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Myogenesis is a physiological process which involves the proliferation of
myoblasts and their differentiation into multinucleated myotubes, which
constitute the future muscle fibers. Commitment of myoblasts to differenti-
ation is regulated by the balance between the myogenic factors Pax7 and
MyoD. The formation of myotubes requires the presence of glycans, espe-
cially N-glycans, on the cell surface. We examined here the involvement of
02,6 sialylation during murine myoblastic C2C12 cell differentiation by
generating a st6gall-knockdown C2C12 cell line; these cells exhibit reduced
proliferative potential and precocious differentiation due to the low expres-
sion of Pax7. The earlier fusion of st6gall-knockdown cells leads to a high
fusion index and a drop in reserve cells (Pax7'/MyoD™). In st6gall-knock-
down cells, the Notch pathway is inactivated; consequently, Pax7 expres-
sion is virtually abolished, leading to impairment of the proliferation rate.
All these results indicate that the decrease in 02,6 sialylation of N-glycans
favors the differentiation of most cells and provokes a significant loss of
reserve cells.

During vertebrate development, myogenesis begins
with the formation and the migration of progenitor
cells. Subsequently, their proliferation and fusion lead
to the formation of myofibers. On the periphery of
myofibers, satellite cells are considered as muscle stem
cells since they can engage differentiation in response
to an injury or during pathological processes [1,2].
When activated, satellite cells proliferate, then differen-
tiate into myotubes, and mature into myofibers [3.4].
The fate of satellite cells is determined by the basic
helix-loop—helix myogenic regulatory factors (MRFs)
[5]; these transcription factors play essential roles dur-
ing postnatal growth, repair and regeneration of skele-
tal muscle [6]. As hetero- or homodimers, they bind
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the E-box (consensus sequence CANNTG) and acti-
vate the transcription of skeletal muscle-specific genes
[7]. Satellite cells express other upstream transcription
regulators belonging to the family of paired box pro-
teins such as Pax3 and Pax7. Pax7 holds a central
position in satellite cell maintenance, since the knock-
down of this gene results in the disappearance of satel-
lite cells shortly after birth as well as in skeletal muscle
atrophy [8.9].

Myoblastic fusion depends on the glycosylation state
of myoblasts. Among the glycogenes expressed in the
murine myoblast cell line C2CI12 and in satellite cells,
several genes are transcriptionally deregulated during
differentiation [10,11]. These results highlight the

EGF, epidermal growth factor; MAA, maackia amurensis agglutinin; MRF, myogenic regulatory factor; NICD, notch intracellular domain;
PNGase F, N-glycosidase F; Pofut1, protein O-fucosyltransferase 1; Rbpj, recombination signal binding protein for immunoglobulin kappa J

region; SNA, sambucus nigra amurensis.

56 FEBS Open Bio 10 (2020) 56-69 © 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-0196-435X
https://orcid.org/0000-0002-0196-435X
https://orcid.org/0000-0002-0196-435X
https://orcid.org/0000-0003-0576-8951
https://orcid.org/0000-0003-0576-8951
https://orcid.org/0000-0003-0576-8951
mailto:

C. Vergé et al.

implication of glycans, and particularly of sialic acids
in myoblast fusion and differentiation.

Sialic acids terminate glycan chains commonly found
in cell surface glycoconjugates [12]. Sialic acids play two
main functions: (a) acting as biological masks, as some
antirecognition agents [13]; (b) being biological recogni-
tion sites as they are ligands for several molecules such
as hormones or lectins [14]. Glycan sialylation is under
the control of sialyltransferases. At least twenty human
sialyltransferases have been identified so far. They are
classified into four groups according to the type of link-
age and the nature of the acceptor: ST3Gal (ST3Gal I-
VI), ST6GalNAc (I-VI), ST8Sia (I-VI), and ST6Gal (I
and II) transferases [15]. We focused on the latter group
since ST6Gal I is the only o2,6 sialyltransferase
expressed in human skeletal muscle [16].

Several signaling pathways have been shown to be
implicated in the regulation of muscle cell differentia-
tion. Among them, the Notch pathway and the O-gly-
cosylation of the receptor Notch epidermal growth
factor (EGF)-like repeats by the enzyme protein O-fu-
cosyltransferase 1 (Pofutl) are essential for the initia-
tion of differentiation [17]. Activation of the Notch
signaling results in the release of notch intra cellular
domain (NICD) into the cytosol, its translocation and
binding to recombination signal binding protein for
immunoglobulin kappa J region (Rbpj) in nucleus, and
the subsequent transcription of downstream genes such
as Hes and Hey [18]. The products of these latter
genes share the ability to prevent the heterodimeriza-
tion of several MRF and notably MyoD [19], thus
inhibiting myogenic differentiation.

In the present study, we created C2CI12 clones in
which the gene st6gall encoding the ST6Gal 1 sialyl-
transferase is downregulated. We evidenced a reduced
proliferative potential of st6gall-knockdown cells, due
to a low expression of Pax7. These cells present an ear-
lier differentiation and a decrease in the number of
reserve cells. During differentiation of the control cells,
we showed a global decrease in 42,6 sialylation, which
concerns more particularly the N-glycans. We concluded
that 02,6 sialylation mediated by ST6Gal I is required
for the activation of Pax7, limits the fusion of C2C12
myoblasts, and allows the upkeep of satellite cells.

Methods

Cell culture

C2C12 mouse myoblasts were grown to confluency under
5% CO, at 37 °C in growth medium (GM) consisting of
Dulbecco’s modified Eagle’s medium (DMEM) medium
(Gibco, Carlsbad, CA, USA) supplemented with 10% (v/v)
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FBS (EuroBio, Courtaboeuf, France) and penicillin—
streptomycin (100 pg-mL~'-100 units-mL™"; Gibco). To dif-
ferentiate, cells were then switched to differentiation medium
consisting of DMEM supplemented with 2% (v/v) horse
serum (Gibco) and penicillin—streptomycin (100 pg-mL ™'
100 units-mL ') for different durations (from 24 to 336 h).
Medium was routinely changed every 24 h.

