Cell. Mol. Life Sci. (2016) 73:445-458
DOI 10.1007/s00018-015-2007-y

Cellular and Molecular Life Sciences

ORIGINAL ARTICLE

=
@ CrossMark

Protein O-mannosylation is crucial for human mesencyhmal stem

cells fate

E. Ragni' - M. Lommel® -+ M. Moro® + M. Crosti® - C. Lavazza' -

V. Parazzi' - S. Saredi* - S. Strahl? - L. Lazzari!

Received: 25 March 2015/Revised: 27 July 2015/ Accepted: 29 July 2015/ Published online: 6 August 2015

© Springer Basel 2015

Abstract Human mesenchymal stem cells (MSC) are
promising cell types in the field of regenerative medicine.
Although many pathways have been dissected in the effort
to better understand and characterize MSC potential, the
impact of protein N- or O-glycosylation has been neglec-
ted. Deficient protein  O-mannosylation is a
pathomechanism underlying severe congenital muscular
dystrophies (CMD) that start to develop at the embryonic
developmental stage and progress in the adult, often in
tissues where MSC exert their function. Here we show that
O-mannosylation genes, many of which are putative or
verified glycosyltransferases (GTs), are expressed in a
similar pattern in MSC from adipose tissue, bone marrow,
and umbilical cord blood and that their expression levels
are retained constant during mesengenic differentiation.
Inhibition of the first players of the enzymatic cascade,
POMT1/2, resulted in complete abolishment of chondro-
genesis and alterations of adipogenic and osteogenic
potential together with a lethal effect during myogenic
induction. Since to date, no therapy for CMD is available,
we explored the possibility of using MSC extracellular
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vesicles (EVs) as molecular source of functional GTs
mRNA. All MSC secrete POMTI mRNA-containing EVs
that are able to efficiently fuse with myoblasts which are
among the most affected cells by CMD. Intriguingly, in a
pomtl patient myoblast line EVs were able to partially
revert O-mannosylation deficiency and contribute to a
morphology recovery. Altogether, these results emphasize
the crucial role of protein O-mannosylation in stem cell
fate and properties and open the possibility of using MSC
vesicles as a novel therapeutic approach to CMD.
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Introduction

Human mesenchymal stem cells (MSC) are multipotent
progenitor cells responsible for the origin of a variety of
tissues in vivo (e.g., paraxial mesoderm: bone, cartilage
and striated muscles; lateral plate mesoderm: fat and
smooth muscles) and with the potential to differentiate into
adipocytes, osteocytes, chondrocytes, tenocytes, and myo-
blasts in vitro [1, 2]. MSC can be easily isolated from many
tissues including adipose tissue [3], bone marrow [4],
skeletal muscle [5], deciduous dental pulp [6], synovium
[7], Wharton’s jelly [8], umbilical cord [9] and umbilical
cord blood [10]. In the last years, many reports on both
experimental animal models and human clinical trials have
shown that MSC may improve tissue repair by secreting
different factors (cytokines, proteins, mRNA), either sol-
uble or embedded in extracellular vesicles (EVs), able to
regulate a broad range of biological activities including
angiogenesis, wound repair, immunity, and defense, as well
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as neural activities [11, 12]. In particular, EVs were
recently demonstrated to be promising medicinal cargos for
different pathologies by their ability to transfer therapeutic
RNAs, proteins, or drugs [13].

In the frame of MSC characterization to predict and
improve their clinical potential, many pathways defining
their identity (differentiation, self-renewal, and immunity)
have been dissected with the identification of the structural
or enzymatic players. Nevertheless, the impact of protein
glycosylation, the most abundant post-translational modi-
fication [14], has been neglected. N-linked and O-linked
glycans represent the two major types of glycosylation and
are both involved in the maintenance of protein confor-
mation and activity, in protein protection from proteolytic
degradation, and in protein intracellular trafficking and
secretion [15]. In this view, the role of MSC glycosylation
features gets crucial to deeper understand stem cell func-
tionality and fate. Accordingly, a recent report on the major
N-glycans modulation upon MSC adipogenic differentia-
tion reaffirmed the essential role of protein associated
carbohydrate moieties [16].

Among other glycosylation pathways potentially regu-
lating MSC features, O-mannosylation is of particular
relevance. Its absence or reduction is a pathomechanism
underlying severe congenital muscular dystrophies (CMD)
associated with neuronal migration abnormalities, such as
Fukuyama CMD, muscle-eye-brain disease, and Walker—
Warburg syndrome (WWS) [17]. In humans, O-mannosy-
lation is initiated in the endoplasmic reticulum (ER) by an
enzyme complex composed of the protein O-mannosyl-
transferases POMT1 and POMT?2 [18], that recently was
demonstrated to be negatively regulated by the 4-diphos-
phocytidyl-2C-methyl-derythritol synthase ISPD [19]. The
O-linked mannose residue is then progressed by two
alternative protein O-linked mannose N-acetylglu-
cosaminyltransferases, the ER-resident POMGNT?2 (beta
1,4-), or the Golgi POMGNTI1 (beta 1,2-), with further
processing of these two structures carried out by several
enzymes, many of which are verified or putative glyco-
syltransferases (GTs) [20]. The lack of the branch initiated
by POMGNT?2 was verified to be directly associated with
loss of matrix binding properties of alpha-dystroglycan,
part of the dystrophin glycoprotein complex [21]. Such a
reduced alpha-dystroglycan functionality leads to weak-
ened anchorage in muscle (e.g., laminin, agrin, and
perlecan) and in brain (e.g., neurexin), eventually resulting
in CMD phenotypes [22].

