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Abstract
UDP-N-acetyl glucosamine-2 epimerase/ N-acetyl mannosamine kinase (GNE) catalyzes key enzymatic
reactions in the biosynthesis of sialic acid. Mutation in GNE gene causes GNE-Myopathy characterized by
adult onset muscle weakness and degeneration. GNE is involved in different cellular processes like
adhesion, apoptosis, ER stress and autophagy. Lack of appropriate model system limits drug and
treatment options for GNE Myopathy as GNE knock out was found to be embryonically lethal. In the
present study, we have generated L6 rat skeletal muscle cell-based model system for GNE Myopathy
where GNE gene is knocked out at exon 3 using AAV mediated SEPT homology recombination. The cell
line was heterozygous for GNE gene with one wild type and one truncated allele as con�rmed by
sequencing. The phenotype showed reduced GNE epimerase activity with little reduction in sialic acid
content. In addition, the GNE knock out cell line revealed altered cytoskeletal organization with disrupted
actin �lament. The signaling cascade regulating actin dynamics such as Rho A, Co�lin, FAK and Src were
altered leading to reduced cell migration in GNE heterozygous cells. Our study indicates possible role of
GNE in regulating actin dynamics and cell migration of skeletal muscle cell. The skeletal muscle cell
based system offers great potential in understanding pathomechanism and target identi�cation for GNE
Myopathy. 

Background
GNE myopathy is a rare neuromuscular genetic disorder caused by mutation in the GNE gene that
encodes a bifunctional enzyme catalyzing the rate limiting step in sialic acid biosynthesis. The worldwide
prevalence of GNE Myopathy is reported to be 4–21 patients per millionth of population 1. It is described
as familial myopathy with an onset at early adulthood affecting skeletal muscle cells, primarily anterior
tibialis sparing quadriceps2. More than 200 mutations have been identi�ed to cause the disease with 20%
phenotypic variability associated to genotype3,4. Both homozygous and compound heterozygous
mutations have been reported in patients with predominantly M743T in Persian Jews, A207V in
Japanese, I618T in Roma Gypsies and V727M in Indian subcontinent1–5. A patient with deletion in
promoter region of one allele and single mutation in other allele has also been reported with GNE
Myopathy6. Though it is a slowly progressive disease, progressivity also depends on the nature of
biallelic mutation 7. There are limited therapeutic options, majorly depending on supplementation of sialic
acid and its different derivatives- sialyllactose, aceneuramic acid, ManNAc2,8,9 (NCT01634750). However,
supplementation of sialic acid and administration of aceneuramic acid extended release (Ace-ER) to the
patients did not show statistically signi�cant results 10. Thus, there is utmost need to correlate genotype
to phenotype function and develop therapeutic strategies.

Different pathological features are observed in GNE myopathy. Muscle biopsies of GNE myopathy
patients revealed muscle �bers of varied sizes, primarily, angular atrophic �bers with rimmed vacuoles in
the muscle 11. The rimmed vacuoles of GNE myopathy are composed of aggregation of protein including
β-amyloid, ubiquitin, α-synuclein, lysosomal proteins, and phosphorylated tau 12. Hyposialylation of
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different sialylated proteins (NCAM, Integrin) is also found to be one of the pathological features of GNE
myopathy 13,14. Thus, hyposialylation of different glycoconjugates leading to an increase in misfolded
proteins forming rimmed vacuoles is the most accepted pathomechanism of GNE myopathy. However,
recently many �ndings suggest alternate role of GNE in other pathways such as cell adhesion,
proliferation, mitochondrial dysfunction, UPR pathway, ER stress and apoptosis15–19. Also the proteins
involved in regulating the cytoskeletal network, integrin pathway, focal adhesion, ERK signaling were
found to be upregulated in Gne M743T knock in mice RNA studies 3. Earlier studies indicated differential
expression of α and γ-actin, Myosin light chain, troponin, tropomyosin-3, Zyxin, Vimentin, Nexilin, and
radixin in GNE myopathy muscle samples 20. Interaction of GNE with CRMP-1 (Collapsin response
mediated protein-1), α-actinin-1 and α-actinin-2 suggests a plausible role of GNE in integrin signaling 21–

23. Our previous study also showed hyposialylation of β-1 integrin and altered focal adhesion and
signaling pathway in cells overexpressing mutant GNE or shRNA inhibited GNE 16. Whether these
changes culminate to affect key cytoskeletal elements such as actin remains unknown.

The skeletal muscles are the majorly affected cells in GNEM, and actin proteins tightly regulate muscle
cell function. Actin dynamics predominate at the pointed end of thin �laments that extend towards the
middle of sarcomere’s M-line where they interact with thick �laments to generate contraction 24. Thus,
coordination between sarcomere and other cytoskeletal proteins is critical for the contractile activity of
skeletal muscle cell 24. It is also reported that migration of muscle stem cells promote rapid tissue
regeneration during tissue damage and muscle atrophy 25. Disturbances in actin dynamics had been
observed in different myopathic disorders where mutations in actin or actin-binding proteins lead to
alteration in assembly and disassembly of actin 26,27. Thus, actin may play a critical role in muscle cell
migration of affected muscles in GNE Myopathy. Whether GNE has a role in regulating cytoskeletal
network of skeletal muscle via actin dynamics is not clear.