When cells are confluent, they are trypsinized (0.125%
trypsin and 0.125 mm EDTA) and harvested. At 120 h of
differentiation, myotubes were isolated using a short
trypsinization (0.1% trypsin and 0.1 mm EDTA; 30 s) that
specifically left only reserve cells adherent to the flask [20].

Proliferation assay

Cells were seeded at 72 000 cells per well in GM or GM
with puromycin into six-well plates. The cells were trypsi-
nized (1% trypsin, 0.5 M EDTA; 5 min) and counted at
each time point of the proliferation kinetics (0, 12, 24 and
48 h) with a Malassez chamber. Two replicates were ana-
lyzed at each time point, and an average of the values was
calculated.

Differentiation assay

At different stages of differentiation, cultured cells were
washed twice with 1 mL PBS and fixed in 4% formaldehyde
(Sigma-Aldrich, Saint Louis, MO, USA) for 20 min at room
temperature. Cells were then washed three times with 1 mL
PBS before being dehydrated overnight at 4 °C in 70% (v/v)
ethanol. Dehydrated cells were Jenner—Giemsa stained, and
fusion index scoring was done as previously reported [21].
Nuclei were counted in twelve randomly chosen microscope
fields at a magnification of x400. One microscope field usually
contained between 100 and 200 nuclei. Fusion (%) was
defined as [(number of nuclei in myotubes)/(number of total
nuclei in myoblasts and myotubes)] x 100.

Lentivirus production and st6gal1 knockdown in
C2C12 cells

A mouse st6gall shRNA lentiviral transfer vector was pro-
duced by annealing the primers presented in Table 1. A
control shRNA was also created by annealing the primers
sh-mock-UP and sh-mock-DN (Table 1). The annealed
products were cloned into the EcoRI and BamHI sites of
RNAi-Ready pSIREN (BD Biosciences, Franklin Lakes,
NJ, USA), and lentiviral particles were produced in HEK-
293T cells according to the manufacturer’s instructions.
After 48 h, the culture medium containing particles was
recovered, filtered, and immediately used for C2CI12 infec-
tion [22]. C2C12 cells were incubated for 24 h with the
retrovirus, and recombinant cells were selected in the pres-
ence of puromycin (Gibco) at a
10 pg-mL~". The clonal populations were recovered and
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Table 1. Sequences of the primers used to create the st6gall shRNA vectors.

shRNA Sequence (5'-3)

sh1-st6gal1-UP
sh1-st6gal1-DN
sh-mock-UP
sh-mock-DN

GATCCGCGGAACTATCTGAACATGAATAAAGTTCTCTTATTCATGTTCAGATAGTTCCTCTTTTTTACGCGTG
AATTCACGCGTAAAAAAGAGGAACTATCTGAACATGAATAAGAGAACTTTATTCATGTTCAGATAGTTCCGCG
GATCCGGGAATCTCATTCGATGCATACAAGTTCTCTGTATGCATCGAATGAGATTCTCTTTTTTACGCGTG
AATTCACGCGTAAAAAAGAGAATCTCATTCGATGCATACAGAGAACTTGTATGCATCGAATGAGATTCCCG

cultured separately in the same medium as C2CI2 cells,
except that puromycin was present at a final concentration
of 2 pgmL~". Two clonal populations were selected and
named C2C12-sh-Cl1 and C2CI12-sh-Cl2. The same proto-
col was followed to create C2C12-sh-Mock cells.

Release and purification of N-glycans

Cells were resuspended in Triton X-100 extraction buffer
(1% Triton X-100 in PBS buffer) and sonicated for 30 min.
Debris and insoluble fraction were pelleted down by cen-
trifugation at 18 900 g for 10 min at 4 °C; 0.1 m dithiothre-
itol was added to the supernatant (final concentration
10 mm), and the mixture was incubated at 37 °C for 1 h;
addition of 0.5 m iodoacetamide (final concentration
50 mm) was followed by 1-h incubation in the dark at
37 °C. The reduced/alkyled glycoproteins were precipitated
with 1/9 volume of 100% trichloroacetic acid at —20 °C for
30 min. The pellet obtained by centrifugation at 18 900 g for
10 min at 4 °C was resuspended and washed with 1 mL of
cold acetone and then centrifuged at 18 900 g for 10 min at
4 °C; this step was repeated three times. Sample was incu-
bated overnight at 37 °C with trypsin (Sigma-Aldrich) in
50 mm NH4HCO;, pH 8.4. The reaction was stopped by
boiling at 100 °C for 5 min. N-glycans were released by N-
glycosidase F (PNGase F; BioLabs, Ipswich, MA, USA)
digestion at 37 °C for 1 day; N-glycans and O-glycopeptides
were separated by C;g Sep-Pak Chromatography (Waters,
Milford, MA, USA). C;g Sep-Pak was activated in pure ace-
tonitrile (ACN), equilibrated in 5% aqueous acetic. Sample
was loaded on the C;g Sep-Pak, and the released N-glycans
were eluted with 5% aqueous acetic acid.

Mass spectrometry analysis of glycans

Glycans were permethylated according to the method of
Ciucanu and Kerek prior to mass spectrometry analysis
[23]. Briefly, samples were incubated with DMSO/NaOH/
ICH; during 2 h under agitation. The derivatization was
stopped by addition of water, and the permethylated gly-
cans were extracted in CHCl; and washed at least eight
times with water. Permethylated glycans were solubilized in
ACN and mixed with 2.5-dihydroxybenzoic acid matrix
solution [10 mg-mL ™" dissolved in ACN/H,O (7 : 3, v/v)]
and spotted on MALDI plate. MALDI-TOF mass spectra
were acquired on Shimadzu, AXIMA Resonance MALDI-
QIT-TOF-MS (Shimadzu, Kyoto, Japan).

