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GNE myopathy (GNEM) is a late-onset muscle atrophy, caused by mutations in the gene for the key enzyme of sialic acid biosynthesis,
UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (GNE). With an incidence of one to nine cases per million it
is an ultra-rare, so far untreatable, autosomal recessive disease. Several attempts have been made to treat GNEM patients by oral
supplementation with sialic acid precursors (e.g. N-acetylmannosamine, ManNAc) to restore sarcolemmal sialylation and muscle
strength. In most studies, however, no significant improvement was observed. The lack of a suitable mouse model makes it difficult to
understand the exact pathomechanism of GNEM and many years of research have failed to identify the role of GNE in skeletal muscle
due to the lack of appropriate tools. We established a CRISPR/Cas9-mediated Gne-knockout cell line using murine C2C12 cells to gain
insight into the actual role of the GNE enzyme and sialylation in a muscular context. The main aspect of this study was to evaluate
the therapeutic potential of ManNAc and N-acetylneuraminic acid (Neu5Ac). Treatment of Gne-deficient C2C12 cells with Neu5Ac, but
not with ManNAc, showed a restoration of the sialylation level back to wild type levels–albeit only with long-term treatment, which
could explain the rather low therapeutic potential. We furthermore highlight the importance of sialic acids on myogenesis, for C2C12
Gne-knockout myoblasts lack the ability to differentiate into mature myotubes.
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Introduction

Sialic acids are a subset of α-keto acid monosaccha-
rides, with N-acetylneuraminic acid (Neu5Ac) being the
most abundant one in humans (Varki 2008). In mam-
malian cells, the first two steps of sialic acid biosyn-
thesis are catalysed by the bifunctional enzyme UDP-N-
acetylglucosamine 2-epimerase/N-acetylmannosamine kinase
(GNE). The N-terminal epimerase domain of GNE uses
UDP-N-acetylglucosamine (UDP-GlcNAc) as a substrate
and epimerises it into N-acetylmannosamine (ManNAc),
which is subsequently phosphorylated by the C-terminal
kinase domain (Hinderlich et al. 1997) (Fig. 1). Three
more enzymes, N-acetylneuraminate synthase (NANS), N-
acetylneuraminic acid phosphatase (NANP), and cytidine
monophosphate N-acetylneuraminic acid synthetase (CMAS),
are needed to finalize sialic acid synthesis in the cytosol and
its activation in the nucleus, respectively (Roseman et al.
1961; Munster-Kuhnel et al. 2004; Maliekal et al. 2006).
Activated CMP-Neu5Ac passes from the nucleus to the
Golgi apparatus, where membrane-resident sialyltransferases
transfer sialic acids to nascent glycoproteins en route to
the plasma membrane and extracellular space. Sialic acids
decorate the terminal ends of glycan structures, modulating
protein characteristics like half-life and solubility, as well as
cellular mechanisms like migration, adherence, and immune
signalling (Bhide and Colley 2017).

It has been found that bi-allelic mutations in the GNE
gene can cause a rare genetic condition called GNE myopathy
(GNEM, OMIM 605820), formerly also known as hereditary
inclusion body myopathy (HIBM) (Eisenberg et al. 2001).
Other disorders caused by mutations in the GNE include
sialuria (OMIM 269921) (Seppala et al. 1999) and thrombo-
cytopenia (Revel-Vilk et al. 2018).

GNEM patients suffer from muscle weakness and atrophy
with a slow progression from distal to proximal beginning in
the lower limbs but excluding the quadriceps (Pogoryelova
et al. 2018). Manifestation of the disease usually starts during
early adulthood, and patients are mostly wheelchair depen-
dent 10 to 15 years after the onset of the disease (Pogoryelova
et al. 2018). Pathohistological findings show characteristic
rimmed vacuoles containing protein aggregates, among which
amyloid β and hyperphosphorylated tau have been identified
(Nonaka et al. 1981; Argov and Yarom 1984; Carrillo et al.
2018; Devi et al. 2018). Although not a criterion for GNEM,
inflammation occurs in some patients, especially in the early
stages (Krause et al. 2003; Yabe et al. 2003).

