined score AUC=0.79).

Plasma miR-499 with markers of inflammation
To investigate potential mechanisms contributing to the increase
in plasma myomiRs we compared NFκB p50 and NFκB p60 in
nuclei prepared from quadriceps muscle with plasma myomiR
levels. Overall, there was no difference in NFκB p65 and p50
binding DNA in patients compared with controls (p=0.134 and
p=0.968, respectively; see online supplementary table S1), and
there was no relationship of these factors with muscle mass, fibre
type or function. However, miR-499 levels were found to correl-
ate weakly with nuclear NFκB p50 (r=0.198, p=0.028). This
association persisted when only patients with COPD were con-
sidered (r=0.23, p=0.021). Restricting the patients to GOLD I
and II only strengthened the association of nuclear NFκB p50
with miR-499 (r=0.58, p<0.001), while an association was
absent in patients with GOLD III and IV COPD (r=0.142,
p=0.255; figure 6). While miR-1 did not correlate with nuclear
NF-κB p50 in any group, miR-133 (r=0.47, p=0.006) and
miR-206 (r=0.4, p=0.016) were associated with nuclear NFκB
p50 in patients with GOLD I and II COPD. There were no asso-
ciations of plasma miRNAs with nuclear NFκB p65.

Plasma myomiR levels were also compared with circulating
levels of tumour necrosis factor α, interleukin 2 (IL2) and IL5.
In the patients alone, plasma levels of miR-206, miR-133 and
miR-499, but not miR-1, were associated with plasma levels of
the cytokines (figure 7, table 3), in particular in patients with
GOLD III and IV disease. The strongest associations between
the circulating cytokines and myomiRs were with miR-206 and
the weakest associations were with miR-499 (figure 7).

DISCUSSION
The main finding of this study is that, in patients with stable
COPD, plasma levels of muscle-specific miRNAs but not of two

control miRNAs are increased, suggesting that muscle wasting
or turnover is increased even in those with stable COPD.
Furthermore, we show that different miRNAs have distinct
plasma profiles dependent on disease severity and on the pro-
portion of oxidative fibres remaining in the quadriceps. Alone
these miRNAs show weak discrimination of patients with type I
fibre shift, but they improve the utility of TLCO% predicted and
6MWD% predicted to identify patients with pathological type I
fibre shift in those with GOLD III and IV disease. Finally we
show that in mild/moderate disease, plasma levels of miR-499
are associated with nuclear NFκB p50 but not NFκB p65,
whereas in severe/very severe disease, miR-206 and miR-133 are
associated with circulating cytokines. These data raise the possi-
bility that wasting in mild disease is predominantly driven by
inactivity but in severe disease is associated with systemic
inflammation.

Significance of the findings
The purpose of this study was to identify biomarkers and
mechanisms of skeletal muscle dysfunction and fibre abnormal-
ities in COPD.

Disease process and mechanism
Increased plasma myomiRs are associated with wasting in
animals and humans. For example, in patients with Duchenne
muscular dystrophy and in mdx mice serum levels of miR-1,
miR-133 and miR-206 are elevated,29 suggesting that the
increase in plasma myomiRs observed in our cohort derives
from atrophying muscle or muscle with elevated turnover. As
our patients were in the stable phase of COPD, these data indi-
cate that increased muscle turnover occurs in patients with
COPD in the absence of current or recent exacerbation.

Although plasma levels of miR-499, miR-133 and miR-206
were elevated in patients compared with controls, within the
patient group the highest plasma levels were associated with
better lung function. This apparent paradox could be explained