Quantification of N-glycans

Quantification was carried out by adding voltage values (in
mV) of the three major isotopes of each glycan structure.
For each sample, percentages of individual glycan were
then calculated.

Quantitative real-time RT-PCR

RNA was isolated from cells with the RNeasy Mini Kit (Qia-
gen Inc, Hilden, Germany). RNA amounts were measured
using a NanoDrop 1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). cDNA was synthe-
sized from 2 pg of total RNA using the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City,
CA, USA). Levels of transcripts for specific genes were quan-
tified in triplicate using 20 ng of cDNA for each sample, and
TagMan qRT-PCR with specific probes and primers (Applied
Biosystems) for  st6gall (Mm00486119_ml), Pax7
(MmO03053796_m1), Hesl (Mm00468601_ml), Heyl
(Mm00468865_m1), Hes6 (Mm00517097_gl), and Rbpj
(MmO00770450_m1). Gapdh (Mm99999915_m1) was used as a
reference gene. All probes and primers were purchased from
Applied Biosystems.

Fluorescence was monitored on the QuantStudio 3 Real-
Time PCR Systems (Applied Biosystems) and quantified by
the QuantStudio™ Design and Analysis Software v1.3
(Applied Biosystems). The comparative threshold cycle (Cy)
method (AAC,) was used to quantify the relative abundance
of each mRNA [24]. Comparative gene expression AAC,
represents the AC, for each gene in a given condition
(C2C12-sh-CI12 cells) minus AC, value of the same gene in
the exogenous control condition (C2C12-sh-Mock) serving
as a calibrator. Relative quantification of the transcripts in
a sample reflects expression changes in the sample of inter-
est compared to the calibrator sample, after normalization
with gapdh as reference.

Immunofluorescent staining

Cells were seeded into a 4-well Lab-Tek II chamber slide
(Sigma-Aldrich). After 24 h, cells were washed three times
in 1 mL 1x PBS and fixed with 4% PFA-PBS for 20 min.
Cells were treated with PNGase F (1 : 600; Roche) for
1.5 h at 37 °C under 5% of CO,. Untreated cells were
incubated in PBS for 1.5 h in the same culture conditions.
Cells were washed thrice in 1x PBS, permeabilized with
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HEPES-Triton buffer [20 mm HEPES, 300 mm sucrose,
50 mm NaCl, 3 mm MgCl,, 0.5% (v/v) Triton X-100, pH
7.4] for 30 min at 4 °C, then three 5-min washes in 1x
PBS were done. Cells were blocked for 1 h at room temper-
ature in blocking buffer consisting of 10% goat serum, 1%
BSA, and 0.1% Triton X-100 in 1x PBS solution. Cells
were incubated with a primary antibody overnight at 4 °C
and then washed three times with 1 mL of 1x PBS-0.1%
Tween-20 solution. An appropriate secondary antibody was
then added, and incubation was continued for 15 min in the
dark at 37 °C in a wet environment. Cells were then stained
with DAPI (1 : 1000; Thermo Fisher, Waltham, MA, USA)
and finally washed three times with 1 mL of 1X PBS-0.1%
Tween-20 solution. A slice was mounted with Mowiol solu-
tion, and the images were acquired with a LEICA inverted
epifluorescence microscope (DMI 6000B) using identical
exposure settings with the METAMORPH software (Molecular
Devices, Sunnyvale, CA, USA). Individual images were taken
and assembled with MetaMorph software. Primary antibod-
ies used were against: Pax7 (100 pg-mL~', Developmental
Studies Hybridoma Bank, University of lowa) and MyoD C-
20 (1 : 1000; Santa Cruz Biotechnology, Dallas, TX, USA).
Secondary antibodies were goat anti-mouse Alexa Fluor® 488
(1 : 1000; Thermo Fisher Scientific) and goat anti-rabbit
Alexa Fluor® 546 (1 : 1000; Thermo Fisher Scientific) for
Pax7 and MyoD, respectively.

Lectin labeling

A fluorescent labeling with maackia amurensis agglutinin
(MAA) and sambucus nigra amurensis (SNA) lectins was
also performed as described above except that the digoxi-
genin-labeled lectin was used at 50 pgmL~' (for MAA)
and at 5 pgmL™" (for SNA) and that it was detected with
DyLight 488 Anti-DIG (green for MAA; 1 : 1000; Vector
Laboratories, Burlingame, CA, USA) and Streptavidin
Alexa Fluor 568 conjugate (red for SNA; 1 : 200; Invitro-
gen, Carlsbad, CA, USA).

Protein preparation and western blotting

Total cell extracts were prepared by solubilizing cell pellets in
a radioimmunoprecipitation assay (RIPA) lysis buffer
[50 mm Tris/HCI, pH 8, 50 mm NaCl, 1% (v/v) Triton X-100,
0.5% (w/v) sodium deoxycholate, 0.1% SDS] and a cocktail
of protease and phosphatase inhibitors (Roche). Cells were
then centrifuged (12 000 g for 30 min at 4 °C). Protein con-
centration was determined using the bicinchoninic acid assay
procedure (Thermo Scientific, Rockford, IL, USA). Equal
amounts of proteins (100 pg) were resolved on a 10% poly-
acrylamide gel under denaturing and reducing conditions (mi-
gration at 20 mA for 1.5 h). The proteins were transferred
onto a nitrocellulose blotting membrane (Premium 0.2 pm
NC; GE Healthcare Life Sciences, Chicago, 1L, USA) at
48 mA for 1.5 h. Then, membranes were blocked using 5%
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nonfat dry milk or BSA (Sigma-Aldrich; w/v) in TBST
(50 mm Tris/HCI, 150 mm NaCl, 0.1% Tween-20) for 1 h at
room temperature, followed by incubation overnight at 4 °C
with specific primary antibodies diluted in 2.5% nonfat dried
milk or BSA (w/v) in TBST. The following antibodies were used
for immunoblotting: Pax7 (1 : 100; Developmental Studies
Hybridoma Bank, University of Towa), NICD (1 : 500; Cell Sig-
naling Technology, Danvers, MA, USA), and gapdh (1 : 1000;
R&D Systems, Minneapolis, MN, USA). Incubation in primary
antibodies was followed by three washes of 5 min each in 0.1%
TBST. Blots were incubated with horseradish peroxidase
(HRP)-coupled secondary antibody in 2.5% nonfat dry milk or
BSA in 0.1% TBST for 1 h at room temperature. After three
additional washes in TBST, reactive proteins were visualized
with the BM Chemiluminescence Blotting Substrate (POD;
Roche Applied Science) and the Amersham Imager 600 chemilu-
minescence detection camera (GE Healthcare Life Sciences).
Band intensities were measured using the aforesaid system and
its software. All bands were normalized to the corresponding
gapdh band intensity.

