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Introduction

Abstract

Objective: Myasthenia gravis (MG) is a chronic autoimmune disorder where
autoantibodies target the nicotinic acetylcholine receptors (AChR+) in about
85% of cases, in which the thymus is considered to play a pathogenic role. As
there are no reliable biomarkers to monitor disease status in MG, we analyzed
circulating miRNAs in sera of MG patients to find disease-specific miRNAs.
Methods: Overall, 168 miRNAs were analyzed in serum samples from four
AChR+ MG patients and four healthy controls using Exiqon Focus miRNA
polymerase chain reaction (PCR) Panel I + II. Specific accumulation pattern of
13 miRNAs from the discovery set was subsequently investigated in the sera of
16 AChR+ MG patients and 16 healthy controls. All patients were without
immunosuppressive treatment. Selected specific miRNAs were further analyzed
in the serum of nine MG patients before and after thymectomy to assess the
effect of thymus removal on the accumulation of the candidate miRNAs in
patient sera. Results: Three miRNAs were specifically dysregulated in AChR+
MG patient sera samples. Hsa-miR150-5p, which induces T-cell differentiation,
as well as hsa-miR21-5p, a regulator of Thl versus Th2 cell responses, were spe-
cifically elevated in MG sera. Additionally, hsa-miR27a-3p, involved in natural
killer (NK) cell cytotoxicity, was decreased in MG. Hsa-miR150-5p levels had
the highest association with MG and were significantly reduced after thymus
removal in correlation with disease improvement. Interpretation: We propose
that the validated miRNAs: hsa-miR150-5p, hsa-miR21-5p, and hsa-miR27a-3p
can serve as novel serum biomarkers in AChR+ MG. Hsa-miR-150-5p could be
a helpful marker to monitor disease severity.

thymic hyperplasia characterized by ectopic germinal
center development, and hence AChR+ patients are

Myasthenia gravis (MG) is a chronic T-cell mediated
autoimmune disorder, where the attack of autoantibodies
(abs) results in failure of neuromuscular transmission and
fatigable weakness of skeletal muscles."”> The most com-
mon immunological subtype of MG includes abs against
the nicotinic acetylcholine receptors (AChRs) at the mus-
cle membrane. Approximately 85% of patients are AChR
ab seropositive (AChR+).> A substantial proportion of
predominantly female AChR+ MG patients (~60%) has

recommended to undergo thymectomy to halt disease
progress.* The production of anti-AChR abs depend upon
CD4+ T cells’ and characteristics of chronic autoimmune
activation include long-term expression of markers for
activation on T cells, lymphocyte trafficking as well as B
cell-activating ability. Thus, these data provide evidence
for persistent clonally expanded B helper CD4+ T cell
populations in the blood of MG patients.® In the periph-
ery, total Ig production is higher in the blood of MG
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patients than in age-matched healthy control (HC) indi-
viduals,’ indicating an active inflammatory state. The
detection of MG-specific abs helps the diagnosis, along
with clinical fatigue tests and neurophysiological
assessment of neuromuscular transmission failure. How-
ever, in general, the ab titer does not predict the degree of
muscle weakness or the response to therapy.®® Conse-
quently, there is an obvious need for reliable biomarkers,
which correlate with even subtle fluctuations in disease
severity for individual treatment regimen and clinical trials.

Mammalian microRNAs (miRNAs) have gained a lot
of attention as powerful small non-coding RNA species
inhibiting gene expression by degrading and/or blocking
translation of their target messenger RNAs (mRNAs)."
Mature miRNA regulated gene expression contributes to
essential cellular processes such as differentiation, apopto-
sis and proliferation.'’ Quantitative detection of cellular
miRNAs has been suggested to define disease status, as
abnormal presence of certain miRNAs correlates with the
pathogenesis of diseases such as cancer and diabetes.'>"?
Importantly, miRNAs can also be detected in the extracel-
lular environment. This fraction of miRNAs is regarded
as cell-free circulating molecules residing in various extra-
cellular vesicles such as microvesicles, exosomes, and
microparticles.'* A growing list of reports indicates that
these circulating miRNAs can be detected and quantita-
tively analyzed in biofluids, including serum, plasma,
urine, and saliva.'”” Thus, the detection of circulating
miRNAs in patient biofluids has been considered a novel
method of detecting the progression of cardiovascular dis-
eases and malignant growth.'*'> A recent study has also
identified circulating miRNAs as readily accessible blood
biomarkers to monitor disease state in multiple sclerosis
(MS), a T-cell mediated disorder of the central nervous
system.'® The aim of this study was to analyze the circu-
lating miRNA profile in the serum of female patients with
AChR+ generalized MG and to assess whether the level of
any specific miRNA could serve as a new biomarker for
MG patients.

