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Abstract

Background: A key mechanism in the neuromuscular disease GNE myopathy (GNEM) is believed to be that point mutations in the
GNE gene impair sialic acid synthesis — maybe due to UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (GNE)
activity restrictions — and resulting in muscle tissue loss. N-acetylmannosamine (ManNAc) is the first product of the bifunctional GNE
enzyme and can therefore be regarded as a precursor of sialic acids. This study investigates whether this is also a suitable substance for
restoring the sialic acid content in GNE-deficient cells. Methods: A HEK-293 GNE-knockout cell line was generated using CRISPR-
Cas9 and analyzed for its ability to synthesize sialic acids. The cells were then supplemented with ManNAc to compensate for possible
GNE inactivity and thereby restore sialic acid synthesis. Sialic acid levels were monitored by immunoblot and high performance liquid
chromatography (HPLC). Results: The HEK-293 GNE-knockout cells showed almost no polysialylation signal (immunoblot) and a
reduced overall (-71%) N-acetylneuraminic acid (NeuSAc) level (HPLC) relative to total protein and normalized to wild type level.
Supplementation of GNE-deficient HEK-293 cells with 2 mM ManNAc can restore polysialylation and free intracellular sialic acid
levels to wild type levels. The addition of 1 mM ManNAc is sufficient to restore the membrane-bound sialic acid level. Conclusions:
Although the mechanism behind this needs further investigation and although it remains unclear why adding ManNAc to GNE-deficient
cells is sufficient to elevate polysialylation back to wild type levels — since this substance is also converted by the GNE, all of this might
yet prove helpful in the development of an appropriate therapy for GNEM.
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1. Introduction the cell surface extensively. Surface sialylation is an im-
portant regulator of cell-cell interaction. While sialylation
creates a negative charge, it reduces adhesion, which, for
example, prevents blood cells from clotting [8]. Further-
more, the expression of PolySia plays an important role in
maturation and regeneration of muscle cells [10,11].

Most steps in sialic acid synthesis take place in
the cytosol. The activation of N-acetylneuraminic acid
(Neu5Ac) to cytidine 5'-monophospho-N-acetylneuraminic
acid (CMP-Neu5Ac) takes place in the nucleus. Af-
terwards it is transferred to the Golgi apparatus, where
it serves as a substrate for terminal protein sialyla-
tion or for polysialylation (Fig. 1) [12]. The synthe-
sis is highly dependent on the bifunctional enzyme GNE,
which catalyzes the first two steps of the synthesis and
epimerizes UDP-N-acetylglucosamine (UDP-GlcNAc) to
N-acetylmannosamine (ManNAc), which is then phospho-

First described in 1981 [1], GNE myopathy is a rare
neuromuscular disease (GNEM; OMIM: 605820) with an
estimated prevalence of one to nine per million [2]. The cel-
lular phenotype of this disease is characterized by the for-
mation of rimmed vacuoles and protein aggregates in mus-
cle cells, followed by loss of affected muscle cells [2,3].
The disease first affects the distal muscle tissue of the feet
and lower legs. In later stages, proximal body regions are
also affected. About 10 years after the onset of the dis-
ease, patients need walking aids and external help with their
daily activities [4]. GNEM is a genetic disease, result-
ing from point mutations in the gene encoding the bifunc-
tional enzyme UDP-N-acetylglucosamine 2-epimerase/N-
acetylmannosamine kinase (GNE) [5]. This enzyme is
known for its key role in sialic acid synthesis [6].

Sialic acids are a family of negatively charged 9-
carbon sugars with a prominent role in protein glycosyla-
tion [7,8]. Sialic acids occur in two forms on glycopro-
teins: in terminal sialylation, where the sialic acid forms
the last sugar on the glycoconjugate, or in polysialic acids
(PolySia), where up to 400 sialic acid monomers are con-
jugated into a large, negatively charged structure [9]. Both
sialic acid forms occur on membrane proteins and decorate

rylated by GNE to ManNAc-6-phosphate. GNE itself can
then be feedback inhibited by the end product of the sialic
acid biosynthesis pathway, CMP-Neu5Ac, making GNE
one of the major regulators of sialic acid synthesis [6].
Although the genetic cause for GNE myopathy has
been identified [5], the mechanism leading to the dis-
ease needs to be clarified. Interestingly the expression of
the GNE protein does not seem to be impaired/altered in
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GNEM patients [13], raising the likelihood that GNE activ-
ity is the — or at least a — critical factor for the pathophysiol-
ogy of the disease. The question of whether the introduction
of a point mutation also leads to changes in the intracellu-
lar localization of the GNE protein is controversial due to
contradictory results [13,14].

Changes in GNE activity can be attributed to
pathogenic point mutations in the GNE gene [15,16],
which can lead to changes in the three-dimensional or
quaternary structure of the protein [16,17]. In addi-
tion, posttranslational modifications such as glycation [18],
O-GlcNAcylation [19], phosphorylation [20], or a combi-
nation of these factors can also have an impact on GNE ac-
tivity. If limitations in the activity of the enzyme are in-
deed present in vivo and have a significant impact on the
disease, it is likely that this will also affect the “outcome” —
Neu5Ac/sialic acid synthesis.