Since GNE is known for its role in sialic acid biosyn-
thesis, it is tempting to assume that impaired GNE activity
leads to hyposialylation in skeletal muscle tissue. Indeed,
dynamic remodelling of sarcolemmal glycan structures has
been observed during myogenesis, suggesting stringent reg-
ulation of sialic acid content for proper muscle function
(Hinderlich et al. 1997; Blazev et al. 2021).
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Fig. 1. Schematic drawing of the sialic acid biosynthesis and degradation pathway. (1) UDP-lcNAc, derived from the hexosamine biosynthetic
pathway, is the substrate for the epimerase domain of GNE, initiating sialic acid biosynthesis. The resulting ManNAc is subsequently phosphorylated by
the GNE-kinase domain. Enzymatic activity of NANS and NANP lead to formation of Neu5Ac, which is then translocated into the nucleus by an, yet
unknown, mechanism. (2) nucleotide-activation of Neu5Ac follows via CMAS and CMP-Neu5Ac can finally enter, though the cytoplasm, into the Golgi
apparatus, where membrane-resident sialyltransferases (ST8SiaII and ST8SiaIV) mediate the transfer of sialic acids to the termini of nascent glycans
(3 and 4) for desialylation, polysialylated NCAM is endocytosed into the cell (Monzo et al. 2013), and desialylated in the cytosol or in a cellular
compartment–Most likely the lysosome–Providing an additional source of sialic acids for the cell (5). Further investigations are needed to elucidate the
exact desialylation pathway of NCAM. NCAM can then return to the membrane–Now in a non-polysialylated form (6) or it can be re-polysialylated in the
Golgi apparatus (7).

Most interestingly, a recent study on a patient-derived iPSC
model of GNEM shows myogenic defects compared to control
cells (Schmitt et al. 2022). Myogenic impairment was also
observed in a cell model, using the murine Sol8 skeletal
muscle cell line (Ilouz et al. 2022). These findings are further
supported by the finding, that GNE plays an important role
for skeletal muscle differentiation during embryonic differen-
tiation in mice (Milman et al. 2011).

To prevent hyposialylation, the development of supplemen-
tation therapies with sialic acid metabolites such as ManNAc
is currently the preferred approach for GNEM patients. A first
in-human trial of oral ManNAc administration significantly
increased the sialic acid levels in the patients’ plasma (Xu
et al. 2017). A current review of clinical trials to treat GNEM
patients can be found here (Yoshioka et al. 2022). However,
all studies have failed so far to significantly ameliorate the
patient’s outcome, leaving the question on how these attempts
may be improved.

In the present study, we established a Gne-knockout cell
model, using the murine myoblast cell line C2C12 to study
the efficiency of exogenous ManNAc and sialic acid (Neu5Ac)
administration in a skeletal muscular background. First, we
found that the absence of GNE prevents the differentiation
of myoblasts into mature myotubes, as described previously
in other studies (Ilouz et al. 2022; Schmitt et al. 2022).
Noteworthy, an excess of Neu5Ac during the course of
differentiation impedes myogenesis in C2C12 wild type cells.

Furthermore, supplementation of C2C12 Gne-knockout cells
with ManNAc did not show any restoration of polysialylation
as was previously reported for other models (Hinderlich
et al. 2001; Malicdan et al. 2009; Niethamer et al. 2012).
These results may help explain why clinical trials in patients
have failed so far and suggest re-thinking new therapeutic
approaches (Lochmuller et al. 2019).

Results

Supplementation of GNE-deficient HEK-293 cells
with the Neu5Ac-precursor ManNAc

The therapeutic approaches to treat GNEM with N-
acetylmannosamine (ManNAc) are based on experiments in
GNE-deficient cells and in a GNEM mouse model, which
showed increased sialylation after supplementation with
ManNAc (Hinderlich et al. 2001; Malicdan et al. 2009; Peters
et al. 2023).

Hence, as a proof of function, we treated human embryonal
kidney cells (HEK-293) wild type and GNE-knockout cells
with 0.5 mM and 5 mM ManNAc, respectively, for 24 h.
A monoclonal antibody, recognizing α-2,8-linked sialic acids
(polySia) was used to depict the sialylation status of the cells in
the Western blot analysis (Peters et al. 2023). GNE-knockout
cells showed no expression of polysialylation, highlighting the
unique role of GNE in sialic acid biosynthesis (Fig. 2A). While
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GNE deficiency impairs Myogenesis in C2C12 cells 3