A major hindrance in understanding GNE function is availability of patient muscle cell and lack of
appropriate animal models 27. A complete GNE knockout was reported to be lethal in mice during early
embryogenesis and GNE transgenic mice did not show disease phenotype 18,28. Different models
generated by various groups were found to have varying phenotypes. Sela et al reported that the knock-in
mouse model for GNE-M743T mutation showed renal failure, a very different phenotype form as seen in
GNE myopathy patients 18. Further, Schwarzkopf et al reported that the complete knockout of GNE gene
in mice model is embryonically lethal 29. The transgenic mice Gne−/−GNED207V and Gne−/−GNEV603L
exhibited late-onset muscle weakness and atrophy similar to GNE myopathy features 30. A zebra�sh
based transgenic model by in situ hybridization with Gne promoter-driven �uorescent was developed that
showed signi�cant reduction in locomotor activity, distortion of muscle integrity and reduction in
myo�bers 31. Bosch-Morato et al used C2C12, mouse myoblast cell line, to address the role of sialic acid
in Aβ1–42 endocytosis 32. While all these models have limitations to understand physiological and
molecular mechanism underlying the disease, there is stringent need to develop a skeletal muscle cell
based model for therapeutic intervention of GNE Myopathy.
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In the present study, we targeted exon 3 of GNE gene in L6 rat skeletal muscle cells which harbors
majority of pathologically relevant epimerase domain GNE mutations. GNE gene in Rat (Rattus
norvegicus) is located in q22 of chromosome 5. There are two isoforms of GNE in rat which complement
to hGNE1 and hGNE2, spanning over 12 exons. The N-terminal epimerase domain catalyzes the
epimerization of UDP-N-acetyl glucosamine to N-acetyl mannosamine and the C-terminal kinase domain
catalyzes the phosphorylation of N-acetyl mannosamine to N-acetyl- mannosamine-6-P 33. In order to
develop a cell-based model system for GNE Myopathy, we used Adenovirus assisted homology
recombination technology along with synthetic exon promoter trap (SEPT) to knock out exon from GNE
gene. The SEPT consists of a promoter less Neo resistant gene �anked by two loxP sites. Only successful
incorporation at the right site will lead to SEPT gene expression, thereby reducing off-targets. The SEPT
can be removed after selection of clone following Cre-recombinase treatment. The GNE knockout cell line
was sequence con�rmed and validated for GNE enzyme activity. The system was further explored to
demonstrate effect of GNE on actin dynamics and signaling pathway affecting muscle cell migration.
Our study offers a promising model for understanding pathomechanism and identi�cation of therapeutic
targets for GNE Myopathy.

Materials And Methods

Cell culture of L6 cell line
L6 cells are myoblast cells and were maintained always below 50% con�uency to avoid the cells to
differentiate muscle cells. Cells were trypsinized with 1 ml/ 2 ml of trypsin- EDTA form T-25/T-75 culture
�ask. Cells were seeded in cell density of 1:20–40 ratio.

Genomic DNA isolation
Cells cultured in 100 mm dish were trypsinized and washed with 1X PBS. Cells were counted using
haemocytometer and 5 × 106 cells were centrifuged at 1500 rpm for 5 min in a microcentrifuge tube at
room temperature. The supernatant was discarded, and the cells were resuspended in 200 µl 1X PBS.
Genomic DNA isolation was done using QIAamp DNA Blood Mini Kit (Qiagen, Germany) according to the
manufacturer’s instructions (Qiagen, Germany). The collected DNA was stored at -200 C.

Ampli�cation of homology arms from genomic DNA
For ampli�cation of homology arms, primer designing is one of the critical parts. The primers should be
in intron portion of the gene that �anks the exon with size approximately > 800 bp for successful
recombination. The left homology arms primer should contain a NotI site at 3’ end for ligation with MCS
vector of rAAV shuttle and a non-cutter restriction site at 5’ end compatible for SEPT. The right homology
arms also follow the same but with alteration in the position of restriction sites, i.e., NotI site at the 5’ end
while the 3’ end possesses restriction site compatible for SEPT. Primers for Epimerase left homology arm
is -L-HA (5’-GCGGCCGCCCTGAGTCAGCACATTACAGAGACG-3’ and 3’-
TCTAGAAGCGCAGCTGTCCCCCCACCCCATG-5’) and primers for Epimerase Right homology arm is –R-HA
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(5’-GTCGACCCATTAGCGACCAGAGAACTAAGGT-3’ and 3’-GCGGCCGCCTTTATAGTGAATTCCTAGGCGTCA-
5’.

PCR condition for ampli�cation of homology arms
Table 1

PCR condition for ampli�cation of homology arms
Cycle no. Denaturation Annealing Extension

1 980C- 5 min    

2–5 980C- 20 sec 700 C-20 sec 720 C- 25 sec

6–9 980C- 20 sec 650 C-20 sec 720 C- 25 sec

10–13 980C- 20 sec 600 C-20 sec 720 C- 25 sec

14–43 980C- 20 sec 580C-20 sec 720 C- 25 sec

      720 C- 5 min

Cloning of homology arms in pJET 1.2/blunt vector
The PCR ampli�ed homology arms for exon 3 were gel eluted using Gel Elute (Qiagen) and the eluted
samples were used as insert and ligated in pJET1.2/blunt vector (Thermo Scienti�c) following the
manufacturing protocol. Brie�y, ampli�ed samples were ligated using T4 DNA ligase with a molar ratio of
1:5 (vector to insert) and incubated in water bath at 160C overnight. The ligated samples were
transformed in XL1-blue competent cells and clones were selected each for left homology arm and right
homology arm. The selected clones were digested with Not1 and Xba1 for left homology arm and Not1
and Sal1 for the right homology arm. The digested samples were run on 1% agarose gel. Clones were
selected and sequenced using Sanger sequencing.

Cloning of SEPT, left and right homology arm with pAAV-
MCS vector
After the sequence con�rmation of homology arms, the left homology arm and right homology arm were
digested with Not1/Xba1 (Takara Bio, Japan) and Sal1/Not1 (Takara Bio, Japan) respectively. The 1 Kb
fragment was gel eluted. Further, pAAV- SEPT acceptor plasmid was digested with Xba1 and Sal1
restriction enzymes and pAAV-MCS vector with Not1. The digestion of pAAV-SEPT acceptor generated 2
fragments- 3 Kb (vector backbone) and 2 Kb (SEPT) and the digestion of pAAV-MCS vector with Not1
generated 3 Kb (vector backbone) and 1.6 Kb fragment. The 2 Kb fragment SEPT and 3 Kb fragment
pAAV-MCS vector backbone was gel eluted. The left and right homology arms and SEPT constructs were
ligated to pAAV-MCS vector backbone using T4 DNA ligase at 160C overnight. The ligated DNA was
transformed in XL1-Blue competent cells.