Figure 3 Plasma miR-1 is weakly associated with fat-free mass and type I fibre cross-sectional area (CSA) in patients with chronic obstructive
pulmonary disease (COPD). Physiological parameters and plasma miRNA levels were determined as described in ‘Methods’. (A) Plasma miR-1 levels
negatively correlated with fat-free mass index when patients with COPD were analysed either with or without the controls (as shown in the figure),
r=−0.21, p=0.036 and r=−0.25, p=0.013, respectively. (B) Plasma miR-1 levels were negatively correlated with type I fibre CSA in patients
(r=–0.27, p=0.027). Patients with Global Initiative for Obstructive Lung Disease (GOLD) I and II COPD are represented by filled grey circles, those
with GOLD III and IV COPD are represented by filled black circles.
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Figure 4 Association of plasma miR-499 and fibre proportion in patients with Global Initiative for Obstructive Lung Disease (GOLD) III and IV
chronic obstructive pulmonary disease (COPD). Plasma miR-499 was determined as described in ‘Methods’. In the entire patient group none of the
miRNAs were associated with the percentage of type I fibre (TI%) in quadriceps muscle biopsy. (A) Comparison of fibre proportion and plasma
miR-499 levels in patients with GOLD III and IV COPD showed a weak association of plasma miR-499 with TI% in quadriceps biopsies (r=0.26,
p=0.033). (B) In the entire patient cohort, comparison of plasma miR-499 in patients with fibre shift (defined as a TI% below the 2.5th percentile
for the control cohort) with those without fibre shift had higher plasma miR-499. Median (25th, 75th percentile) log AU=4.113 (3.781, 4.412) and
3.898 (3.594, 4.126) respectively (Mann–Whitney test). Error bars are 10th percentile and 90th percentile and outliers are shown. (C) Comparison of
6 min walk distance with plasma miR-499 showed a weak association in the entire patient cohort (r=0.22, p=0.028). Patients with GOLD I and II
COPD are represented by filled grey circles and those with GOLD III and IV COPD are represented by black circles.

Table 2 ROC analysis multiplied by −1, predicting presence of type I fibre shift

TLCO% 6MWD% pred miR-1 miR-499 miR-133 miR-206 miR-181 AUC

+ 0.79
+ 0.78

+ 0.63
+ 0.71

+ 0.69
+ + 0.66

0.61
+ + 0.83
+ + 0.84
+ + 0.83
+ + + 0.86
+ + + + 0.87
+ + + + + + 0.89

Components included in each ROC analysis are indicated by +.
6MWD, 6 min walk distance; AUC, area under the curve; pred, predicted; ROC, receiver operating characteristic; TLCO, transfer factor of the lung for carbon monoxide.
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by differences in the muscle pool in patients with mild versus
severe disease. Patients with severe disease have a lower muscle
mass from which to release miRNA compared with patients
with mild disease. Also, patients with more severe disease have a
lower proportion of type I fibres from which to release
miR-499 compared with patients with mild disease, miR-499
being encoded within a slow MHC gene and so only expressed
in type I fibres.17 The decrease in miR-499 observed in patients
with severe lung function impairment is consistent with observa-
tions from patients with lung cancer in whom low plasma levels
of miR-499 were a predictor of reduced survival,30 perhaps as a
result of cachexia.

Our data also show that in mild COPD, plasma miR-499 levels
are directly correlated with nuclear NFκB p50. This observation
allows us to tentatively speculate that loss of type I fibres or export
of miR-499 is dependent on NFκB activation. However, as plasma
miR-499 levels were not associated with NFκB p65, the data
suggest that the increase in plasma miR-499 is associated with the
non-canonical NFκB pathway that utilises NFκB p50 and BCl3 in
response to physical inactivity as demonstrated by transgenic

mouse models.31 Alternatively, since miRs can be exported in an
active and selective manner,32 it is possible that NFκB p50 drives
the export of miR-499 from type I fibres. Given the role of
miR-499 in type I fibre maintenance, directed secretion of
miR-499 may be required for fibre switching in response to
inactivity. Again this process would be most active in the earlier
stages of the disease when there are more type I fibres. Plasma
cytokines were also associated with plasma myomiRs, in particular
miR-206 and miR-133 in patients with severe disease. This obser-
vation raises the possibility that inflammation is an important
driver of wasting in this patient subgroup. Alternatively, as there
was no association of the plasma myomiRs and nuclear NFκB
p65, the plasma myomiRs and inflammatory cytokines could be
associated in a NFκB-independent manner.

