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Abstract.
Background: GNE Myopathy is a unique recessive neuromuscular disorder characterized by adult-onset, slowly progressive
distal and proximal muscle weakness, caused by mutations in the GNE gene which is a key enzyme in the biosynthesis
of sialic acid. To date, the precise pathophysiology of the disease is not well understood and no reliable animal model is
available. Gne KO is embryonically lethal in mice.
Objective: To gain insights into GNE function in muscle, we have generated an inducible muscle Gne KO mouse. To minimize
the contribution of the liver to the availability of sialic acid to muscle via the serum, we have also induced combined Gne
KO in liver and muscle.
Methods: A mouse carrying loxp sequences flanking Gne exon3 was generated by Crispr/Cas9 and bred with a human
skeletal actin (HSA) promoter driven CreERT mouse. Gne muscle knock out was induced by tamoxifen injection of the
resulting homozygote GneloxpEx3loxp/HSA Cre mouse. Liver Gne KO was induced by systemic injection of AAV8 vectors
carrying the Cre gene driven by the hepatic specific promoter of the thyroxine binding globulin gene.
Results: Characterization of these mice for a 12 months period showed no significant changes in their general behaviour,
motor performance, muscle mass and structure in spite of a dramatic reduction in sialic acid content in both muscle and liver.
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Conclusions: We conclude that post weaning lack of Gne and sialic acid in muscle and liver have no pathologic effect in
adult mice. These findings could reflect a strong interspecies versatility, but also raise questions about the loss of function
hypothesis in Gne Myopathy. If these findings apply to humans they have a major impact on therapeutic strategies.
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INTRODUCTION

GNE Myopathy is a unique recessive neuromus-
cular disorder characterized by adult-onset, slowly
progressive distal and proximal muscle weakness,
and a typical muscle pathology [1]. Although the
disease occurs worldwide, clear clusters have been
recognized, in the Middle East, with M743T as the
founder mutation and also in Japan, with two main
mutations D207V and V603L [2]. Although GNE
has been identified as the disease-causing gene in
2001 [3], there is still no therapy for this disorder,
for two main reasons: the pathophysiological mech-
anism leading from GNE mutations to the muscle
phenotype in GNE Myopathy is still unclear, and
there is a lack of reliable animal models for this
disorder. The product of the GNE gene is UDP-N-
acetylglucosamine 2-epimerase/N-acetyl-mannosa
mine kinase (UDP-GlcNAc 2-epimerase/ManNAc
kinase, GNE), a 753 aa very highly conserved
protein in mammals. GNE consists of two functional
domains, an N-terminal epimerase domain and a
C-terminal kinase domain [4, 5]. More than 400
mutations reported to date in patients with GNE
Myopathy are dispersed along the entire gene, both
in the epimerase and in the kinase coding sequences,
and very often one mutation in each domain are
combined in the compound heterozygous patients
(for the recent updates of GNE myopathy mutations
see the online GNE variation database http://www.
dmd.nl/nmdb2/home.php?select db=GNE). GNE is
the key enzyme in the metabolic pathway leading to
the synthesis of N-acetylneuraminic acid (Neu5Ac)
[4, 6], a cytosolic pathway of four consecutive
reactions. Neu5Ac is the biosynthetic precursor of
virtually all the naturally occurring sialic acids, the
most abundant terminal monosaccharides on glyco-
conjugates in eukaryotic cells [7, 8]. Sialylation of
glycoproteins and glycolipids on cell surfaces has an
important role during development and regeneration,
particularly in the brain, and in the pathogenesis of
several diseases [9]. The biological importance of
GNE is further reflected by a drastic reduction of
cellular sialylation upon loss of enzyme activity [6]
and by the fact that a knockout of the gene in mice

is lethal to the embryo at day E8.5 [10]. Wedekind
et al. [11] showed the cause of intra uterine death to
be brain hemorrhages in these embryos, consistent
with the fact that sialic acid is particularly needed
for brain development during the embryonic stages.
Sialic acid is also a crucial nutrient during periods
of rapid neural growth and brain development in
the newborn, as reflected by the fact that sialic acid
is present in large amounts in human and mouse
feeding milk [12, 13]. Recently Huang et al. [14]
reported that specific GNE missense variants impair
angiogenesis in the developing brain in mice. Also,
in two knock-in mouse models (Gne M743T/M743T

