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Autoimmune Myasthenia gravis (MG) is a chronic neuromuscular disease mainly due to

antibodies against the acetylcholine receptor (AChR) at the neuromuscular junction that

induce invalidating muscle weaknesses. In early-onset MG, the thymus is the effector

organ and is often characterized by B-cell infiltrations leading to ectopic germinal center

(GC) development. The microRNA miR-150-5p has been previously characterized as

a biomarker in MG due to its increase in the serum of patients and its decrease after

thymectomy, correlated with an improvement of symptoms. Here, we investigated the

causes and consequences of the miR-150 increase in the serum of early-onset MG

patients. We observed that miR-150 expression was upregulated in MG thymuses in

correlation with the presence of thymic B cells and showed by in situ hybridization

experiments, that miR-150 was mainly expressed by cells of the mantle zone of GCs.

However, we did not observe any correlation between the degree of thymic hyperplasia

and the serum levels in MG patients. In parallel, we also investigated the expression

of miR-150 in peripheral blood mononuclear cells (PBMCs) from MG patients. We

observed that miR-150 was down-regulated, especially in CD4+ T cells compared

to controls. These results suggest that the increased serum levels of miR-150 could

result from a release from activated peripheral CD4+ T cells. Next, we demonstrated

that the in vitro treatment of PBMCs with miR-150 or antimiR-150 oligonucleotides,

respectively, decreased or increased the expression of one of its major target gene:

the proto-oncogene MYB, a well-known actor of hematopoiesis. These results revealed

that increased serum levels of miR-150 in MG patients could have a functional effect on

PBMCs. We also showed that antimiR-150 caused increased cellular death of CD4+ and

CD8+ T cells, along with the overexpression of pro-apoptotic genes targeted by miR-150

suggesting that miR-150 controlled the survival of these cells. Altogether, these results

showed that miR-150 could play a role in MG both at the thymic level and in periphery

by modulating the expression of target genes and peripheral cell survival.
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INTRODUCTION

Myasthenia Gravis (MG) is an autoimmune disease due to
antibodies against several components of the neuromuscular
junction. Patients suffer from more or less invalidating muscle
weaknesses leading to a generalized fatigability (1). The majority
of patients (85%) display antibodies against the acetylcholine
receptor (AChR). Moreover, in the early-onset form of the
disease, functional and morphological thymic abnormalities are
frequently observed. They are mainly characterized by active
neoangiogenic processes (2, 3) leading to B-cell infiltrations
associated with the ectopic development of germinal centers
(GCs) (4): thymic hyperplasia (5). There is no global correlation
between the AChR antibody titer and the severity of the disease,
although such a correlation has been described at the individual
level (6). A clear correlation exists between the anti-AChR
antibodies serum level and the degree of thymic hyperplasia (7).
Moreover, the number of GCs is reduced in patients undergoing
corticosteroid treatment (8). All these observations support the
role of the thymus in the pathogenesis of MG, and thymectomy
is often advised for AChR-MG patients to improve symptoms (9).

In collaboration with Dr. Punga’s group, we investigated
microRNAs (miRNAs) as potential circulating biomarkers in
early-onset AChR-MG patients. We observed that miR-150-5p
(miR-150) is upregulated in the serum of AChR+ patients and
its expression is lowered after thymectomy, accompanied by an
improvement of symptoms (10). Another study on late-onsetMG
patients showed a negative correlation between the expression
of circulating miR-150 and the improvement of patients’ clinical
status (11).

First described in 2007 by Zhou et al. in hematopoietic
stem cells (12), miR-150 is an immuno-miR regulating immune
functions, such as proliferation, apoptosis and differentiation of
NK, T and B cells (13–17), as well as central tolerance. miR-150 is
also amarker of lymphocyte activation (18) and is highly sensitive
to stress signals such as lipopolysaccharides or glucocorticoids
(19, 20). As in early-onset MG patients, miR-150 serum level is
increased in various immune pathologies as in multiple sclerosis
(21), in irritable bowel syndrome (22), during HIV infection
(23) but also in some cancers (24, 25). Of interest, miR-150 is
also overexpressed in inflammatory organs, as for example in
salivary glands in Sjögren Syndrome (26) and in kidneys in lupus
nephritis (27). Overall, miR-150 is thought to be a sensor of
general lymphocyte activation induced by inflammation (28).

In this study, we investigated the expression levels of miR-
150 in the thymus and in peripheral blood cells of AChR-positive
MG patients in order to better understand the increase observed
in the serum. We observed that miR-150 was increased in the
MG thymus in correlation with the presence of B cells, and
decreased in peripheral blood cells, especially in CD4+ T cells.
In addition, we demonstrated that serum level of miR-150 could
have a functional role on peripheral blood cells by controlling

Abbreviations: AChR, acetylcholine receptor; AIFM2, apoptosis inducing factor,

mitochondria associated 2; GC, germinal center; miRNA, microRNA; miR-150-

5p, miR-150; P53, tumor protein 53; PBL, peripheral blood lymphocyte; PBMC,

peripheral blood mononuclear cell.

the expression of MYB or pro-apoptotic genes, such as P53
and AIFM2.

METHODS

Thymic and Blood Samples
Thymic biopsies were obtained from the Marie Lannelongue
Surgical Center (Le Plessis-Robinson, France), where early-onset
AChR-positive MG patients (15–44 years old, n= 40 with details
given in Table 1A) underwent thymectomy and age/sex-matched
non-MG controls (15–36 years old, n = 19) cardiovascular
surgery. MG thymuses were classified according to the degree
of follicular hyperplasia assessed by Marie Lannelongue Surgical
Center pathologists (high degree of hyperplasia with 3 or more
GCs per section vs. low degree of hyperplasia with 2 or less GCs
per section). This classification was confirmed by the analyses of
CD19mRNA expression in the thymic biopsies used in Figure 1.
Indeed, the expression of CD19 was significantly higher in the
group of untreated-MGpatients with a high degree of hyperplasia
(mean ± SEM = 388.8 ± 63.9, n = 6) compared to the group of
untreatedMG-patients with a low degree of hyperplasia (mean±
SEM = 188.5 ± 38.3, n = 6) or treated MG patients with no or
a low degree of hyperplasia (mean ± SEM = 253.7 ± 55.0, n =

12). Thymic epithelial cells were extracted from control and MG
thymic biopsies from patients and were used for real-time PCR
(RT-PCR) as previously described (29).