Plasma myomiRs as diagnostic tools in COPD-associated
fibre-type abnormalities
Muscle biopsy is the only way to investigate fibre-type changes
but is invasive, introducing discomfort and inconvenience to the
patient. Therefore, it would be very useful to identify a less

Figure 5 Receiver operating characteristic (ROC) analyses of physiological parameters alone or in combination with plasma miRNA levels to
discriminate patients according to the presence of type I fibre shift. Patients with Global Initiative for Obstructive Lung Disease (GOLD) III and IV
disease were defined as having type I fibre shift or not as described in ‘Results’. ROC analysis was then performed as described in ‘Methods’ using
transfer factor of the lung for carbon monoxide (TLCO) expressed as % predicted (A), 6 min walk distance (6MWD) as % predicted (B), combination
score (generated by combining TLCO % predicted, 6MWD % predicted, plasma miR-1 level, plasma miR-499 level, plasma miR-181 level and plasma
miR-206 level, as described in ‘Methods’) (C). Area under the curve (AUC) is shown in each graph. (D) Comparison of the combined score in
patients with or without fibre shift. Patients with GOLD III and IV disease with fibre shift have a significantly different score (p<0.001) than patients
of the same disease severity without fibre shift. TPF, true positive fraction.
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invasive measure of muscle fibre-type abnormalities. Alone,
neither the miRNAs studied here nor the physiological para-
meters are sufficient to identify patients with a significant fibre
shift. However, by combining these factors we were able to
improve discrimination for identifying type I fibre shift. This
approach only worked in the severe disease groups (GOLD III
and IV), presumably because the more dynamic changes in quad-
riceps mass have already occurred.7 Whilst not sufficient to
replace muscle biopsy based on the present data, increasing the
number of miRNAs profiled has potential to improve the predict-
ive power further, while a larger study would increase the power
to detect a potential biomarker from the targets already studied.

Critique of the method
The myomiRs we evaluated are known to be highly enriched in
muscle, suggesting that the majority of myomiRs measured in
plasma are of muscle origin. However, with the exception of
miR-206 these miRNAs could come from either cardiac or skel-
etal muscle; miR-206 is almost exclusively expressed in skeletal
muscle and is not readily detectable in the heart by RNAse

protection33 or real-time PCR.34 Given that miR-133 and
miR-499 show very similar patterns in patients with COPD to
that of miR-206, they are also likely to be of skeletal muscle
origin. MiR-1 plasma levels had a linear correlation with FEV1,
unlike the other myomiRs and miR-1 was present at the lowest
levels. Cardiac muscle is another potential source of miR-1,
miR-133 and miR-499, but studies have failed to demonstrate
major changes in circulating myomiRs in chronic heart failure,
diastolic dysfunction or hypertrophy,35 suggesting that the heart
is an unlikely contributor to the elevation of plasma myomiRs
in patients with COPD. It is not possible to determine the pro-
portion of each myomiR that is derived from individual
muscles. However, the quadriceps muscle contributes approxi-
mately 40% of the skeletal muscle bulk and is known to be the
predominant muscle affected in patients with COPD, even
within the lower limb.36 If the diaphragm was the major source
of the elevated plasma myomiRs, we would have predicted an
increase in miR-499 as a result of the increase in TI% in the dia-
phragm in patients with COPD compared with controls, and
potentially an increase in miR-499 with advancing GOLD

Figure 6 Plasma miR-499, miR-133 and miR-206 are correlated with the amount of nuclear factor κB (NFκB) in the quadriceps nuclei of patients
with Global Initiative for Obstructive Lung Disease (GOLD) I and II chronic obstructive pulmonary disease (COPD). Log normalised plasma miR-499
(determined as described in ‘Methods’) was compared with NFκB p50 determined by transcription factor ELISA. In patients with GOLD I and II
COPD there was a direct association between NFκB p50 (r=0.58, p<0.001) and miR-499 (A) that was not present when analysing patients with
GOLD III and IV COPD (r=0.142, p=0.25 (B). In patients with GOLD I and II COPD NFκB p50 was also correlated with miR-206 (r=0.4 p=0.016 (C)
and miR-133 (r=0.47, p=0.006 (D). Patients with GOLD I and II COPD are represented by filled grey circles, those with GOLD III and IV COPD are
represented by filled black circles.
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stage,37 neither of which were seen. It is therefore likely that
quadriceps muscle is the main contributor to changes in plasma
myomiRs.