Material and Methods

Subjects

In order to obtain as homogenous group of MG patients
as possible, our selection criteria were (1) female patients
with early-onset MG (onset <50 years of age) with objec-
tive clinical muscle fatigue along with disturbed neuromus-
cular transmission on repetitive nerve stimulation and/or
single-fiber electromyography, (2) positive serum AChR
abs (0.2 nmol/L), (3) mild generalized disease (Myasthe-
nia Gravis Foundation of America [MGFA] class 2), (4) no
immunosuppressive treatment for at least 6 months, and
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(5) no thymoma. Symptomatic treatment with acetylcho-
linesterase inhibitors (AChEIs) was allowed. Serum samples
were obtained from MG patients and from age-matched
healthy female blood donors after informed consent. These
studies on blood samples were approved by local Ethics
Committees (Uppsala-Sweden [Dnr 2010/446] and Paris-
France [CPP no.29-10 — authorization number ID RCB
2010-A00250-39]). Demographics of the discovery and val-
idation sets are shown in Table 1.

The discovery set (N = 8) included four MG patients
from France, who had not undergone thymectomy at the
time of serum sampling. All MG patients had an MGFA class
of 2A and a hyperplastic thymus was identified in all cases
later upon thymectomy. The discovery set also included four
age-matched female French blood donors as HCs.

The validation set (N = 32) consisted of 16 Swedish
MG patients with MGFA class 2A as well as 16 age-
matched healthy female Swedish blood donors (Table 1).
All of the patients had undergone thymectomy and
underwent a clinical examination at the same date as the
blood samples were collected, revealing an MG Composite
score'” ranging from 1 to 7.

Furthermore, in order to assess the effect of thymec-
tomy, nine French MG patients who had serum samples
collected both before and after thymectomy were
included. These patients had an MGFA class of 2A-2B at
thymectomy time (Table 4).

Table 1. Demographic data of subjects in the discovery set and vali-
dation set.

Healthy controls MG patients

Discovery set

N 4 4

Age 332 £ 82 327 £ 7.1

Disease duration (months) n.a. 80+28

AChEI (N) n.a. 4

Thymectomy n.a. No
Validation set

N 16 13 (16)"

Age 40.1 £ 9.9 422 + 7.7

Disease duration (years) N.A 19.2 £ 10.2

AChEI (N) N.A 13

Post-thymectomy (years) N.A 159+ 74

Clinical characteristics of the patients included in the discovery set
(French) as well as the validation set (Swedish). The results are, where
applicable, presented as mean + SD. All patients and controls in the
validation set were female and age matched in each individual case.
N, number of patients; AChEIls, acetylcholinesterase inhibitors; N.A,
not applicable. None of the analyzed patients had current immuno-
suppressive treatment. All data are displayed as mean + SD.

'Sixteen patients were included in the validation cohort, although due
to hemolyzed samples 13 samples were used.
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RNA isolation and miRNA expression
analysis

Blood samples were collected in tubes without any addi-
tives and then centrifuged, after at least 20 min storage in
room temperature, at 1900 g and 20°C for 5 min in Swe-
den and at 1800 g and 4°C for 20 min in France. The
serum samples were subsequently stored at —80°C until
use. RNA isolation was performed using a miRCURY
RNA Isolation Kit (Exiqon, Vedbaek, Denmark) accord-
ing to the manufacturer’s instructions. Isolated RNA sam-
ples were used for cDNA synthesis with Universal cDNA
Synthesis Kit II (Exiqon).

miRNA analysis using PCR arrays

Initial miRNA detection experiments were performed on
Serum/Plasma Focus microRNA polymerase chain reac-
tion (PCR) Panel I + II (V1.M) by using SYBR® Green
master mix (Exiqon) as recommended by the manufac-
turer. This panel covers the analysis of 168 human mi-
RNAs and was used for profiling the discovery set of four
patients and four HCs. Analysis of the raw qRT-PCR
amplification data was performed according to the Exi-
qon's recommendations. The qRT-PCR data from Serum/
Plasma Focus microRNA PCR Panels were examined with
GenEx software (Exiqon). In this process the inter-plate
calibration, approved quality controls (RNA-spike-in),
and hemolysis test (hsa-miRNA23a-3p — hsa-miRNA451a)
were included. Hereafter, we use the miRBase (www.mir-
base.org) recommended naming of the miRNAs, whereby
the hsa-miRNA indicates human mature miRNA, for the
miRNAs analyzed in this study. Reference miRNAs,
hsa-miR93-5p, hsa-miR-191-5p, hsa-miR-423-4p, and
hsa-miR-103a, were chosen by analyzing the suggested
candidate genes in the applications “NormFinder” and
“GeNorm” available in the GenEx software (Fig. S1).

Screening of the individual miRNAs

Screening of the individual miRNAs was performed with
specific microRNA LNA™ PCR primers (Exiqon) by using
ExiLENT SYBR® Green master mix (Exigon). All qRT-
PCR reactions were carried out on 384-well plates in the
presence of ROX Reference Dye (Life Technologies, Stock-
holm, Sweden) and analyzed with the Applied Biosystems
7900HT Fast Real-Time PCR System (Life Technologies).
The sera were analyzed for potential cellular miRNA con-
tamination due to hemolysis during the sera samples prep-
aration. The ACT value of established hemolysis markers
(ACT(hemolysis) = CT(hsa—miR-ZSa-3p)_CT(hsa—miR-451a))) have
been recommended as the qualitative measurement of the
hemolysis in serum samples (Exiqon). A ACT > 7 in serum
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samples indicate a high risk of hemolysis and therefore these
samples were not used for further analysis.