and Gne V603L/V603L mice), a severe renal phenotype
leading to early death (without muscle symptoms)
was observed [15–17], suggesting a role for sialy-
lation in early kidney development too. In addition,
it seems that GNE is important in humans for the
development of thrombocytes, since recent reports
of congenital thrombocytopenia have been related to
mutations in the GNE gene [18].

Typically, the first symptoms of GNE Myopathy
are related to muscle weakness and appear during the
third decade of life or later (there are rare cases of
teenage onset but no congenital myopathies). Only
partial GNE deficient activity has been observed in
GNE Myopathy patients [19]. The pathophysiologi-
cal pathway leading from bi allelic GNE mutations to
the adult onset muscle phenotype in GNE Myopathy
is still unresolved. The currently leading hypothesis
of impaired sialylation in patients’ muscle cells as
the cause of the muscle pathology is still controver-
sial. Some patients have reduced (but not complete)
hyposialylation (general or of specific proteins) and
others have not [20–25]. Furthermore, clinical trials
delivering slow release sialic acid orally to patients
were not successful [26], although the efficacy of sup-
plementation treatments is still controversial as recent
studies report some efficacy with aceneuramic acid
administration [27] and with sialyllactose in a pilot
trial [28].

Established mouse models for elucidating the
human disease mechanism are also difficult to
interpret. Hyposialylation was detected in the two
knock-in mouse models [15–17] which had no appar-
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ent muscle symptoms. Although treatment with sialic
acid or its metabolic precursors, (e.g.ManNAc) could
rescue (at least in part) the renal failure in all mouse
models, the lack of renal involvement in human
GNE Myopathy and the lack of muscle phenotype in
these mice, hampers conclusions on GNE Myopathy
mechanism as simply lack of sialylation and com-
plicates metabolic treatment approaches. Finally, a
transgenic mouse overexpressing the human GNE
epimerase D207V mutation was generated on a
Gne endogenous knock out background [29]. These
Gne(–/–) hGNED207V-Tg mice were reported to
show hyposialylation in most organs, and also a
muscle phenotype, that could be partly improved
by administration of ManNAc, the product of the
epimerase activity in the sialic acid pathway [30].
However, this phenotype could not be reproduced
in other laboratories [31, 32], and these mice are no
longer available.

Since to date, cellular and mouse models for human
adult onset GNE Myopathy have not been informa-
tive enough to understand its pathophysiology, we
decided to further explore the function(s) of GNE in
adult muscle, by completely deleting this gene in the
postnatal period.

We hypothesized that these studies will reveal such
function(s) that could then be investigated in patients’
cells and tissues for their role in muscle pathology.
In order to have more insights of the Gne function
in muscle, we have generated a loxp GneFLAG loxp
conditional mouse. We have used this mouse plat-
form to generate post weaning Gne KO in muscle.
In order to minimize the potential supply of sialic
acid to muscles through the serum, and since liver is
the main source of sialylated glycoconjugates in the
serum, we have also generated a double tissue post
weaning Gne KO in muscle and in liver.

MATERIALS AND METHODS

Mice maintenance

Animals were maintained at the facilities of the
Authority for Biological and Biomedical Models at
the Faculty of Medicine of the Hebrew University of
Jerusalem. Mice were housed at a specific pathogen-
free facility in single aged occupancy cages, under
conditions of constant photoperiod (12 : 12 L:D)
with free access to food and water ad libitum. All
mice were on a standard diet (Cat # 2918, Teklad
Global Rodent diet, 18% protein, Harlan, Wisconsin,
USA-which contains approximately 6�g of Neu5Gc

per gram of chow) [33]. All animal procedures
were performed in accordance with institutional
guidelines under protocols approved by the Institu-
tional Committee for Animal Care of the Hebrew
University-Hadassah Medical Center.