Fig. 2. Supplementation of HEK-293 GNE-knockout cells with ManNAc. A) Representative western blots showing the expression of polySia, its
carrier protein NCAM, GNE, and β-tubulin in HEK-293 wild type and GNE-knockout cells in relation to supplementation with different concentrations of
ManNAc. B) Representative western blots showing the expression of GlcNAc kinase (NAGK) and β-tubulin in HEK-293 wild type and GNE-knockout cells.
β-tubulin is used as a loading control in (a and B). The quantification data in the bar graph represent the mean of three independent experiments (n = 3).
The error bars represent the standard deviation. P-values were calculated using Student’s t-test and are given here in relation to the wild type control.
Asterisks above the bars were used to classify Student’s t-test results according to different levels of significance: P ≤ 0.05: ∗ and P ≤ 0.005:∗∗∗.

treatment with 0.5 mM ManNAc had no effect on the polysia-
lylation level of the GNE-knockout cells, treatment with ten-
fold higher doses of ManNAc (5 mM) restored polysialylation
to wild type levels. In wild type cells, however, the degree
of polysialylation could not be influenced, regardless of the
ManNAc concentration used. One explanation for this could
be the already known feedback-inhibition mechanism trig-
gered by CMP-Neu5Ac (Seppala et al. 1991). NCAM is one
of the few proteins that have been found to be polysialylated
in cells (Muhlenhoff et al. 1996; Bhide and Colley 2017).
We used it here as an additional control and assumed it to
be the main carrier of polySia in our cell model. The lower
and more intense bands in the untreated and 0.5 mM treated
GNE-knockout cells represent the un-polysialylated form of
NCAM, being better susceptible for the antibody (Fig. 2A).

These results raise the question of how ManNAc is phos-
phorylated for the further biosynthetic steps in the absence
of the GNE kinase domain. It has been shown that the
N-acetylglucosmaine kinase (NAGK) is able to phosphory-
late ManNAc, and is thus believed to bypass the lack of
GNE kinase activity in GNE-deficient cells (Allen and Walker
1980). A recent study also suggests that external ManNAc
is mainly phosphorylated by NAGK (Gorenflos Lopez et al.
2023). Western Blot analysis showed a trend towards higher
NAGK expression in GNE-knockout cells (P-value: 7.47E-02,
Fig. 2B), augmenting the putative role of NAGK in ManNAc
phosphorylation in vitro.

Establishment of Gne-deficient C2C12 cells

GNEM is caused by bi-allelic mutations in the GNE gene,
leading to muscle weakness and atrophy. Since it is exclusively
the skeletal muscle tissue that is affected in patients, we asked
whether our results from the HEK-293 model (Fig. 2) could
be reproduced in the murine myoblast cell line C2C12. Using
the CRISPR/Cas9 system, we transfected C2C12 wild type
cells and selected single cell clones 24 and 26 as positive Gne-
knockout clones. As proven by western blot, clones 24 and
26 lack GNE protein expression along with polySia (Fig. 3).
Noteworthy, clone 26 presents a slightly different phenotype
than clone 24, having a stronger NCAM expression, arising
from single cell heterogeneity (Fig. 3).

Notably, Gne-knockout in mice results in embryonic lethal-
ity between E8.5 and E9.5, demonstrating the role of sialic

Fig. 3. Western blot characterization of C2C12 wild type and

Gne-deficient C2C12 cells. Representative western blots showing the
expression of polySia, NCAM, GNE, and β-tubulin in C2C12 wild type and
in C2C12 Gne-deficient single cell clones number 24 and 26.

acids during development (Schwarzkopf et al. 2002). While
C2C12 wild type cells were fully differentiated into myotubes
after 7 days of differentiation, this phenotype was absent in
Gne-knockout cells. This was confirmed on molecular level by
the absence of myosin heavy chain (MYH) a common marker
of myogenesis (Fig. 4A). In addition, the microscopic pictures
of the cells on differentiation day 7 demonstrate the highly
different phenotype of both Gne-knockout clones compared
to wild type myotubes (Fig. 4B). This seems to indicate that
sialic acids play a crucial role in myotube formation.

Supplementation of Gne-deficient C2C12 cells with
ManNAc and Neu5Ac for 24 h

Since we were able to restore polysialylation in GNE-deficient
HEK-293 cells, we next checked whether this also works
in our Gne-knockout skeletal muscle cell line. To do this,
we treated C2C12 Gne-knockout myoblasts with ManNAc
for 24 h. Surprisingly, ManNAc exhibited no effect on these
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4 CT Neu et al.