Blood was collected from MG patients in order to isolate
peripheral blood mononuclear cells and serum at the time of the
thymectomy (PBMCs: 19–44 years old, n = 27, Table 1B/serum:
18–46 years old, n = 16, Table 1C) and from control donors by
the French Blood Establishment (EFS) (PBMCs: 18–49 years old,
n= 14 / serum: and 23–59 years old, n= 11).

MG patients did not display any thymoma or any infectious
diseases. All patient information are displayed on Tables 1A-C

and studies on blood and thymic samples were approved
by local ethics committees (RCB 2006-A00164-47 and
RCB 2010-A00250-39).

In situ Hybridization
In situ hybridization was performed on formalin-fixed paraffin-
embedded (FFPE) thymic tissues (3 adult controls and 3MG
donors (Table 1A)) using a semi-automated method previously
described (30). Briefly, 5 µm-thick FFPE thymic tissues
on polarized glass slides (Menzel-Gläzer SuperFrost Plus,
Thermo Scientific, Villebon-sur-Yvette, France) were placed in
xylene and hydrated using ethanol-descending concentration
baths. Tissue permeabilization was done using protease-K
before dehydration of slides by placing them in ethanol-
increasing concentration baths. Previously diluted to 100 nM
and denatured double-DIG-LNA probes (Exiqon, Vedbaek,
Denmark) for miR-150-5p (#38053-15) and for the scramble
miRNA (#99004-15) were placed directly on slides and incubated
in a hybridizer (Dako-Agilent, Santa Clara, USA) for 2 h at
53◦C for miR-150-5p probe and 57◦C for scramble probe.
After several stringent washes, the automated protocol was
applied. This protocol includes an incubation with peroxidase
inhibitor and a blocking step with casein followed by an
incubation with mouse anti-DIG primary antibody. Signal
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TABLE 1A | Characteristics of patients whose thymus and TECs were used for experiments.

Patient

ID

Degree of

thymic

hyperplasia

(1)

Interval

onset -

thymectomy

(months)

MGFA

score at

thymectomy

(2)

Corticoid

treatment

(3)

Cholinesterase

inhibitors

Anti-

AChR

titer

(nmol/L)

PCR

on

thymic

extracts

PCR

on

TECs

In situ

hybridization

MG1 Low 13 III b No Yes 3.45 X

MG2 Low 7 II a No Yes 2118.7 X X

MG3 Low 7 I a No NS 83.7 X

MG4 Low 24 IV a No Yes 11.1 X

MG5 Low 6 II a No Yes >100 X

MG6 Low 6 NS No Yes 17.3 X

MG7 High 2 IV a No NS >100 X X

MG8 High 14 I No NS 3180.2 X

MG9 High 3 II a No Yes 3.21 X

MG10 High 4 II a No Yes 60.38 X

MG11 High 36 III a No Yes 9.7 X

MG12 High 2 III a No Yes 264 X

MG13 No hyperplasia 6 IV b Yes Yes 30.02 X

MG14 No hyperplasia 18 III a Yes Yes 0.5 X

MG15 No hyperplasia 30 II b Yes Yes 4.33 X

MG16 No hyperplasia 6 III a Yes Yes 3.46 X

MG17 Low 18 II b Yes Yes NS X

MG18 No hyperplasia 18 V Yes Yes 6.9 X

MG19 Low 24 NS Yes Yes 4.4 X

MG20 NS 9 III a Yes Yes 9.6 X

MG21 No hyperplasia 60 NS Yes Yes 21.4 X

MG22 Low 10 II a Yes Yes 26.1 X

MG23 No hyperplasia 12 NS Yes Yes 6.6 X

MG24 No hyperplasia 30 II a Yes Yes NS X

MG25 Low 3 III a No Yes 14 X

MG26 High 18 IV a No Yes >100 X

MG27 Low 34 IV b Yes Yes 206.57 X

MG28 Low 3 II a No Yes >100 X

MG29 Low 48 III b No Yes 0.38 X

MG30 High 9 NS No Yes NS X

MG31 Low 18 IV a No Yes 670 X

MG32 Low 33 NS Yes Yes >100 X

MG33 Low 26 II a No Yes 87.6 X

MG34 Low 84 II b No Yes 35.3 X

MG35 NS 24 NS No Yes NS X

MG36 Low NS NS No Yes NS X

MG37 Low 6 II a No Yes 1.1 X

MG38 High 4 II a No Yes 60.38 X

MG39 High 2 IV a NS NS >100 X

MG40 High 3 II a No Yes 3.21 X

Patients are females (37), aged from 15 to 44, and males (3) aged from 20 to 35. (1) Degree of thymic hyperplasia: low hyperplasia (with 2 or fewer GCs per section) or high hyperplasia

(with 3 or more GCs per section). (2) Clinical classification according to the Myasthenia Gravis Foundation of America (MGFA). (3) Patients with corticoid treatment were only used for

RT-PCR in Figure 1A. NS, not specified.

detection was performed by OptiviewDAB Detection Kit
(#760-700, Ventana Medical Systems, Tucson, USA) and
OptiView Amplification Kit (#760-099). Finally, slides were
dehydrated andmounted to visualize hybridization with a bright-
field microscope.