In this work, our efforts have been focused on dissecting the
importance of O-mannosylated glycans in MSC fate and
properties. First, we analyzed the expression pattern of the
O-mannosylation cascade initial genes, ISPD and POMT1]/2,
together with both several components of the alpha-dystro-
glycan activating POMGNT?2 branch, POMGNT2-B3GNT2-
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POMK-FKTN-FKRP-B4GATI-LARGE, and LARGE?2
[23-25], and the first genes of the alternative POMGNT1I
pathway, POMGNTI-GNTIX [26, 27]. Then, we studied
gene modulation during mesengenic differentiation and the
effects of the inhibition of the first steps of the pathway on
MSC properties and differentiation potential. Finally, we
investigated a possible role for MSC EVs as an innovative
therapeutic approach for CMD.

Materials and methods
Cell isolation and growth

MSC from lipoaspirate (ADMSC), bone marrow aspirate
(BMMSC), and umbilical cord blood (CBMSC) were
obtained from healthy donors after informed consent [3,
10, 28]. MSC were propagated in alpha MEM supple-
mented with 20 % FBS (Life Technologies, Carlsbad, CA,
USA). Stem cell identity of isolated ADMSC, BMMSC,
and CBMSC was assessed by immunophenotype profiling
that confirmed high expression of typical MSC cell-surface
antigens, such as CD90, CD73, CD44, and CD105, and
negativity for hemato-endothelial markers such as CD34,
CD133, and CD45, following what reported in [28] (data
not shown).

Fibroblasts (HSF) were obtained from skin biopsies of
healthy donors after informed consent. Briefly, after
removal of subcutaneous fat and connective tissue (hypo-
dermis), the epidermis and dermis were minced and
incubated with Dispase (Roche Applied Science, Man-
nheim, Germany) overnight at 4 °C. Then, the dermal part
was separated from the epidermis and minced in 1-2 mm
diameter pieces that were placed in dishes in alpha MEM
plus 10 % FBS. After 14-21 days, fibroblast colonies were
detached and re-seeded at 4000 cells/cm”.

Healthy myoblasts were a kind gift of Stefania Corti
(Neuralstemlab, Universita degli Studi di Milano). pomtl
(hetero. C.1611C>G Ser537Arg/c.1770G>C GIn590His)
myoblasts (from the biobank “Cells, tissues and DNA from
patients with neuromuscular diseases” of the Besta Neu-
rological Institute, Milano, Italy) were obtained from a
WWS male patient that died at 2 years old. For mutation
screening, primers were designed flanking the intron—exon
junctions of each POMTI exon and the 3'UTR, based on
published sequences (GenBank accession number:
NM_007171.2). PCRs were performed with Mega Mix
Double (Microzone, Haywards Heath, West Sussex, UK).
The products were purified using microCLEAN (Micro-
zone, Haywards Heath, West Sussex, UK) and sequenced
directly with the BigDye Terminator vI.1 Cycle
Sequencing Kit (Applied Biosystems, CA, USA).
Sequences were analyzed on an ABI Prism 3100 Genetic
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Analyzer (Applied Biosystems, CA, USA) with Seqscape
V2.5 software (Applied Biosystems). All myoblasts, both
healthy and pomt1, were cultured in DMEM supplemented
with 20 % FBS, 1 % penicillin—streptomycin, 2 mM L-
glutamine, 10 pg/ml insulin (Sigma—Aldrich, St. Louis,
MO, USA), 2.5 ng/ml basic fibroblast growth factor
(bFGF; Gibco, Paisley, Scotland), and 10 ng/ml epidermal
growth factor (EGF; Gibco).

All subsequent studies on cell growth were carried out in
technical duplicate on three independent cell lines for BM-
and ADMSC, four cell lines for CBMSC and fibroblasts
and two cell lines for control healthy myoblasts. Experi-
ments were performed at passage 5. For POMT1/POMT?2
inhibitor studies, culture medium was supplemented with
0.1 % DMSO or R3A-5a (Biotrend GmbH, Cologne,
Germany) dissolved in DMSO and changed each 3 days.