This study is a cross sectional analysis of a large cohort of
patients with COPD with plasma myomiRs measured at a single
time point and as such we can only speculate on changes that

Figure 7 Plasma miR-499 and miR-206 are associated with plasma interleukin 2 (IL-2) in patients with chronic obstructive pulmonary disease
(COPD). Log normalised plasma miR levels (determined as described in ‘Methods’) were compared with plasma IL-2 levels determined by ELISA.
miR-206 was not associated with plasma IL-2 in patients with Global Initiative for Obstructive Lung Disease (GOLD) I and II COPD but was positively
associated with plasma IL-2 in GOLD III and IV COPD (B) (r=0.39, p<0.001). miR-499 was not associated with IL-2 in patients with GOLD I and II
COPD (C) or in patients with GOLD III and IV COPD (D). Patients with GOLD I and II COPD are represented by filled grey circles and those with
GOLD III and IV COPD are represented by filled black circles.

Table 3 Pearson correlation coefficients for the association of plasma myomiRs with plasma cytokines

Cytokine

miR-499 miR-133 Mir-206

Patient group r p r p r p

IL-2 0.33 0.056 0.35 0.049 0.32 0.07
GOLD I/II IL-5 0.22 0.202 0.23 0.201 0.42 0.016

TNF 0.25 0.162 0.28 0.118 0.36 0.038
IL-2 0.15 0.223 0.37 0.002 0.39 <0.001

GOLD III/IV IL-5 0.238 0.052 0.39 <0.001 0.38 <0.001
TNF 0.27 0.023 0.25 0.042 0.36 0.038
IL-2 0.33 <0.001 0.34 <0.001 0.36 <0.001

All IL-5 0.31 0.002 0.32 <0.001 0.34 <0.001
TNF 0.22 0.026 0.22 0.025 0.27 0.007

GOLD, Global Initiative for Obstructive Lung Disease; IL, interleukin; TNF, tumour necrosis factor.
Bold signifies statistically significant correlation p<0.01.
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might occur over time. Our data are therefore correlative in
nature and the associations do not show causation.

CONCLUSIONS
This study demonstrates elevated muscle-specific miRNAs in the
plasma of patients with COPD compared with controls. Our find-
ings are consistent with an increase in muscle wasting and turnover,
associated with the development of skeletal muscle dysfunction
and fibre-type shift in patients with COPD. Despite the complex
pathophysiology underlying circulating myomiRs, the, albeit weak,
correlations of plasma myomiRs with quadriceps function and fibre
characteristics suggest that the quadriceps are a significant contribu-
tor to the changes in plasma myomiRs in COPD. We do not offer a
biological function for the circulating miRs, but suggest that the
amount reflects the underlying skeletal muscle mass, rate of turn-
over and muscle fibre-type composition of patients.
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ONLINE SUPPLEMENTARY INFORMATION 

Patient exclusion criteria and ethics 

Patients with a diagnosis of heart, renal or liver failure, a systemic inflammatory or metabolic 

disorder or a moderate/severe exacerbation (i.e. requiring antibiotics, oral steroids, or 

hospitalisation) in the preceding 4 weeks were excluded.  25 healthy age-matched controls (11 

female and 14 male) were recruited by advertisement.  All subjects gave written informed consent 

and the protocol was approved by the Royal Brompton & Harefield NHS Trust Research Ethics 

Committee (Studies 06/Q0404/35 and 06/Q0410/54). 

 

Physiological measurements  

Lung volumes measured using plethysmography, carbon monoxide transfer factor assessed using the 

single breath technique (CompactLab, Jaeger, Germany) and post-bronchodilator spirometry 

according to ATS/ERS guidelines 1. Blood gas tensions were measured in arterialised capillary earlobe 

blood. Fat-free mass index (FFMI) was calculated using bioelectrical impedance (Bodystat 1500, 

Bodystat, UK) as described previously 2 and corrected in the case of patients with a disease specific 

equation 3. FFMI <15 kg/m2 in females and 16kg/m2 in males were used as cut offs for low fat free 

mass.  

Quadriceps strength was determined by measuring supine isometric maximal voluntary contraction 

(MVC) of the leg ipsilateral to the dominant hand, using an adaptation of the technique of Edwards 

et al 4 and correcting for weight (the main independent predictor of MVC in patients and controls), 

and by measuring the unpotentiated twitch quadriceps force (TwQ) as described by Polkey et al 5.  