PBMCs and Cell Sorting
PBMCs from MG patients and healthy controls were isolated
from fresh whole blood, collected in EDTA tubes, using
the Ficoll technique (31). Cells were stored in fetal calf
serum containing 20% DMSO and kept in liquid nitrogen

Frontiers in Immunology | www.frontiersin.org 3 March 2019 | Volume 10 | Article 539

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Cron et al. miR-150 Expression in Myasthenia Gravis

FIGURE 1 | Increased expression of miR-150–5p associated with thymic hyperplasia in MG. (A) miR-150 expression in the thymus of non-MG controls (n = 6), MG

patients with a low degree of thymic hyperplasia (Low-H, n = 6) or with a high degree of thymic hyperplasia (High-H, n = 6) and in corticoid-treated MG patients

displaying low or no hyperplasia (Low/no-H; n = 12). miR-150 expression was normalized on 28S expression. (B) Correlation analysis of miR-150 and CD19 mRNA

expression in the thymus of controls (n = 6) and untreated MG patients (n = 12) (C) miR-150 expression in medullary thymic epithelial cells from non-MG adults (n =

12) and untreated MG patients (n = 15). Thymic epithelial cells from High-H MG patients are represented with empty black dots and cells from patients undergoing

corticoid therapy at the time of thymectomy are represented as empty black triangles. (D) MYB mRNA expression in controls (n = 6), untreated MG patients (Low-H, n

= 6; High-H, n = 6) and corticoid-treated MG patients (Low/no-H, n = 12). mRNA expression was normalized on 28S expression. (E) Negative correlation analysis of

miR-150 and MYB mRNA expression in the thymus of controls (n = 6), untreated (n = 12) and cortico-treated MG patients (n = 12). (F) miR-150 expression in the

serum of controls (n = 11), MG patients without thymic hyperplasia (No-H; n = 6) and MG patients with a high degree of thymic hyperplasia (High-H, n = 10). No-H

and High-H patients were pooled for the “All MG” category. P-values were assessed by the Mann-Whitney test and only p-values < 0.05 are indicated on the graphs.

Pearson’s correlation was assessed and determination coefficient and p-values are indicated on the graphs.

until use. If possible CD19+ B and CD4+ T cells were
successively sorted with EasySep kits (#18054, #18052, Stem
Cell, Vancouver, Canada). Cells were next used for RNA
extraction and PCR for miR-150 and 28S. Details on MG
patients used for PBMCs, CD19+ B, and/or CD4+ T cells
are given in Table 1B. Only 6 controls and 3MG samples
were used in common for miR-150 and MYB analyses
in PBMCs.

For PBMC cultures, cells from healthy donors were seeded
in X-vivo medium (Lonza, Levallois-Perret, France) in 96-
well plates (1.106 cells per well). Next cells were treated
with a non-toxic dose of 10µM of miR-150, antimiR-150
or a scramble miRNA from Caenorhabditis elegans (cel-miR-
293b) (Eurogentec, Seraing, Belgium). The natural uptake
of naked oligonucleotides by the cells is named gymnosis
and occurs without creating pores by transfection or other
chemical reagents and physical techniques (32). antimiR-
150 is an unmodified miRNA specifically targeting miR-150

in order to inhibit it. miR-150, antimiR-150 and scramble
miRNA sequences are available in Table 2A. After 72 h, non-
adherent peripheral blood lymphocytes (PBLs) were collected
and used for quantitative PCR (qPCR), Western blot or flow
cytometry analyses.

RNA Extraction
Total RNA was extracted from thymic biopsies or cells with
the mirVana miRNA Isolation Kit in particular for RT-PCR on
miRNAs or by TRIzol for mRNA analyses (Life Technologies,
Villebon-sur-Yvette, France). Biopsies were first lysed in the
Lysis/Binding buffer provided in the mirVana kit with the
FastPrep FP120 instrument (Qbiogen, Illkirch, France) whereas
cells were directly lysed in TRIzol after culture. RNA was isolated
from serum with the miRCURY RNA Isolation Kit Biofluids
(Exiqon) according to the manufacturer’s instructions. RNA
quality was assessed on a Bioanalyzer 2100 (Agilent Technologies,
Les Ulis, France).
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TABLE 1B | Characteristics of patients whose PBMCs were used for experiments.

Patient

ID

Degree of thymic

hyperplasia (1)

MGFA score at

thymectomy (2)

Corticoid

treatment

Cholinesterase

inhibitors

Anti-AChR

titer (nmol/L)

PCR on

PBMCs

PCR on

CD4+ T

cells

PCR on

CD19+

B cells

MG41 NS NS No No >100 X

MG42 High NS No Yes 8 X

MG43 Low NS No Yes 117.9 X

MG44 High III b No Yes 65.9 X

MG45 Low II a No Yes >100 X X X

MG46 High NS No Yes 10.9 X X X

MG47 Low NS No Yes 12.4 X X* X

MG48 Low NS No Yes 7 X X* X

MG49 Low II b No Yes 48 X X

MG50 Low II a No Yes 1.6 X* X

MG51 Low II b No Yes 1.67 X* X

MG52 Low II b No Yes 1.82 X* X

MG53 High II b No Yes >100 X

MG54 High NS No Yes 23.3 X X

MG55 Low II b No Yes 2.3 X

MG56 High II b No Yes 5.8 X

MG57* Low II b No Yes 1.04 X

MG58* NS III b No Yes NS X

MG59* NS NS No No 2.48 X

MG60* NS NS No No >100 X

MG61* Low NS No Yes 1.82 X

MG62* High NS No Yes 29 X

MG63* NS NS No No >100 X

MG64* Low NS No Yes 1.1 X

MG65* Low NS No No 4.9 X

MG66* Low NS No Yes 2.3 X

MG67* High NS No Yes 5.8 X

Patients are females (25), aged from 19 to 44, and males (2) aged of 24 and 33. *: patients used for MYB expression analysis on Figures 3D,E. (1) Degree of thymic hyperplasia:

low hyperplasia (with 2 or fewer GCs per section) or high hyperplasia (with 3 or more GCs per section). (2) Clinical classification according to the Myasthenia Gravis Foundation of

America (MGFA).