Glycoprotein analysis using lectin blot

Membrane glycoproteins were detected by lectin blot.
Proteins were extracted with a RIPA buffer and were
treated with PNGase F (Enzymatic Protein Deglycosyla-
tion Kit; Sigma-Aldrich). An electrophoresis analysis was
performed as explained below except that only 25 ug of
proteins was loaded. After transfer on nitrocellulose blot-
ting membrane (Premium 0.2 pm NC; GE Healthcare
Life Sciences) at 130 mA for 1.5h, a treatment was
applied with PBS supplemented with 10% (v/v) blocking
reagent (Roche) for 30 min at room temperature. After
three washings with TBS and lectin buffer 1 for MAA
lectin or with TBS (for SNA binding), membranes were
incubated with lectins MAA (125 pg-mL~!, DIG glycan
differentiation kit; Roche) and SNA (5 pg-mL~'; Vector
Laboratories). Then, we performed three washes of
10 min in TBS for MAA and PBS-0.05% Tween-20 for
SNA. We incubated the MAA membrane in o-digoxi-
genin-alkaline phosphatase or SNA membrane in strepta-
vidin-HRP during 1 h. We finished by three 10-min
washes in TBS 1X for MAA and PBS-0.05% Tween-20
solution for SNA.

Two control glycoproteins were also used: carboxypepti-
dase Y (an asialoprotein) as a negative control and fetuin
(a sialylated protein) as a positive control.

Results
A lower expression of stégal1 leads to an
increase in the fusion rate of cells

Because the 02,3 linkage of sialic acids depends on
six different 2,3 sialyltransferases (ST3Gal I-VI),
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and o2,6-linked sialic acids are added by only two
02,6 sialyltransferases (ST6Gal I and II), we chose
to work on 02,6 sialylation. Since ST6Gal II is not
expressed in C2CI12 cells, we focused our study on
the 02,6 linkage of sialic acids by ST6Gal I.

We generated C2C12 clones which expressed
shRNA targeting the st6gall transcript and measured
the expression level of st6gall by quantitative RT-
PCR (Fig. 1A). Compared with mock cells, the level
of st6gall mRNA decreased at least by a factor 12
in clones 1 and 2. The trends observed during the
proliferation time course and the fusion index were
almost the same for the two clones (Fig. S1). This
confirms the cellular phenotype associated with sz6-
gall knockdown. We retained for further studies the
clone 2. The proliferation time course has been car-
ried out for 48 h (Fig. 1B). We observed a signifi-
cant 25% decrease in cell proliferative capacity of
clone 2 compared to mock cells. The fusion index
followed until 240 h (Fig. 1C) revealed a more
important  fusion for  st6gall-knockdown cells
(C2C12-sh-CI2 cells). During the first 72 h of differ-
entiation, fusion rates of st6gall-knockdown cells
and mock cells were quite similar, then after, the
fusion rate of control cells slowed down, contrary to
st6gall-knockdown cells. At 96 h of differentiation,
fusion indices were about 38% for control cells and
about 50% for st6gall-knockdown cells. At 240 h, it
reached ~ 60% for mock cells and 80% for st6gall-
knockdown cells.

Knockdown of st6gal1 induces a drop in «2,6-
linked structures attached to glycans

To confirm the decrease in 2,6 sialylation during the
differentiation of st6gall-knockdown cells, we have
performed immunocytochemistry and lectin-blot analy-
ses during proliferation and differentiation of C2C12-
sh-Mock and C2C12-sh-CI2 cells.

We looked for terminal o2,6-linked sialic acids
with DsRed-SNA (Fig. 2A), and we observed, dur-
ing cell proliferation, a decrease of around 16% in
SNA binding in C2C12-sh-CI2 cells compared with
C2C12-sh-Mock cells. During cell differentiation,
SNA binding decreased in both conditions; however,
its level remained slightly lower in C2C12-sh-CI2
cells compared with C2C12-sh-Mock cells (Fig. 2B).
These two results were confirmed by lectin-blot anal-
yses of membrane glycoproteins of proliferating cells
(Fig. 2C). Mainly glycoproteins of molecular weight
higher than 55 kDa seem to possess 02,6 sialylated
N-glycans. We observed a decrease in the o2,6-linked
sialic acids in C2C12-sh-CI2 cells compared with
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Fig. 1. st6gall knockdown modifies the proliferation rate and the
differentiation rate. (A) Gene expression of st6gall in C2C12 cells
infected with mock shRNA (C2C12-sh-Mock) and C2C12 cells
infected with st6gal1-shRNA (C2C12-sh-Cl1, C2C12-sh-Cl2). st6gal1
expression in C2C12-sh-Mock was used as reference. Data are
expressed as relative transcript amounts corresponding to the ratio
of C; values for sh-treated cells and C; values for C2C12-sh-Mock
cells and normalized against the expression of gapdh transcripts.
Experiments have been done three times (n = 3). Means + SEMs
are shown (two-tailed ttest, with a significant level of
*¥*¥P <0.001). (B) Proliferation rate of C2C12-sh-Mock cells
(dotted line) and C2C12-sh-CI2 cells (solid line). Two different sets
of measures are shown (n=2), and the average curve is
represented. (C) Differentiation rate of C2C12-sh-Mock (dotted line)
and C2C12-sh-CI2 cells (solid line). Cell fusion was measured at
various times by Jenner-Giemsa staining and expressed as fusion
index (%). Vertical bars denote SEM for twelve observation fields
of the same experience (n = 1).