Screening of shuttle vector
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After the transformation, the clones were picked, and plasmid DNA was isolated for restriction digestion
analysis. The DNA was digested with EcoR1 to check for 1 Kb DNA fragment fall out. Further
con�rmation of the clones was done by digesting them with Nde1 to yield a product of 2.8 Kb and 4 Kb.
This vector was called Epimerase shuttle vector or pAAV-GNE-EP- SEPT.

Generation of AAV virus particle incorporating Epimerase
shuttle vector
AAV virus particle was generated by transfecting Epimerase shuttle vector harboring SEPT and Epimerase
homology arms along with AAV- Helper vector and AAV-RC vector in AAV293 cells using calcium
phosphate method. Brie�y, AAV293 cells were grown in DMEM. 10 µg of each DNA (Epimerase shuttle
vector, AAV-Helper vector and AAV-RC vector) was mixed with 1 ml of 0.3 M CaCl2. The DNA-CaCl2 was
mixed with 2 X BES [N,N-bis (2-hydroxyethyl)-2-aminoethanesulfonic acid, Sigma Aldrich] buffer in the
ratio 1:1. DNA-CaCl2-BES mixture was added to the 70–80% con�uent cells (in 5 ml DMEM) in dropwise
manner while swirling the cells. The media was changed after 6 h post-transfection with 10 ml DMEM
and grown for 72 h. After 72 h, viral plague was observed under microscope. In the negative control plate,
there was no formation of viral plague while AAV-Epimerase transfected with Epimerase shuttle vector,
AAV-RC and AAV-Helper show visible plague formation with cells �oating in the medium.

Infection of L6 cells with the AAV-Epimerase virus
Viruses generated in AAV-293 cells were harvested using the freeze-thaw method and centrifuged to
remove cell debris 34. L6 cells were grown in 6 well plates till 50% con�uency. Cells were washed with pre-
warmed HBSS (Hank's Balanced Salt Solution, GIBCO) buffer at 370C and infected with 300 µl of AAV-
epimerase virus (added dropwise). 1 ml DMEM (pre-warmed at 370C) was added and incubated for 3 h.
Post infection, 2 ml of DMEM media was added to the cells and further incubated for 48 h. After 48 h,
cells were trypsinized and 500 cells were seeded to �ve 96 well plates supplemented with 800 µg/ml of
G418 drug. Single cell colonies were transferred to 24 well plates and grown in DMEM supplemented with
G418 drug which was further transferred to 6well plate. G418 resistant clones were further screened for
SEPT insertion in the GNE gene.

Screening of clones with the PCR method
Clones obtained after G418 drug (600 µg/ml) treatment were grown in 6 well plates in DMEM with G418.
Genomic DNA was isolated using QIAamp DNA Blood Mini kit (Qiagen) followed by PCR using the
primers 3 and 4 (5’-CATGGTGACCCCGTTACTTTCTTGCATCC-3’ and 5’-
CCACAATCACACAGTGGCTCCTGACTAT-3’) that encompasses SEPT and left homology arm. Further, PCR
using primers 1 and 2 (5’-GGGACTTAGGCTATAGTGTGGTAC-3’ and 5’-
GGAGCTCTGTGAGTTCAAAGCTAG-3’) that covers both the homology arms and SEPT was conducted
with positive clone. The PCR products were run on 1% agarose gel.

Con�rmation of SEPT incorporation replacing Exon 3
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The SEPT incorporation at the correct site of rat GNE gene was further con�rmed by Sanger Sequencing
using primers 1 and 2 (Euro�ns, India). The BLAST analysis was done using sequence obtained with rat
GNE sequence and SEPT.

Excision of SEPT with Cre-recombinase
SEPT contains two loxP sites at both the end allowing the SEPT to be removed using Cre-recombinase
that recognizes loxP site. Clones with SEPT incorporation (GNE-SEPT) were subjected to infection with
Ad-Cre virus (Vector Biolabs, USA) with 107 plaque forming units, added to a 15 ml Falcon tube
containing 2 ml of DMEM media. The mixture was mixed by pipetting. The media from the cells was
removed and Ad-Cre solution was added and incubated for 24 h. After successful infection cells were
trypsinized and counted. 500 cells were transferred to �ve 96 well plates in DMEM. Single clones were
picked and transferred to 24 well plates in duplicate. A set of plates were treated with 800 µg/ml of G418
drug while the other set was grown without G418. Those cells which die after G418 drug were chosen as
positive cells from the replica plate. 38 clones were selected, and genomic DNA was isolated. PCR
ampli�cation using primers 1 and 2 was done to check the excision of SEPT fragment from the GNE-
SEPT clones.

Sequence con�rmation of heterozygous knockout of GNE
Exon 3
After con�rmation of the successful excision of SEPT form the GNE-SEPT cells, we use the positive clone
named as SKM-GNEHz (Skeletal Muscle-GNE Heterozygous) cell for further con�rmation of sequence.
Primers 1 and 2 were used for sequence con�rmation.

Cell lines and preparation for whole cell lysate
Cells were seeded in DMEM media followed by incubation in DCCM media for 24 h. As sialic acid is a
component of serum, DCCM (Biological Industries), serum-free media was used to avoid sialic acid
uptake from the medium. The cells were lysed using 1 ml of RIPA lysis buffer containing 20 mM Tris-HCl
(pH-7.5), 1% NP-40 (Sigma Aldrich), 150 mM NaCl, 1 mM EDTA and protease inhibitor cocktail (Sigma
Aldrich). The cell lysates were incubated for 45 min on ice. Cells were collected and centrifuged at
13000 rpm to remove cell debris. The supernatant was collected, and protein content was estimated
using Bradford reagent (Sigma Aldrich).

Antibodies
Primary antibodies for β-actin (1:2000 dilution), RhoA (1:1000), Co�lin (1:1000 dilution), GAPDH (1:2000),
GNE (1:1000), FAK (1:2000 dilution), Src (1:2000 dilution) and p-FAK (1:1000 dilution) and p-Src (1:1000
dilution) were purchased from Santa Cruz Biotechnology, USA and Cell Signaling Technology, USA. HRP-
conjugated secondary antibodies were used with dilution of 1:5000 (Santa Cruz Biotechnology).