Mice generation

Our previously established GneFlag mice [34]
were used as a platform for the insertion of the loxp
sequences flanking exon3, by Crispr/Cas9. To gener-
ate the GneFlag loxpexon3loxp mouse two gRNAs
targeting intron 2 and intron 3 of the Gne gene were
designed, using CrisprGold and IDT gRNA designer
softwares, which predict the most suitable targets and
minimize off target outcomes. The well-established
crRNA:tracrRNA Crispr/Cas complex strategy was
followed (idtdna.com). Synthetic crRNA sequence of
either intron2/intron3 were annealed with universal
tracrRNA to generate the crRNA:tracrRNA complex.
For HDR we designed a symmetrical, single-strand
oligonucleotide donor containing the forward 5’ –
3’ consensus 34bp lox sequence with upstream and
downstream homologous “tails” (ssODN; IDT Tech-
nologies) The ssODN was of the same strand of
the gRNA to prevent hybridization of the two in
the injected embryo. Approximately 200 GneFLAG
zygotes were microinjected with 0.61 �M guide RNA
(cr+tracr complex), 0.3 �M Cas9 IDT protein and
15 ng/ � l ssDNA loxp donor. Viable 2-cell stage
embryos were transferred to pseudopregnant CB6/F1
females. The final lineage was obtained by 2 con-
secutive steps, first loxp sequences were introduced
into intron 2. After establishing a loxp2 homozy-
gote lineage, zygotes from those mice were used for
the insertion of loxp3 sequences in intron 3. Het-
erozygotes mice for both loxp sites were identified
by genotyping and bred with the human skeletal
actin (HSA) CreERT lineage, purchased from Jackson
Laboratories. Eventually we established a mouse lin-
eage homozygote for loxp sequences flanking exon 3
carrying a muscle specific CreERT hemizygote trans-
gene. The actual zygotes injections were performed
at the Weizmann Institute of Science, Department of
Veterinary Resources.

Mice injections

The Gne loxp ex3 FLAG CreHSA colony was
expanded. To generate muscle specific GneKO, 9
male and 9 female 6 week old mice were injected
subcutaneously with tamoxifen (Sigma, #T2859) at
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a dose of 8–10 mg per mouse (according to weight)
for 2 non consecutive days (total of 16–20 mg/mouse)
[35]. Controls for muscle specific Gne KO were
homozygotes for the loxp exon3 loxp insertion but
did not carry the muscle specific Cre transgene.

To generate muscle and liver Gne KO, 9 male
and 9 female 6 week old mice were injected with
a liver specific promoter driven Cre gene viral vector
-AAV8 TBG Cre- at a dose of 1.1011 vg per mouse.
Viral vectors were diluted in PBS and injected in the
tail vein in a 250 microliters solution volume. TBG
is the thyroxine binding globulin promoter, a liver
specific promoter. The plasmid was a gift from Prof
Pikarsky laboratory. The viral vectors were produced
at the ELSC Vector Core Facility, The Hebrew Uni-
versity of Jerusalem. Twenty four hours after viral
vector injection, the tamoxifen injection protocol was
applied as described above. Controls for the dou-
ble tissue Gne KO were also homozygotes for the
loxp exon3 loxp sequences, did not carry the muscle
specific Cre transgene and were injected with PBS
instead of AAV TBG Cre viral vector. All mice were
injected with tamoxifen.

Mice follow up

The mice were followed for diverse parameters:
weight (once a week); Rotarod performance measure-
ments (time in seconds till fall) in a USB Rota-Rod
treadmill, every month up to 3 months and then every
3 months. Open Field tests were carried out at Hadas-
sah Brain labs, 6 and 12 months after GneKO: each
animal is introduced to a plastic arena 50X50X30
(height) cm and monitored during the 6 minutes trial
for the distance moved, velocity, time and frequency
of the animal in the different arena locations using the
tracking system -a digital GigE monochrome cam-
era set connected to a computer with the EthoVision
tracking software XT version 17. Measurements for
each test described above were done at a similar time
of day in identical environmental conditions.