Normalization of individual miRNA levels on Serum/
Plasma Focus microRNA PCR Panel was done to the
above-mentioned reference genes according to GenEx
manual guidelines (Exiqon). Relative quantities were cal-
culated by using the healthy blood donors as a control
group. Quantification of relative miRNA expression on
the validation set was performed with the comparative
CT method using the formula 2A 22T \here
ACT = [(CT gene of interest—CT reference gene) sample
A—(CT gene of interest—CT reference gene) sample B] by
using hsa-miR-93-5p as the reference miRNA."®

Statistical analysis

Log conversion of the data in the discovery set was done
in order to obtain data more similar to a normal distribu-
tion for the statistical tests. Unpaired two-tailed T-test of
independent samples as well as one-way analysis of vari-
ance (ANOVA) analysis was performed, comparing MG
and control groups with the null hypothesis that the
mean values of the different miRNAs were the same
across MG and control categories. In the discovery set,
candidate miRNAs were selected if they were found to be
significantly different expressed in the MG versus control
group. Exclusively miRNAs that were found to be up-or
downregulated in each individual patient were selected
for the validation set analysis. Pearson correlation was
performed in order to determine the correlation coeffi-
cient between disease duration, AChR ab titer, age and
differentially expressed miRNAs. In order to establish a
possible effect on validated miRNAs after thymectomy,
one-sample (paired) two-tailed t-test was performed
based on within-patient change before and after surgery
with the null hypothesis that the mean change was zero.
As 13 markers were analyzed for a final assessment of
MG relation, a multiplicity method (Bonferroni-Holm
adjustment) was applied to strengthen the statistical con-
clusion. Statistical significance was defined as P < 0.05.

Results

Significantly elevated or reduced miRNAs in
sera of MG patients compared to HCs in the
discovery set (N = 8)

The first step was to evaluate the miRNA profile in sera
of female patients with AChR+ generalized MG. For this
purpose, we first analyzed discovery set samples of four
AChR+ MG patients and four age-matched HCs.

Sera were tested using microRNA PCR arrays containing
168 human miRNA detection primer pairs. None of the
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Table 2. Differentially expressed miRNAs in the discovery set.

Change (fold)

miRNA P-value Elevated Decreased
hsa-miR-150-5p 0.0042 13.2
hsa-miR-296-5p 0.010 11.8
hsa-miR106b-3p 0.0045 9.9
hsa-miR-130b-3p 0.016 9.8

hsa-miR-210 0.0067 8.3
hsa-miR-363-3p 0.050 7.4

hsa-let-7¢ n.s. 7.3
hsa-miR-34a-5p 0.0093 4.0

hsa-miR-21-5p 0.046 33

hsa-miR-421 0.0027 3.1

hsa-miR-424-5p 0.0025 2.8
hsa-miR-30e-5p 0.042 1.5
hsa-miR-27a-3p n.s. 5.8

Selection of miRNA of interest among the 116 miRNA validated from
the discovery set of 168 miRNAs. Comparing four MG patients versus
four healthy controls, miRNA were selected when a P-value <0.05
was found either with a t-test or a one-way ANOVA test. Hsa-let-7¢
and hsa-miR-27a-3p were also added because of a clearly elevated or
reduced level in the MG patients, although not significant (n.s.,
P> 0.05).

discovery set samples contained hemolysis (ACT < 6.5).
Normalization was done to all of the recommended refer-
ence miRNAs (hsa-miR93-5p, hsa-miR-191-5p, hsa-miR-
423-4p, and hsa-miR-103a). Out of all 168 miRNAs, 116

T. Punga et al.

miRNAs showed amplification in more than 60% of the
samples and were thus further assessed. Thirteen miRNAs
were found to be strongly elevated or reduced in the MG
patients (Table 2). Out of these candidates, 11 miRNAs
had P-values <0.05 after statistical analysis with ¢-test or
ANOVA, visualized in the Volcano plot (Fig. 1). These data
were supported by the principal component analysis, indi-
cating different expressions of the 11 miRNAs between MG
patients and HCs (data not shown) and a heat map analysis
(Fig. S2). A summary of all analysis steps of the candidate
miRNAs is shown in Figure S3.