Fig. 4. Impaired myogenesis in C2C12 Gne-knockout cells. A) Representative western blots showing the expression of myosin heavy chain (MYH) in
C2C12 wild type and in the C2C12 Gne-knockout single cell clones 24 and 26. B) Representative microscopic images of these cells after differentiation
day 7. Western blots and microscopic images each represent the results of one of three representative biological replicates.

myoblasts, as there was no polySia detectable by Western blot,
even at high concentrations of 5 mM (Fig. 5A). To enhance
ManNAc uptake into cells, we also treated C2C12 Gne-
knockout cells with peracetylated ManNAc (Ac4ManNAc),
which exhibits enhanced membrane permeability. However,
even supplementation with Ac4ManNAc did not show any
positive effects in terms of a desired restoration of polysialy-
lation (Suppl. Fig. 1).

In another experiment, since we do not know whether
the lack of polysialylation recovery is due to poor uptake
of ManNAc into muscle cells or rather to the absence of
key enzymes, we treated the cells with sialic acids (Neu5Ac)
for 24 h. As with ManNAc treatment, Neu5Ac failed to
restore polysialylation levels in clones 24 and 26 (Fig. 5B).
These findings also apply to the treatment of differentiated
myotubes. ManNAc (Fig. 5C) and Neu5Ac (Fig. 5D) had no
effect on the degree of polysialylation in either wild type
or Gne-knockout cells. Please note that the term “myotube”
refers to the way the cells were cultured and WT morphology,
respectively. Gne knock out clones don’t fuse into myotubes
under these experimental conditions.

To rule out cell line specific effects, we repeated the experi-
ments in another murine myoblast cell line, Sol8. The results
already observed in C2C12 Gne-knockout cells could be
confirmed in the Sol8 cell line and showed no recovery/or
improvement of the degree of polysialylation there either
(Suppl. Fig. 2).

Since polysialylation is only one form of sialylation, which
also only occurs with very few substrates, we also examined
the total amount of sialic acids using the resorcinol/periodate
assay. However, in accordance with the western blots of
polysialylation, no increased concentration of sialic acids was
observed in either myoblasts (Fig. 6A) or myotubes (Fig. 6B).
Compared to the sialic acid levels of the wild type cells, the
Gne-knockout clones 24 and 26 showed significantly lower
sialic acid levels; of course, small amounts may always be
endocytosed from the culture medium. However, this assump-
tion also applies to the wild type cells and should therefore not
have a major impact on the results–assuming, that the plasma
membrane itself has retained the same permeability.

Furthermore, significantly more sialic acids were detected
in C2C12 myotubes than in myoblasts, suggesting a dynamic
remodelling of sarcolemmal glycan structure during differen-
tiation (Fig. 6C).

To clarify why supplementation of the C2C12 muscle cell
line with ManNAc did not raise sialic acid levels to wild
type levels–as previously shown in HEK-293 cells (Fig. 2A),
we next checked the NAGK mRNA expression. mRNA levels
were significantly upregulated in clone 24 compared to wild
type, in clone 26 they were at the same level as in wild type
cells (Suppl. Fig. 3A).

We also checked the mRNA expression levels of the polysia-
lyltransferases ST8SiaII and ST8SiaIV, which are known to
link sialic acids in an α-2,8-conformation and thus generate
long polySia chains. Our results indicate that St8sia2 and
St8sia4 expression is downregulated in both clones in the
absence of substrate availability (Suppl. Fig. 3B).

Supplementation of Gne-deficient C2C12 cells with
ManNAc and sialic acid for 8 days

The poor outcome of the 24 h treatment of C2C12 Gne-
knockout clones with either ManNAc or Neu5Ac led to the
assumption, that 24 h might be too short a period of time
to have any biological relevance. Hence, we changed our
experimental settings to a long-term treatment of 8 days,
starting on day 0 of differentiation.

Adding ManNAc to the cells during myogenesis had no
effect on MYH expression (Fig. 7B, C) and cell morphology in
either C2C12 wild type or the Gne-knockout clones (Fig. 7A).
However, C2C12 wild type cells showed significantly lower
MYH levels after Neu5Ac treatment (P-value: 2.36E-
08), which matches the representative microscopic image
(Fig. 7A). MYH expression was not detectable in clone 24,
regardless of the substance used. In clone 26, MYH expression
tended to be upregulated after treatment with Neu5Ac (P-
value: 1.36E-01) but was also undetectable in the control and
ManNAc-treated cells (Fig. 7B, C). Microscopic images of
clone 24 showed no morphological differences regardless of
treatment conditions and clone 26 showed very slight evidence
of myotube formation after Neu5Ac treatment.