In vivo MRI scanning

MRI images were acquired on a 7T 24 cm bore,
cryogen-free MR scanner based on the proprietary
dry magnet technology (MR Solutions, Guildford,
UK) using 38-mm inner diameter, 70 mm length
mouse whole body volume coil. The mice were posi-
tioned on a heated bed, which allowed for continuous
anesthesia and breathing rate monitoring throughout
the entire scan period. Coronal and axial T1-weighted

(T1 W) spin-echo images were acquired (repetition
time = 1100 milliseconds, echo time = 11 millisec-
onds, FOV = 60 mm, in-plane resolution = 230 �m,
slice thickness = 1 mm). Muscle volume of hindlimbs
was analyzed using VivoQuant 4.0 software from
Invicro.

Ultrasound (US) and photoacoustic (PA) imaging

The high-resolution ultrasound imaging was per-
formed using a Vevo3100- LAZRX small animal US
combined with photoacoustic (PA) imaging system
(Visualsonics, Toronto, Canada), with a MX-550D
linear-array transducer (40-MHz center frequency)
used to acquire all images. The tunable laser supplied
10–20 mJ per pulse over the 680–970-nm wave-
length range, with a pulse repetition frequency of
20 Hz. Once initialized, the system was switched to
the oxy/hemo mode to measure sO2 using the follow-
ing parameters: depth, 10.00 mm; width, 14.08 mm;
wavelength, 750 and 850 nm for the total hemoglobin
concentration threshold (Hbt), and sO2, respectively.
All images were acquired by placing the probe
directly over the right hind limb. Before sO2 measure-
ment, B-mode and Doppler US images were acquired
to evaluate femoral artery blood flow and identify
the region of interest in the hind limb muscle. Hind
limb sO2 mapping were pseudo-colorized. For imag-
ing, mice were anesthetized with isoflurane vaporized
with O2. Isoflurane is used at 3.0% for induction and
at 1.0–2.0% for maintenance. MRI and PA imaging
experiments were performed at the Wohl Institute for
Translational Medicine at Hadassah Hebrew Univer-
sity Medical Center.

Tissue specimens

At various time points mice were euthanized, blood
was collected from retroorbital sinus, and different
tissues (liver, spleen, kidney, brain, heart, quadriceps,
tibialis anterior,gastrocnemius and upper limbs) were
partly snap frozen in liquid nitrogen and stored at
–80◦C till further processing, and partly fixed in 4%
paraformaldehyde.

Molecular analyses

– Genotyping
Four-week-old pups were ear punched and

genomic DNA was extracted using a D-tail kit
(Syntezza, USA, #DE-11). Genotyping for loxp
sequences was performed by PCR with primers
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loxp2: Int2F- 5’ctgccctcaaagaaaattccc3’ & Ex3R
– 5’ctaccgactctaccatggcc3’, loxp3 – int3-425F –
5’ cagacatgaacacttaaccataacttcg3’ and int3-425R
– 5’cagaaggccatcgataacttcg3’. Cre sequences were
assessed with primers HSAmCREF– 5’gcatggtgga-
gatctttga3’ and HSAmCRER – 5’cgaccggcaaacg-
gacagaagc3’. DNA from the different tissues
collected at various timepoints was extracted by
Wizard purification kit (Promega, USA, #A1120).
Presence or absence of exon3 was evaluated by PCR
with primers Int2F- 5’ctgccctcaaagaaaattccc3’ and
int3-248R – 5’gatgcccatttctggtgtgt3’.