Various studies indicate hyposialylation in the pa-
tient’s muscle [21,22]. However, this could not be proven
in all studies, leaving room for other possible disease mech-
anisms/GNE intervention pathways. It has been shown that
GNE also seems to play a role in the DNA damage/repair
pathway [23], in the muscle filamentous apparatus [24],
in mitochondria-dependent cell apoptosis [25], and in im-
paired apoptotic signaling [26]. On the other hand, the stud-
ies by Noguchi ef al. [21], Sparks et al. [15], and Penner
et al. [16] showed quite clearly that each variant must be
considered individually, as each do not have the same effect
on the activity of the GNE/of the domains of the GNE. It is
therefore also possible that a mutation — e.g., the M712T
variant — has an influence on the kinase activity (-30%; re-
combinant GNE-protein), but this does not necessarily have
to be sufficient to also influence the sialic acid biosynthesis
so that hyposialylation becomes detectable [6,7].

Based on the hypothesis that sialic acid deficiency is
largely responsible for the symptoms and manifestations
of GNEM, several treatments to counteract this deficiency
have been proposed, including supplementation with sialic
acids or related compounds like sialyllactose [27,28]. Many
studies focus on ManNAc, the intermediate product of the
GNE enzyme. ManNAc is taken up in the gastrointestinal
tract, diffuses through the cell membrane and distributes to
various tissues including the muscles [28,29]. ManNAc en-
ters the sialic acid synthesis pathway after being phospho-
rylated either by residual GNE kinase activity or by alter-
native kinases like GIcNAc kinase [17,30].

In cell culture and mouse models, ManNAc proved to
be a suitable supplement to increase sialylation [31,32]. A
phase 2 clinical study was built on these positive prelim-
inary tests, in which either 3 g or 6 g ManNAc were ad-
ministered orally twice a day. ManNAc was found to be
‘safe’ for long-term use. Increased sarcolemmal sialylation
as well as increased plasma and intracellular CMP-Neu5Ac
levels were reported. Decline in muscle strength of the up-
per and lower limbs showed to be reduced compared to a
control group. Performance in other tests for physical func-

tion and endurance were however found not to be improved.
A phase 3 clinical trial involving a randomized double-blind
placebo-controlled study is to be conducted [30].

In addition to ManNAc, ace-neuraminic acid, an
extended-release sialic acid product that lasts longer in the
body, was evaluated in a phase 3 clinical trial. Patients re-
ceived doses of 6 g per day taken orally for 48 weeks. While
the study measured an increase in serum sialic acids, no pos-
itive effect on muscle strength and function was observed
[33].

An orally administered peracetylated ManNAc
derivate was tested in a mouse model for 54 weeks. Sialic
acid content of various tissues, muscle mass, fitness as well
as survival rates were reported to be increased [28]. These
initial positive results laid the foundation for the current
search for a peracetylated prodrug suitable for the treat-
ment of GNEM-patients. Peracetylated ManNAc has the
advantage that it can pass through the cell membrane more
easily. A derivate of a series of ManNAc-6-phosphate
prodrugs was shown to increase sialic acid content in
GNEM patient-derived myoblasts by more than 50-fold
at a concentration of 1 mM [34]. Research on peracety-
lated prodrugs represents a promising approach for the
development of a drug for the treatment of GNEM.

Overall, however, there is a major problem with stud-
ies on the pathophysiology or treatment options for this dis-
ease: there is often a lack of comparability. The first ques-
tion is which variant should be examined. With more than
200 known point mutations in the GNE gene, all leading to
GNEM [2,4], this is quite a challenge — especially given
that this can already have an impact on enzyme activity
[15,16,21]. Then a decision must be made between study-
ing the protein in vitro (protein purification; whole pro-
tein vs. single GNE-domains; cell culture; appropriate cell
line), or in vivo (animal model). In turn, they all have their
advantages and disadvantages and it depends very much on
the question to be examined, which approach is the right
one.

In our study, we aimed to investigate how much
ManNAc is required to restore sialylation to wild type lev-
els in hyposialylated cells, and whether this is even pos-
sible. Other groups have used human embryonal kidney
(HEK-293) cells with GNE-knockdown as model to gain in-
sights into GNEM [14,35], since knockdown cells always
contain some residual expression (about 30% of the GNE
expression remains [14]) and activity. With this in mind, we
decided to perform our study with a GNE-knockout model
with HEK-293 cells. Of course, a GNE-deficient model is
different from a more disease-oriented model in which the
GNE is still present, but for simplicity and to better focus
on the impact of sialylation and its recovery, such a model
should suffice. Once the model is proven to be effective,
this would ensure that future tasks in this direction could
be carried out easily, quickly, and, if necessary, with a high
throughput.
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The CRISPR/Cas9-technique was used to introduce
GNE-knockout into HEK-293 cells — later in the article
these cells will be referred to as HEK-293 GNEXC. We
then determined the GNE-protein expression and the de-
gree of polysialylation of the cells generated in this way and
compared them with the respective levels in HEK-293 wild
type cells — these cells will be referred to as HEK-293 WT.
It could be shown that in a western blot of the HEK-293
GNEXO cells neither a signal for GNE — which is a sign for
the functioning knockout — nor for polysialylation could be
detected. In contrast, both signals were clearly detectable
in western blot analysis in HEK-293 WT cells. Polysialyla-
tion in the HEK-293 GNEXO cells could be restored to WT
levels after supplementation with 2 mM ManNAc.
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Fig. 1. Scheme of the sialic acid biosynthesis pathway.