In C2C12 wild type cells, polysialylation showed a slight
upward trend after either ManNAc (P-value: 2.77E-01) or
Neu5Ac (P-value: 5.81E-02) treatment (Fig. 7B, D), whereas
total sialic acid levels appeared unaffected by either treat-
ment (Fig. 7E). In clone 24, polysialylation again showed a
slight upward trend after Neu5Ac (P-value: 1.23E-01) treat-
ment (Fig. 7B, D); the trend was confirmed by analysis of
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Fig. 5. Treatment of C2C12 cells with ManNAc and Neu5Ac for 24 h. A) Representative western blots showing the expression of polySia, NCAM, and
β-tubulin after 24 h treatment of C2C12 myoblasts with different concentrations of ManNAc. B) Representative western blots showing the expression of
polySia, NCAM, and β-tubulin after 24 h treatment of C2C12 myoblasts with different concentrations of Neu5Ac. C) Representative western blots
showing the expression of polySia, NCAM, and β-tubulin after 24 h treatment of C2C12 myotubes with different concentrations of ManNAc. Note that
the term “Myotube” refers to the way the cells were cultured and WT morphology, respectively. Gne knock out clones don’t fuse into myotubes under
these experimental conditions. D) Representative western blots showing the expression of polySia, NCAM, and β-tubulin after 24 h treatment of C2C12
myotubes with different concentrations of Neu5Ac. The bar graphs below the western blots in each subpanel show the polySia level normalized to the
NCAM level in the C2C12 wild type control. The quantification data in the bar graph represent the mean of three independent experiments (n = 3). The
error bars represent the standard deviation. P-values were calculated using Student’s t-test and are given here in relation to the untreated wild type
control. Asterisks above the bars were used to classify Student’s t-test results according to different levels of significance: P ≤ 0.005:∗∗∗.
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6 CT Neu et al.

Fig. 6. Sialic acid quantification via resorcinol assay. A) Comparison of sialic acid levels in untreated and in C2C12 myoblasts (wild type and both
Gne-knockout clones) treated with 5 mM ManNAc for 24 h. B) Comparison of sialic acid levels in untreated and in C2C12 myotubes (wild type and both
Gne-knockout clones) treated with 5 mM ManNAc for 24 h. Note that the term “myotube” refers to the way the cells were cultured and WT morphology,
respectively. Gne knock out clones don’t fuse into myotubes under these experimental conditions. C) Comparison of sialic acid content in C2C12 wild
type myoblasts and myotubes. The quantification data in the bar graph represent the mean of three independent experiments (n = 3). The error bars
represent the standard deviation. P-values were calculated using Student’s t-test and are given here in relation to the wild type control. Asterisks above
the bars were used to classify Student’s t-test results according to different levels of significance: P ≤ 0.05:∗, 0.005 < P ≤ 0.01:∗∗, P ≤ 0.005:∗∗∗.

total sialic acid levels after both ManNAc (P-value: 1.66E-
02) and Neu5Ac (P-value: 2.12E-02) treatment (Fig. 7E). In
clone 26, polysialylation normalized to NCAM was signifi-
cantly increased after Neu5Ac (P-value: 6.10E-03) treatment
(Fig. 7B, D), again confirmed in the total sialic acid level
analysis (P-value: 4.00E-04).

Furthermore, a trend toward upregulated GNE expression
after Neu5Ac treatment was evident in the C2C12 wild type
cells (Fig. 7B, F). However, the trend was not significant and
needs further investigation.

Overall, it can be concluded that long-term treatment with
ManNAc does not affect C2C12 cell myogenesis, the level
of polysialylation, or GNE expression. Notwithstanding, in
terms of restoring sialic acid content, prolonged treatment
with Neu5Ac appears to be the most promising approach in
GNE-deficient muscle cells.