– Western blot
Frozen tissues were homogenized using the Tis-

sueLyser LT (Qiagen) for 3 minutes at 50 Hz in RIPA
lysis buffer (50 mM Tris buffer pH 7.5, 5 mM EDTA,
150 mM NaCl, tritonX100 1%, 1 mM DTT, 1 mM
PMSF, 17�g/ml Aprotinin, 10�g/ml leupeptin, 1 mM
Vanadate), followed by 20 strokes through a syringe
with a 26 gauge needle, incubation on ice for 10 min.,
and centrifugation (14,000 rpm for 30 min. at 4◦C).
Protein concentration was determined using Bradford
Reagent (Sigma, #B6916). Protein lysates were sepa-
rated on a precast 8% SDS-PAGE (NB10-008, Nusep,
Australia, #10401206) and transferred to 0.2�m
nitrocellulose membrane (PROTRAN, Germany,
#BA85) according to manufacturer instructions
(Trans-Blot Electrophoretic Transfer Cell; Bio-Rad
Laboratories, Hercules, CA, USA). Nitrocellulose
blots were blocked in 5% milk for 1 h. GneFlag

was detected by incubation of the membrane in
anti-FLAG M2 mouse monoclonal primary antibody
(Sigma, # F3165) diluted in 2% BSA/PBS-Tween
20 (0.3%) for 3 hrs at RT, followed by incubation in
HRP-conjugated goat anti mouse secondary antibody
(Jackson ImmunoResearch, #115-035-008). Protein
expression was visualized using the EZ-ECL (Bio-
logical Industries, Israel, #20-500-500).

Sialic acid measurements

– Sialic acid hydrolysis
Frozen dried tissues (Liver, Kidney, Quadriceps

and Gastrocnemius muscles) were gently homog-
enized in 2 ml of 2M propionic acid in a MACS
Dissociator (Miltenyi Biotec, Teterow, Germany) and
incubated for 4 h at 80◦C shaking. The samples
were cooled down for 10 min on ice, followed by
centrifugation for 20 min, 13200 rpm at 4◦C. The
supernatants were frozen dried overnight. Samples
were resuspended in 0.5 ml aquadest. Protein con-
centrations were measured twice for every sample.

– DMB Labelling of sialic acids
Sample and reference solutions were labelled

(2.5 h, 50◦C, shaking) by DMB-labelling reagent
(1,2-diamino-4,5-methylenedioxybenzene.2HCl
(DMB), 1.6 mg/ml, DMB Sialic Acid Labelling Kit,
#LT-DMB-01, QA Bio, Palm Desert, CA, USA).
Samples were diluted in 2 : 1 ratio with water and
measured as duplicates.

– HPLC
To measure the sialic acid concentration, 20�L of

labelled sample and reference were injected into the
device. A LiChroCART®250-4 LiChrospher®100
RP-18e (5�m) column (Merck KGaA, Darmstadt,
Germany) was used. Reference panel (1.25nmol,
AdvanceBio Sialic Acid reference panel, #GKRP-
2503, Agilent, Santa Clara, CA, USA) was used as
reference for every measurement. Solvent A (ace-
tonitrile: methanol: water 9 : 7:84) and solvent B
(acetonitrile) were used with a flow of 0.5 mL/min
as flux. The concentrations were determined using
diluted standard of the according sialic acid
–50 ng/mL to 10�g/mL of N-Glycolylneuraminic
acid (Cay30283, Biomol GmbH, Hamburg, Ger-
many) and of N-Acetylneuraminic acid (Cay16091,
Biomol GmbH, Hamburg, Germany).

Histology

Paraffin-embedded tissue sections were stained
with hematoxylin and eosin (H&E) for routine histo-
logic examination.

Statistical analysis

Statistical analysis for the comparison between
groups was performed by the Student’s two tailed
unpaired t test.

RESULTS

Generation and validation of Gne KO mice
lineages

Using Crispr/Cas9 methodology, Loxp sequences
were introduced consecutively at intron 2 and intron
3 to flank exon 3 of the Gne gene in the GneFLAG
mice we previously developed [34]. This colony was
then crossed with muscle specific (human skeletal
actin) promoter driven HSA-CreERT mice and finally
a lineage of Cre transgenic mice homozygotes for the
loxp GneEx3loxp locus was established (Fig. 1A) and
termed Gne loxp FLAG/HSACreERT. To induce Gne
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Fig. 1. Generation of a double tissue GneKO mouse. A. Schematic representation of the design strategy to generate muscle GneKO and
muscle+liver GneKO mice. B. Schematic representation of the PCR assay to assess GneKO status; blue arrows illustrate the primers location
before and after excision of exon3 by Cre. C, D: PCR assessment of Gne exon3 KO in tissues of muscle specific GneKO (C)and muscle+liver
GneKO (D), and controls (Cont) mice, 30 days after treatment. E, F: Western blot assessment with anti FLAG antibody of Gne protein KO
in tissues of muscle specific GneKO (E), and muscle+liver GneKO (F) and control mice. Qu, quadriceps; Gc, gastrocnemius, TA, tibialis
anterior; Li, liver; Ki, kidney; C, control. M, size marker.