Mesengenic differentiation and biochemical
quantification

MSC were seeded in duplicate in 6-well plates at a con-
centration of 2 x 10* cells/cm? in 2 mL of media and
cultured in control medium (alpha MEM supplemented
with 20 % FBS) until 70-80 % confluence when differ-
entiation was performed as previously reported [29]. To
promote myogenic induction, the SkGM-2 BulletKit
(Lonza GmbH, Cologne, Germany), a commercial basal
medium for MSCs which includes pro-myogenic factors
that induce myogenic induction, was used. For quantifica-
tion of differentiation at the end of the process (3 weeks),
to detect adipogenesis, cells were fixed in 4 % formalde-
hyde and stained for 1 h with Oil Red O (Sigma—Aldrich,
St. Louis, MO, USA) (0.3 % in 60 % isopropanol).
Incorporated Oil Red O was dissolved in isopropanol and
detected at 520 nm. For osteogenesis, cultures were fixed
in 70 % ethanol and incubated with Alizarin Red solution
(2 g/100 mL in distilled water, Sigma—Aldrich) for 15 min.
Alizarin Red was recovered with 10 % acetic acid, the
solution neutralized with 10 N NaOH and extracted Ali-
zarin Red measured at 405 nm. For chondrogenesis,
chondrogenic cultures were fixed in 4 % formaldehyde,
and then stained with Alcian Blue (1 g/L in 0.1 M HCI,
Sigma—Aldrich) for 6 h. To recover Alcian Blue, dry wells
were covered with 6 N Guanidine HCI (Sigma—Aldrich)
and the amount of extracted dye measured at 650 nm.

For RNA extraction, cells were collected at day 0, as
pre-induction condition, and at day 7, to harvest MSC
actively differentiating. For inhibitor studies, culture
medium was supplemented with 0.1 % DMSO or R3A-5a
in DMSO.

RNA isolation and cDNA synthesis and quantitative
RT-PCR assays

RNA was isolated using the RNeasy Mini kit (Qiagen,
Hilden, Germany) following manufacturer’s instructions.
RNA purity was determined by measuring the absorbance
A260/A280 in a Nanodrop spectrophotometer. RNA
integrity was assessed using electrophoretic techniques.

Quantitative PCR was carried out using “SsoFast Eva-
Green Supermix” (Bio-Rad Laboratories, Hercules, CA,
USA). cDNA derived from 800 ng RNA and gene specific
primers (ISPD, POMT1, POMT2, POMGNTI, POMGNT2,
B3GNT2, POMK, GNTIX, FUKUTIN, B4GATI, LARGE,
FKRP, LARGE2, DAGI, PPARG, OPN, SOXS5, and DMD)
were used. Triplicates of all reactions were analyzed and
within each triplicate values exceeding standard deviation
>10 % were discarded. Each assay also included a blank.
To confirm product specificity, a melting curve analysis
was performed after each amplification. Relative gene
expression was normalized to TBP or RPLPO [29]
expression using the AAC, method. For statistical analysis
and expression data generation, the Bio-Rad CFX Manager
software was used. Primer sequences will be provided upon
request.

EVs preparation

MSC were grown to 80 % confluence, and then fresh
medium without FBS was added. After 24 h, conditioned
culture medium was collected and serially centrifuged to
remove floating cells and cellular debris (400xg for
10 min, 600x g for 10 min and 5000xg for 15 min for 3
times) before being ultracentrifuged at 100,000x g for 1 h
at 4 °C. The pellet was suspended in PBS or dissolved in
lysis buffer for RNA extraction.

Measurement of particle number and size
distribution by nanoparticle tracking analysis
(NTA)

NTA was carried out using the Nanosight system (Nano-
Sight, Wiltshire, UK) on EVs suspended in PBS that were
further diluted 50-fold for analysis. NTA related the rate of
Brownian motion to particle size. Vesicles were visualized
by light scattering using a conventional optical microscope
aligned perpendicularly to the beam axis. After a video was
taken, the NTA software tracked between frames the
Brownian motion of individual vesicles and calculated total
concentration and their size through application of the
Stokes—Einstein equation.
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EVs transfer and glycosylation restoration
assessment

250 x 10° EVs isolated from the serum-free supernatant of
100 x 10° BMMSC were supplemented to the growth
medium of approximately 25,000 pomtI myoblasts with or
without POMTI siRNA pre-loading through 5 daily
administrations. PBS was used as negative control in a
parallel cell culture. Two independent BMMSC lines were
used. At the end of the 5th day, a previously published flow
cytometry protocol was followed to detect the amount of
glycosylated a-DG [30]. Briefly, cells were incubated with
mAb ITH6 (1:100; Merck Millipore, Darmstadt, Germany).
Incubation was for 2 h on ice. Cells were then washed
twice and labeled with FITC-conjugated goat secondary
antibodies (1:200; Abcam, Cambridge, UK) for 1 h on ice
in the dark. After two wash-steps, cells were analyzed with
a FACSCanto instrument (Becton—-Dickinson). At least
15,000 events were acquired. Image analysis was done
using FloJo software (Tree Star, Ashland, OR). AMFI
values were calculated as MFI of stained cells subtracted of
MFI of unstained cells. MFI of control cells was set around
10%.

siRNA transfection

In a 24 well tissue culture plate, 2.5 x 10* myoblasts
(healthy or pomtl) were incubated per 24 h and then
transfected with POMTI or scramble-FITC siRNA (both
from Santa Cruz Biotechnology, CA, USA) following
manufacturer’s protocol. Briefly, 24 pmol siRNA were
suspended in 0.320 mL siRNA Transfection Medium
(60 nM final) and cells incubated for 24 h. After 24 h,
siRNA was removed and cells were washed and incubated
with muscle cell medium (Lonza) for 5 days and analyzed
by gqRT-PCR (5 days) or FACS (24 h). For EVs treatment,
after removal of transfection medium, EVs were supple-
mented each 24 h as previously mentioned. POMT]I
mRNA reduction was assessed by qRT-PCR as previously
described. Scramble-FITC transfection efficiency was
measured via FACS on a FACSCanto flow cytometer (at
least 30,000 events were acquired).