RNA extraction
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Total RNA was isolated from the cells grown in 6 well plate using One-step RNA isolation reagent (Bio
basic Inc). Brie�y, cells were washed with 1X PBS and lysed for 5 min with One-step RNA isolation
reagent (Bio Basic, Inc, Canada). 200 µl of chloroform was added to the mixture followed by mixing and
centrifuged at 12000 x g. The upper aqueous layer was collected and 500 µl of isopropanol was added
followed by mixing the solution. The mixture was centrifuged, and the supernatant was discarded while
the collected pellet was washed with 80% ethanol and centrifuged at 12000 x g for 10 min. The pellet was
dried at room temperature and dissolved in 30 µl of RNase free water supplemented with Ribolock RNase
inhibitor (Thermo Scienti�c).

cDNA synthesis
cDNA was synthesized using 10 µg of RNA using RevertAid Reverse Transcriptase kit (Thermo Scienti�c)
following the manufacturer’s manual. Brie�y, the reaction was incubated at 250C for 5 min; 400C for
60 min; 700C for 10 min in a Thermocycler (Applied Biosystem, USA).

Quantitative Real Time-PCR for GNE
Total RNA was extracted from the cells grown in 6 well plate by using One step RNA reagent (Bio Basic
Inc., Canada) according to manufacturer’s instructions, further 2 µg of total RNA was treated with DNase I
(Thermo Scienti�c) to remove DNA contamination. 10 µg of total RNA was reverse transcribed to cDNA
using RevertAid Reverse Transcriptase kit (Thermo Scienti�c) as recommended in manufacturer’s
manual. A control PCR ampli�cation reaction of GAPDH was carried out using prepared cDNA as
template to con�rm the cDNA synthesis. For quantitative real time PCR, speci�c primers with primer
sequence; forwardprimer’5’GAGAAGAACGGGAATAACCGGAAG 3’ and
reverseprimer3’GATGAGCGTCACAAAGTTCTCCTG 5’along with KAPA SYBR fast qPCR master mix and
low ROX dye were used to amplify for GNE EP-mRNA. Quantitative real time PCR was performed at PCR
cycling condition of denaturation at 950C for 30 sec; annealing at 580C for 20 sec and extension at 720C
for 30 sec for 25 cycles by using Mx3000P qPCR System(Agilent). relative mRNA expression was
normalized to internal control (GAPDH).

Determination of the Sialic acid content
Sialic acid levels were measured by an adaptation of the periodate/resorcinol method 35. In brief, 1 × 106

cells of various recombinant exon 3 GNE knockout and L6 control cell lines were incubated in DCCM
media for 24 h, and then resuspended in 100 µl of PBS after harvesting. Cells were lysed by three
freeze/thaw cycles, and protein was estimated using Bradford assay. Equal amount of protein from each
cell lysate was oxidized by the addition of 1 µl of 0.4 M periodic acid followed by incubation at 4 °C (for
total sialic acid) and 37 °C (for conjugated sialic acid) for 1.5 h and 15 min boiling in 100 µl of 6.0% (w/v)
resorcinol/2.5 mM CuSO4/44% (v/v) concentrated HCl. After cooling, 100 µl of t-butyl alcohol was added
to each sample. The samples were vortexed and centrifuged at 15,700 g for 5 min to remove insoluble
cell debris. Supernatants were separated from the pellets, and OD readings were taken at 630 nm. A
standard curve was generated from known concentrations (0, 5, 10, 25, 50, 100 µM) of sialic acid (Sigma
Aldrich), and the sialic acid content of cells was calculated by comparison with the standard curve.
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Supplementation with Sialic Acid
Cells were grown in DMEM media for 16 h followed by supplementation with 5 mM sialic acid in DCCM
for 24 h.

Epimerase activity assay
The UDP-GlcNAc 2-epimerase activity was determined as described before36. Brie�y, variable amounts of
protein were mixed with 45 mM Na2HPO4, pH 7.5, 10 mM MgCl2, and 1 mM UDP-GlcNAc in a �nal volume
of 40 µl. The reaction was performed at 37 °C for at least 30 min and stopped by boiling for 1 min. After
centrifugation at 20,000 x g for 1 min, the released ManNAc was detected with the Morgan–Elson
method37. In brief, 30 µl of the sample was mixed with 6 µl of 0.8 M borate, pH 9.1, and boiled for 3 min.
160 µl of DMAB solution (1% (w/v) 4-dimethylamino benzaldehyde in acetic acid, 1.25% 10 M HCl) was
added and the sample was incubated at 37 °C for 30 min. The absorbance was read at 578 nm. One unit
of enzyme activity was de�ned as the formation of 1 µmol ManNAc per min at 37 °C. Speci�c activity
was expressed as milli units per milligram protein.

Preparation of G-actin and F-actin fraction
Cells were cultured in 100 mm dishes in DCCM media for 24 h. Cells were washed with PBS buffer and
lysed with 1 ml of F-actin stabilizing lysis solution containing 50 mM- PIPES 6.9pH, 50 mM NaCl, 5 mM
MgCl2, 5 mM EGTA, 5% glycerol, 0.1% Triton X-100, 0.1% Tween-20, 0.1% NP-40, 0.1% 2-mercaptoethanol,
1 mM ATP, protease inhibitor cocktail for 45 min on ice. The cells were scraped and centrifuged at
1,00,000 x g for 1 h. The supernatant containing the G-actin fraction was collected while the pellet was
dissolved in 1 ml of chilled water containing 1 mM cytochalasin D and incubated for 1 h. The pellet was
centrifuged at 13,000 rpm for 30 min and the supernatant were collected for F-actin fraction. Equal
volumes of G-actin and F-actin fraction were subjected for immunoblot analysis using an anti-β-actin
antibody (β-actin (C4), Santacruz Biotechnology, USA) and imaging was done by Enhanced
Chemiluminescence (ECL) using ChemiDoc Imaging Systems, Bio-Rad Laboratories. The F/G actin ratio
was determined by densitometry of the immunoblots.