RT-PCR for miRNAs
miRNAs were retro-transcribed from total RNA using the
Universal cDNA Synthesis Kit II (Exiqon), according to the
manufacturer’s instructions. cDNAs were next diluted to 1:20 in
nuclease-free water prior to qPCR reactions that were carried
out using the ExiLENT SYBR Green master mix (Exiqon) on a
LightCycler 480 (Roche, Meylan, France). PCR settings were as
followed: 1 cycle of polymerase activation and denaturation at
95◦C for 10min, 45 cycles of amplification at 95◦C for 10 s and
60◦C for 1min, with a ramp-rate of cooling of 1.6◦C/s.

To normalize RT-PCR data, we tested U6 and miR-191, two
classical references but their expression was either not good or
variable among samples. miRNA expression was then normalized
to 28S rRNA expression that was very stable in all samples.
miRNA sequences used for RT-PCR are listed on Table 2A.

RT-PCR for mRNAs
mRNAs were retro-transcribed from 1 µg of total RNA using the
Reverse Transcriptase AMV kit (Roche) and qPCR experiments

were carried out using LightCycler 480 SYBR Green Master
Mix (Roche) according to the manufacturer’s instructions. qPCR
cycle conditions were: 1 cycle of polymerase activation and
denaturation at 95◦C for 10min, 45 cycles of amplification at
95◦C for 10 s, 60–64◦C for 1min and 72◦C for 14 s. Primer
sequences are listed on Table 2B.

Flow Cytometry
PBMCs were surface-stained with anti-human monoclonal
antibodies for 45min at 4◦C: anti-CD4-APC (clone RPA-T4;
#17-0049-42, eBioscience, Paris, France), anti-CD8-PeCy7 (clone
RPA-T8; #557750, BD Biosciences, Le-Pont-de-Claix, France)
and anti-CD19-ef450 (clone HIB19; #48-0199-42, eBioscience)
antibodies. Cells were fixed and permeabilized with the
Intracellular Fixation and Permeabilization buffer set (#00-5523-
00, eBioscience) according to the manufacturer’s instructions.
Intracellular MYB was stained with an anti-MYB polyclonal
antibody (#AF6209, R&D Systems). Live/dead staining (Fixable
Near-IR Dead Cell Stain Kit, #L10119, Life Technologies) was
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TABLE 1C | Characteristics of patients whose serum was used for experiments.

Patient

ID

Degree of thymic hyperplasia (1) Anti-AChR titer (nmol/L)

MG68 High 80

MG69 High 7.6

MG70 High 21.8

MG71 High 10.9

MG72 High 50.9

MG73 High NS

MG74 High 16.3

MG75 High 14.5

MG76 No hyperplasia 0

MG77 No hyperplasia 0

MG78 No hyperplasia 2.27

MG79 No hyperplasia 1.66

MG80 No hyperplasia 3.7

MG81 No hyperplasia 0

MG82 High 8.7

MG83 High 36

Patients are females (13), aged from 23 to 46, and males (3) aged of 18 to 37. All

patients were under anticholinesterasic therapy and were corticoid-free. (1) Degree of

thymic hyperplasia: low hyperplasia (with 2 or fewer GCs per section) or high hyperplasia

(with 3 or more GCs per section).

TABLE 2A | miRNA sequences used for culture treatments and qPCR.

Name (miRBase ID) Sequence

hsa-miR-150-5p

(MIMAT0000451)

5′-UCUCCCAACCCUUGUACCAGUG-3′

cel-miR-239b-5p

(MIMAT0000295)

5′-UUGUACUACACAAAAGUACUG-3′

antimiR-150 (none) 5′-CACUGGUACAAGGGUUGGGAGA-3′

done to gate on viable cells and to analyze cell death. A Ki-67-
PeCy7 antibody (clone SolA15; #25-5698-82, eBioscience) was
used to assess cell proliferation. Flow cytometry was performed
on a FACS Canto II (BD Biosciences) and data were analyzed
using FlowJo software.

Western Blot
Whole-cell proteins from PBLs were extracted in RIPA buffer
(20mM Tris HCl pH 8, 137mM NaCl, 10% Glycerol, 1%
NP40, 2mM EDTA) and cellular debris were eliminated
after centrifugation at 12,000 g for 25min at 4◦C. Protein
concentration was assessed using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions. Fifteen microgram of proteins were diluted in
Laemmli buffer, separated on polyacrylamide gels (NuPAGE
4–12% Bis-Tris Gel, Life Technologies) and transferred
to a PVDF membrane (Immobilon-P, Merck-Millipore,
Darmstadt, Germany). Transfer efficiency was evaluated with
Ponceau staining. Next, the membrane was saturated using
5% non-fat milk diluted in TBS 0.05% Tween (TBS-T) for

TABLE 2B | Primer sequences used for qPCR.

Name Sequence Orientation Amplicon size (pb)

28S 5′-GTAGGGACAGTGGGAATCT-3′ Forward 108

5′-CGGGTAAACGGCGGGAGTAA-3′ Reverse

AIFM2 5′-CTGAACGTCCCCTTCATGCT-3′ Forward 158

5′-ATCCCCACTACTAGCCCCTG-3′ Reverse

GAPDH 5′-CGACCACTTTGTCAAGCTCA-3′ Forward 228

5′-AGGGGTCTACATGGCAACTG-3′ Reverse

MYB 5′-TTCCACAGGATGCAGGTTCC-3′ Forward 208

5′-TGGGAAGGGGACAGTCTGAA-3′ Reverse

P53 5′-GGCCCACTTCACCGTACTAA-3′ Forward 156

5′-GTGGTTTCAAGGCCAGATGT-3′ Reverse

PDCD4 5′-TGTGGAGGAGGTGGATGTGA-3′ Forward 249

5′-TGACTAGCCTTCCCCTCCAA-3′ Reverse

1 h, incubated with mouse anti-human MYB monoclonal
antibody (2µg/mL, #05-175, Merck-Millipore) overnight
at 4◦C. After several washes in TBS-T, the membrane was
incubated with HRP sheep anti-mouse secondary antibody
(#NA931, GE Healthcare, United Kingdom) for 1 h at room
temperature. Finally, the membrane was washed in TBS-
T and revealed with electrochemiluminescence (ECL) on
autoradiography films (Amersham, GE Healthcare). MYB
intensity was normalized on β-actin (#612656, BD Transduction
Laboratories) expression. Band intensity quantification was done
using ImageJ software.