PKH26-labeled EVs transfer

EVs were labeled with PKH26 (Sigma—Aldrich), according
to the manufacturer’s protocol, with some modifications.
Briefly, EVs were suspended in 0.3 mL Diluent C. Sepa-
rately, 0.3 mL Diluent C was mixed with 1.5 pLL PKH26.
The EVs suspension was mixed with the stain solution and
incubated for 20 min at room temperature in the dark. The
labeling reaction was stopped by adding an equal volume
of 1 % BSA in PBS and a solution containing 0.5 mg/mL
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DAPI (Sigma—Aldrich) was added to label nuclear DNA.
Labeled EVs were ultracentrifuged at 100,000x g for 1 h at
4 °C, washed with PBS-1 % BSA, ultracentrifuged again
and finally suspended in PBS. Labeled vesicles were
incubated with pomt] myoblasts in a 10,000: 1 ratio. PBS
that received the same treatment as above was used as a
control. The cells were analyzed by flow cytometer with a
FACSCanto instrument. Image analysis was done using
FloJo software.

Western blot analysis

For glyco alpha-dystroglycan analysis, a protocol previ-
ously published in [19] was followed. Briefly, from cell
extracts of 1.5-2 x 10° cells, alpha-dystroglycan-complex
was enriched by WGA-lectin precipitation and proteins
were separated on SDS-PA gel. The immunoblot was
decorated with IIH6 mouse monoclonal antibodies.

Cell viability assessment

To detect viable cells after inhibitor treatment, MSC were
detached with Tryple enzyme (Life Technologies) and
washed with PBS. To collect any possible detached cell in
the culture supernatant, conditioned medium was cen-
trifuged at high speed (5000 rpm) and pellet, although
never visible, suspended, and added to enzyme detached
cells. After a further centrifugation step, total cells were
suspended in binding buffer and 1/20 volume propidium
iodide (20 pg/mL; Bender MedSystems GmbH, Vienna,
Austria) was added. All solutions were filtered three times
with 0.1 pm filters to reduce debris contamination. Labeled
cells were immediately analyzed on a FACSCanto flow
cytometer that was previously set in the physical parame-
ters to exclude debris still present in the filtered suspension
solution. At least 30,000 events were acquired with no
further gates. Image analysis was done using FloJo soft-
ware. Cell viability was also confirmed via Trypan Blue
staining by preparing a 1:1 dilution of the cell suspension
using a 0.4 % Trypan Blue (Lonza) solution. Viable cells
were counted under a microscope and cell viability was
expressed as the viable cell numbers/total cell numbers
multiplied by 100.

Results

O-mannosylation related genes modulation in MSC

To explore the role of the pathways leading to protein
O-mannosylation in mesenchymal stem cells, the expres-

sion levels of ISPD, POMTI, POMT2, POMGNTI,
POMGNT?2, GNTIX, B3GNT2, POMK, FUKUTIN, FKRP,
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B4GATI, LARGE, and LARGE?2 (Fig. 1) have been assayed
in MSC from two adult sources, BMMSC and ADMSC,
and one fetal source, CBMSC, via qRT-PCR (Fig. 2a—c).
An absolute C; value of 35 was set as the maximum
threshold for reliable quantification and, based on previous
experience in our laboratory, a C; lower than 20 assumed
for highly expressed genes (e.g., Actin beta), between 20
and 30 for medium abundant transcripts (e.g., Glu-
curonidase beta), and higher than 30 for low expressed
ones. Based on these criteria, for all cell types under study
all genes laid in the medium expressed range with only
GNTIX always showing a C; value closer to 35 and
LARGE? higher than the threshold. Setting as 1 the nor-
malized amount of POMT1, for all MSC a similar pattern
of expression was verified with POMT2 always being
expressed at 50 % levels of its enzymatic complex partner
counterpart. Analyzing the ratio of the alternative
POMGNTI and POMGNT?2 genes, POMGNT1 resulted to
be 3.5—4 times more expressed. Taken together, these data
show a very similar behavior for MSC of different origins
with a preferentiality for POMGNT1 branch.