Exercise performance was assessed 5 minutes post-bronchodilator with the 6 minute walking test 

(6MW), performed according to ATS 2002 guidelines 6.  
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Measurement of circulating plasma miRNA levels  

The method followed was adapted from Kroch et al 7 . Briefly, 4ml of Qiazol Lysis reagent solution 

(Invitrogen) was added to 400µl of thawed plasma sample, vortexed and left to stand for 5 minutes.  

A stock of synthetic  C. elegans miRNA, (concentration 5 fmol/µL) was prepared to use as a spiked-in 

exogenous control Sequences:  Cel-miR-39, 5’-UCACCGGGUGUAAAUCAGCUUG-3’; Cel-miR-54, 5’-

CGUAAUCUUCAUAAUCCGAG-3’ (Invitrogen).   5µl of this was added to the denatured plasma sample 

and vortexed.  

300µl of molecular grade chloroform was then added to the sample, vortexed for 30 seconds and 

centrifuged for 25 minutes at 2,500 x g at 4°C.  The aqueous phase for each sample was then 

transferred to a new collecting tube and RNA was isolated using the miRNeasy Mini RNA isolation kit 

according to the manufacturer’s protocol (Qiagen, Inc). RNA Samples were eluted from the columns 

in 50µl RNAse free water and stored at -80°C.  

For microRNA cDNA synthesis and poly (A) tailing from RNA, an NCode ™ VILO™ miRNA cDNA 

Synthesis kit was used according to the manufacturer’s guidelines.  11µl of RNA was pipetted into 

one well on a 96 well plate, in which the cDNA was later stored.  RNA was heated to 65°C for 5 

minutes, and then placed on ice for 2 minutes.  cDNA master mix was prepared  (each reaction 

contained  4µl of 5X reaction, 2µl of 10X SuperScript enzyme mix and 3µl of DPEC water).  9µl of this 

master mix was then added to the heated RNA.  The reaction was then incubated at 37°C for one 

hour and terminated by heating to 95°C for 5 minutes. 80µl of sterile water was then added to give a 

total RT product volume of 100µl of cDNA.  cDNA was stored at -20°C.  
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Polymerase chain Reaction (PCR)  

50 µl PCR reactions were performed to optimise annealing temperatures and validate custom made 

miRNA primers prior to quantitative PCR.  Each reaction contained 25µl Express Sybr® Green 

JumpStart™ Taq Ready Mix (Sigma) detection reagent, 1µl of 10µM universal  qPCR Primer, 20µl 

sterile water, 1µl 10µM miRNA forward primer  and 3µl cDNA. 

PCR amplification programme:  95°C for 10 minutes, then 40 cycles of  95°C for 15 seconds, 60°C for 

1 minute, 72°C for 1 minute, the reaction was terminated at 72°C for 10 minutes.  Different 

annealing temperatures were tested.  

Forward miRNA gene primer sequences (Invitrogen):  

miRNA- specific forward primer Primer sequence 5’ to 3’  

C. elegans- mir 39 TCA CCG GGT GTA AAT CAG CTT G 

miR-1 CCG GTG GAA TGT AAA GAA GTA TGT  AT 

miR-16 TAG CAG CAC GTA AAT ATT GGC G 

miR-122 TGG AGT GTG ACA ATG GTG TTT 

miR-499 GGC TTA AGA CTTGCA GTG ATG TTT 

miR- 133 UUU GGU CCC CUU CAA CCA GCU G 

miR- 206 UGG AAU GUA AGG AAG UGU GUG G 

miR-181 ATT CAA CGC TGT CGG TGA GT 

 

PCR products were separated by electrophoresis through a 2% agarose gel and visualised with 

ethidium bromide to confirm the size of the correct base pair size. A negative control was tested per 

reaction.  
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PCR products were successively diluted to generate dilution series per miR tested.  qPCR reactions 

(as above) were performed on these dilutions to  generate standard curves.  A reference standard 

curve per miR tested was used to align the results across the plates tested.  