In the cytosol of a cell, UDP-N-acetylglucosamine (UDP-
GlcNAc) is epimerized by the epimerase domain of UDP-
N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase
(GNE) to N-acetylmannosamine (ManNAc) which is then phos-
phorylated by the kinase domain of GNE to ManNAc-6-
phosphate.
verts ManNAc-6-phosphate into Neu5SAc-9-phosphate, which is
then dephosphorylated by N-acetylneuraminic acid phosphatase
(NANP) to Neu5Ac. In the cell nucleus, N-acetylneuraminic acid
(Neu5Ac) is then activated by CMP-N-acetylneuraminic acid syn-

Subsequently, sialic acid synthase (NANS) con-

thase (CMAS) to cytidine 5’-monophospho-N-acetylneuraminic
acid (CMP-Neu5Ac), which can then act as a substrate for sia-
lyltransferases in the Golgi apparatus.
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2. Materials and Methods
2.1 Cell Culture and ManNAc Supplementation

The cells of the human embryonal kidney line (HEK-
293) were provided by the DSMZ (ACC 305; Heidel-
berg, Germany). The HEK-293 cell line as well as
the GNE-knockout HEK-293 cell line was cultured in
DMEM (Dulbecco’s Modified Eagle Medium; 11960044;
Gibco/Thermo Fisher Scientific; Waltham, MA, USA)
supplemented with 10% FCS (fetal calf serum) and 1%
penicillin/streptomycin (10,000 units/mL (penicillin) and
10,000 pg/mL (streptomycin)) and passaged every two to
three days. Cells were grown to 50-70% confluency, then
supplemented with ManNAc (New Zealand Pharmaceuti-
cals, Palmerston North, New Zealand) for 24 h and har-
vested. The ManNAc concentrations used are given in the
corresponding results.

The cell lines were maintained at 37 °C in a humidi-
fied atmosphere with 5% CO- and were mycoplasma-free
(MycoStrip - Mycoplasma Detection Kit; InvivoGen, San
Diego, USA). The cell line was genetically characterized by
PCR-single-locus-technology, carried out by Eurofins Ge-
nomics Europe Applied Genomics GmbH.

2.2 Generation of HEK-293 GNE-Knockout Cells

HEK-293 GNE-knockout cells (HEK-293 GNEX0)
were generated using CRISPR/Cas9-KO (sc-406100) and
HDR (sc-406100-HDR) plasmids from Santa Cruz Biotech-
nology (Dallas, TX, USA). The HDR-Plasmid contains
puromycin resistance gene and a gene encoding for the red
fluorescent protein (RFP) that are enclosed by a 5’- and 3’-
sequence homolog to the GNE gene. The puromycin re-
sistance gene and RFP gene are integrated into the GNE
gene by homology-directed repair during CRISPR-Cas9 ac-
tivity. Therefore, we transfected the HEK-293 cells and
selected individual knockout cell clones with puromycin
— since successfully transfected cell should show a resis-
tance to puromycin. The GNE knockout success was sub-
sequently analyzed by an immunoblot using the anti-GNE
antibody [EPR15059] from Abcam (Cambridge, UK).

2.3 Cell Lysis

The cells were resuspended in solubilization buffer
(150 mM NaCl, 50 mM Tris, 1% Triton, 100 mM PMSF
(phenylmethylsulfinyl fluoride), 1:500 PIC (protein in-
hibitor complex)) and opened by squeezing several times
through a syringe. The lysate was then incubated on a
rocker at 4 °C for approximately 1 h and then centrifuged
at 13000 rpm for 10 min at 4 °C. The supernatant was
collected and the protein content was determined using
the Pierce™ BCA assay kit (Thermo Fisher Scientific,
Waltham, MA, USA).

2.4 SDS-PAGE and Immunoblot

For SDS-PAGE, 20 pg protein was loaded onto a 10%
gel. The proteins were then blotted onto a nitrocellulose
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Table 1. Antibodies used in the immunoblot.

Name Target protein/modification ~ Dilution Company and ordering number
Primary antibody

anti-GNE antibody (EPR15059) GNE 1:2000 Abcam; ab189927

C-terminal; rabbit; monoclonal

anti-PolySia (735); mouse; monoclonal Polysialylation 1:2000 Kind gift from Rita Gerardy-Schahn

(Hannover, Germany)

Secondary antibody

goat anti-rabbit IgG-H&L (HRP) 1:20,000 Abcam; ab6721

goat anti-mouse IgG-H&L (HRP) 1:10,000 Abcam; ab6789

membrane for 1 h. The membrane was stained with Pon- 2.7 HPLC

ceau S and then blocked with 5% milk in Tris-buffered
saline and 0.1% Tween 20 (TBS-T) for 1 h. The membrane
was then washed three times with TBS-T, with each wash-
ing step lasting 10 min. Afterwards the primary antibody
was added and incubated overnight. The washing proce-
dure was repeated and afterwards the secondary antibody
was added and incubated for 1 h. Again, the washing pro-
cedure was repeated. Subsequently, bands were detected
with ECL immunoblot detection reagent (Merck, Darm-
stadt, Germany) and the ChemiDoc MP imaging system
(Bio-Rad Laboratories, Hercules, CA, USA).