Then, to verify if this transcription profile is maintained
also in somatic cells directly deriving from MSC, mRNA
levels were measured in skin fibroblasts (HSF) and myo-
blasts (Fig. 2d—e). A global pattern of expression similar to
those obtained in MSC was observed. The major differ-
ences were a 4- to 10-fold (depending on the MSC type)
higher expression for GNTIX in HSF and a 5- to 12-fold
higher presence of LARGE2 mRNA in HSF and myoblasts,
although in both cells LARGE2 C; values remained higher

LARGE2 + 71>\

than 35. Notably, comparing POMGNTI and POMGNT2
mRNA, in myoblasts a ratio close to 1 was observed
(Fig. 2f) due to a nearly 5 times higher POMGNT?2 tran-
script amount. This increase, despite the absence of
significant modulation in alpha-dystroglycan coding gene
DAGI mRNA, is thus a specific myoblast trait to promote
alpha-dystroglycan activity, which is crucial for muscle
functionality. Consistently, POMGNTI/POMGNT?2 ratio
further decreased to 0.5 in myotubes (Fig. 2f), a terminal
differentiation of myoblasts, due to a 15-20 times higher
POMGNT2 mRNA amount. Further, to explore the effects
of POMGNT?2 modulation on alpha-dystroglycan, we per-
formed a Western Blot using an antibody (IIH6, see
“Materials and methods”) specific for an uncharacterized
O-mannosidically linked carbohydrate epitope. Notably
(Fig. 2g), with respect to BMMSC, glycosylated alpha-
dystroglycan molecular weight increased in both myoblasts
and myotubes, confirming that POMGNT2 branch modu-
lation leads to the appearance, or most probably the
increase, of highly glycosylated forms that are almost
undetectable in MSC.

Gene modulation was further monitored during adi-
pogenic, osteogenic, chondrogenic (AOC), and myogenic
induction (Fig. 3a—d) in two independent MSC lines. One
week after induction and therefore in a condition of
actively differentiating MSC, no major differences (>2-
fold modulation Induced/CTRL, p value < 0.05 in both
tested cell lines) were detected in AOC processes, whereas
during myogenesis a significant (4 times, p value < 0.05 in
both independent cell lines) increase in POMGNT2 mRNA
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Fig. 1 Simplified cascade of the enzymes/proteins involved in the
O-mannosylation pathway showing the alternative POMGNTI and
POMGNT?2 (alpha-dystroglycan activating) branches. Assayed genes
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please refer to Endo (2015)
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d fibroblasts, and e healthy myoblasts. In f, POMGNT1/POMGNT2
expression ratio is shown. Error bars represent SD (N > 3).

was detected. Such results are in agreement with the
POMGNT?2 increase observed in myoblasts, thus reinforc-
ing the notion of a differential alpha-dystroglycan
activation needed not only for muscle function but also for
muscle development that, when missing, is a major causal
agent of CMD.

O-mannosylation is crucial for MSC fate
and mesengenic potential

To explore the role of O-mannosylation on MSC fate, we
inhibited POMT enzymatic activity using a Rhodanine-3-
acetic acid derivative, such as compound 5a (R3A-5a),
which was demonstrated to be an in vitro and in vivo
highly specific inhibitor of both fungal and mammalian
protein O-mannosyltransferases [31-33]. R3A-5a treated
MSC exhibited a proliferation reduction with cell number
around 30—40 % of the control condition at 6 days, without
signs of cell detachment (Fig. 4a). No cytotoxic effects at
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carbohydrate in bone marrow MSC (BMMSC), myoblasts (MYO),
and myotubes (MYOTUBES)

6 days were observed by PI staining (Fig. 4b) and similar
results were obtained by Trypan Blue staining (data not
shown). Still, cells became disorganized, rounder, and
enlarged losing the fibroblast-like shape typical of MSC
(Fig. 4c-h). Effective block of O-mannosylation was then
confirmed by Western Blot using the IIH6 antibody
(Fig. 4i). Notably, qRT-PCR analysis of GTs did not show
any R3A-5a effect on the transcript levels (data not shown).

We further investigated the effect of O-mannosylation
inhibition during AOC and myogenic induction in vitro. At
the end of the adipogenic process, R3A-5a treatment
reduced both the number and the size of newly generated
lipid droplets, stained with Oil Red O dye (Fig. 5a), that
are indicators of positive differentiation into adipocytes.
Biochemical quantification of the incorporated dye showed
a reduction higher than 50 % (Fig. 5b). Efficiency of the
osteogenic conversion was monitored analyzing the depo-
sition of calcium-phosphate, an indicator of MSC
differentiation into osteocytes, with the specific dye
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Fig. 3 Expression ratio of O-mannosylation associated genes under
mesengenic commitment with respect to undifferentiated cells.
Expression during a adipogenesis, b osteogenesis, ¢ chondrogenesis,
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Alizarin Red (Fig. 5c). Block of O-mannosylation led to a
60 % increase of dye incorporation (Fig. 5d) indicating an
enhanced osteogenic potential. Further, the chondrogenic
differentiated state of MSC was followed with Alcian Blue,
a dye-staining acid mucosubstances (sulfated and car-
boxylated mucopolysaccharides) present in cartilage
tissues (Fig. 5e). Quantification of incorporated dye
showed complete absence of differentiation in presence of
the inhibitor with symptoms of cell suffering such as
granulation of the cytoplasm and eventually detachment
(Fig. 5f). Finally, inhibitor supplementation during myo-
genic induction led to a sudden (24 h) cell death (Fig. 5g).
To confirm the crucial interplay between O-mannosylation
and myogenic phenotype, human healthy myoblasts were
treated with R3A-5a and also in this case cell death was
observed at 24 h (Fig. 5h). Altogether, these data suggest
that impaired O-mannosylation affects MSC differentiation
potential with particular relevance on the myogenic com-
mitment where properly activated O-mannosylated players
are crucial for muscle cell function.