C2C12-sh-Mock cells. In order to check the speci-
ficity of SNA binding, PNGase F was used to
remove N-glycans. This treatment greatly reduced
the staining of all the glycoproteins (Fig. 2C).

Then, we evaluated the o2,3-linked sialic acids with
FITC-MAA (Fig. 3A). The staining was less intense
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Fig. 2. Knockdown of st6gall reduced the
02,6 sialylation at the cell surface. (A)
Immunocytochemistry of 22,6 sialylation in
proliferating or differentiating cells.
Photographs are organized from left to
right: lectin labeling for proliferation or
differentiation cells with lectin coupled to
DsRed, nuclear staining with DAPI, and
merge (lectin and DAPI stainings). (scale
bar: 200 um). (B) Quantifications of
fluorescence intensities of C2C12-sh-Mock
and C2C12-sh-CI2. The fluorescence levels
are measured with the software IMAGEJ
(NIH, Bethesda, MD, USA) on three
different fields. Means + SEMs are
shown (two-tailed t-test, with a significant
level of ***P < 0.001). (C) Lectin-blot
analysis of C2C12-sh-Mock and C2C12-sh-
CI2 in proliferation treated or not with
PNGase F using SNA. The negative control
is carboxypeptidase Y (molecular weight:
63 kDa), and the positive control is fetuin
(molecular weight: 68 kDa). The different
bands and the controls come from the
same blot, but some bands have been cut
to conserve only the interesting ones.
Each experiment has been performed
three times (n = 3).
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Fig. 3. Knockdown of st6gall did not
modify significatively the 22,3 sialylation at
cell surface. (A) Immunocytochemistry of
02,3 sialylation in proliferating or
differentiating cells. Photographs are
organized from left to right: lectin labeling
for proliferation or differentiation cells with
lectin coupled to FITC, nuclear staining
with DAPI, and merge (lectin and DAPI
stainings). (scale bar: 200 pm). (B)
Quantification of fluorescence intensities
of C2C12-sh-Mock and C2C12-sh-CI2. The
fluorescence levels are measured with the
software IMAGEJ on three different fields.
Means + SEMs are shown (two-tailed
test, with a significant level of

**¥P < 0.001). (C) Lectin-blot analysis of
C2C12-sh-Mock and C2C12-sh-CI2 in
proliferation treated or not with PNGase F
using MAA. The negative control is
carboxypeptidase Y (molecular weight:

63 kDa), and the positive control is fetuin
(molecular weight: 68 kDa). The different
bands and the controls come from the
same blot, but some bands have been cut
to conserve only the interesting ones.
Each experiment has been performed
three times (n = 3).
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during differentiation than during proliferation in
clone 2 compared with control. FITC-MAA staining
is 10% stronger in C2C12-sh-CI2 cells compared to
C2C12-sh-Mock control cells during myoblast prolif-
eration and differentiation (Fig. 3B). According to
the lectin-blot results (Fig. 3C), before PNGase F
treatment, MAA staining was slightly lower in
C2C12-sh-CI2 cells compared with control cells, which
is different from the lectin labeling presented in
Fig. 3A. This discrepancy could be due to the fact
that glycoproteins and glycolipids are detected in
whole cells while lectin-blot analyses only detect
membrane glycoproteins. For the two cell popula-
tions, the labeling was more intense with high molec-
ular weight glycoproteins (> 55 kDa). After PNGase
F treatment, MAA staining decreased in a compara-
ble manner for the two cell types. We conclude that
the inhibition of st6gall in C2CI12 cells induced a
strong drop in o2,6 sialylation of N-glycans borne by
high molecular weight glycoproteins (> 55 kDa).

To confirm the type of N-glycans on which sialic
acids are preferentially linked, C2CI12-sh-Mock and
C2C12-sh-Cl2 cells were treated with PNGase F in
order to remove N-glycans. Treated C2C12-sh-Mock
cells present a weaker labeling of o2,6-linked sialic
acids compared with untreated mock cells
(Fig. S2A). This observation confirms that o2,6-
linked sialic acids are preferentially linked to N-gly-
cans. Difference in o2,3-linked sialic acid staining is
less important after PNGase treatment whatever the
cell population (Fig. S2B). This result agrees with
the lectin-blot analysis of PNGase-treated cells
(Fig. 3). This may be due to the presence of large
amounts of sialylated glycolipids and of O-glycans as
well.

C2C12-sh-Mock P

Y

Fig. 4. Distribution of sialylated and/or
fucosylated N-glycans in C2C12-sh-Mock
and C2C12-sh-CI2 cells. Distribution of the
sialylated and nonsialylated N-glycans
compared to the total N-glycans in
proliferating myoblasts (P), in myotubes
(MT), and in a mix of reserve cells (RC)
and myoblasts (MB) at 120 h for C2C12-
sh-Mock and C2C12-sh-CI2. Mass
spectrometry experiment has been done
one time (n = 1).

C2C12-sh-CI12P

v

Oligomannosylated glycans
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Analysis of N-glycans borne by glycoproteins
during myoblastic differentiation

We have performed mass spectrometry analyses of N-
glycans in C2Cl12-sh-Mock and C2C12-sh-CI2 cells
during proliferation and after 120 h of differentiation.
In these experiments, myotubes were isolated following
a short trypsinization after which reserve cells and
myoblasts were collected. Twenty N-glycans were iden-
tified according to their molecular mass (Fig. S3) and
classified according to their nature (oligomannoses and
complex glycans; see Fig. S4). N-glycans were
extracted from equal numbers C2CI12-sh-CI2 and
C2C12-sh-Mock cells, and their respective amounts
were evaluated (Fig. S4). During proliferation, there
was no change in the percentage of sialylated glycans
in both C2Cl12-sh-CI2 and C2CIl2-sh-Mock cells
(Fig. 4, Table 2).