 

Quantitative real-time PCR  

Express Sybr® GreenER™ miRNA qRT-PCR kit was used according to the manufacturer’s guidelines 

(Invitrogen).  Each reaction contained  10 µl Express Sybr® GreenER™  qPCR SuperMix with Premixed 

ROX , 0.4µl forward miR primer 10µM, 0.4µM universal qPCR primer 10µM, 6.2µl sterile water and 

3µl cDNA.   

The qPCR reactions were run on the 7500 Fast Real-Time PCR System (Applied Biosystems, UK.), with 

the following cycle program: 50 °C for 2 minutes, 95 °C for 10 minutes, then 40 cycles of 95 °C for 15 

seconds, 60°C for 60 seconds. A dissociation curve/ melt curve stage was run with the first reaction. 

Each sample was tested in duplicate on 96 well plates, equal number of controls were on each plate. 

We measured miR-1, miR-499, miR-206, miR-181 and miR-133.  Two miRNAs known not to be 

muscle restricted (miR-16 and miR-122) served as controls.   

Analysis was performed as previously described.  Results were normalised to an exogenous spiked in 

control, C. elegans miR- 39.  Samples where duplicates gave inconsistent results were excluded from 

the analysis.  Average Ct value for the patients was 18.9 ± 2.1 and for the controls was 19.4 ± 2.3 

(mean ± SD) these values were not significantly different. 

 

Muscle analysis 

MHC mRNA analysis  
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Real time quantitative PCR (RT-PCR): RNA was extracted from muscle biopsies using the Qiagen 

RNeasy® kit (Qiagen, UK), the concentration of RNA was quantified using a spectrophotometer 

(Nanodrop (ND1000, Wilmington USA) and first strand cDNA generated using Superscript® II Reverse 

Transcriptase (Invitrogen).   The qPCR analysis was carried out in duplicate on each cDNA sample for 

every target gene and for the reference genes RPLPO using a 10 μl reaction of SYBR® Green 

Quantitative RT-PCR Kit (Sigma Aldrich, UK) and  the primer pair (2pmol/µl) in 96 well plates 

(MicroAmp, Fast optical 96 well reaction plate (0.1 ml) (Applied Biosystems, UK.), covered by an 

optical plate cover (MicroAmp, Optical adhesive film (PCR compatible), Applied Biosystems, UK.).  

The qPCR reactions were run on the 7500 Fast Real-Time PCR System (Applied Biosystems, UK.), with 

the following cycle program: 95 ºC for 10 minutes, then 40 cycles of 95 ºC for 15 seconds, 64°C for 

30 seconds, 72°C for 30 seconds. The annealing temperature was optimised for each individual pair 

of primers.  The PCR products were run on a 2% agarose gel to confirm the size of the correct base 

pair size. Q-PCR data for each gene was normalised to the value for RPLPO from the same sample as 

previously described 8.   

The Primer Sequences used are as follows:  

RPLPO Forward TCTACAACCCTGAAGTGCTTGATATC,  

RPLPO Reverse GCAGACAGACACT GGCAACATT,  

MHC type I, IIa and IIX  primers have previously been described 9 10.   

 

Transcription factor Enzyme linked Immunsorbent Assays (TF ELISAS) to quantify NFκβ P65 and P50 

subunits in quadriceps muscle biopsies 

10ug protein per sample was analysed. Assays were performed by the US Panomics/Affymetrix 

testing Service in California, USA using the Panomics/Affymetric  TF ELISA plates, solutions and 
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nuclear extraction kit (#EK1111, #EK1121 and EK1041).  Samples were run in duplicate with 

appropriate positive controls (HeLa cell nuclear extracts treated with TNF-α) and negative controls. 

The average result for each sample was calculated for purposes of analysis.  

Luminex assays for Plasma cytokines. 

Plasma cytokines were determined using luminex assays run by European Invitrogen Testing Service. 

An ultrasensitive panel was run to determine TNF-α, IL-2 and IL-5 with a sensitivity of <1pg/ml for 

each analyte (#LHC6004) and standard panels used to quantitate CRP (#LHP0031) and TNF-α 

receptors I and II (TNFRI and TNFRII, #LHC0006). 