TRITC-phalloidin staining
Cells were grown in tissue culture plates containing sterile coverslip in DCCM media for 24 h. Cells were,
then, �xed with 3.7% paraformaldehyde and stained with 1:300 dilution of TRITC- Phalloidin (Sigma
Aldrich) and 1 µg/µl of Hoechst nuclear stain for 30 min and 10 min, respectively. Cells were mounted on
slides using DABCO (Sigma Aldrich). Images were acquired at 555 nm in Olympus FluoView FV1000
ver1.7. Quantitative analysis was done using Olympus FluoViewFV1000 ver1.7a software and Image J
software.

Wound Healing assay
L6 myoblast cells were counted and 0.5 × 105 cells were seeded in each chamber in IBIDI inserts followed
by incubation at 370C for 24 h in DCCM media. The inserts were removed, and cells were washed with
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DCCM media. 500 µl DCCM media was added and images were captured at 20 X magni�cation in Zeiss
Axis Vert. A1 inverted microscope (Carl Zeiss AG, Germany).

Results
A major limitation in understanding the pathophysiology of GNE Myopathy is the availability of
appropriate model system for the study. A complete GNE knockout in mice model was embryonically
lethal and transgenic mice model did not represent the disease phenotype 28,29. Thus, understanding GNE
function and identi�cation of appropriate drug targets has been a big challenge. Here, we describe a rat
skeletal muscle cell-based model system with GNE exon deletion depicting the phenotype similar to GNE
mutant cells. This model system can potentially be used for understanding the pathophysiology and drug
screening for GNE function.

In the present study, we aim to generate a GNE exon knockout in L6 rat skeletal muscle cell line using
Adenovirus assisted SEPT vector based homology recombination technology as shown in Fig. 138. SEPT
stands for Synthetic Exon Promoter Trap. It consists of IRES (internal ribosomal entry site) and a
promoterless Neomycin resistance gene, �anked by loxP sites (Fig. 2a). SEPT uses the promoter of the
target gene after successful recombination, making it more e�cient and reducing the chance of off-target
recombinations 38. The presence of loxP sites in SEPT also allows removal of SEPT component after
recombination using Cre-recombinase, leaving the gene intact without the targeted exon (Fig. 2b). Exon 3
represents epimerase domain region where majority of pathologically relevant mutations have been
identi�ed in GNE Myopathy.

The Rat GNE gene (Gene ID: 114711) of L6 skeletal muscle cell line is used as target in the study. It
encodes two isoforms hGNE1 (753 amino acids) and hGNE2 (722 amino acids). In rat GNE gene, exon 3
(19615 bp-20066 bp) represents the epimerase exon that has the highest frequency of pathologically
relevant GNE mutations. Generation of exon 3 knockouts in L6 rat skeletal muscle cells required cloning
of homology arms in pJET1.2 blunt vector. Homology arms were ampli�ed from the intronic region
upstream (left homology arm) and downstream (right homology arm) of exon 3 of rat GNE gene as
shown in Fig. 2b. The desired PCR bands of approx. 1 Kb from either homology arms were cloned in
pJET/1.2 vector and sequence veri�ed (Figure S1, S2 and S3). Following cloning of homology arms, a
shuttle vector for exon 3 was generated in pAAV-MCS vector (Agilent Technologies) with SEPT fragment
�anked by both the arms. The epimerase shuttle vector or GNE-EP-SEPT vector was con�rmed by
restriction mapping (Fig. 2c). Then, an AAV-virus carrying shuttle vector was generated in AAV 293 cells
by transfecting the cells with the shuttle vector, RC vector and Helper vector (Agilent Technologies).
Visible plaques were obtained from AAV293 cells and virus particles were harvested post-infection to
determine the titer (Figure S4). L6 rat skeletal muscle cells were infected with AAV-virus particle carrying
shuttle vector (GNE-EP-SEPT) and screened with G418 drug (800 µg/ml, Ameresco Company). G418
resistant clones were, further, screened by PCR for SEPT insertion in GNE via homologous recombination.
As shown in Fig. 2d, the desired band con�rming SEPT inserting of molecular weight 3.3 Kb was
observed in clone 3. This clone was further con�rmed by sequencing using Sanger Method (Figure S5).
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Further, the positive cells with SEPT insertion were infected with Ad-Cre virus (Vector Laboratory)
harboring Cre-recombinase enzyme that will remove SEPT region using loxP sites. The screening of SEPT
negative cells was done by replica plating as loss of SEPT will cause the cells to be G418 sensitive. The
positive clones from replica plates were screened for exon 3 knock out by PCR ampli�cation (Fig. 2d).
The PCR positive clones were further con�rmed by sequencing for loss of exon 3 in one of the alleles
(Figure S6). The sequencing data con�rmed the presence of both the alleles, wild type GNE with exon 3
(2.2 Kb fragment) and truncated GNE with loss of exon 3 (1.8 Kb fragment). This indicated that we
generated a heterozygous skeletal muscle cell line with one wild type GNE allele and other allele knocked
out at exon 3 of GNE. This cell line was labeled as SKM-GNEHz (heterozygous for GNE).