KO in skeletal muscle, tamoxifen was injected sub-
cutaneously at the age of 6 weeks. To prevent the
potential supply of sialic acid to muscles from the
serum, we knocked out Gne from the liver by sys-
temically injecting AAV8 TBG Cre (the Cre gene
driven by a liver specific promoter TBG) viral vec-
tor 24 hours before tamoxifen injection. To validate
the efficacy of these treatments in knocking out Gne,
mice were sacrificed 30 days after treatment. Fig-
ure 1 depicts the absence of exon 3 and of GneFLAG
only in muscles of tamoxifen treated mice (B, C, E).
Similarly, mice injected with both the liver specific
derived Cre viral vector AAVTBGCre and tamoxifen
showed no FlagGne in both muscles and liver (D, F).
To note, tests performed at 2 weeks post treatment
showed traces of both exon 3 and GneFLAG protein
in either muscles and liver (Suppl. Fig. 1).

Follow up of Gne KO lineages

Both Gne KO mice lineages were character-
ized during a period of 12 months after de facto

Gne abrogation (that is 1 month after tamoxifen
and AAVTBGCre injection) for general behavior,
locomotor abilities and muscle function by various
performance tests, and imaging. No changes were
observed in general behavior, survival or weight gain
during a 12 months period in either males or females
(Fig. 2) both in muscle only or muscle and liver Gne
KO mice, compared to their respective control litter-
mates.

Locomotor (motility) assays showed no statisti-
cally significant changes in any of the 2 models (Fig.
2): rotarod performance and openfield tests did not
point to consistent changes between the GneKO mice
and the control animals during the 1year period exam-
ined.

Photoacoustics were also applied to the double tis-
sue Gne KO mice, for measuring saturated oxygen
levels in muscle (Suppl Fig. 2). At 6 months post
GneKO, SO2 levels in muscle were slightly reduced.
However, at 1 year post Gne KO, these differences
disappeared. Muscle MRI imaging of these mice (Fig.
3) showed no difference in muscle tissue volume,
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Fig. 2. Effect of GneKO on motor performance of mice. Weight (in grams), rotarod performance (in seconds to fall) and open field (distance
moved in cms) of GneKO mice were monitored at different timepoints after Gne KO was effective for both muscle GneKO and muscle+liver
GneKO mice. Nine mice per group were included in the assays up to 6 months, 7 up to 9 months and 5 up to 12 months. Blue, GneKO;
orange, Controls.

either after 6 or 12 months post Gne KO. No spe-
cial features were observed in the liver of these mice
either (data not shown).

Gne KO status assessment

Mice were sacrificed at 6 and 12 months after Gne
KO was originally achieved. DNA of various tissues
was examined for the assessment of the Gne KO sta-
tus by analyzing the presence or absence of exon3.
Figure 4 shows the absence of exon3 in muscle (Fig.
4B) and in muscle and liver (Fig. 4C) as expected,
6 months and 12 months after Gne KO status was
primarily achieved.

General blood count and a full serum chemistry
panel were performed. Serum biochemical analysis

(Suppl Tables 1–4) was mostly normal, in particu-
lar CPK was in the normal range in all mice. Liver
enzymes were slightly higher in the double tissue Gne
KO mice. This could be due to the AAVTBG Cre viral
infection, as previously described [36]. There was no
difference in the platelets count.