 

Statistical analysis: 

PCR data were log transformed to stabilise the variance in the dataset as variance increases with Ct 

value and to give equal weighting to samples with low levels. Pearson’s correlation coefficient was 

calculated to analyse correlations assuming linearity.  Differences between patients and controls 

were calculated by Student’s t-test for normally distributed data and by Mann-Whitney U test for 

data that did not fit a normal distribution.  Comparison of single variables across the GOLD stages 

was performed by ANOVA and the analysis corrected for multiple testing using a Bonferroni-Dunn 

Correction.  

ROC analysis: samples were defined as exhibiting type I fibre shift if the proportion of fibres in the 

biopsy was below the 2.5th percentile for the control group (less that 31% type I fibres).  

Physiological values and log normalised miRNA values were used alone or combined by 

multiplication to give a score as the variable for ROC analysis.  All values were multiplied by -1 to 

classify patients according to the presence of type I fibre-shift.  ROC analysis was performed in Aabel 

(Gigawiz). Statistical significance was taken at p<0.05 for all analyses. Analyses were performed using 

Prism 5 (Graphpad Software inc., San Diego, CA, USA) or Aabel (Gigawiz).  
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Table S1: Physiological, muscle and plasma miR levels according to disease status  

Parameters were measured as described in Materials and Methods and are shown as median (inter-quartile range).  ** p<0.005 as determined by ANOVA, 

adjusted =0.005.  These data describe the values from the subjects included in this study.   

 Control GOLD I GOLD II GOLD III GOLD IV 

FEV1% 110 (101, 113) 88 (87,89)** 61 (57, 68)** 41 (36, 44)** 25 (20, 27)** 

FFMI (kg/m
2
) 16.4 (15.2, 19.9) 16.9 (16, 17.9) 17.3 (15.5, 18.5) 15.3 (14.3, 16.5)**†† 14.9 (14.1, 16.7)** †† 

MVC/Wt (kg/kg) 1.4 (1.2, 1.6) 1.4 (1.1, 1.6) 1.0 (0.74, 1.4) 1.2 (1.0, 1.5) 1.2 (0.9, 1.5) 

Type I % 52, (46, 59.5) 37 (35, 40) 31 (23, 38)** 30 (23, 37)** 28 (11, 35)** 

Type IIa % 40 (35, 46) 53 (47, 60)** 58 (52, 67)** 62 (56, 68)** 62 (55, 70)** 

Type IIx % 1.0 (0, 5.5) 2.5 (1.5, 6.3) 4.5 (1.0, 7.5) 4.0 (1.0, 7.0)** 6.0 (1.5, 11.5) 

Type I CSA (um2) 5320 (4821, 6104) 4941 (4408, 5367) 5095 (4267, 6521) 4924 (4052, 5634) 5233 (3850, 5840) 

Type IIa CSA (um2) 4329 (3406, 5837) 3935 (3616, 4358) 3877 (2658, 4549) 3920 (3001, 4758) 4908 (3599, 4914) 

Type IIx CSA (um2) 4819 (4186, 6811) 3698 (3124, 4475) 2746 (1754, 3979) 2944 (1853, 3406)** 3024 (1962, 4001) 

plasma miR-1 (AU) 1.36 (0.87, 1.60) 1.42 (1.08, 1.74)  1.40 (1.15, 1.70)  1.70 (1.42, 1.99) 1.68 (1.40, 1.89) ** 

plasma miR-499 (AU) 3.70 (3.09, 3.96) 4.23 (3.99, 4.43) 4.06 (3.79, 4.44) ** 4.05 (3.82, 4.33) ** 3.82 (3.59, 4.05) 

plasma miR-133 (AU) 2.25 (2.05, 2.46) 2.68 (2.52, 2.88) 2.58 (2.28, 2.77) 2.55 (2.40, 2.65) 2.40 (2.15, 2.60) 

plasma miR-206 (AU) 2.11 (1.93, 2.35) 2.59 (2.43, 2.76) 2.69 (2.42, 2.96) ** 2.43 (2.24, 2.74) 2.36 (2.20, 2.62) 

plasma miR-181 (AU) 3.40 (2.75, 3.72) 3.53 (3.46, 3.58) 3.47 (3.32, 3,63) 3.56 (3.39, 3.74) 3.95 (3.37, 3.81) ** 

plasma miR-16 (AU) 4.03 (3.82, 4.22) 4.15 (4.06, 4.21) 3.95 (3.69, 4.28) 4.14 (3.88, 4.35) 4.13 (3.92, 4.31) 

plasma miR-122 (AU) 3.37 (3.15, 3.42) 3.61 (3.61, 3.62) 3.60 (3.30, 3.91) 3.40 (3.27, 3.51) 3.30 (3.22, 3.54) 