Validation of the miRNA expression (N = 32)

The 11 miRNAs from Table 2 that were found to signifi-
cantly differentiate between MG patients and HCs in the
discovery set were further analyzed by qRT-PCR in sera
from a cohort of Swedish MG patients and healthy blood
donors. Additionally, let-7c and miR-27a-3p were added as
these miRNAs were markedly elevated or decreased,
although not significantly, in the MG samples compared to
controls, respectively. The hemolysis quote (hsa-miR23a-
hsa-miR451) was <7 in all control samples and in 13
patient samples, thus the three patient samples with hemo-
lysis were excluded from further analysis. Out of
the selected 13 miRNAs, five miRNAs (hsa-miR210,
hsa-miR296-5p, hsa-miR106-3p, hsa-miR34a-5p, and
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Figure 1. Volcano plot of the 116 expressed miRNAs in the discovery set. Group 1 represents the MG patients (N = 4) and group 2 refers to the
healthy controls (N = 4). The differently expressed miRNAs (Table 2) that were further analyzed in the validation set are named in the plot.
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hsa-miR130b) showed amplification on qRT-PCR in <20%
of the samples and were hence excluded from further
analysis. Of the reference genes, hsa-miR93-5p was shown
to have the most stable amplification in all of the individual
samples with good expression (CT values <30). For the
remaining eight miRNAs of interest, hsa-mir-93-5p was
thus used to calculate ACT and further relative expression
levels. On the basis of these results, we were able to validate
three miRNAs that were differentially expressed in MG
patients and HCs: hsa-miR150-5p (P = 0.00046; Fig. 2A
and B) and hsa-miR21-5p (P = 0.004; Fig. 2C and D) that
were significantly elevated and hsa-miR27a-3p (P = 0.046;
Fig. 2E and F), which was significantly reduced. The data
obtained from the validation set are displayed in Table 3,
which shows the odds ratio, P-values and area under the
ROC curve (AUC) (Fig. 3). The strongest association with
MG in the validation set was observed for hsa-miR150-5p,
with an AUC value of 0.841 (P = 0.002; Fig. 3). Disease
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duration among the Swedish MG patients ranged from 4 to
38 years (mean 19.1 & 10.2 years). We did not find any
correlation between disease duration and the differentially
expressed miRNAs; the following Pearson correlation coef-
ficients were found: hsa-miR27a-3p = 0.33 (P = 0.27); hsa-
miR150-5p = 0.25 (P = 0.40) and hsa-miR21-5p = —0.31
(P = 0.91). There was also no correlation between cur-
rent age (mean: 42.4 £ 7.7) or AChR ab titer and the
differentially expressed miRNAs. Applying the Bonferroni-
Holm adjustment, a P-value of 0.00598 was obtained for
hsa-miR150-5p and an adjusted P-value of 0.048 for hsa-
miR21-5p.

Effect of thymectomy on miRNA expression
in MG patients

In order to establish whether thymectomy affects the circu-
lating miRNA profile in serum of MG patients, we
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Figure 2. Significantly dysregulated miRNAs in MG patients (N = 13) compared to age-matched healthy controls (HC; N = 16). Relative
expression as well as distribution in individual samples is shown for the significantly elevated hsa-miR-150-5p (A and B); hsa-miR-21-5p (C and D)
and significantly reduced hsa-miR-27a-3p (E and F) after normalization to the reference gene hsa-miR-93-5p. In the left lane, results expressed as
% +SEM where the control samples were set to 100%. In the right lane, results are expressed according to the formula 2A(—AACT) x 100 in
order to have numbers in a comparable range. *P < 0.05; **P < 0.01; #P < 0.001.
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included nine French female patients who had serum sam-
ples drawn just before thymectomy (mean age
30.2 £ 6.5 years) and 7.6 £ 3.7 years after thymectomy.

Table 3. Association between miRNAs and groups in the validation
cohort.

MG patients versus HC

Dysregulation Standard
miRNA (mean fold) AUC error P-value
hsa-miR-150-5p 2.5 (up) 0.841 0.081 0.002
hsa-miR-21-5p 1.8 (up) 0.779 0.089 0.011
hsa-miR-27a-3p 1.4 (down) 0.279 0.097 0.044

Differentially expressed miRNAs in the validation set of 13 miRNAs
from the discovery set in the cohort of Swedish female MG patients
(N=13) and Swedish age-matched female healthy controls (HC;
N = 16). The standard error is under the nonparametric assumption.
The null hypothesis indicates a true area of 0.5.

Source of the curve
hsa-miR-27a-3p

0.8 hsa-miR-150-5p

—hsa-miR-21-5p
— reference ling
= 06
Z
‘@B
&
ey 04
0.2

0 0.2 0.4 0.8 0.8 1.0
Specificity
Figure 3. ROC curve of all dysregulated miRNAs, indicating sensitivity

of each miRNA for MG. The null hypothesis indicates a true area of
0.5 (reference line).

Table 4. MG patients were sampled before and years after thymectomy.
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Their epidemiological data and age at sampling are shown
in Table 4. AChR abs were analyzed for all these patients at
thymectomy time with titers ranging from 0 (for one
patient, who subsequently became seropositive for AChR+
abs) to 970 nmol/L. As we aimed at identifying a miRNA
that could be a suitable and powerful marker to follow all
patients (with and without thymus), we selected the three
miRNA that were found to differentiate between both non-
thymectomized and thymectomized patients versus HCs.
The change in miRNA levels in serum samples before and
after thymectomy was analyzed on log-transformed data.
The estimated difference in levels was then reverse trans-
formed prior to presentation by taking 10Adifference. The
result is the ratio of the values after thymectomy divided
by values before, or more specifically the ratio of their geo-
metric means. The only statistically significant result
among the three miRNA candidates was found for hsa-
miR150-5p (P = 0.0242, Table 5), which supports the
findings during the prior validation process. The estimated
ratio for this variable was 0.27, which can be interpreted as
that the values after thymectomy are 27% (95% CI: 9-80)
of the values taken before surgery. Looking at miR-150-5p
in individual patients (Fig. 4), seven out of the nine
patients had a decrease in serum sample levels and two
patients had increased levels. Intriguingly, the reduced level
of miR150-5p after thymectomy in seven patients was also
accompanied by either significant improvement in clinical
status or clinical remission (Table 6), whereas the two
patients with increased miR150-5p post thymectomy were
found to suffer from clinical fluctuations.