2.5 Sample Preparation for High Performance Liquid
Chromatography (HPLC)

2.5.1 Determination of the Total Sialic Acid Content

Cells were resuspended in 2 M propionic acid and
lysed by squeezing through a syringe four to six times.
The lysate was then incubated at 80 °C for 4 h. After
acidic hydrolysis, samples were centrifuged for 20 min at
13,000 rpm and the supernatant was collected. Samples
were lyophilized overnight and resuspended in ddH2O.

2.5.2 Determination of Membrane-Bound and Free Sialic
Acid Content

Cells were resuspended in ddH,O and lysed by
squeezing through a syringe four to six times. The suspen-
sion was then centrifuged for 20 min at 13,000 rpm at 4 °C.
The supernatant containing the free cytosolic CMP-sialic
acids was separated from the pellet containing membrane-
bound sialic acids. Membrane-bound sialic acid fraction
was resolved in 2 M propionic acid and treated at 80 °C
for 4 h. Next, samples were centrifuged for 20 min at
13,000 rpm and the supernatant was collected. Samples
were lyophilized overnight and resuspended in ddH2O.

2.6 DMB Labelling of Sialic Acids

100 pL sample and reference solutions were labelled
(2.5 h, 50 °C, shaking) by 20 uL DMB-labelling reagent
(1,2-diamino-4,5-methylenedioxybenzene.2HCl (DMB),
1.6 mg/mL, DMB Sialic Acid Labelling Kit, QA Bio, Palm
Desert, CA, USA) as mainly described in the protocol of
Ludger Ltd. [36]. Samples were diluted in 1:3 ratio with
water and measured as duplicates.

To measure the sialic acid concentration, 20 pL of la-
belled sample and reference were injected into the device.
A LiChroCART®250-4 LiChrospher®100 RP-18e (5 pm)
column (Merck KGaA, Darmstadt, Germany) was used.
Reference panel (1.25 nmol, AdvanceBio Sialic Acid ref-
erence panel, Agilent, Santa Clara, CA, USA) were used
as reference for every measurement. Solvent A (acetoni-
trile: methanol: water 9:7:84) and solvent B (acetonitrile)
were used as flux with a flow of 0.5 mL/min. The con-
centrations were determined using a diluted standard of N-
acetylneuraminic acid (50 ng/mL, 500 ng/mL, 1 pg/mL,
20 pg/mL, Sigma Aldrich, St. Louis, MO, USA). The stan-
dard was prepared using N-acetylneuraminic acid powder
diluted in aqua dest. Output of data were realized by Clarity
Software (DataApex, Prague, Czech Republic).

2.8 Statistics

Statistical analysis were performed using GraphPad
Prism 9 2021 software (GraphPad Software, LLC, Dotmat-
ics, Boston, MA, USA). Student’s 7-test was used for statis-
tical analysis. All bar charts show the mean and, as an error
bar, the standard error of the mean (SEM).

3. Results
3.1 Establishment of a GNE-Deficient Cell Model

A HEK-293 GNEXO cell line was generated using
CRISPR-Cas9. To verify the loss of GNE, we have exam-
ined the presence of the GNE protein by immunoblotting.
As a gel loading control, we performed a Ponceau staining
of the nitrocellulose membrane as shown in Fig. 2A.

If the protein is present, a band near the 70 kDa marker
band can be expected using a specific antibody against the
protein. The corresponding band could be detected in the
HEK-293 WT cells, but not in the HEK-293 GNEX© cells
(Fig. 2B), fully matching the expected phenotype. The ab-
sence of GNE results in an impairment of sialic acid syn-
thesis. This can be proven, among other things, by testing
for the presence of polysialylation — for this we use a spe-
cial antibody (anti-PolySia 735; information about the an-
tibodies used can be found in Table 1). If this type of post-
translational modification is lost, no band should be seen
at 250 kDa in the immunoblot. This applied to our GNEX©
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cells, while the HEK-293 WT cells showed a corresponding
signal at 250 kDa in the immunoblot (Fig. 2C).

A HEK-293 B

HEK-293
M WT GNE*° M WT GNE®
100 kDa
250 kDa | s 70 kDa =5 < GNE
55 kDa
130 KDa | s
100 kDa | wee C HEK-293
70 kDa | W
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25kDa | w 250 kba ‘ <€ PolySia

Fig. 2. Immunoblots of GNE and PolySia expression in HEK-
293 WT and HEK-293 GNEX© cells. (A) Corresponding Pon-
ceau stain to the immunoblots in (B) and (C). Representative im-
munoblots showing the expression of GNE (B) and PolySia (C) in
HEK-293 WT and HEK-293 GNE®© cells.