Statistical Analysis
In correlation analyses, a Pearson’s correlation test was applied
and significance was assessed. In dot plot graphs, we used the
non-parametric Mann Whitney test or the Wilcoxon paired test
to do 2-by-2 comparisons, as indicated in figure legends.

RESULTS

Increased miR-150 Expression in Highly
Hyperplastic Thymus
miR-150 expression levels were assessed in the thymus
of early-onset MG patients displaying different degrees of
follicular hyperplasia characterized by the number of GCs.
miR-150 was particularly increased in untreated MG patients
with a high degree of thymic hyperplasia compared to
controls and to patients with a low degree of hyperplasia.
In a miRnome study analyzing dysregulated miRNAs in the
MG thymus, miR-150 was not characterized as up-regulated
because patients with a high or low degree of thymic
hyperplasia were analyzed altogether (33). However, when
taking into account the degree of hyperplasia, miR-150 was
also found up-regulated in hyperplastic MG thymuses (data
not shown).

In corticoid-treated patients, with a low or no hyperplasia, the
levels of miR-150 were not reduced compared to MG patients
with a high degree of hyperplasia (Figure 1A). Even if corticoids
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are well known to decrease the number of GCs (8), corticoids
have also the ability to inducemiR-150 expression as described by
Palagani et al. (20). We did not observe any correlation between
the thymic levels ofmiR-150 and the delay betweenMG symptom
onset and the thymectomy, or the severity of the disease (data
not shown).

As we detected a significant overexpression of miR-150
in patients with a high degree of thymic hyperplasia, we
analyzed the expression of CD19 mRNA, a B-cell marker, in
correlation with miR-150 expression for controls and untreated-
MG patients. We demonstrated a significant positive correlation
between CD19 mRNA and miR-150 expression (Figure 1B). As
they represent one of the major cell population in the thymus,
we also assessed miR-150 expression in thymic epithelial cells
but did not see any differences between controls and MG
patients (Figure 1C).

In parallel, we analyzed in MG patients the expression

levels of MYB mRNA, one of miR-150 best-known and major
target. In MG patients, MYB was significantly down-regulated

in the thymus of untreated MG patients with a high degree
of hyperplasia and in cortico-treated MG patients (Figure 1D).

More, we showed that MYB expression was negatively and

significantly correlated with miR-150 expression in the thymus
of control and all MG patients (Figure 1E).

Altogether, these results suggest that miR-150 overexpression
in untreated MG thymuses is due to B cells and to the presence
of ectopic GCs, and that increased expression of miR-150

could modulate intrathymic expression of mRNA targets such
asMYB.

As previously described, miR-150 expression is increased
in the serum of MG patients compared to controls (10). We
confirmed that miR-150 was overexpressed in the serum of MG
patients and showed that this overexpression was independent
of the degree of hyperplasia, as we did not observe any
difference between patients without thymic hyperplasia (No-
H) and patients with a high degree of hyperplasia (High-
H) (Figure 1F).

Strong miR-150 Expression in B Cells of
the Mantle Zone of Germinal Centers
In order to visualize more precisely the localization of miR-150
in the thymus, we performed in situ hybridization in control
(Figures 2A,B) and MG (Figures 2D,E and 2G,H) thymuses.
A miR-150 labeling was observed associated with thymocytes
in both the cortical and medullary regions, and miR-150
distribution seemed similar in adult control and MG patients
(Figures 2A,B and 2D,E). No unspecific labeling was observed
using a scramble miRNA (Figures 2C,F,I).

However, in the thymus of MG patients, we observed a strong
labeling for miR-150 preferentially located in the mantle zone
around GCs (Figures 2G,H). These data demonstrated that the
higher expression of miR-150 expression as observed by PCR in
the hyperplastic thymus of untreated MG patients was linked to
B cells and ectopic GCs.

FIGURE 2 | miR-150 was highly expressed in B cells of the mantle zone of GCs in MG thymuses. Representative pictures of in situ hybridization of miR-150 in the

cortex (A) and the medulla (B) of the thymus of a non-MG control and in the cortex (D), the medulla (E) and two different GCs (G,H) of the thymus of MG patients.

miR-150 was located in B cells of the mantle zone of ectopic follicle with expanded GC (G,H). Scramble labeling was performed in the medulla (C) of the thymus of a

non-MG control and in the cortex (F) and in the medulla/GC area (I) of the thymus of MG patients. 1-cm bar length represents 50µm for 20X magnification and 25µm

for 40X magnification. All in situ hybridization experiments were done in formalin fixed paraffin embedded thymic tissue sections, as fully detailed in the method section.
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Decreased Expression of miR-150-5p in
peripheral CD4+ T Cells
Circulating miR-150 is overexpressed in the serum of MG
patients (10) and we further investigated miR-150 expression
in PBMCs from MG patients. Interestingly, miR-150 was
found significantly less expressed in MG PBMCs compared to
control PBMCs (Figure 3A). Among PBMCs, we investigated
the expression of miR-150 in isolated CD4+ T cells (Figure 3B)
and CD19+ B (Figure 3C), the cells mainly involved in the
autoimmune response in MG. miR-150 was found decreased in
CD4+ T cells but not in CD19+ B cells (Figures 3B,C). For a
few donors, miR-150 expression was also assessed in CD14+

monocytes but no difference between MG and control was
observed (data not shown). These data suggest that the increase
of miR-150 in the serum of MG patients could be linked to a
release from CD4+ T cells.