Discussion

In the present report, we have analyzed the presence and
abundance of circulating miRNAs in MG patient sera.
The circulating miRNA with the highest association with
MG identified in this study was hsa-miR-150. miR-150

Age at Germinal centers AChRab titer before AChRab titer after
Patient # thymectomy of the thymus thymectomy (nmol/L) thymectomy (nmol/L) Follow-up after thymectomy (years)
1 39 None 0.96 0.72 10
2 21 Few 18.1 5.0-50 (variable) 10
3 29 Few 4.4 4.8 10
4 35 Few 18.4 43-93 (variable) 10
5 23 Few 0.94 1.3 3
6 35 None 0 0.5 6
7 29 Few 970 152 7
8 37 Few 18.7 - 2
9 25 None 0.5 0 15

The initial sera samples were collected just before thymectomy and the age as well as acetylcholine receptor antibody (AChR ab) titer refers to this

time point. —, missing data.

54 © 2013 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.



T. Punga et al.

has been identified as a miRNA selectively expressed in
mature, resting B and T cells and this miRNA is strongly
upregulated as maturation/differentiation of T cells
progresses.'”*® In mice with transgenic expression of

miR-150, the number of pre-B cells decrease in the bone

Table 5. Change in miRNA candidates after thymectomy.

Ratio  Lower 95% CI  Upper 95% CI  P-value
hsa-miR150-5p  0.27  0.09 0.80 0.0242
hsa-miR27a-3p  0.35  0.11 1.07 0.0614
hsa-miR21-5p 040 0.12 1.31 0.1126

Back-transformed data on the French female MG patients (N = 9) for
the three significantly altered miRNAs. Estimate with 95% confidence
interval of the ratio between samples after and before thymectomy
with a P-value of a hypothesis of ratio = 1 or equivalently the differ-
ence in log scale = 0.

3.2
3.0
2.8]
2.6
2.41
2.2]
2.0]
1.8
1.6
1.41
1.2
1.0
0.8]

0.6, T
Before After

L og 100xhsa-miR 150-5p

Timepoint

Figure 4. Serum levels of 100*hsa-miR150-5p in Log scale for the
nine French female MG patients of the validation dataset is displayed
where each patient is represented by a line that connects the serum
level before and after thymectomy.
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marrow and over time long-lived mature B cells accumu-
late' Another important role has been shown for
miR-150 in directing the development and maturation of
natural killer (NK) cells,?* that may be involved in the
onset of autoimmunity and accumulate in the target
organs of certain autoimmune diseases.”> >> Furthermore,
overexpression of miR-150 results in a substantial reduc-
tion in invariant NK T (iNKT) cells in the thymus and in
the peripheral lymphoid organs.”> Hence, one could spec-
ulate that there is a connection between high levels of
miR-150 and the immune defect involved in the persis-
tent inflammatory response, specifically of the thymus, in
MG. In patients with early-onset AChR+ MG there is a
distinct involvement of the thymus, with thymic hyper-
plasia of lympho-proliferative origin (reviewed in®).
More specifically, thymic epithelial cells are believed to
play a central role in the inflammatory environment
through  upregulating the response.
Although no prospective study has yet been able to show
a beneficial effect of thymectomy alone, AChR+ MG
patients are believed to benefit more from the removal of
the thymus than patients with MuSK abs or patients
without any detectable abs against AChR or MuSK.>’

Our patient material in the pre-and post thymectomy
cohort did not have any immunosuppressive treatments
before or after thymectomy. This makes disease course
evaluation of the surgery unbiased by other immunomod-

autoimmune

ulatory medications. Intriguingly, the observed elevated
expression levels of hsa-miR-150 in our patient sera were
found to significantly decrease after thymectomy, which
correlated well with an accompanying clinical improve-
ment. However, as hsa-miR150-5p was still significantly
upregulated in the validation set of Swedish patients who
all had undergone thymectomy, the levels did not com-
pletely normalize after thymus removal. We hypothesize
that this could be due to the fact that miR-150-5p expres-
sion is high not only in the thymus but also in the lymph
nodes and spleen,” and thus the activation of miR150-5p

Table 6. Change in hsa-miR-150-5p, clinical status, and AChR ab titers after thymectomy.