3.2 ManNAc Supplementation Restores Polysialylation in
HEK-293 GNEX© Cells

We next examined whether the polysialylation level
of HEK-293 GNEX© could be restored to WT levels — or
perhaps even above — by supplementing with ManNAc,
the intermediate product of GNE, for 24 h. For this pur-
pose, the corresponding protein lysates were used for an im-
munoblot and the amount of polysialylation and GNE was
determined again with the respective antibodies (Fig. 3A
top and middle). The immunoblot showed that polysialy-
lation in the HEK-293 GNEXO cells could be restored by
ManNAc supplementation. Furthermore, there was a cor-
relation between the amount of PolySia produced and the
amount of ManNAc added — the more ManNAc was sup-
plemented, the more intense the polysialylation signal was
in the immunoblot.

Afterwards the immunoblot results were quantified
by normalizing the PolySia band intensity to whole Pon-
ceau stain (Fig. 3A bottom). This showed the same trend
as described above (Fig. 3B). Lower amounts of ManNAc
resulted in a relative normalized polysialylation signal of
0.0931 + 0.0318 (mean + SEM; p-value = 0.0009; 0.1 mM
ManNAc), respectively 0.2402 £ 0.1137 (p-value = 0.0160;
0.3 mM ManNAc) to WT (Fig. 3B). Higher amounts of
ManNAc led to higher polysialylation signals (see the in-
crease in intensity of the PolySia band detected in the im-
munoblot (Fig. 3A)). The relative normalized polysialyla-
tion signal after supplementation with 0.6 mM ManNAc
was 0.2955 £ 0.1374 (p-value = 0.0263) and with 1 mM
ManNAc 0.4662 + 0.0717 (p-value = 0.0130) (Fig. 3B).
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Supplementation with 2 mM ManNAc restores PolySia
levels to WT levels. The relative normalized polysialy-
lation signal after 2 mM ManNAc supplementation was
0.8979 + 0.0827 (p-value = 0.2099). In addition, note that
the HEK-293 WT cells expressed GNE and the HEK-293
GNEX© cells did not (again matching the expected pheno-
type; Fig. 3A middle).

3.3 Quantification of Neu5Ac per HPLC

Polysialic acids are the product of one form of sia-
lylation. To understand whether the PolySia detected by
immunoblot corresponds to the total cellular sialic acid
content, Neu5Ac — the most abundant sialic acid — was
measured by HPLC and related to the amount of protein
per sample and normalized to the HEK-293 WT samples
(Fig. 4A). It can be seen that the total sialic acid level also
showed an increasing trend, which was associated with in-
creasing ManNAc supplementation levels — as was the case
with the PolySia signal in the immunoblot (see previous
section).

Fig. 4B shows an overlay of several representa-
tive chromatograms of NeuSAc — HEK-293 WT, HEK-
293 GNEXO and HEK-293 GNEXO + ManNAc (0.1 mM,
0.3 mM, 0.6 mM, 1 mM, and 2 mM). The Neu5Ac amount
per protein of the HEK-293 GNEX© corresponded to 0.2946
+ 0.0441 (p-value = 0.0004) of the WT. The greater the
concentration of ManNAc added, the greater the increase
in Neu5Ac per protein. The supplementation with 0.1 mM
ManNAc corresponded to a value of 0.3744 £ 0.0602 (p-
value =0.0015), with 0.3 mM ManNAc to a value of 0.4717
£ 0.0799 (p-value = 0.0053), with 0.6 mM ManNAc to
a value of 0.5064 £ 0.0981 (p-value = 0.0112), and with
1 mM ManNAc to a value of 0.6096 £ 0.0983 (p-value =
0.0206) NeuSAc per protein compared to WT. Restoration
of total sialic acid levels to WT levels was again achieved
upon addition of 2 mM ManNAc — 0.9017 + 0.1329 (p-
value = 0.2837). This supports the qualitative results ob-
served in the immunoblot.

Fig. 4C shows a representative chromatogram of a
HEK-293 WT sample over the retention time range of 0
to 35 min. The peak with a retention time of 13 min corre-
sponds to Neu5Ge. The peak corresponding to NeuSAc has
a retention time of 18.9 min.

In addition, we determined the Pearson correlation co-
efficient of the means for polysialylation and total sialic
acid content. It was 0.9980, showing a very good corre-
lation between these two.

3.4 Quantification of Free Cellular and Membrane-Bound
Sialic Acids

In addition, to test whether the level of polysialylation
is also representative of free and bound sialic acids, the in-
soluble membrane protein-bound sialic acids were first sep-
arated from the free cellular sialic acids. The content of free
cellular sialic acids per protein increases in proportion to the
likewise increasing ManNAc concentrations (Fig. 5A).
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Fig. 3. Supplementation of HEK-293 WT and HEK-293 GNEX® cells with ManNAc. HEK-293 GNEX® cells were cultured for 24 h
with varying amounts of ManNAc (0.1 mM, 0.3 mM, 0.6 mM, 1 mM and 2 mM). (A) Immunoblot of PolySia (top) and GNE (middle)
in HEK-293 WT cells as well as in HEK-293 GNE®© cells supplemented with ManNAc. As a loading control, whole Ponceau stain
was used (bottom). (B) Quantitative analysis of PolySia relative to Ponceau and normalized to WT. All underlying immunoblots, in

addition to the blot shown in A, can be found in Supplementary Fig. 1. The bars represent the mean and the error bars represent the

corresponding standard error of the mean (SEM), n = 3. p-values were calculated using Student’s ¢-test. Asterisks above the bars were

used to classify the results according to different levels of significance: 0.01 < p < 0.05: * and p < 0.005: ***,