Discussion

GNEM is a rare genetic disease whose pathomechanism
is largely unclear. A GNEM mouse model, carrying the
human D207V variant was described to have a phenotype,
comparable to human disease (Malicdan et al. 2007). In a
follow-up study, oral treatment of these mice with sialic acid
metabolites prevented muscle atrophy, proposing therapeutic
applicability of sialic acid and its precursors to prevent disease
progression in GNEM patients (Malicdan et al. 2009). Despite
these promising results, clinical attempts to treat patients
with sialic acid precursors, aiming to increase the degree of
sialylation and prevent or at least slow down the progression
of the disease, have failed so far. Unfortunately, the phenotype
of the GNED207V mouse model was not reproducible in
another study, highlighting the importance of developing
further/other GNEM-disease models (Mitrani-Rosenbaum
et al. 2022). Another therapeutic approach is the development
and administration of ManNAc-based prodrugs that have
enhanced lipophilicity and improved bioavailability (Pertusati
and Morewood 2022). However, whether hyposialylation is

the main cause of GNEM remains elusive. Inter-individual sia-
lylation patterns in humans show a natural variability, ham-
pering the distinction between healthy individuals and GNEM
patients based on sialic acid levels alone (Sela et al. 2020).
Accordingly, it is conceivable that small changes in the GNE
activity can lead to subtle alterations in the glycan structures
of few substrates leading to aberrant signalling and pathology
(Hinderlich et al. 2004; Salama et al. 2005; Sela et al.
2020).

In our present study, we generated a new Gne-knockout
model, based on the murine skeletal muscle cell line C2C12.
We treated C2C12 Gne-knockout cells with the metabolites
ManNAc, Ac4ManNAc, and Neu5Ac, respectively, to investi-
gate their ability to restore (poly-)sialylation.

We selected two C2C12 Gne-knockout clones, which both
lacked sialylation and were unable to differentiate into mature
myotubes.

We further observed major differences in the ability to
restore polysialylation when comparing ManNAc treatment
of human kidney cells (HEK-293) and murine myoblasts
(C2C12), respectively. These results suggest tissue and/or
species differences in sialic acid metabolism. While HEK-293
GNE-knockout cells were able to use ManNAc as a substrate
for sialic acid synthesis, this was not possible for the murine
skeletal muscle Gne-knockout cell lines C2C12 and Sol8.

While a recent study implies, that exogenous ManNAc is
phosphorylated by NAGK (Gorenflos Lopez et al. 2023), our
results show that even with Nagk being expressed in C2C12
Gne-KO cells, there is no ManNAc phosphorylation. Thus, we
suggest that further work is needed to identify the players that
are involved in ManNAc metabolism in the absence of GNE.

High polarity of ManNAc impedes its diffusion across
the plasma membrane resulting in poor cellular uptake
whileperacetylation of ManNAc (Ac4ManNAc) increases it’s
lipophilicity and allows administration of μM rather than
mM concentrations (Agatemor et al. 2019). However, even
Ac4ManNAc was unable to restore the level of polysialylation
in C2C12 Gne-knockout cells. This could indicate, that the
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GNE deficiency impairs Myogenesis in C2C12 cells 7

Fig. 7. Long-term treatment of C2C12 cells. A)representative microscopic images of C2C12 wild type and C2C12 Gne-knockout clones 24 and 26 after
differentiation day 7. B) Representative western blots showing the expression of MYH, polySia, NCAM, and GNE after treatment of the aforementioned
cells with 5 mM ManNAc or 5 mM Neu5Ac for 8 days. C) Comparison of MYH expression normalized to wild type control with the aforementioned cells
under the aforementioned treatment conditions. D) Comparison of the polySia level normalized to NCAM level, both under the same conditions. E)
Comparison of the total amount of sialic acids per μg protein. F) Comparison of the GNE expression normalized to control. The scale bar in the
microscopic images always corresponds to 200 μm. The quantification data in the bar graph represent the mean of three independent experiments
(n = 3). The error bars represent the standard deviation. P-values were calculated using Student’s t-test and are given here relative to the untreated
control of each cell line–C2C12 wild type and both C2C12 Gne-knockout clones. Asterisks above the bars were used to classify Student’s t-test results
according to different levels of significance: P ≤ 0.05:∗, 0.005 < P ≤ 0.01:∗∗, P ≤ 0.005:∗∗∗.
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failure of processing ManNAc to Sia is due to the lack of
suitable enzymes rather than a lack of permeability.