% Change in hsa-miR150-5p

Follow-up of AChR ab titer

Patient after thymectomy Clinical change after thymectomy after thymectomy
1 —37.7 Improvement/almost remission Slightly decreased
2 +30.2 No real improvement/fluctuations Very variable

3 —98.2 Improvement Stable

4 -92.3 Remission Increased

5 -81.0 Remission Stable

6 +21.8 Slight improvement/fluctuating symptoms Slightly increased
7 —29.0 Remission Decreased

8 711 Slight improvement -

9 —33.3 Improvement Slightly decreased

Individual changes in hsa-miR150-5p levels after thymectomy as well as evolution of clinical MG status and global change in acetylcholine receptor
antibody (AChR ab) titer at follow-up sampling after thymectomy. (-) not known.
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in the lymph nodes and spleen would not be affected
after thymus removal. The AChR ab titers varied substan-
tially among the patients and there was often no clear
reduction in ab titer after thymectomy. In this sense, hsa-
miR150-5p levels in the sera seem more responsive to
thymectomy and change in clinical status.

The other miRNA that was found to be significantly
elevated in MG patients was hsa-miR-21-5p. miR-21 is
known to act as an oncomir, that is, a miRNA that is
associated with different cancer forms, in B cell lym-
phoma and chronic lymphocytic leukemia.” In addition,
several studies indicate a functional role of miR-21 in var-
ious immune cells, such as B- and T cells as well as den-
dritic cells.’®* For example, miR-21 is a major regulator
of Thl versus Th2 cell responses, defining a new mecha-
nism for regulating polarized immune-inflammatory
responses through altering the balance of different cyto-
kines. Novel animal experiments indicate that miR-21
limits the immune response-mediated activation of the
IL-12/IFNy pathway as well as Thl-polarization.’>
Increased expression of miR-21 was previously found in
peripheral mononuclear cells (PBMC) of MS patients® as
well as in diabetes.’*

The only miRNA that was significantly reduced in MG
patient sera was hsa-miR27a-3p, which may reflect NK
cell cytotoxicity in MG. From mice with AChR+ experi-
mental autoimmune MG, NK cells are required for the
development of MG-specific auto reactive T and AChR
ab producing B cells.” Intriguingly, miR-27a downregu-
lates NK cell cytotoxicity both in resting and activated
NK cells,’® suggesting that low levels of this particular
miRNA in MG patients could reflect increased NK cell
activation. Furthermore, clinical studies of AChR+ MG
patients have shown that double-filtration plasmapheresis
reduces NK cell cytotoxicity and AChR ab titer in patients
who respond clinically.””

Double-stranded RNA (dsRNA)-signaling activation
has been proposed to contribute to the etiology of
MG.”® As dsRNA can be produced during various virus
infections,” this recent study poses the hypothesis that
MG could develop after a viral infection.”® In this con-
text, it is quite exciting that cytomegalovirus infection
can trigger the rapid degradation of two mature cellular
miRNAs, miR-27a, and miR-27b, in various cell types.*’
Thus, the downregulation of hsa-miR27 in MG patients
might be theoretically due to underlying persistent virus
infection.

A recent report indicated miRNA profile alterations in
PBMCs derived from MG patients.*’ More specifically,
Cheng et al. (2013) observed a correlation between
decreased levels of miR-320a and increased proinflamma-
tory cytokines such as IL-2 and IL-17 in these cells.*'
Nevertheless, we did not observe altered levels of hsa-
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miR-320a in the sera of our MG patients compared to
HCs. Another study by the same group also identified
reduced levels of the let-7 miRNA family in MG patient-
derived PBMCs.*> Although we did see increased,
although not significantly, levels of let-7¢ in our discovery
set; altered let-7c levels could not be confirmed in the val-
idation set. Another potential MG-specific miRNA would
be miR-146a, which very recently was proven to be ele-
vated in MG patients PBMCs,** nevertheless, we did not
detect any increase in the sera of our MG patient cohort.
These divergent results are probably due to detection of
distinct miRNA populations in different studies. In our
experiments, we analyzed the presence of circulating
extracellular miRNAs in MG patient sera samples,
whereas in the above-mentioned reports the cellular
miRNAs were profiled. Cellular miRNAs accumulate
inside of the cells whereas circulating miRNAs originate
from cells but are released into the extracellular environ-
ment. Thus, not all the cellular miRNAs can be identified
as circulating miRNAs in the biofluids.

MG is a rare disease, hence the number of patients
included is low. However, when evaluating the result of
each marker the whole process should be taken into
account. The alternative to multiplicity adjustment is
replication, which, especially in medical applications, is
often considered as the preferred approach. The marker
hsa-miR150-5p was statistically significant in three inde-
pendent populations, which provides strong evidence of
a true relation. Under an assumption (null hypothesis)
that none of the originally 168 markers are related to
MG the probability to see at least one marker achieve
this result is only 2.1%. Additionally, the disease dura-
tion differed between the patients in the discovery
cohort and validation cohort. Nevertheless, we found no
correlation between miRNA profile and disease dura-
tion.