Characterization of GNE Exon-3 knockout cell line (SKM-GNEHz)

The effect of exon 3 deletion on GNE transcript and protein production was analyzed in the heterozygous
cell line (SKM-GNEHz). For transcript analysis, mRNA from wild type GNE and SKM-GNEHz cell lines was
isolated and subjected to RT-PCR using primers 5’ GAGAAGAACGGGAATAACCGGAAG 3’ and 3’
GATGAGCGTCACAAAGTTCTCCTG 5’ spanning from exon 2 and exon 9 of wild type GNE. As shown in
Fig. 3a, the mRNA from wild type GNE gene would yield a product of 1.6 Kb while from exon-3 knocked
out GNE gene would yield a product of 1.1 Kb. The ampli�ed PCR fragments were analyzed on 1%
agarose gel. As shown in Fig. 3b, only one fragment corresponding to 1.6 Kb was observed in SKM-
GNEHz similar to wild type GNE. This indicates that transcript corresponding to knock out allele may not
be synthesized, probably due to improper splicing. However, the densitometry analysis of the mRNA band
indicates that there is approx. 45% reduction in the transcript level of GNE (Fig. 3b) in SKM-GNEHz as
compared to wild type L6 suggesting that knockout of GNE from an allele resulted in reduction in GNE
transcript level. In order to determine the copy number of GNE gene in SKM-GNEHz, real time PCR
analysis was done using primers indicated in Materials and Methods. The Ct value comparison showed
2-fold reduction in GNE levels for SKM-GNEHz compared to wild type GNE cell line (Fig. 3c). Our study
suggests a 2-fold reduction in GNE copy number in SKM-GNEHz, thereby indicating production from only
one allele. The protein expression levels of GNE were analyzed in SKM-GNEHz compared to wild type GNE
by immunoblot analysis using speci�c antibody. As shown in Fig. 3d, only single protein band
corresponding to wild type GNE (approximately, 79 kDa) was observed in SKM-GNEHz. This suggests that
no protein was, probably, translated from knock out allele. Whether these changes in GNE gene, transcript
and protein levels are signi�cant to affect GNE function needs to be investigated further.

Recently, Chakravorty et al reported that a patient with a deletion in the promoter of one allele GNE and
having a single mutation in the other allele showed GNE myopathy phenotype6. This shows that
heterozygous knockout or non-functional one allele may lead to GNE Myopathy. Even though there were
no changes in the transcript and protein size of GNE in the heterozygous knockout SKM-GNEHz, we
further investigated whether GNE knockout in one allele could result in a phenotype. We determined the
sialic acid content of SKM-GNEHz as compared to wildtype L6 rat muscle cells. Cells were seeded in
100 mm dishes and grown in DCCM media supplemented with 4 mM of L-glutamine for 24 h. The sialic
acid content was determined by the resorcinol-periodate method as described before. Approximately, 20%
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reductions in the conjugated sialic acid and 10% reduction in total sialic acid content was observed in
SKM-GNEHz cells as compared to the wild type L6 skeletal muscle cells (Fig. 4a). Further, sialic acid
supplementation of cells restored total sialic acid content in the SKM-GNEHz cells (Fig. 4b). This study
suggests that heterozygous GNE knock out cells do not show drastic reduction in sialic acid content.
Whether one wild type allele is su�cient for sialic acid production in the cell needs to be explored further.

Although no signi�cant reduction in the sialic acid content of GNE heterozygous knockout was observed,
it was important to assess the effect of GNE knock out on its activity. For this purpose, the epimerase
activity of GNE was determined in SKM-GNEHz cells. Approximately, 60% reduction in epimerase enzyme
activity of SKM-GNEHz was observed as compared to wildtype L6 cells (Fig. 4c). Signi�cant reduction in
GNE enzyme activity could lead to altered cellular functions mediated by GNE. This study would help us
identify the potential role of GNE in the muscle cell.

Effect of GNE exon 3 knockout on actin dynamics in rat skeletal muscle cell

Role of actin, being a key cytoskeletal component, is signi�cant in muscle contraction, regeneration and
migration. While sliding of thin actin �lament over thick myosin �lament is important for muscle
contraction, assembly and disassembly of actin �lament provides driving force for cell migration 39.
Maintenance of monomer G-actin and �lamentous F-actin pool is tightly regulated inside the cell 40,41. In
striated muscle, the sarcomeric actin �laments undergo dynamic turnover without altering the sarcomeric
structure 42. Further, actin dynamic is critical for myoblast cell migration, and myoblast fusion vital for
muscle regeneration 43,44. In GNE myopathy, muscle regeneration is severely affected and actin may have
a role in regulating this phenomenon. Therefore, we investigated the change in actin dynamics level, by
studying the levels of G-actin and F-actin in SKM-GNEHz cells. G-actin and F-actin pools were isolated
from L6 skeletal muscle cells and SKM-GNEHz and subjected to SDS-PAGE analysis followed by
immunoblotting with speci�c antibodies. As shown in Fig. 5a, G-actin levels were found to be higher in
SKM-GNEHz compared to wild type muscle cells. Also F/ G-actin ratio was signi�cantly reduced in SKM-
GNEHz cell line compared to control (Fig. 5a). This study suggests that polymerization of actin
monomers (G-actin) to F-actin is inhibited in GNE-SKMHz cells.

The alteration in actin pattern was further con�rmed by staining with phalloidin using confocal
microscopy. The cells were grown in DCCM media for 24 h followed by TRITC-phalloidin staining as
described in Material & Methods. Confocal images showed disrupted F-actin pattern in SKM-GNEHz cell
line compared to control (Fig. 5b). F-actin �lament was shorter and thinner in SKM-GNEHz while wild type
L6 cells showed longer and striated actin pattern. This is the �rst report to demonstrate the disruption of
actin cytoskeletal organization in skeletal muscle cell with altered GNE function.

GNE exon-3 knockout affects RhoA signaling and its effector molecule

Rho GTPases are small molecules that play central role in regulating actin assembly 45. The activity of
RhoA is upregulated in heterotopic ossi�ed muscle cells in DMD (Duchenne Muscular Dystrophy) leading
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to weakness and degeneration of muscle cells 46. RhoA is also localized in the focal adhesion involved in
triggering downstream integrin signaling leading to actin assembly and disassembly 47,48. We also
investigated the levels of RhoA in SKM-GNEHz as compared to wild type control cells. Immunoblot
analysis with anti-RhoA antibody showed that expression level of RhoA protein was upregulated in SKM-
GNEHz cells as compared to wild type L6 cells (Fig. 6a). Densitometric analysis of immunoblots revealed
statistically signi�cant increase in RhoA levels in SKM-GNEHz cells compared to control. Downstream
cascade of RhoA upregulation relate to upregulation of ROCK that further activates LIMK which in turn
phosphorylates Co�lin. Phosphorylation of Co�lin inactivates its actin severing function, thereby
inhibiting F-actin depolymerization. In our study, we found increased phosphorylation of Co�lin in SKM-
GNEHz cell lines compared to control cells (Fig. 6b) suggesting inactivation of Co�lin. This inhibits actin
severing and may cause slow turn-over of actin pool.