Additionally, it is known that both free and glycan-bound
sialic acids can be endocytosed back into cells when needed,
allowing lysosomal processes to recycle them and make them
available again for glycan synthesis (see Fig. 1, part 4) (Verhei-
jen et al. 1999; Huang et al. 2015). Intriguingly, high doses of
sialic acid administered for 8 days in C2C12-Gne-knockout
cells showed an adaption of sialylation and polysialylation to
C2C12 wild type levels. Sialic acid treatment was also able
to rescue the differentiation-deficient phenotype in clone 26
but not in clone 24. The differences between the two Gne-
knockout clones regarding sialic acid responsiveness and cell
morphology could be due to single cell heterogeneity, consis-
tent with the differences in NCAM and β-tubulin expression
in both clones shown in Fig. 3. Notably, high doses of sialic
acid appear to have a rather negative impact on wild type cell
differentiation, as evidenced by impaired myotube formation
and decreased MYH expression. These results suggest a tightly
regulated fine-tuning of the sialic acid content of muscle cells.

The findings in this study are fundamental, showing the
direct effects of Gne depletion on murine skeletal muscle
cells. It is however of great interest, that our basic model
shows good similarity with the patient-derived iPSC model
of Schmitt and co-workers (Schmitt et al. 2022), providing a
low-cost alternative to investigate the role of sialic acids in
a skeletal muscular context. The results cannot be directly
translated for GNEM patients but might help in a broader
understanding of this rare genetic disease. In summary, we
believe that further work is needed to fully understand and
exploit the therapeutic potential of sialic acid and its precur-
sors in the context of GNEM.

Materials and methods

Cell culture

C2C12, Sol8, and HEK-293 cells were cultured in DMEM
(Dulbecco’s Modified Eagle’s Medium; 11,960,044; Gib-
co/Thermo Fisher Scientific; Waltham, MA, USA) supple-
mented with 10% FBS (Fetal Bovine Serum; A5256801;
Gibco/Thermo Fisher Scientific; Waltham, MA, USA),
1% penicillin–streptomycin (P/S; 10,000 units/mL (P)
and 10,000 μg/mL (S); 15,140,122; Gibco/Thermo Fisher
Scientific; Waltham, MA, USA), and 1% L-glutamine (L-
Gln; 200 mM; A2916801; Gibco/Thermo Fisher Scientific;
Waltham, MA, USA) at 37 ◦C in a humidified atmosphere
with 5% CO2. For C2C12 differentiation, normal growth
medium (GM) was replaced by differentiation medium (DM).
This medium consists of DMEM supplemented with 2%
horse serum (S-30-L; c.c.pro GmbH; Oberdorla, Germany),
1% P/S, and 1%L-Gln. HEK-293 (ACC 305) and C2C12
cells (ACC 565) were purchased from DSMZ (Braunschweig,
Germany). Sol8 wild type and Sol8 Gne-knockout cells were
kindly provided by Stella Mitrani-Rosenbaum (Hadassah–
The Hebrew University Medical Center, Israel) (Ilouz et al.
2022). Peracetylated N-acetylmannosamine (Ac4-ManNAc)
was purchased from Synvenio (SV3881; Nijmegen, The
Netherlands), N-acetylmannosamine (ManNAc) was from
New Zealand Pharmaceuticals Limited (Palmerston North,
New Zealand), and N-acetylneuraminic acid (Neu5Ac) was
from Molekula Group GmbH (39596039-10 g; Munich,
Germany).

CRISPR/Cas9 gene editing

Commercial CRISPR/Cas9 Gne-knockout and HDR plasmids
were purchased from Santa Cruz Biotechnology (sc-424509-
HDR). Briefly, 25,000 C2C12 wild type cells were seeded
in full growth medium without penicillin–streptomycin in
a 6-well dish 24 h prior to transfection. Co-transfection
of the CRISPR-KO and HDR-plasmids were done using
UltraCruz® Transfection Reagent (sc-395739). Positive clones
were selected via puromycin treatment (1.5 μg/mL) and single
cell suspension was seeded into 96-well plates to obtain
single cell clones. Peters et al. described the generation of
the HEK-293 GNE-knockout cells, which is very similar to
the generation of the C2C12 Gne-knockout cells (Peters et al.
2023).