We have focused on the percentage of each type of
sialylated and nonsialylated N-glycans among the
total N-glycans during myogenic differentiation
(Fig. 4, Table 2, Fig. S5). The study of the percent-
ages showed that the glycans (m/z: 2792, 3037, 3242,
2822, 2778, 3023, 3228) were more present in control
than in clone 2 (1.4-fold more in Mock cells in com-
parison with clone 2; Fig. 4, Table 2); the percentage
of the biantennary bisialylated glycan (m/z: 2792) in
C2C12-sh-Mock myotubes was 1.3 times higher than
in C2C12-sh-CI2 myotubes.

At 120 h of differentiation, the percentage of sialy-
lated complex N-glycans in the reserve cells (a mix of
reserve cells and myoblasts) of clone 2 was 1.5 times
less than in the reserve cells of the Mock (Fig. 4,
Table 2). The most affected N-glycans were the tri-
and tetrasialylated N-glycans (1.58- and 2.19-fold

C2C12-sh-Mock 120 h MT C2C12-sh-Mock 120 hRC+MB

O ¢

C2C12-sh-C12 120 h MT C2C12-sh-C12 120 h RC+MB

@ ¢

m Neutral complex glycans

m Sialylated complex glycans
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drops, respectively, between clone 2 and mock reserve
cells), in contrast to oligomannoses, which increased
1.83-fold (Fig. 4, Table 2).

In addition, during this study, we have also com-
pared the distribution of glycans in proliferative
and reserve cells in clone 2 and in control cells.
Proliferative and differentiated C2C12-sh-Mock
cells do not present any significant difference in their
respective distribution of glycans (Fig. 4, Table 2)
except that abundance of three triantennary structures
significantly evolved during cell differentiation, that is:
m/z 3604 presented a 1.3-fold drop, while m/z 3023 and
3228 showed a 2.7-fold increase. In contrast, differenti-
ation of clone 2 led to a marked increase of oligoman-
noses (1.8-fold) and to a decrease of the sialylated
glycans (1.4-fold) in the population containing reserve
cells than in C2C12-sh-Mock cells whereas for the last
they represented about the same percentage of total V-
glycans (Fig. 4, Table 2).

C. Vergé et al.

A strong drop in Pax7 expression is observed in
st6gal1-knockdown cells and is associated with a
drop in the number of reserve cells

During C2CI12 differentiation, a population of
reserve cells is maintained in an undifferentiated
state, due to the expression of Pax7 [25]. Pax7
expression level dramatically drops by 130-fold in
C2C12-sh-CI2 in comparison with C2Cl12-sh-Mock
(Fig. 5A). These results were confirmed by western
blot analysis of cells during proliferation and at 48
and 96 h of differentiation (Fig. 5B). Protein Pax7
was virtually absent in st6gall-knockdown cells,
either proliferative or differentiated. To determine
which cells are actually impacted by this sharp fall
in Pax7 expression, a dual staining of Pax7 and
MyoD was performed on cells during proliferation
(Fig. 6A). About 70% of the C2C12-sh-Mock cells
were Pax7 /MyoD™ (self-renewing cells also called

Table 2. Classification of sialylated and/or fucosylated N-glycans identified by MS/MS spectrometry. The identified glycans are classified
according to their structure (oligomannosylated, neutral complex or sialylated complex glycans) and to their sialylated level (mono-, bi-, tri- or
tetra-sialylated). Mass spectrometry experiment has been done one time (n = 1). Cells of three independent cultures have been pooled

before N-glycans extraction and analyses.

C2C12-sh-Mock

C2C12-sh-CI2

Differentiation

Differentiation

Mass (m/z)  Proliferation 120 h MT 120 h RC + MB  Proliferation 120 h MT 120 h RC + MB
Oligomannosylated 1579 9.89 1.50 7.16 7.63 2.41 9.52
glycans 1783 6.37 1.46 7.53 9.40 3.05 16.31
1988 3.83 0.47 3.58 4.39 0.87 6.74
2192 3.74 0.55 4.44 4.76 1.09 8.19
2395 3.57 0.49 4.47 3.22 0.00 7.46
Total 27.40 4.47 27.18 29.41 7.43 48.22
Neutral complex 2519 3.08 0.00 2.79 3.45 0.00 3.67
glycans 2693 3.1 0.00 3.54 4.01 0.00 4.48
2839 3.40 0.00 3.38 0.00 0.00 0.00
Total 9.59 0.00 9.71 7.46 0.00 8.15
Sialylated complex Mono-sialylated 2605 4.98 4.11 5.25 4.04 6.45 7.64
glycans 3053 0.00 0.00 1.02 0.00 0.00 1.17
2778 6.87 11.64 6.26 5.94 11.06 3.72
2822 3.48 8.48 2.77 3.54 7.66 0.00
3023 0.00 2.56 1.91 0.00 0.00 0.00
3228 2.02 3.48 5.84 1.73 2.89 1.89
Total 17.35 30.26 23.04 15.26 28.06 14.42
Bi-sialylated 2792 13.70 30.91 11.92 13.40 23.52 10.07
3037 0.00 2.80 0.00 1.71 0.00 0.00
3242 4.09 8.56 2.98 4.44 5.74 2.08
2966 2.53 2.06 2.55 2.29 3.50 4.68
Total 20.31 44.33 17.45 21.84 32.76 16.83
Tri-sia 3604 20.14 16.79 16.14 21.43 26.13 9.60
Tetra-sia 3966 5.20 4.15 6.47 4.59 5.62 2.78
Total 63.01 95.53 63.11 63.13 92.57 43.62
64 FEBS Open Bio 10 (2020) 56-69 © 2019 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
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Fig. 5. Knockdown of st6gall reduced Pax7 expression. (A) Expression
of Pax7 in C2C12-sh-Mock and C2C12-sh-CI2 in proliferation. Fold
changes are expressed relative to C2C12-sh-Mock cells. Data are
expressed as relative transcript amounts corresponding to the ratio of C
values for C2C12-sh-CI2 cells and C; values for C2C12-sh-Mock cells and
normalized against the expression of gapadh transcript. Experiments have
been done three times (n = 3). **P < 0.01; ***P < 0.001. (B) Relative
Pax7 amounts determined by western blot using total cell proteins
isolated from C2C12-sh-Mock and C2C12-sh-CI2 in proliferation (P) and
differentiation at 48 and 96 h. Protein levels were determined in
comparison with gapdh loading control. Experiments have been done
three times (n = 3). Means + SEMSs are shown (two-tailed t-test, with a
significant level of **P < 0.01; ***P < 0.001).