The signaling molecules for actin formation upstream of RhoA involve Src Tyrosine kinases and FAK
(focal adhesion kinases). Src is involved in stimulation of initial actin �lament nucleation and regulates
the rate of turnover of actin �lament 49. We observed approximately 28% reduction in Src activation in
SKM-GNEHz cells line compared to control cells (Fig. 6c). This suggests down regulation of Src activity
that may have signi�cant effects in actin assembly in SKM-GNEHz cells.

Expression and phosphorylation of FAK regulates the myoblast differentiation, muscle �ber formation
and muscle size 50,51. FAK is required for muscle cell migration and F-actin formation 52. Reduced p-
FAK/FAK ratio was observed in GNE heterozygous cell line compared to control suggesting implications
to FAK activation (Fig. 6d). Our study indicates that GNE may have a role in regulating signaling
molecules of actin assembly pathway and alteration in GNE activity may signi�cantly disrupt the
cytoskeletal organization via actin.

Effect of GNE exon − 3 knockout in L6 myoblast cell migration

Myoblast cell migration is critical for muscle cell regeneration and myoblast fusion critical for muscle
differentiation. Migration of cell is directly regulated by actin dynamics. During the process of cell
migration, actin polymerization provides the required force for cell to move forward. Migration of cells
involves four different steps- protrusion of lamellipodia in the front, focal adhesion protein recruitment,
retraction of the rare and disassembly of the focal adhesion from the rare 53,54. In the present study, we
found that F/G actin is reduced in SKM-GNEHz as compared to L6 wild type cells. To investigate whether
alteration in actin dynamics in SKM-GNEHz affects the cell migration, we conducted wound healing
assay using cell culture inserts and followed wound closure for 24 h as mentioned in Material and
Methods. As shown in Fig. 7, cell migration was drastically reduced in SKM-GNEHz compared to L6 cells.
There was approx. 60% reduction in cell migration. This �nding suggests that GNE may play a critical role
in regulating cell migration property of muscle cell and may contribute to slow regeneration of muscle cell
in GNE myopathy.

Discussion
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GNE Myopathy is a rare neuromuscular disorder with little understanding about the molecular
mechanism of the disease. GNE is primarily involved in sialic acid biosynthesis and hyposialylation is
considered to be the cause of the disease. However supplementation with sialic acid and its precursors
only slows the disease progression and does not provide a cure. Simultaneously studies suggest an
alternate role of GNE in other cellular processes that may be hampered in patient muscle cells due to
mutations in GNE. Non-availability of appropriate model system restricts the understanding about role of
GNE in muscle cell function.

In the present study, we aimed to develop a rat skeletal muscle cell based system with GNE knocked out
at exon 3, region that harbors most of pathologically relevant mutations in epimerase domain. We used
an AAV based SEPT technology to knock out the exon and generated a heterozygous cell line with wild
type GNE allele as well as knocked out GNE allele. Though at DNA level, gene sequence was con�rmed,
we failed to detect RNA or protein of truncated sizes. This could be due to lack of appropriate splicing of
RNA sequences or non-translation of the aberrant mRNA. The truncated RNA may have been degraded
from the muscle cell. Whether the cell lines show any phenotype relevant to GNE defect, was further
investigated. There was marginal reduction in total and glycoconjugate bound sialic acid of the cell,
however, the epimerase activity of GNE was drastically reduced to 60% in heterozygous cell lines as
compared to wild type cells. In general, the amount of functional GNE required by muscle cell is very little
compared to other tissue 55. Therefore, the amount of sialic acid produced by wild type allele may be
su�cient for the muscle cell. However, reduction in epimerase activity of GNE may affect other cellular
functions.

Previous reports from our laboratory as well as other laboratories has indicated role of GNE in regulating
cell adhesion, migration, UPR pathway, ER stress and apoptosis. In particular cytoskeletal organization
has been shown to be affected in muscle biopsies of GNE Myopathy patients 20. Since actin plays a
central role in regulating the cytoskeletal network, we addressed the effect of GNE on actin dynamics in
heterozygous muscle cells. Our study indicated reduced F/G-actin ratio with drastic changes in F-actin
organization. The muscle cell with knock out GNE showed disrupted actin pattern. This may have serious
consequence in the muscle cell as appropriate spatial arrangement of actin is required for normal
function. Alteration in actin organization could affect sarcomere organization and its association with
Myosin �lament thereby, affecting muscle contraction. In addition, cell migration phenomenon of the cell
could be hampered which is critical for muscle cell regeneration. GNE has been shown to interact with α-
actinin1 and 2, disruption in the epimerase domain may affect its ability to interact and regulate
cytoskeletal organization.

In skeletal muscle, RhoA GTPase is tightly regulated during muscle differentiation. Castellani et al had
shown that RhoA expression and activity were downregulated in differentiating myoblast, and increased
RhoA activity inhibit muscle cell fusion 56. RhoA also plays a key role in cell spreading via β-integrin
signaling pathway 57. Since migration of satellite cells is critical for muscle regeneration, alteration in
RhoA activity can severely affect actin dynamics 58. In our study, we observed an increased level of RhoA
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in SKM-GNEHz as compared to wild type L6. Increased level of RhoA in altered GNE cells might lead to
inhibition of skeletal muscle differentiation which is important for muscle regeneration from satellite
cells.

Co�lin also acts downstream of RhoA to regulate actin dynamics that may affect muscle cell migration
and regeneration. The C2C12 myoblast migration is regulated by RhoA/ROCK signaling pathway where
Co�lin levels and activity is important 59. Increased phosphorylation of Co�lin inhibits its actin severing
activity. This affects actin dynamic pool in the cell. Continuous assembly/disassembly of actin provides
driving force for cell movement 60. The slow turnover rate of actin also inhibits muscle cell regeneration
61. Ine�cient actin function also causes muscle atrophy and increased loss of muscle mass. Hence,
reduced F/G-actin ratios in SKM-GNEHz cell lines may contribute to altered actin dynamics and cellular
pool. Disturbed actin may result in loss of muscle mass and reduced muscle regeneration observed in
muscle cells with various pathologically relevant GNE mutations.