Analyzing MYB mRNA expression in PBMCs, we were
surprised to observe a significant down-regulation of its
expression in PBMCs from MG patients but we did not observe
the same decrease in CD4+ T cells (Figures 3D,E). We did not
have enough mRNA samples to properly measure and conclude
onMYB in CD19+ B cells. To try to better understand the impact
of miR-150 on peripheral cells, we then analyzed its direct effects
on PBMCs in vitro.

miR-150 Decreased MYB Expression in
Peripheral Blood Cells
To investigate if circulatingmiR-150 could have a function inMG
and other inflammatory diseases, we analyzed the impact of miR-
150 on peripheral circulating cells by treating control PBMCs
with miR-150 or with a scramble miRNA from Caenorhabditis
elegans (cel-miR-293b), as detailed in the method section. To
work in physiological conditions, cells were not transfected,
and miR-150 and the scramble miRNA were added in cell
culture medium and “naturally” delivered into cells thanks to
the gymnosis process. Non-adherent PBLs were recovered after
72 h. We validated by qPCR that miR-150 level was elevated
intracellularly in cells treated with miR-150 compared to cells
treated with the scramble miRNA (Figure 4A). Noteworthy, the
efficacy of the gymnosis process was the same for any miRNAs,
as the scramble miRNA was also detected within PBMCs after
gymnosis (Figure 4B).

Then, we demonstrated at the mRNA (Figure 4C) and protein
(Figures 4D,E) levels that MYB was less expressed in cells
treated with miR-150. The decreased expression of MYB upon
miR-150 treatment was also confirmed by flow cytometry after
the exclusion of dying cells and by gating on lymphocytes,
as detailed in figure legend (Figures 4F,G). Next, we analyzed
by flow cytometry the effect of antimiR-150, at the same

FIGURE 3 | Decreased expression of miR-150-5p in peripheral cells from MG patients. miR-150 expression was assessed by qPCR in (A) total PBMCs (controls n =

13, MG n = 9), (B) CD4+ T cells (controls n = 14, MG n = 9) and (C) CD19+ B cells (controls n = 11, MG n = 11). miR-150 expression was normalized on 28S

expression. (D) MYB expression was assessed by qPCR in total PBMCs (controls n = 12, MG n = 8) and (E) in CD4+ T cells (controls n = 9, MG n = 8) and

normalized on 28S expression. p-values were assessed by the Mann-Whitney test.
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FIGURE 4 | miR-150-5p decreased MYB expression in peripheral blood cells

in vitro. (A) Representative experiment of miR-150 expression in PBLs treated

with a scramble miRNA (-) or miR-150 (+). (B) Representative experiment of

cel-miR-293b expression (scramble miRNA) in PBLs treated with miR-150 (-)

(Continued)

FIGURE 4 | or a scramble miRNA (+). (C) PCR analysis of MYB mRNA

expression in PBLs treated with a scramble miRNA (-) or miR-150 (+) in 3

different donors. MYB mRNA expression was normalized on GAPDH mRNA

expression. (D,E) Western blot analyses of MYB protein expression in PBLs

treated with a scramble miRNA (-) or miR-150 (+). (D) Western blot

quantitative analyses of MYB protein in 5 different donors. MYB expression

level was normalized on β-actin. (E) Two representative experiments of MYB

and β-actin protein expression as seen after Western blot revelation in two

different donors. Protein sizes are indicated next to respective bands (F)

Representative experiment of MYB expression in PBLs treated with miR-150

(orange), scramble miRNA (green) or antimiR-150 (blue), assessed by flow

cytometry. Control IgG is represented as a full grey histogram. Cells were first

gated for singlet on FSC-H vs. FSC-A, and further analyzed according to their

uptake of Live/Dead stain. Finally, lymphocytes were gated on SSC-A vs.

FSC-A. (G) Geomean of MYB expression in the lymphocyte population (n = 8),

treated with a scramble miRNA (-) or miR-150 (+). (H) Representative

experiment of miR-150 expression in PBLs treated with a scramble miRNA (-)

or antimiR-150 (+). (I) Geomean of MYB expression in the lymphocyte

population (n = 6), treated with a scramble miRNA (-) or antagomiR-150 (+).

(D,G,I) p-values were assessed by the Wilcoxon paired test.

concentration than miR-150 and the scramble miRNA, on MYB
expression. We confirmed by qPCR that miR-150 expression was
decreased in PBLs upon antimiR-150 treatment (Figure 4H). By
flow cytometry, we showed that antimiR-150 had an opposite
effect compared to miR-150 and significantly increased MYB
expression in lymphocytes (Figures 4F–I). Altogether, these
results demonstrate that increased level of miR-150 in the serum
could penetrate circulating cells and decrease the expression of
miR-150 target genes, such as MYB. An antimiR-150 treatment
by decreasing the levels of endogenous miR-150 could have the
opposite effect on target gene expression.

Increased Cell Death Associated With
miR-150 Inhibition
We also investigated the global effect of miR-150 or antimiR-
150 on lymphocytes after 72 h treatments. The addition of miR-
150 tends to decrease the proportion of lymphocytes but it
was not statistically significant (Figure 5A) and we did not
observe any effects of miR-150 on cell proliferation or cell death
(Figures 5B,C). In contrast, antimiR-150 significantly decreased
the percentage of lymphocytes (Figure 5A). This was associated
with an increase of cell death (Figures 5B,C) but not with a
decreased proliferation of cells (Figures 5D,F). We next analyzed
if CD4+ T cells, CD8+ T cells and CD19+ B cells were
similarly impacted by antimiR-150. We observed that antimiR-
150 increased with a 2-fold factor CD4+ and CD8+ T-cell death
while it did not affect CD19+ B cells (Figures 5G–I).

These results suggested that miR-150 was playing a role in
the survival of CD4+ and CD8+ T cells and the inhibition of
miR-150 could induce the expression of pro-apoptotic genes.
We identified four pro-apoptotic genes targeted by miR-150 in
different prediction databases (miRTarBase, miRWalk, Diana-
microT, and TargetScan): P53 (Tumor Protein 53), AIFM2
(Apoptosis Inducing Factor Mitochondria associated 2), SP1
(Specificity Protein 1), and PDCD4 (Programmed Cell Death
4). We analyzed the effect of antimiR-150 and miR-150 on the
expression of these genes. PDCD4 expression was not modified
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by any treatments and SP1 PCR was not effective. However,
P53 and AIFM2 mRNA expression levels were increased upon
the antimiR-150 treatment compared to the scramble miRNA
treatment. We did not see any down-regulation of P53 and
AIFM2 expression upon miR-150 treatment (Figure 5J). This
suggests that the basal level of miR-150 in control conditions was
sufficient to repress the expression of P53 andAIFM2, and adding
more miR-150 did not increase this repression.