Sialic acid measurements

Various organs including several skeletal mus-
cle types were collected and processed for total
bound sialic acid measurements by HPLC. This
method enables also to discriminate between 2 forms
of sialic acid, N-glycolylneuraminic acid (SiaGc),
which is the major sialic acid form in mice, from
N-acetylneuraminic acid (SiaAc) which is the major
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Fig. 3. Muscle MRI. Representative figures of axial (A) and coronal planes (B) of Gne double tissue KO mice and controls. C, quantitation
of the total hindlimb muscle volume (M, males; F, females).

Fig. 4. Validation of GneKO status with time. A. Schematic representation of the PCR assay to assess GneKO status; blue arrows illustrate
the primers location before and after excision of exon3 by Cre. B, C: PCR assessment of Gne exon3 KO in tissues of muscle specific GneKO
(B) and muscle+liver Gne double KO (C), and controls (Cont) mice at 6 months and at 12 months after GneKO was effective. Qu, quadriceps;
Li, liver;M, size marker. GneDKO, Gne double tissue KO.

sialic acid in humans. As shown in Fig. 5, muscle spe-
cific GneKO mice show a strong reduction of SiaGc
in muscle only, while double tissue muscle and liver
Gne KO mice show a strong reduction of this sialic
acid in both muscle and liver. Although the absolute
level of sialic acid in control mice goes down with
age, the reduction ratio between the controls and the

GneKO mice stays stable at 6 and 12months post
GneKO. Notably, the levels of SiaAc stayed essen-
tially unchanged.

Interestingly, the level of SiaGc in muscle specific
GneKO mice was the same as in the double Gne KO
mice. This significant sialic acid reduction was main-
tained during the 1year period, thus confirming the
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Fig. 5. Sialic acid content in various tissues of Gne KO mice. SiaGc and SiaAc content were quantitated in quadriceps, liver and kidney of
muscle Gne KO (A) and muscle+liver Gne double KO (B) mice at 6 and 12 months after Gne KO was effective. n.s, not significant; *p < 0.05;
**p < 0.01; ***p < 0.005.

Fig. 6. Muscle Histological Sections. Representative H&E tibialis anterior histological sections of muscle Gne KO, muscle+liver Gne double
KO and control mice 6 and 12 months after GneKO was effective.

Gne KO status in muscle and liver of the mice during
the entire study.

Histology

Histology sections of muscles did not point to any
significant change in these tissues in the Gne KO
mice compared to their control littermates at either

6 or 12months post GneKO (Fig. 6). Liver was not
affected either (Suppl. Fig. 3).

DISCUSSION

Gne and sialic acid are essential for embryonal
development in mice, and most likely in all mam-
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malians. Although the importance of sialic acid to the
immune system during the entire lifespan of mam-
mals and in humans in particular, is well described
[8, 9], the role of sialic acid in different tissues, and
in particular in muscle in postnatal life has not been
evaluated. GNE Myopathy is a rare recessive, adult
onset, progressive neuromuscular disorder. Although
reduction of sialic acid synthesis has been thought to
be the obvious hypothesis for the pathomechanism of
GNE myopathy, the muscle pathophysiology of this
disease is not fully understood.

The lack of suitable animal models for this
myopathy severely impairs the comprehensive under-
standing of GNE functions in tissues, in particular
muscle. Thus, viable models with a complete lack of
the Gne protein could be more informative. To inves-
tigate the role of Gne and sialic acid in this adult
human disease and since Gne KO is embryonically
lethal, we have induced Gne knock out in mice post-
natally, by establishing a loxp GneExon3 loxp mouse
lineage. In addition to a postnatal muscle specific Gne
KO that examines its effect on muscle we have also
generated a double tissue, post weaning combined
Gne KO in liver and muscle. The reason for the gen-
eration of the double GNE KO model is because the
liver is the main source of sialylated glycoconjugates
in the serum that could be incorporated in muscle
tissue.