MSC-EVs as shuttle for therapeutic mRNA

Recently, EVs were demonstrated to be promising cargos
for the delivery of drugs, proteins and RNAs [13]. In this
perspective, we decided to characterize MSC EVs in order
to verify their feasibility as vehicle of wild-type GTs
mRNA to CMD cells.
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induction is shown. Mean of the values obtained in two independent
cell lines tested, three times each, after verification that the
modulation values of each gene after induction were not statistically
different between the two cell lines (Student’s ¢ test p value > 0.05)

First, EVs were isolated by ultracentrifugation at
100,000x g from the culture medium after 24 h FBS star-
vation to abolish serum-EVs contamination (see “Materials
and methods™). Of note, starvation did not increase the
amount of apoptotic or dead cells (for BMMSC, 1.6 % + 0.6
PI positive cells after starvation vs 1.1 % =+ 0.8 with FBS).
EVs physical properties were analyzed by Nanoparticle
Tracking Analysis (NTA) (Fig. 6a), able to characterize in
number and dimension lipid nanoparticles ranging from 10 to
2000 nm. For all three MSC, the EVs size distribution was
similar, ranging from 50 to 350 nm with a peak at
130-150 nm and a mean size around 200 nm (Fig. 6b). The
EVs yield per 10° MSC was similar and around 1-3 x 10°
particles per day. A similar number was also observed when
platelet lysate (PL), a powerful inducer of MSC proliferation,
was used in place of FBS (EVs/cell ratio for PL vs
FBS = 0.9 + 0.2). Thus, all MSC-EVs are similar in both
number and physical features.

Second, being POMT] associated with the most severe
CMD forms and thus an optimal candidate for future
therapeutic approaches, the presence of its transcript was
confirmed in isolated EVs by RT-PCR (Fig. 6¢). To cor-
roborate the notion of mRNA presence inside the vesicles
and not just membrane-bound on the external surface,
isolated EVs were further RNAse A treated. No decrease in
the amount of the transcripts was noticed confirming that
isolated EVs are both intact and that POMT] transcripts are
engulfed in EVs lumen.
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Fig. 4 POMTs inhibitor effect on MSC. a Reduction in cell
proliferation and number after 3- and 6-days 50 uM incubation with
respect to 0.1 % DMSO mock-treated MSC, and b percentage of
viable cells after 6-days inhibitor treatment measured as propidium

Third, to choose the best MSC type as source of thera-
peutic EVs, we compared the amount of POMTI mRNA in
the three MSC vesicles, using the number of EVs processed
for RNA extraction to normalize qRT-PCR data due to the
lack of reliable EVs mRNA housekeepers (Fig. 6d). No
significant (p value > 0.05) differences were detected. A
rough estimation indicated that for all sources POMTI
mRNA included in 100 x 10° EVs is equivalent to mRNA
that can be extracted from 500 to 1000 cells. Similar

@ Springer

o)
o
™

[ RN}

¢ &L w»
SRS

9Q-0 0949

iodide negative cells. Error bars represent SD (N = 3). c-h Effects of
R3A-5a on MSC morphology. Scale bars 20 pM. i alpha-Dystrogly-
can glycosylation abolishment after 3-days 50 pM inhibitor
incubation in MSC using an IIH6 antibody

POMTI mRNA amount was recovered in EVs originated
from MSC pre-grown in platelet lysate (POMTI mRNA/
EVs ratio for PL vs FBS = 1.2 &£ 0.1). Finally, we directly
stained the vesicles with membrane label PKH26 and
examined whether they were able to be incorporated by
myoblasts, among the most affected cell types in CMD.
After 24 h of incubation, vesicles were detected in the
cytoplasm in a punctuate pattern (Fig. 7a), with FACS
analysis showing no major incorporation differences
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Fig. 5 Inhibitor effect on MSC differentiation potential. a R3A-5a
inhibition of adipogenesis. Oil red O staining of lipid droplets in non-
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b Relative ratios of Oil Red O levels to levels in non-induced MSC
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ment of osteogenesis. Alizarin red staining of calcium deposits.

between EVs from different sources (Fig. 7b). These data
confirm similar cargo content, at least for POMTI tran-
script, and fusion properties for all MSC EVs under study.

BMMSC-EVs for CMD myoblasts recovery
Due to similar EVs content and properties, we decided to

study the ability of BMMSC-EVs (250 billion, equivalent
to the POMTI mRNA content of 2500 cells) to donate
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1-day incubation under myogenic-induction conditions and h R3A-5a
outcome on healthy myoblasts after 1-day treatment. Scale bars 20
micron

wild-type POMTI mRNA to myoblasts (25,000 cells)
obtained from a WWS patient with both POMT] alleles
mutated (see “Materials and methods”). With respect to
control myoblasts from healthy donors, patient cells dis-
played a rhomboid and disorganized morphology (Fig. 7c).
After EVs administration, pomt] cells acquired an elon-
gated shape and an organized disposition in fibers-
resembling structures similar to those observed in healthy
myoblasts (Fig. 7c). To associate these result with a
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image of analyzed vesicles. b Mean diameters of EVs produced by
MSC, determined by NTA. Error bars represent SD (N > 3).
¢ Confirmation by RT-PCR of POMTI mRNA presence in EVs