NF-kB p50 (AU) 987 (510, 1424) 970 (614,1296) 1072 (549, 1469) 1038(550.1586) 1096 (492, 1570) 

NF-kB p65 (AU) 283 (155, 418) 271 (224, 303) 274 (184, 395) 209 (129, 318) 285 (214, 433) 
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FIGURE LEGENDS 

Figure S1. Association of physiological characteristics with disease status 

FFMI, 6 MW (% predicted) and strength measured as MVC/wt as described in methods were 

compared across the GOLD stages.  FFMI was suppressed in GOLD III and GOLD IV patients compared 

to controls and to GOLD II patients (there were too few GOLD I patients for proper analysis).  GOLD 

II, GOLD II and GOLD IV patients had lower endurance marked by 6MW% predicted than controls 

with GOLD IV patients having the lowest endurance.  There were no significant differences in 

strength between the groups. (** p<0.005 vs control, ††p<0.005 vs GOLD II, †††p<0.005 GOLD III vs 

GOLD IV, ANOVA adjusted =0.005). 

 

 

Figure S2.  Plasma levels of non muscle derived miRNAs are not different between patients and 

controls  

Plasma miR levels were measured as described in Materials and Methods and normalised to a spiked 

C.Elegans control.  Data are presented as log normalised levels with the notched boxes showing 

median and IQR, error bars at 10th and 90th percentile, outliers are also shown.  COPD GOLD stage I 

and II patients are represented by filled grey circles, GOLD stage III and IV patients are represented 

by filled black circles and controls are shown as open grey circles. Statistical significance was 

calculated by t test or Mann-Whitney as the non-parametric alternative. 

 

Figure S3. Plasma levels of myomiRs according to disease status 

Plasma miRNAs were determined as described in Materials and Methods and compared across GOLD 

stages.  MiR-1 was significantly elevated in GOLD IV patients compared to controls. MiR-499 was 

elevated in both GOLD II and GOLD III patients compared to controls but was not elevated in GOLD 

IV patients.  MiR-206 was elevated in GOLD II patients compared to controls but not in GOLD III or 
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GOLD IV patients. Distribution of the data points are shown as are the confidence intervals 10th and 

90th percentile and the outliers. (** p<0.005 vs control, ANOVA adjusted =0.005).  

 

Figure S4. Plasma levels of miRs according to disease status 

Plasma miRNAs were determined as described in Materials and Methods and compared across GOLD 

stages.  GOLD stage did not affect plasma levels of miR-16 or miR-122 but miR-181 levels were 

elevated in GOLD III and GOLD IV patients. Distribution of the data points are shown as are the 

confidence intervals 10th and 90th percentile and the outliers. (** p<0.005 vs control, ANOVA 

adjusted =0.005) 

 

Figure S5. Association of plasma miRNAs with FFMI or strength in ex-smoking COPD patients 

Physiological parameters and plasma miRNA levels were determined as described in Materials and 

Methods.  (A) Plasma miR-1 levels negatively correlated with FFMI, in ex-smoking COPD patients 

(r=0.30, p=0.005). Mir-206 (B), -499 (C) and -133 (D) weakly correlated with quadriceps MVC 

corrected for weight in the ex-smoking patients. In ex-smoking patients the associations were 

stronger than in the whole cohort (r=0.28, p=0.009, r=0.27, p=0.013, r=0.29, p=0.008 respectively).  

 

. 

 

Figure S6  ROC analyses of plasma miRNA levels to discriminate patients according to presence of 

type I fibre-shift  

GOLD III and IV patients were defined as having type I fibre-shift or not as described in Results.  ROC 

analysis was then performed as described in Materials and Methods using plasma levels of; miR-1 

(A), miR-206 (B), miR-181 (C), miR- 499 (D).  Areas under the curves are shown for each miR.   

 
 



 
 
 



 
 
 
 

 
 



 
 
 

 



 
 
 