Fig. 5B shows an overlay of several representa-
tive chromatograms of free cellular Neu5SAc — HEK-293
WT, HEK-293 GNEX© and HEK-293 GNEX© + ManNAc
(0.1 mM, 0.3 mM, 0.6 mM, 1 mM, and 2 mM). Fig. 5D
shows an overlay of several representative chromatograms
of membrane-bound NeuSAc. The free cellular NeuSAc
amount per protein of the HEK-293 GNEX© corresponded
to 0.4392 + 0.0887 (p-value = 0.0060) of the WT. The
membrane-bound Neu5Ac amount per protein of the HEK-
293 GNEXO was in about the same ratio as already ob-
served when examining the total Neu5SAc amount (com-
pare with Fig. 4A). The value was 0.2907 £+ 0.0491 (p-
value = 0.0005) of the WT (Fig. 5C). The supplementa-
tion with 0.1 mM ManNAc corresponded to a value of
0.3400 £ 0.0732 (p-value =0.0022), with 0.3 mM ManNAc
to a value of 0.3906 + 0.0748 (p-value = 0.0029), with
0.6 mM ManNAc to a value of 0.5071 + 0.0563 (p-
value = 0.0024), and with 1 mM ManNAc to a value of
0.5337 £ 0.0746 (p-value = 0.0062) free cellular Neu5Ac
per protein compared to WT. Restoration of total sialic acid
levels to WT levels was again achieved upon addition of
2 mM ManNAc — 0.7287 £+ 0.1586 (p-value = 0.1175).
Looking at the membrane-bound Neu5Ac levels, the WT
level is already reached at 1 mM ManNAc supplementa-
tion — 0.9506 £ 0.4737 (p-value = 0.4668) — and after ad-

dition of 2 mM ManNAc is almost twice the WT level
— 1.9381 £ 0.5905 (p-value = 0.1313). The supplemen-
tation with 0.1 mM ManNAc corresponded to a value of
0.4886 4+ 0.1702 (p-value =0.0401), with 0.3 mM ManNAc
to a value 0of 0.3160 =+ 0.0975 (p-value = 0.0045), and with
0.6 mM ManNAc to a value of 0.5076 £ 0.1273 (p-value
=0.0220) membrane-bound NeuSAc per protein compared
to WT.

The Pearson correlation coefficient of the means for
polysialylation and free sialic acid content was 0.9345 and
for polysialylation and membrane-bound sialic acid content
was 0.8200. Here too, both values showed a good correla-
tion with the degree of polysialylation.

4. Discussion

In this study, we generated a GNE-knockout in HEK-
293 cells and characterized it with and without ManNAc
supplementation in terms of the degree of polysialylation
and the amount of free and membrane-bound sialic acid.
To detect polysialylation, we performed a western blot us-
ing an antibody specific against it (anti-PolySia (735)). We
decided against actin or other “classic” cytoskeletal pro-
teins to control gel loading, as it is already known that
GNE/clinically relevant GNE-variants appear to have an
impact on actin dynamics/actin turnover [37,38]. There-
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Fig. 4. Sialic acid (NeuSAc) per protein (ng/ug) normalized to HEK-293 WT cells. HEK-293 GNEX® cells were supplemented
with or without ManNAc (0.1 mM, 0.3 mM, 0.6 mM, 1 mM, 2 mM) for 24 h. (A) Total sialic acid (NeuSAc) content was measured
by HPLC, related to the amount of protein per sample and normalized to WT. HEK-293 WT cells were included as a control. (B)
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in intensity (a.u.) over time (min). The bars in A represent the mean and the error bars represent the corresponding SEM, n = 4. p-

values were calculated using Student’s 7-test. Asterisks above the bars were used to classify the results according to different levels of
significance: 0.01 < p < 0.05: *,0.005 < p < 0.01: ** and p < 0.005: ***,

fore, an influence on the actin signal strength in the im-
munoblot after GNE-knockout cannot be completely ruled
out. To avoid this, we used Ponceau staining as gel loading
control. The amount of free and membrane-bound sialic
acid (Neu5Ac) was quantified using HPLC.
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In HEK-293 WT cells, both a PolySia and a GNE sig-
nal could be detected in the western blot. However, none
of the signals could be detected in the HEK-293 GNEXO.
The fact that no GNE signal could be detected matched the
expected phenotype and served as indirect evidence for the
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HEK-293 WT, HEK-293 GNEX® with or without ManNAc supplementation (0.1 mM, 0.3 mM, 0.6 mM, 1 mM and 2 mM). Fluorescence
signals are displayed in intensity (a.u.) over time (min). (C) Shows the amount of membrane-bound Neu5Ac per protein normalized to
WT and quantified by HPLC. HEK-293 WT cells were included as a control. (D) Representative chromatographs of membrane-bound
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according to different levels of significance: 0.01 < p < 0.05: *,0.005 < p < 0.01: **, and p < 0.005: ***,

success of the knockout. The lack of a PolySia signal under-
scores the important role of GNE in the sialic acid biosyn-
thesis pathway (see Fig. 1) and is consistent with a study
in which GNE was knocked out in human haploid cells
(HAP1) and almost no sialic acid (NeuSAc) and activated
sialic acid (CMP-Neu5Ac) could be detected by LC/MS
analysis [39].