In summary, this extensive analysis defined three
human miRNAs that were linked to generalized AChR+
MG disease in female patients. The identified miRNAs:
hsa-miR150-5p, hsa-miR21-5p, and hsa-miR27a-3p all
could serve as potential biomarkers for disease stages in
MG and we suggest validation of these biomarkers in a
larger international cohort for diagnostic and therapeutic
purposes. Among these three miRNAs hsa-miR-150-5p is
of specific interest as its decrease after thymectomy corre-
lated well with improvement in MG disease status. Addi-
tionally, these miRNAs could be of interest as targets of
therapy in other autoimmune disorders as well.**

Acknowledgment

The authors would like to acknowledge Charlotte Ahler
from Exiqon for providing help with the GenEx software.

56 © 2013 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.



T. Punga et al.

Author Contributions

Conception and design of the experiments: T. P., R. P., S.
B. A, A. R. P. Performed the experiments: T. P. Analysis
of data: R. P., A. R. P. Statistical analysis: M. A. Contri-
bution of reagents/materials/analysis tools: R. P., F. T,
S. B. A, M. A, A. R. P. Manuscript contribution: T. P.,
R. P, M. A,S. B. A, A R P.

Conflict of Interest

None declared.

References

1.

10.

11.

12.

13.

Meriggioli MN, Sanders DB. Autoimmune myasthenia
gravis: emerging clinical and biological heterogeneity.
Lancet Neurol 2009;8:475-490.

. Gradolatto A, Nazzal D, Foti M, et al. Defects of

immunoregulatory mechanisms in myasthenia gravis: role
of IL-17. Ann N Y Acad Sci 2012;1274:40—47.

. Vincent A, Newsom-Davis J. Acetylcholine receptor

antibody as a diagnostic test for myasthenia gravis: results in
153 validated cases and 2967 diagnostic assays. ] Neurol
Neurosurg Psychiatry 1985;48:1246-1252.

. Gronseth GS, Barohn RJ. Practice parameter: thymectomy

for autoimmune myasthenia gravis (an evidence-based
review): report of the Quality Standards Subcommittee of
the American Academy of Neurology. Neurology
2000555:7-15.

. Christadoss P, Dauphinee MJ. Immunotherapy for

myasthenia gravis: a murine model. ] Immunol
1986;136:2437-2440.

. Tackenberg B, Kruth J, Bartholomaeus JE, et al. Clonal

expansions of CD4+ B helper T cells in autoimmune
myasthenia gravis. Eur ] Immunol 2007;37:849-863.

. Yoshikawa H, Satoh K, Yasukawa Y, et al. Analysis of

immunoglobulin secretion by lymph organs with
myasthenia gravis. Acta Neurol Scand 2001;103:53-58.

. Meriggioli MN, Sanders DB. Muscle autoantibodies in

myasthenia gravis: beyond diagnosis? Expert Rev Clin
Immunol 2012;8:427—438.

. Kaminski HJ, Kusner LL, Wolfe GI, et al. Biomarker

development for myasthenia gravis. Ann N 'Y Acad Sci
2012;1275:101-106.

Krol J, Loedige I, Filipowicz W. The widespread regulation
of microRNA biogenesis, function and decay. Nat Rev
Genet 2010;11:597-610.

Hwang HW, Mendell JT. MicroRNAs in cell proliferation,
cell death, and tumorigenesis. Br ] Cancer 2006;94:776-780.
Esteller M. Non-coding RNAs in human disease. Nat Rev
Genet 2011;12:861-874.

Kasinski AL, Slack FJ. Epigenetics and genetics.
MicroRNAs en route to the clinic: progress in validating

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Circulating miRNA Profile in Myasthenia Gravis

and targeting microRNAs for cancer therapy. Nat Rev
Cancer 2011;11:849-864.

Creemers EE, Tijsen AJ, Pinto YM. Circulating
microRNAs: novel biomarkers and extracellular
communicators in cardiovascular disease? Circ Res
2012;110:483—495.

Etheridge A, Lee I, Hood L, et al. Extracellular microRNA:
a new source of biomarkers. Mutat Res 2011;717:85-90.
Gandhi R, Healy B, Gholipour T, et al. Circulating
microRNAs as biomarkers for disease staging in multiple
sclerosis. Ann Neurol 2013;73:729-740.

Burns TM, Conaway M, Sanders DB. The MG composite:
a valid and reliable outcome measure for myasthenia
gravis. Neurology 2010;74:1434—1440.

Schmittgen TD, Livak KJ. Analyzing real-time PCR data by
the comparative C(T) method. Nat Protoc 2008;3:1101—
1108.

Ghisi M, Corradin A, Basso K, et al. Modulation of
microRNA expression in human T-cell development:
targeting of NOTCH3 by miR-150. Blood 2011;117:7053—
7062.

Monticelli S, Ansel KM, Xiao C, et al. MicroRNA profiling
of the murine hematopoietic system. Genome Biol 2005;6:
R71.

Xiao C, Calado DP, Galler G, et al. MiR-150 controls B
cell differentiation by targeting the transcription factor
c-Myb. Cell 2007;131:146—159.

Bezman NA, Chakraborty T, Bender T, et al. miR-150
regulates the development of NK and iNKT cells. J Exp
Med 2011;208:2717-2731.

Lanier LL. Up on the tightrope: natural killer cell
activation and inhibition. Nat Immunol 2008;9:495-502.
Yokoyama WM, Kim S, French AR. The dynamic life

of natural killer cells. Annu Rev Immunol 2004;22:
405—429.