rescued O-mannosylation activity, we analyzed the glyco-
sylation status of alpha-dystroglycan with IIH6 Ab by
FACS [30]. In pomt] mutant myoblasts, we detected sig-
nificantly reduced levels of alpha-dystroglycan
glycosylation (AMFI, calculated as Ab stained MFI—un-
stained MFI, value of 17 &+ 2, that is 6 & 1 % of control
myoblasts having a AMFI value of 283 % 15). This was
consistent with the results observed in pomtl patient
fibroblasts that showed a strong reduction of the glyco-
epitope [30]. Most importantly, EVs supplementation
resulted in a partial recovery of the glycosylated alpha-
dystroglycan (AMFI value of 42 + 4, p value with pomtl
myoblast of 0.02, 2 independent EVs administration, each
from two independent BMMSC isolates). Therefore, the
amount of activated alpha-dystroglycan, although being
still 16 % of control myoblasts, resulted to be 250 % of
untreated patient cells.

To unravel whether such low increase in POMTI1
activity is the only responsible for the morphology recov-
ery observed in pomtl myoblasts, we decided to load
patient cells with a POMTI siRNA before EVs adminis-
tration in order to degrade newly EVs-transferred POMT]
transcript. In this way, all the other EVs-embedded

@ Springer

EVs mean size (nm)

ADMSC

BMMSC CBMSC

1.2 ns
ns

08 -

0.6

0.4

0.2

Ratio with POMT1 in ADMSC EV

ADMSC BMMSC CBMSC

through direct comparison with cell pellet amplification. Left lane,
DNA Molecular Weight markers with indication of bp length.
d Relative mRNA levels of POMT! in MSC EVs after normalization
to POMTI mRNA in ADMSC. Error bars represent SD (N = 7). ns
not significant

molecules and potentially contributing to the phenotype
recovery would be still present. To verify siRNA trans-
fection protocol feasibility, in a pilot experiment we first
studied scramble-FITC siRNA transfection efficiency in
healthy myoblasts and obtained 80 % positive cells after
24 h. Second, using the specific POMTI siRNA, after
5 days a nearly 80 % reduction of POMTI mRNA and a
40 % reduction of alpha-dystroglycan glycosylation (AMFI
value of 180 £ 12) were obtained. Finally, EVs were
administrated to pre-loaded pomtl cells as previously
described. Interestingly, cells showed a disposition in
fibers-resembling structures with an elongated shape,
although not as narrow as healthy cells (Fig. 7¢), indicating
a good degree of morphology recovery. FACS analysis
showed very low levels of alpha-dystroglycan glycosyla-
tion that were not significantly different from untreated
pomtl cells (AMFI value of 24 + 3, p value with pomtl
myoblasts of 0.1), meaning that siRNA pre-administration
efficiently interfered with newly transferred POMTI
mRNA stability and translation. Thus, amelioration in
patient cells morphology upon EVs treatment is only in
part due to POMT]1 activity restoration suggesting that
other players may be involved.
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Fig. 7 Effects of EVs-associated POMTI mRNA transfer. a Repre-
sentative images of myoblasts cultured with either PBS or PKH26
labeled-EVs from BMMSC showing incorporation in a punctuate
fashion after 24 h. Blue dots, DAPI nuclear staining. Scale bars
40 M. b EVs from different MSC are incorporated in similar
amounts in healthy myoblasts after 24 h. ¢ BMMSC-EVs supple-
mentation to pomt] patient myoblasts is able to revert the unorganized

Discussion

Our results clearly show that, in MSC from different
sources, the O-mannosylation-related genes share a com-
mon global expression pattern that is conserved through
differentiated cell types as fibroblasts and myoblasts,
directly deriving from MSC. It has been demonstrated for
alpha-dystroglycan that POMGNT?2 activity is essential to
generate the GalNAc-B3-GIcNAc-B4-Man structure that is
further elongated with the repeating disaccharide -o3-
GlcA-B3-Xyl-, hereafter referred to as LARGE-glycan due
to the enzyme responsible for its synthesis [20]. This

AT€D AJFWE AT-QV

and rhomboidal cell morphology in a healthy myoblast-like ordered
disposition of cells together with an increased cell size and elongated
morphology. In POMTI siRNA pre-loaded cells, the morphology
recovery is still present with nicely aligned cells that, although
increased in cell size, do not display a completely elongated shape.
Scale bars 20 pM

structure is a scaffold for alpha-dystroglycan binding to
extracellular matrix proteins such as laminin, perlecan,
pikachurin, neurexin, and agrin [24, 34, 35]. Interestingly,
in both MSC differentiating into muscle progenitors and
myoblasts/myotubes POMGNT?2 is clearly upregulated.
Increased ER-resident POMGNT2 may then subtract
available substrates for the Golgi-resident POMGNT1 and
prime the synthesis of the LARGE-glycan branch. This
new POMGNT2/POMGNT1 balance may thus explain the
high matrix adhesion strength exhibited by myoblasts
(detachment pressure: 30 MPa; [36]) where reduction of
LARGE-glycan repeats of alpha-dystroglycan during
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muscle regeneration was demonstrated to both reduce
muscle physiological function and predispose it to dystro-
phy [22].