Surprisingly, these two mouse models did not
present any sign of muscle impairment either struc-
tural or functional. Despite lack of Gne and severe
reduction in sialic acid in muscle and liver these
mice behaved normally and did not suffer from any
detectable abnormality in these two organs and also
not in basic renal tests and thrombocytes count.
These findings indicate that in contrast to the period
of fetal development, GNE and sialic acid are not
needed postnatally for muscle and for liver func-
tion in mice. If this is true for adult humans, the
late onset myopathy cannot be explained by a sim-
ple biochemical disturbance- the lack of sialylation.
Still, it must be considered that the sialic acid reduc-
tion observed in mice comes from SiaGc and that
SiaAc levels remained unchanged. Although these
levels are rather low, it could be that they are able to
function as and compensate for the lacking SiaGc. It
could also be that SiaAc plays a different role than
SiaGc. SiaAc could be responsible for muscle pathol-
ogy in humans and not be relevant in mice since there
is almost no sialic acid of this type in their organ-
ism. Also, we cannot rule out that the sialic acid
form relevant to GNE Myopathy is one of the few

rare forms of sialic acid, but since to date reliable
techniques to quantify them are not available it is
not possible to find out and most studies in mam-
mals focus on SiaGc and SiaAc major sialic acid
forms.

Interestingly though, according to the canonical
biosynthetic pathway for SiaGc in mice, which results
from the hydroxylation of SiaAc by the Cmah enzy-
matic activity, it is not clear why the SiaAc present in
muscle is not catalyzed to SiaGc in these mice which
have an intact Cmah activity. Furthermore, it is not
clear how in the total absence of Gne in muscle and
liver, the SiaAc levels are maintained. The fact that
the same reduced levels of sialic acid were found in
skeletal muscles of the muscle specific Gne KO and
of the muscle+liver Gne KO mice could indicate that
most sialic acid in muscle is not dependent on the
circulating free sialic acid. If this is true for humans
too then oral therapy leading to increased serum sialic
acid may not suffice.

From all these considerations, we can conclude
that lack of sialic acid in adult muscle and liver tis-
sue of mice does not result in muscle impairment.
This observation should be taken into account when
potential treatment evaluations for GNE Myopathy
are based on mouse models. A simple explanation for
the results of our studies could be that Gne and sialic
acid have a different importance in skeletal muscle
physiology in mice than in humans and therefore
their response to Gne KO is not useful to unravel
the disease mechanism in humans. Indeed there are
other examples of mice models for several neuromus-
cular and other disorders which do not recapitulate
the disease symptoms, such as in DMD mice mod-
els [37]. In some cases, the use of different animal
models such as rats have proved to be more relevant
[38–42] and therefore could be considered also for
GNE Myopathy.

If lack of Gne in adult muscle and liver tissues
does not impair muscle function at least in mice, other
mechanisms for GNE myopathy could be postulated.
In particular, several studies converge on the role of
Gne in myogenesis at least in vitro [34, 43, 44] and
in muscle regeneration in mice [45], but the present
findings suggest that Gne is not critical for these pro-
cesses. As we have considered previously it could
be that the potential additional function(s) of Gne
in muscle alone is not enough and needs the sup-
port of other tissues for the maintenance of muscle
structure and function. To address both this and the
more general sialic acid supplementation hypotheses,
we are currently generating a whole body conditional
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Gne KO lineage using our loxpGneExon3 loxp mouse
platform and a ubiquitin promoter driven CreERT lin-
eage acquired from Jackson Laboratories.

In the present studies we see that lack of Gne has
no pathogenic effect in muscle and liver in adult
mice. In contrast recessive missense mutations in
the embryo have a strong effect that often result in
early death [15–17]. This could suggest that missense
mutations result in a form of toxic gain of function.
Although the vast majority of gain-of function muta-
tions are dominant, there are some rare examples
of recessive gain of function [46–48]. The hypoth-
esis of gain of function of GNE recessive mutations
for GNE Myopathy could explain the present results
as well as the pathology observed in the Gne(–/–)

hGNED207V-Tg mice, which were generated based
on over supplementation of the D207V mutated
GNE. Therefore, this hypothesis should be explored
as it would open new avenues for the understand-
ing of GNE Myopathy pathophysiology and would
have critical implications in the design of therapeutic
strategies.
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