We have also shown that supplementation with 2 mM
ManNAc, the product of the GNE-epimerase domain, re-
stores the level of polysialylation in HEK-293 GNEXO cells
to that level found in HEK-293 WT cells. In addition,
the content of free cellular sialic acid (Neu5Ac) also ap-
proached the HEK-293 WT cell value after supplemen-
tation with 2 mM ManNAc. The amount of membrane-
bound NeuSAc approached the HEK-293 WT cell value

already after supplementation with 1 mM ManNAc. This
shows that HEK-293 cells lacking the GNE have signif-
icantly reduced levels of polysialylation and free cellular
and membrane-bound sialic acid, which can be restored by
supplementation with ManNAc.

In addition, HPLC measurements of the NeuSAc lev-
els showed that the higher the supplemented ManNAc con-
centration, the higher the NeuSAc levels as well. These re-
sults correlate with previous studies [40—42]. The different
concentrations of ManNAc also have a different impact on
the concentrations of free sialic acid in the cytosol com-
pared to membrane-bound NeuSAc of HEK-293 GNEXO
cells. In particular, at the highest concentration tested in
our model — 2 mM, membrane-bound NeuSAc per protein
was slightly increased compared to the relative free cellu-

&% IMR Press


https://www.imrpress.com

UDP-GIcNAc

GNE-epimerase

domain
ManNAc &
GNE-kinase +phosphoenol- +pyruvate
NAGK @ domain pyruvate (PEP)
ManNAc-6-
é NANS
phosphate + some
unknown
\l' NANS © factors/ @ NPL
Neu5Ac-9- interaction
phosphate partners
® | e
NeuSAc < <
\L CMAS
CMP-Neu5Ac

Fig. 6. Possible alternative steps in sialic acid biosynthesis. (A) ManNAc is phosphorylated by the GNE-kinase domain. (B) ManNAc
is phosphorylated by the N-acetylglucosamine kinase (NAGK). (C) ManNAc is directly converted to Neu5Ac by sialic acid synthase

(NANS) with the addition of phosphoenolpyruvate (PEP). Unknown tissue-specific factors/interaction partners may play a role in this.

(D) ManNAc is directly converted to NeuSAc by N-acetylneuraminate pyruvate lyase (NPL) with the addition of pyruvate. This reaction

is reversible. (E) Dephosphorylation of Neu5Ac-9-phosphate to NeuSAc occurs by an unknown phosphatase with a specific side-affinity

to Neu5Ac-9-phosphate.

lar NeuSAc per protein. This could be because cells need
to modify proteins through posttranslational modification
(particularly sialylation) to ensure functions in cell adhesion
[14,43], cell motility [44], or biological receptor stability
[45]. These modifications therefore have a certain impor-
tance in the cell, which also suggest that special efforts are
made to restore their levels as quickly as possible.

When looking at the results, however, it must also be
taken into account that the cells are always supplied with
a small proportion of sialic acids directly via the medium
and the serum it contains. However, this proportion is the
same under all conditions and should therefore be negligi-
ble. Furthermore, it is clear that the content of sialic acids
in the medium is not sufficient to increase the sialic acid
content/level of polysialylation in HEK-293 GNEX© to the
content of HEK-293 WT cells — for example, we see a clear
difference between these two in the PolySia immunoblot
(Fig. 3A).

Nevertheless, the question now arises as to why the
sialylation level of the HEK-293 GNEX© cells can be
brought back to that of the HEK-293 WT cells by adding
ManNAc, since the GNE is still absent — whereas ManNAc,
according to general opinion is phosphorylated by the GNE
(see A in Fig. 6)?

A possible explanation could be that the phosphory-
lation step from ManNAc to ManNAc-6-phosphate was al-
ternatively performed by the N-acetylglucosamine kinase
(NAGK) ([46], see B in Fig. 6). Another alternative expla-
nation can be found by looking at the enzymes and its as-
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sociated diseases further down the sialic acid biosynthesis
pathway: Genevieve type spondyloepimetaphyseal dyspla-
sia (SEMDG; OMIM 610442) is a disease caused by muta-
tions in sialic acid synthase (NANS) that results in devel-
opmental delays such as reduced growth rate and mental
impairment. However, the sialylation of plasma proteins
and the biosynthesis of N- or O-linked glycans did not ap-
pear to be affected in the disease. In addition, ManNAc and
not ManNAc-6-phoshate, the, so to speak, “classic” sub-
strate of NANS in the biosynthesis pathway, was found in
the plasma and urine of an affected patient [47].