Western blot/immunoblot

For protein isolation, cells were washed with ice-cold PBS and
harvested from the culture dish using a cell scraper to avoid
membrane protein modifications. The cell pellet was lysed
in RIPA buffer (25 mM Tris–HCl pH 7.6, 150 mM NaCl,
1% NP-40, 1 mM EDTA) containing 1x protease inhibitor
cocktail (Sigma Aldrich; St. Louis, MO, USA), 1 mM NaVO4,
and 1 mM PMSF. Following 30 min incubation on ice, total
protein was isolated by centrifugation at 14,000 × g at 4 ◦C
for 5 min and quantified using the Pierce™ BCA Protein Assay
Kit (23,225; Thermo Fisher Scientific; Waltham, MA, USA).
Equal amounts of protein were mixed with 5 × SDS-laemmli
buffer (containing 50 mM DTT) and separated on a 10% gel.
Proteins were transferred on a nitrocellulose-membrane and
stained with Ponceau S as loading control. Membranes were
blocked with 5% skimmed milk in TBS-Tween (TBS-T) for
1 h at room temperature prior to incubation with primary
antibody over night at 4 ◦C with agitation. On the next day,
membranes were washed with TBS-T and subsequently incu-
bated with secondary antibody for 1 h at room temperature
(Goat anti-mouse IgG H&L HRP, 1:10,000, ab6789; abcam;
Cambridge, UK). After three repeated washing steps with TBS-
T, Immobilon® Forte Western HRP Substrate was used for
detection (Merck, Germany) using the ChemiDoc MP imag-
ing system from Bio-Rad Laboratories (Hercules, CA, USA).
Signal quantification was performed using ImageJ Software.

The following primary antibodies were used:

name target protein/
modification

dilution company ordering
number

GLCNE
(H-10)

GNE 1:1000 Santa Cruz
Biotechnol-
ogy

sc-376,057

MYH (B-5) Myosin heavy
chains (MYH)

1:1000 Santa Cruz
Biotechnol-
ogy

sc-376,157

β-Tubulin
(BT7R)

β-Tubulin 1:5000 Thermo
Fisher
Scientific

MA5–
16308

GlcNAc
kinase (G-5)

GlcNAc
kinase
(NAGK)

1:1000 Santa Cruz
Biotechnol-
ogy

sc-390499

PolySia 735 Polysialylation 1:1000 Kind gift from Rita
Gerardy-Schahn
(Hannover, Germany)

NCAM 5B8 Neural cell
adhesion
molecule
(NCAM)

1:1000 made in-house
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gene name direction sequence

Gapdh forward CCTGGAGAAACCTGCCAAGTATG
Gapdh reverse AGAGTGGGAGTTGCTGTTGAAGTC
St8sia2 forward GTGTGGAGTGGGTCAATGCT
St8sia2 reverse TCAATGCCCCCTGTTCATGT
St8sia4 forward GCTGGGACAACCAGGACTTT
St8sia4 reverse ACGTCACGTTCCGCATCTAA
Nagk forward GGTAGTATGGCCGCGCTTTA
Nagk reverse GGTGTGCAATCCAGTAGGCT

qRT-PCR

Total RNA was isolated using the Quick-RNA Miniprep
Kit (R1054; Zymo Research; Irvine, CA, USA). cDNA was
synthesized, using 2 μg of total RNA and SuperScript™ II
reverse transcriptase (18,064,022; 2,000 units; Thermo Fisher
Scientific; Waltham, MA, USA), following the manufacturer’s
instructions. RT-qPCR was performed using qPCR SybrMas-
ter (PCR-372S; Jena Bioscience; Jena, Germany) and the CFX
Connect™ Real-Time PCR Detection System (1,855,201; Bio-
Rad; Hercules, CA, USA). Cq values were normalized to the
housekeeping gene Gapdh, and relative gene expression was
calculated using the ��Cq-method. Primer sequences used:

Resorcinol assay (quantification of sialic acids)

Total amounts of sialic acids were quantified using the
periodate-resorcinol assay. Briefly, cells were washed three
times with ice-cold PBS and lysed in 250 μl PBS via freeze–
thaw cycles in liquid nitrogen. All samples and the standard
curve were oxidised with 5 μl of 0.4 M periodic acid for
>10 min on ice. Then, 500 μl of the following solution
were added to each sample and mixed by vortexing: 0.6%
resorcinol, 0.25 mM CuSO4, 36% H20, 44% concentrated
HCl. Samples were incubated at 100 ◦C for exactly 15 min and
allowed to cool down to room temperature afterwards, before
adding 500 μl of tert-butanol. To remove any particular
remnants, the samples were briefly centrifuged. OD630 was
measured in triplicate in a 96-well plate and sialic acid levels
were calculated from the standard curve and normalized to
the total protein amount of each sample.

Statistical analysis

Student’s t-tests were used to calculate P-values for statistical
analysis of results.
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