A recent publication showed the role of O-mannosyla-
tion in conferring functionality not only to alpha-
dystroglycan but also to E-cadherin, a member of the
Cadherin superfamily [33]. Cadherins are cell adhesion
proteins that play a fundamental role in the formation of
solid tissues [37-39] and their specific expression often
correlates with generation of discrete structures within
tissues [40]. In recent years, examples of Cadherins
involved in MSC differentiation were presented, with
particular attention to N-cadherin whose loss resembles
ocular and brain CMD symptoms [41, 42], similar to the
neural migration disorder observed in POMTI Walker
Warburg Syndrome patients [43]. N-cadherin was shown to
inhibit MSC osteogenic differentiation through suppressing
B-catenin and ERK1/2 signaling pathways [44]. Further,
N-cadherin expression and matrix interaction in MSC is
strictly required for early chondrogenic differentiation [45,
46]. In addition, in mice, N-cadherin was demonstrated to
increase MSC adipocyte differentiation via repression of
Wnt5a and WntlOb adipogenic inhibitors [47]. Most
interestingly, O-mannosylation inhibition in MSC resulted
in a reduced adipogenic conversion and a complete block
of chondrogenic events, whereas the osteogenic potential
was increased, suggesting that N-cadherin function might
be affected. Furthermore, developing skeletal muscle
expresses multiple cadherins, including N-, M-, R-,
T-cadherin, and cadherin-11 that altogether cooperates to
initiate intracellular signaling events required for the pro-
gression of myogenesis [48]. This crucial role is in
agreement with the lethal phenotype and detachment
observed upon block of O-mannosylation during myogen-
esis, where cadherin-mediated adhesion and signaling are
most likely lost. In this frame, it was recently reported in
C2 mouse myogenic cells that recruitment or oligomer-
ization of functional cadherins (N- and E-) in the
membrane together with their association with contractile
actomyosin fibers in adhesion plaques is crucial to adapt to
the rigidity of the intra- and extracellular environments
[49]. Moreover, in combination with Cadherins hypogly-
cosilation-related detrimental effects, the lethal outcome
we showed might also be associated with a reduced alpha-
dystroglycan activation that was reported to impair the
proliferative activity of primary myoblasts [50].

Altogether these results emphasize the crucial role of
O-mannosylation for MSC fate, especially in view of tissue
formation and homeostasis. Such data are in agreement
with the severe phenotypes observed in the individuals
affected by O-mannosylation related-CMD. To date, no
efficient therapy is available for these diseases. In a recent
paper, it was demonstrated that adenovirus-mediated
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POMT1 gene transfer can rescue in vitro O-mannosylation
defects in pomt] mutant fibroblasts [19], although trans-
duction efficiencies of such vectors vary greatly among
different cell types and established cell lines. Thus, new
approaches are needed and EVs transfer of proteins or
mRNA lies in this frame. As a consequence of their origin,
EVs are devoid of protein components of intracellular
compartments like the ER (where POMT1 and POMT2
reside). Therefore, for these genes only their transcripts can
be transferred to recipient cells via EVs. Bruno and
coworkers demonstrated that mRNA embedded in EVs can
be efficiently translated in recipient cells [51]. Here, we
demonstrated for the first time that POMTI mRNA-con-
taining BMMSC-EVs can be efficiently incorporated into
pomtl mutant myoblasts causing a morphology recovery
and that a functional O-mannosylation cascade can be, at
least partially, restored. siRNA experiments suggested that
the phenotype improvement was only in part due to
POMT1 activity restoration and that other EVs-associated
pathways or molecules may have a crucial role. In this
view, microvesicles harbor potential O-mannosylation
target as ligand or adhesion molecules that are crucial for
the interaction with the environment and contribute to
regulate cell shape and morphology. Therefore, a possi-
bility is that some molecules present on MSC-EVs surface
may be integrated in the patient myoblast plasma mem-
brane contributing to the phenotype restoration.

In the future, more studies will be needed to confirm
EVs transfer not only to myoblasts but also to other
affected cell types. In this perspective, recent reports have
suggested that EVs administered intravenously [52] or
intranasally [53] can cross the blood-brain barrier and
deliver the cargo directly into the brain cells. Collectively,
these results suggest that MSC-derived EVs offer a new
potential therapeutic approach to CMD with an advantage
in patient safety because it does not require the use of viral
vectors. Also, a crucial point to be stressed is the issue of
the content of the vesicles as, in this case, POMTI mRNA
or other glycosylated proteins or pathways. Even if the
active molecules are identified, their potential for clinical
use may be greatly affected by their abundance. Moreover,
due to the presumable high number of EVs needed to be
administrated to patients, different culture conditions able
to modify EVs number or content must be explored to
define optimal parameters to produce the most effective
EVs.

In conclusion, this study emphasizes the crucial role for
O-mannosylation in MSC fate and differentiation proper-
ties and proposes a proof of concept for a new therapeutic
approach to CMD using MSC-derived EVs.
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