This leads to the question whether NANS — as known
from bacterial pathways [48] — can also use ManNAc un-
der certain circumstances directly as a substrate (see C in
Fig. 6; see also UniProt.org: Q9NR45 and Rhea-db.org:
19273) and whether the GNE-kinase domain is not always
the main ManNAc processing enzyme. That could explain
the accumulation of ManNAc in the patient’s body fluids.
Furthermore, they spoke directly of an “accumulation of
substrates of the missing enzyme” ([47], page 782, lines
8 and 9 of discussion), suggesting that ManNAc may in-
deed be a substrate of NANS. It could therefore be possible
that under “normal” conditions/in certain types of tissues
NANS has a significantly higher affinity for ManNAc-6-
phosphate than for ManNAc (shown e.g., in [49,50] where
the enzyme did not show any activity with ManNAc). How-
ever, it is also possible that in other tissues a cofactor or
substance is present that reverses this substrate affinity, re-
sulting in ManNAc becoming an acceptable, possibly even
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more favorable, substrate for NANS. Perhaps the GNE-
epimerase and the NANS interact in certain tissues in a kind
of complex, which in turn cannot be formed in other tissues.
Consistent with the assumption of tissue-specific effects,
it has already been shown that there may indeed be such
tissue-specific effects on sialic acid biosynthesis. For ex-
ample, almost no NeuSAc-9-phosphate or Neu5Ac were de-
tected in kidney cells after incubation with N-acetyl-['*C]-
mannosamine, while it was found in liver cells [51]. In ad-
dition, it appears that not all of the possible GNE transcripts
are equally expressed in human tissue. In skeletal muscle,
transcripts 2, 3, and 4 appear to be absent, while transcript
2 is present in kidney [52]. The cell line used in this study
is from kidney.

Furthermore, it is of course also possible that a phos-
phatase dephosphorylates ManNAc-6-phosphate, so that
then only ManNAc can be detected in the body fluids of
the SEMDG-patients. This would be consistent with the
elevated levels of ManNAc-6-phosphate found in patient-
generated fibroblasts [47]. Of course, this can also indicate
atissue effect in fibroblasts, in which NANS cannot process
ManNAc but only ManNAc-6-phosphate as a substrate.

In addition to NAGK and (perhaps also) NANS, there
appears to be a third enzyme — the N-acetylneuraminate
pyruvate lyase (NPL) that can cleave sialic acids into
ManNAc and pyruvate, but interestingly can also act in re-
verse ([53], see D in Fig. 6). It has been found in kidney
extracts of various species, at least suggesting that it might
also be present in HEK-293 cells.

In a study of Willems et al. [39] they worked on
CHO (chinese hamster ovary) and HAP1 cells and knocked
out each of the so far known enzymes that might be in-
volved in sialic acid biosynthesis. They were able to show
that a knockout of NANP (N-acetylneuraminic acid phos-
phatase) did not result in altered levels of CMP-sialic acids,
whereas knockout of GNE, NANS, and CMAS (CMP-N-
acetylneuraminic acid synthase) each resulted in drastic ef-
fects. Furthermore, they suggest the existence of an alterna-
tive pathway capable of bypassing the NANP step in sialic
acid biosynthesis. However, in their experimental setup,
this does not happen either by NANS (see C in Fig. 6)
— the accumulation of Neu5Ac-9-phosphate suggests that
Neu5Ac-9-phosphate is an important intermediate in NANP
knockouts — nor by NPL, as the results from the double
knockout show. Rather, they suggest the presence of an-
other phosphatase, which does not necessarily have to use
Neu5Ac-9-phosphate as the main substrate, but neverthe-
less has a certain affinity for it (see E in Fig. 6).

All of this needs to be further clarified in future exper-
iments, ranging from a confirmation of NAGK, NANS, and
NPL expression in HEK-293 cells to a full investigation of
the sialic acid biosynthesis pathway in this cell line, e.g.,
by knockout of each of these enzymes as done in the study
of Willems ef al. [39]. With other cell lines, unfortunately,
all of this has to be done again — due to the tissue-related
effects that are becoming apparent.
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In other future experiments that also address the ques-
tion of comparability, it may be of interest to repeat some
of the previously performed experiments on Gre-knockout
Sol8 cells [23] — a murine muscle cell line — to further see
whether there are species and/or tissue-specific differences.
Thinking back to the overarching goal of better understand-
ing GNEM, its phenotypes and therapeutic options, this is
particularly interesting since Sol8 cells represent a muscle
cell line and muscles are the most affected cells in GNEM.

Overall, there appears to be sufficient evidence to sug-
gest that sialylation problems due to reduced GNE activ-
ity may not be the sole cause for the disease phenotype,
but rather that it involves a variety of complex relation-
ships/interactions — perhaps hyposialylation represents only
part of the picture. This too needs further investigation.

5. Conclusions

The methods used here prove to be a handy tool for as-
sessing the ability of a substance to restore sialylation and
determining the amount that must be available to the cell
to do so. PolySia detected by immunoblot is easily quanti-
fied and, as shown by HPLC measurement, representative
of total, free and membrane-bound sialic acid content. The
method described here can then also be used to test the abil-
ity of ManNAc-6-phosphate prodrugs and other sialic acid
precursors.
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