reserve cells), 25% were Pax7'/MyoD" (proliferating
cells), and 5% were Pax7 /MyoD" cells (differentiat-
ing cells; Fig. 6B). On the contrary, 75% of the
C2C12-sh-CI2 cells were found in a differentiated
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state (Pax7 /MyoD"). The weak amount of Pax7"
cells accounts for the virtual absence of Pax7 signal
in the western blot (Fig. 5B).

The loss of 42,6 sialylation impairs activation of
the Notch signaling pathway

The Notch signaling pathway controls the transcrip-
tion of Pax7 and allows satellite cell renewal [26]. Tt
contributes to the expression of the Hes and Hey
genes, which in turn inhibit MyoD expression and thus
cell differentiation [27].

To know whether, and to which extent, the Notch
signaling pathway is modified in st6gall-knockdown
cells, the amount of NICD (the cleaved form of the
Notch receptor) was evaluated by western blot analysis
on C2Cl12-sh-Mock and C2CI12-sh-CI2 cells during
proliferation (Fig. 7A). We observed a decrease of
about 70% of NICD in C2C12-sh-CI2 compared with
C2C12-sh-Mock. Consequently, the weak activation of
this pathway in st6gall-knockdown cells could imply
their earlier entry into differentiation. To confirm the
decrease in Notch signaling, we studied the expression
of two genes under the control of Notch: Heyl and
Hesl encoding myogenic differentiation repressors.
Hes6 is considered here as a control because its expres-
sion is independent of the Notch pathway [28]. Rbpj is
a transcription factor that, after its binding to NICD,
activates the transcription of target genes such as Hes/
and Heyl [18]. We have performed a quantitative RT-
PCR on C2Cl12-sh-Mock and C2C12-sh-CI2 cells in
proliferation (Fig. 7B). In C2Cl12-sh-CI2 cells, we
observed a decrease in expression of Heyl and Hesl
by 35% and 30%, respectively, and the expression of
Hes6 did not vary. Rbpj was also expressed in clone 2.
Altogether, these results confirm the decrease in the
Notch activation pathway, the decrease in Pax7
expression and the earlier differentiation of st6gall-
knockdown clone.

Discussion

Sialic acids play important roles in the stabilization of
macromolecules and membranes, as well as in modu-
lating interactions of the cells with their environment
[13]. The roles of sialic acids in development are also
documented. Unlike other tissues, the role of sialyla-
tion in muscle or during muscle development is cur-
rently poorly documented. Nevertheless, Suzuki and
coworkers showed that, during myogenesis, the
polysialylation of N-glycans attached to neural cell
adhesion molecule prevents myoblast fusion [29], but
nothing has been reported about the «2,6 sialylation.
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Fig. 6. Effect of st6gall knockdown on cell fate. (A) Co-immunostaining of Pax7 (green) and MyoD (red) in C2C12-sh-Mock and C2C12-sh-
CI2 cells during proliferation. The exposure times were identical for a same staining between the two cell types (1000 ms for Pax7-FITC and
500 ms for MyoD-DsRed); scale bar: 200 um. (B) Percentages of Pax7*/MyoD~, Pax7*/MyoD*, and Pax7 /MyoD* cell populations during
proliferation. Percentages are the mean of counting on seven fields by condition. Experiments have been done three times (n = 3).
Means + SEMs are shown (two-tailed t-test, with a significant level of ***P < 0.001).

We have reported in previous studies that changes in
the expression levels of glycosylation-related genes
occurred during myogenic differentiation of C2C12
cells and murine satellite cells [10,11]. Among these
genes, we have observed a deregulation of genes
implicated in the Notch signaling pathway. In a first
time, researches were focused on Pofutl and protein
O-glucosyltransferase 1, which respectively catalyze the
O-fucosylation and O-glucosylation of EGF-like
domains, necessary for Notch activation during C2C12
cell proliferation [17,30]. A study about the implication
of 02,6 sialylation during myoblast differentiation has
not been studied yet.

We chose to knockdown st6gall in C2C12 cells since
among the two genes encoding for 02,6 sialyltrans-
ferases, it is the only one to be expressed in C2CI12

cells. We have excluded the six st6galNAc genes whose
products ensure 02,6 sialylation on N-acetylgalac-
tosamine residues. To get further information about
the role of 42,6 sialylation in muscle development, we
knocked down st6gall in C2C12 cells. We found that
the proliferation of st6gall-knockdown cells was slo-
wed down, due to a generation time twice as long as
control cells; however, these cells presented an
increased fusion index (80% against 60% for control
cells at 240 h of differentiation).

To improve our knowledge about the involvement
of 02,6 sialylation during C2C12 cell differentiation
and to determine which glycan structures are modified
by the knockdown of st6gall, we have in a first time
evaluated the 02,3 and 2,6 linkages of sialic acids in
mock and st6gall-knockdown cells. These observations
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were done during proliferation and differentiation con-
ditions in order to appreciate the evolution of sialic
acid amounts during myogenesis. The knockdown of
stogall induced a significant decrease in o2,6-linked
sialic acids borne by N-glycans on high molecular
weight glycoproteins (> 55 kDa).