Dalakas MC, Illa I. Common variable immunodeficiency
and inclusion body myositis: a distinct myopathy mediated
by natural killer cells. Ann Neurol 1995;37:806-810.

Le Panse R, Bismuth J, Cizeron-Clairac G, et al. Thymic
remodeling associated with hyperplasia in myasthenia
gravis. Autoimmunity 2010;43:401—412.

Ponseti JM, Caritg N, Gamez J, et al. A comparison of
long-term post-thymectomy outcome of
anti-AChR-positive, anti-AChR-negative and
anti-MuSK-positive patients with non-thymomatous
myasthenia gravis. Expert Opin Biol Ther 2009;9:1-8.
Zhou B, Wang S, Mayr C, et al. miR-150, a microRNA
expressed in mature B and T cells, blocks early B cell
development when expressed prematurely. Proc Natl Acad
Sci USA 2007;104:7080—7085.

Si ML, Zhu S, Wu H, et al. miR-21-mediated tumor
growth. Oncogene 2007;26:2799—-2803.

Garchow, BG, Bartulos Encinas, O, Leung YT, et al.
Silencing of microRNA-21 in vivo ameliorates

© 2013 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 57



Circulating miRNA Profile in Myasthenia Gravis

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

58

autoimmune splenomegaly in lupus mice. EMBO Mol
Med 2011;3:605-615.

Salaun B, Yamamoto T, Badran B, et al. Differentiation
associated regulation of microRNA expression in vivo in
human CD8+ T cell subsets. ] Transl Med 2011;9:44.

Lu TX, Hartner J, Lim EJ, et al. MicroRNA-21 limits in
vivo immune response-mediated activation of the IL-12/
IFN-gamma pathway, Thl polarization, and the severity of
delayed-type hypersensitivity. ] Immunol 2011;187:3362—
3373.

Fenoglio C, Cantoni C, De Riz M, et al. Expression and
genetic analysis of miRNAs involved in CD4+ cell
activation in patients with multiple sclerosis. Neurosci Lett
2011;504:9-12.

Ruan Q, Wang T, Kameswaran V, et al. The
microRNA-21-PDCD4 axis prevents type 1 diabetes by
blocking pancreatic beta cell death. Proc Natl Acad Sci
USA 2011;108:12030-12035.

Shi FD, Wang HB, Li H, et al. Natural killer cells
determine the outcome of B cell-mediated autoimmunity.
Nat Immunol 2000;1:245-251.

Kim TD, Lee SU, Yun S, et al. Human microRNA-27a*
targets Prfl and GzmB expression to regulate NK-cell
cytotoxicity. Blood 2011;118:5476-5486.

Chien PJ, Yeh JH, Chiu HC, et al. Inhibition of peripheral
blood natural killer cell cytotoxicity in patients with
myasthenia gravis treated with plasmapheresis. Eur J
Neurol 2011;18:1350-1357.

Cufi P, Dragin N, Weiss JM, et al. Implication of
double-stranded RNA signaling in the etiology of
autoimmune myasthenia gravis. Ann Neurol 2013;73:281—
293.

Punga T, Kamel W, Akusjarvi G. Old and new functions
for the adenovirus virus-associated RNAs. Future Virol
2013;8:343-356.

Buck AH, Perot J, Chisholm MA, et al.
Post-transcriptional regulation of miR-27 in murine
cytomegalovirus infection. RNA 2010;16:307-315.

T. Punga et al.

41. Cheng Z, Qiu S, Jiang L, et al. MiR-320a is downregulated
in patients with myasthenia gravis and modulates
inflammatory cytokines production by targeting
mitogen-activated protein kinase 1. J Clin Immunol
2013;33:567-576.

42. Jiang L, Cheng Z, Qiu S, et al. Altered let-7 expression in
myasthenia gravis and let-7c mediated regulation of IL-10
by directly targeting IL-10 in Jurkat cells. Int
Immunopharmacol 2012;14:217-223.

43. Lu J, Yan M, Wang Y, et al. Altered expression of
miR-146a in myasthenia gravis. Neurosci Lett
2013;555:85-90.

44. Xu WD, Pan HF, Li JH, et al. MicroRNA-21 with
therapeutic potential in autoimmune diseases. Expert Opin
Ther Targets 2013;17:659-665.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Most stably expressed reference genes in the
control samples, according to the application GeNorm in
Exiqon software.

Figure S2. Heat map plots of the expression of selected
42 miRNAs in discovery group samples. Color key is
given for association of different miRNAs with either MG
patients (N = 4) or healthy controls (N = 4).

Figure S3. Summary of the steps covered by the manu-
script. Three separate populations were analyzed: A: four
MG patients + four healthy controls, B: 16 MG
patients + 16 healthy controls, C: nine MG patients where
marker evaluation is performed before and after thymus
operation. The markers analyzed in subsequent steps are
the statistically significant markers from the prior step.
*Although this P-value was not significant in the first
step, this miRNA was selected due to the considerately
altered accumulation pattern in all patients.
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