As upon miR-150 treatment, we observed a decreased
expression of MYB (Figure 4) and a slight decrease in the
percentage of lymphocytes (Figure 5A), we analyzed the effect of
miR-150 on the expression of two anti-apoptotic genes, BCL-2
(B-cell leukemia/lymphoma 2) and BCL-XL (also called BCL2L1:
BCL-2 like 2) that are induced by MYB (34). Nevertheless, we
did not observe any decreased expression of BCL-2 and BCL-
XL mRNAs in PBMCs treated with miR-150 (data not shown).
Altogether, these results underline that miR-150 and antimiR-150
did not always have opposite effects and canmodulate specifically
cell behavior.

DISCUSSION

We previously showed that miR-150 is increased in the serum
of early-onset AChR-MG patients. Its expression is lowered
after thymectomy and is correlated with an improvement of the
symptoms. Here, we investigated the expression level of miR-
150 in the thymus and peripheral blood cells of MG patients
to understand why miR-150 is increased in the serum of MG
patients and what are the consequences of miR-150 fluctuations
on peripheral cells.

miR-150 Was Overexpressed in
Hyperplastic MG Thymuses
Here, we show that miR-150 was more expressed in the thymus
of MG patients compared to healthy controls, and in particular in
patients displaying a high degree of thymic hyperplasia. Gualeni
et al. demonstrated that in reactive lymph nodes, miR-150 is
expressed by small lymphocytes of primary follicles and of the
mantle zone around GCs (30). In addition, Tan et al. also
observed miR-150 to a lesser extent in a few cells in the dark zone
of GCs, a dense zone of proliferating B cells (35). We observed a
similar expression pattern in ectopic GCs in the thymus of MG
patients with miR-150 mainly expressed by B cells of the mantle
zone. These observations led us to conclude that the increased
expression of miR-150 in hyperplastic MG thymuses was linked
to the abnormal presence of B cells and in particular to the
development of GCs. We observed that the increased expression
of miR-150 in MG thymuses was associated with a decreased
expression ofMYB, the most well-known miR-150 mRNA target
that displays four binding sites. MYB is a transcription factor
essential for hematopoiesis and is highly expressed in the thymus
(36). MYB is also characterized as an early regulator of T-cell
associated diseases with an altered expression in autoimmune
diseases (37). In the MG thymus, miR-150 could be secreted
by B cells and alter MYB expression locally and consequently
affect T cells, knowing that the T-cell repertoire is altered in

MG (38). Indeed, MYB is known to be involved at several stages
in thymopoiesis: transition through the double-negative 3 stage,
survival of CD4+CD8+ thymocytes, and differentiation of CD4+

thymocytes (39).
As miR-150 is highly expressed in hyperplastic thymuses,

the question is whether the serum increase of miR-150 in MG
could be linked to a release from the thymus that would explain
the serum decrease after thymectomy (10). Indeed, increased
expression of miR-150 is often observed both in the serum
and inflammatory organs characterized by ectopic lymphoid
infiltrations, such as in Sjögren Syndrome (26, 40) and in lupus
nephritis (27, 41). To support this hypothesis, we should observe
a higher serum level of miR-150 in MG patients with highly
hyperplastic thymus. A recent study analyzing the serum levels
of miR-150 in MG patients together with the degree of thymic
hyperplasia did not observe any correlation (42). However,
in this study, 79% of patients were under corticoid therapy.
Corticoids strongly induce miR-150 expression in the thymus
or in corticoid-sensitive cell lines (19, 20) and even if they are
known to decrease the number of thymic GCs, we observed an
increased expression of miR-150 in the thymus of cortico-treated
MG patients, even with a low or no thymic hyperplasia. We
thus analyzed miR-150 levels in serums collected at the time of
thymectomy for untreated MG patients with or without thymic
hyperplasia. We were not able to analyze miR-150 levels both in
the thymus and serum for the same donors. Nevertheless, we did
not observe higher serum levels for miR-150 in patients with a
highly hyperplastic thymus suggesting that miR-150 serum levels
were independent of the degree of thymic hyperplasia.

miR-150 Is Down-Regulated in CD4+ T
Cells in MG Patients
In this study, we also showed that miR-150 was less expressed in
PBMCs from MG patients compared to controls, demonstrating
that circulating and cellular miR-150 levels could vary in opposite
ways. This was also observed in other pathological conditions.
In HIV/AIDS patients, miR-150 expression is increased in the
serum and decreased in PBMCs in symptomatic patients. While
the decrease in PBMCs is clearly correlated with the loss of
CD4+ T cells, the increase in the serum is not well understood
(23). In chronic lymphocytic leukemia, Stamatopoulos et al. also
observed an increase in serum level of miR-150 and a cellular
decrease during disease progression. They suggest that cellular
miR-150 could be regulated by its release into the extracellular
space (43). In addition, similarly to what we observed in MG,
different studies demonstrated that miR-150 is decreased in
PBMCs from Sjögren Syndrome patients while it is increased
in the serum of patients and in inflammatory salivary glands
(26, 40, 44).