Mass spectrometric analyses revealed no modifica-
tion of the proportions of sialylated N-glycans
between Mock and clone cells. It suggests that the
st6gall knockdown does not modify significatively
the proportion of sialylated N-glycans. After the
myoblast differentiation, the N-glycosylation profile
of myotubes was completely modified; myotubes pre-
sented much more sialylated glycans, while the
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Fig. 7. The expression of target genes of Notch, Hey7 and HesT,
decreased in st6gall-knockdown cells. (A) Relative amounts of
NICD (the active form of Notch which binds to Rbpj in order to
transcriptionally activate target genes as Hesl and Heyl)
determined by western blot using total proteins from proliferating
C2C12-sh-Mock and C2C12-sh-Cl2 cells. Protein levels were
determined in comparison with gapdh loading control. This
experiment has been performed three times (n=3). (B)
Expression of Notch target genes Hey? and HesT (encoding
transcriptional repressors regulating myogenesis), Hes6 whose
expression is not under the control of Notch signaling (encoding an
independent protein of the Notch signaling pathway) and Rbpj
(encoding a transcription factor) in C2C12-sh-Mock and C2C12-sh-
Cl2 cells in proliferation. Fold changes are expressed relative to
C2C12-sh-Mock cells. Data are expressed as relative transcript
amounts corresponding to the ratio of C; values for C2C12-sh-CI2
cells and C; values for C2C12-sh-Mock cells and normalized against
the expression of gapdh transcript. Statistical analyses of gene
expression were performed by comparison with the C2C12-sh-
Mock (which was set as 1) for three independent experiments
(n =3). Means + SEMs are shown (two-tailed ttest, with a
significant level of *P < 0.05; **P < 0.01; ***P < 0.001).

oligomannosylated glycans dramatically dropped. The
five sialylated and nonfucosylated glycans are less
represented in the C2C12-sh-CI2 reserve cells com-
pared to those in proliferation. We observed a similar
trend for Mock cells, excepted for the tetrasialylated
glycan (m/z: 3966), which increased in the reserve cells
compared to the proliferative condition. As their
amounts decreased in reserve cells, these sialylated and
nonfucosylated structures would not be involved in
the maintenance of these cells.

Despite the loss of sialylation, the percentage of
fucosylated structures did not change between cell
types during proliferation. However, sialylated and
bifucosylated glycans (m/z: 2778, 2822, 3023, 3228)
overall slightly decreased by 1.2-fold in myotubes of
stogall-knockdown cells, compared with myotubes of
Mock cells.

Biantennary bisialylated (m/z: 2792), triantennary
bisialylated (m/z: 3242), and biantennary bifucosylated
monosialylated (m/z: 2778, 2822) glycans were system-
atically found in a larger amount in myotubes in com-
parison with proliferating cells and reserve cells. These
sialylated species could promote the myocyte fusion
and the formation of myotubes. In contrast, the fuco-
sylated and nonsialylated glycan (m/z: 2693) identified
in this study might be an inhibitor of myogenic fusion
since it has not been found in myotubes of the two cell
types whereas it was always present in proliferating
and reserve cells.

We have highlighted a drop in proliferative capac-
ity linked to a decrease in o2,6 sialylation. To
explain this phenomenon, we have analyzed the
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transcriptional and protein levels of Pax7. Pax7"
cells can be activated to initiate the myogenic differ-
entiation program or stay in a quiescence state as
reserve cells [8,9]. We showed that the expression
level of Pax7, which is required for cell proliferation
of C2C12 myoblasts [31], is very low in st6gall-
knockdown cells; this could explain the more impor-
tant fusion index of these cells as also observed by
Der Vartanian et al. when Pax 7 expression was
repressed in C2C12 cells [17].

Pax7 depends on the Notch pathway, and Notch sig-
naling targets genes that control the behavior of satellite
cells [32]. The lower amount of NICD, corresponding to
the cleaved form of Notch, observed when 2,6 sialyla-
tion decreased, reflects a downregulation of Notch sig-
naling. Thus, the loss of v2,6 sialylation induced a
decrease in Notch pathway activation, which was con-
firmed by the decrease in expression of the Notch target
genes Hesl and Heyl in st6gall-knockdown cells. Hesl
and Heyl encode repressors of myogenic differentiation,
which inactivate the expression of MRF as MyoD.
Notch pathway activation controls the ratio Pax7/MyoD
in favor of Pax7. When a2,6 sialylation decreases, the
weak Notch signaling induces a strong decrease in Pax7
expression, and so, the differentiation of cells is pro-
moted. We hypothesize that the decrease in sialylation
may affect receptors that would be involved in the Notch
signaling pathway (or other pathways) that results in
reduced expression level of Pax7.

In conclusion, we have observed that the st6gall-
knockdown promotes C2CI12 cell differentiation. This
may be due to a decrease in Notch signaling and finally
to a decrease in Pax7 expression. Moreover, the lower
expression of st6gall induces a lower proliferation of
stogall-knockdown cells in relation with a poor expres-
sion of Pax7. Three types of N-glycans seem to be
required for myogenic differentiation: biantennary
bisialylated, triantennary bisialylated, and biantennary
monosialylated bifucosylated. The early fusion of sz6-
gall-knockdown cells and its high level explain the drop
in self-renewing cells Pax7"/MyoD'. This study showed
the consequences of 42,6 knockdown on Notch signal-
ing. However, we cannot exclude that other receptors
could be impacted by the decrease in o2,6 sialylation. In
conclusion, o2,6 sialylation (a) seems mandatory for
Pax7 activation and so for cellular proliferation; (b)
contributes to keep up the pool of reserve cells; and (c)
limits myoblastic fusion.
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