Analyzing miR-150 expression in cell subtypes, we observed
that the decrease in PBMCs from MG patients was mainly due
to CD4+ T cells. Similarly, in autoimmune diseases, such as
rheumatoid arthritis and systemic lupus erythematosus, miR-150
is less expressed in CD3+ T cells, and in particular CD4+ T
cells (45, 46). In healthy donors, miR-150 was reported to be
less expressed in activated CD4+ T cells compared to resting
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FIGURE 5 | Increased cell death due to miR-150 inhibition. (A) Analysis of the effect of miR-150 and antimiR-150 on the percentage of lymphocytes. PBMCs from 9

control donors were cultured for 72 h with a scramble miRNA (10µM), miR-150 (10µM) or antimiR-150 (10µM). PBLs were recovered and analyzed by flow

(Continued)
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FIGURE 5 | cytometry. Cells were first gated for singlet on FSC-H vs. FSC-A and lymphocytes were gated on SSC-A vs. FSC-A. (B) Proliferation was measured in

total lymphocytes after 72 h of culture according to Ki67 labeling. (C) Cell death was determined in total lymphocytes after 72 h of culture according to a live-dead

staining. (D–F) To evaluate cell proliferation after 72 h in culture, PBLs were labeled with anti-CD4, CD8, CD19, and Ki67 antibodies (n = 5). (G–I) To evaluate cell

death after 72 h in culture, PBLs were labeled with anti-CD4, CD8, CD19 antibodies and a live-dead stain (n = 6). (J) qPCR analyses of pro-apoptotic genes P53,

AIFM2, and PDCD4 expression in PBLs. Cells from 2 control donors were cultured for 72 h with a scramble miRNA, miR-150 or antimiR-150 (10µM). Gene

expression levels were normalized on GAPDH expression. (A–I) p-values were assessed by the Wilcoxon paired test.

cells (47, 48). De Candia et al. demonstrated that upon in vitro
activation, lymphocytes down-regulate intracellularmiR-150 that
accumulate in exosomes (18). In addition, they also showed
that miR-150 expression level remained practically unchanged in
the serum of CD4+ T cell-depleted mice after stimulation (28),
suggesting that miR-150 expression is mediated through CD4+ T
cells. Consequently, we hypothesize that increased serum level in
MG patients could be due to the release of miR-150 by activated
CD4+ T cells in MG (49). Indeed, miR-150 belongs to a category
of miRNAs that are mainly exported and enriched in extracellular
vesicles (50) even if it can also be detected circulating associated
with non-vesicular AGO2 ribonucleoprotein complexes (51).

By analyzing MYB expression in PBMCs, we observed that
while miR-150 was decreased in PBMCs from MG patients, its
main target MYB was also surprisingly down-regulated. Two
hypotheses could explain this decrease: (1) PBMCs correspond
to a mix of different cell types and changes could correspond
to variations in the percentage of a specific cell types. No major
changes have never been observed in MG patients regarding
the percentage of different cell populations, except a slight
decreased proportion of monocytes in MG patients (3). (2) This
decrease could reflect the increased serum levels of miR-150 in
MG patients (10) that could affect global MYB expression. Of
interest, MYB is known to be required for regulatory T cell
homeostasis in periphery as MYB deletion in these cells resulted
in the development of multi-organ autoimmune diseases (52).
However, analyzing MYB expression in CD4T cells we did not
observe anymore a decrease in MYB. To better understand the
potential impact of miR-150 on peripheral cells, we then analyzed
its effects in vitro on PBMCs.

miR-150 Modulated Peripheral
Cell Behavior
Most miRNAs described in diseases are characterized only as
biomarkers and their functional roles are not further investigated.
Here, we analyzed the effects of miR-150 when added on
peripheral blood cells. By looking at its major target, MYB, we
showed by different approaches that in vitro miR-150 was able
to decrease MYB expression at the mRNA and protein levels. As
reviewed by Greig et al., MYB plays a critical and complex role
in hematopoietic cells, promoting cell proliferation but also cell
differentiation (53). Nevertheless, if the treatment of PBMCs with
miR-150 decreased MYB expression, in our in vitro experiments
it did not affect the proliferation or the cellular death of CD4+

and CD8+ T cells and CD19+ B cells.
We also investigated the effect of an antimiR-150, designed

to neutralize miR-150 and to cancel its effects. As expected, we
demonstrated that antimiR-150 had an antagonistic effect on the
expression of MYB compared to miR-150. Moreover, we also

observed that antimiR-150 induced cellular death of CD4+ and
CD8+ T cells. We showed that two pro-apoptotic genes, P53 and
AIFM2, directly regulated by miR-150, were upregulated when
cells were treated with antimiR-150. These results suggest that
CD4+ and CD8+ T-cell death could be due to the overexpression
of pro-apoptotic genes tightly controlled in the first place by
miR-150. This specific effect of antimiR-150 suggest that specific
pathways controlled by miR-150 might be involved in T-cell
lineage control of apoptosis. Next step would be to investigate if
specific T-cell subsets are more sensitive to apoptosis in response
to antimiR-150.

Interestingly, P53 and AIFM2 were not repressed upon miR-
150 treatment. The sensitivity of target genes to the addition
of miR-150 or antimiR-150 could be linked to the number of
miRNA target sites. Indeed,MYBmRNA displays 4 fixation sites
for miR-150: its expression is decreased upon miR-150 treatment
and increased upon antimiR-150 treatment. However, P53 and
AIFM2 mRNAs display only one fixation site. Consequently
the basal level of miR-150 in control conditions was probably
sufficient enough to completely repress the expression of
P53 and AIFM2, while the addition of antimiR-150 unlocked
the negative control of the expression of these two pro-
apoptotic genes.

Conclusion
miR-150 level is increased in the serum of MG patients and
down-regulated after thymectomy, along with an improvement
of symptoms (10, 42). In this study, we clearly demonstrated
increased expression levels in the thymus of MG patients due to
B cells and GC development but the serum levels were not link
to the degree of thymic hyperplasia and thymic miR-150 levels.
We showed that miR-150 was decreased in peripheral CD4+ T
cells from MG patients suggesting miR-150 could be released
by activated CD4+ T cells. After thymectomy, activated T cells
decline (49, 54) and that could explained the decreased release
of miR-150. Analyzing the impact of miR-150 on peripheral
cells, we demonstrated that the basal level of miR-150 had a
protective effect on CD4+ and CD8+ T cells by controlling the
expression of pro-apoptotic genes. In addition, increased serum
level of miR-150 in MG could play a central role by regulating
MYB whose expression is an important regulator of T-cell related
autoimmune diseases (37).
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