Other signaling molecules in the pathway such as Src and FAK play important role in RhoA activity. Focal
Adhesion Kinase (FAK) induce down-modulation of RhoA via activation of p190RhoGAP 62. Loss of FAK
increased RhoA activity to limit adhesion and cellular growth 63. Particularly, integrin signaling involved in
cell spreading showed that both FAK and Src upregulate p190RhoGAP to inhibit RhoA activity thereby
reducing stress �ber formation and actomyosin contractility 62. Our study showed reduced FAK and Src
phosphorylation with increased RhoA levels in GNEHz cell lines. This indicates increased stress �bers
formation and actomyosin contractility in GNE-Hz cells which may affect cell spreading and migration.

The process of myogenesis and muscle regeneration involves proliferation of satellite cells as myoblasts.
The myoblast cells then migrate and align with each other for fusion to form a multinucleated myotubes
or with the pre-existing muscle sarcomere 64. The main player of myoblast migration are Rho GTPases
which includes RhoA that modulate the actin assembly and disassembly targeting actin binding proteins
like Co�lin 65. Knockout of actin based motor Myosin VI in C1C12 myoblast resulted in slow myoblast
migration 66. The SKM-GNEHz L6 cells showed slow migration which is implicated due to slow turnover
of actin. One of the main pathophysiology of GNE myopathy is atrophy. The progressive culmination of
atrophy in GNE myopathy may be due to reduction in satellite cell migration thereby reducing the muscle
regeneration over time.

Future Perspectives
The generated GNEHz-KO cell is a cell-based model system to understand the pathomechanism of rare
neuromuscular disorder, GNE Myopathy. The cells can be used for other diseases associated with sialic
acid metabolism and certain cancers. These cells can be used for drug identi�cation for various disorders
associated with glycosylation defects, in particular, sialic acid. Being a muscle cell-based model, it will
particularly be useful for GNE Myopathy where hyposialylation and reduced GNE activity is demonstrated
in patient muscle cells. Screening of drugs can be most e�ciently studied in this model system and



Page 16/31

restoration of the phenotype can be followed. These cells can be used for target identi�cation as more
cellular pathways can be identi�ed with relevance to GNE function beside sialic acid metabolism. These
cells can be used for virus-host interaction studies, where virus utilize sialic acid for host cell entry.

Conclusion
In the present study, we have generated a skeletal muscle cell based model system for GNE Myopoathy
with GNE knocked out at one of the allele. Though not much reduction was observed in sialic acid
content, signi�cant reduction in epimerase activity translated to its effect on other cellular functions such
as cell migration. The signaling cascade regulating actin dynamics via FAK, Src, RhoA and co�lin is
affected to alter actin turnover rate. Thus, GNE may play an important role in regulating cytoskeletal
organization via actin dynamics. Molecules altering Rho A and Co�lin function can be further explored for
therapeutic potential. The model system can be used to further understand pathomechanism underlying
GNE Myopathy as it resembles skeletal muscle cell physiology.

Based on the above observations, we design a model for the role of GNE in cytoskeletal organization of
muscle cell (Fig. 8). GNE interacts with α-actinin-1 and 2 to form focal adhesion complex with FAK and
Src in response to integrin activation by Extracellular Matrix. This initiates downstream signaling cascade
via RhoA, possibly, ROCK/LIMK that regulate Co�lin. Co�lin further regulates actin assembly and
disassembly. However, when GNE is mutated or non-functional, actin binds more strongly to actinin and
the activity of Src and FAK in focal adhesion complex is reduced leading to activation of RhoA, possibly
via p190RhoAGAP inhibition. Upregulation of RhoA further activates LIMK and LIMK mediates
phosphorylation of Co�lin. Inactive Co�lin cannot mediate F-actin severing, thereby, resulting in slow
turnover of actin dynamic pool in the cell. Improper actin assembly/disassembly affects the generation
of force required by cell to move forward. Hence, there is inhibition of cell migration in GNE mutant or
truncated or de�cient cells (Fig. 8). Different studies have proven that the migration of myoblast cell is
vital for regeneration and differentiation of myoblast cell to muscle. The reduced migration of GNE
de�cient cells due to reduce actin turnover and actin �lament might be the plausible reason for muscle
degeneration in GNE myopathy.
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Figure 1

Strategy for the generation of GNE exon-3 knockout in L6 cells. Homology arms were ampli�ed from the
intronic regions upstream and downstream of exon 3. SEPT fragment containing Neo- gene was ligated
in the pAAV-MCS vector �anked by left and right homology arms for the generation of shuttle vector. AAV-
viral stock was generated by infecting AAV-293 cell with shuttle vector, RC vector and Helper vector. The
virus was used to infect L6 cell line and SEPT positive clones were selected using neocin drug. The
positive clone was viral infected with Ad-Cre virus that harbor Cre-recombinase gene and the SEPT gene
was excised at loxPsite. Infected clones were cultured in replica with one plate treating with Neomycin
drug and the other replica without drug. Positive clones were neomycin sensitive clones and selected
from the neomycin negative plate.
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Figure 2

2a; Generation of Exon 3 knockout in L6 rat skeletal muscle cell. A: Schematic of SEPT construct. SEPT,
Synthetic Exon Promoter Trap, consist of neo gene �ank by loxPsites that allow excision of SEPT with Cre
recombination. The SEPT does not have promoter of its own and utilizes the promoter of the target gene
that minimizes the off-target clone selection. 2b; Schematic diagram for homology recombination for the
generation of GNE exon 3 knockout. Homology arms were cloned from intronic region upstream and
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downstream of exon 3. The targeting vector is the shuttle vector that harbor the SEPT �ank by homology
arms in left and right of the SEPT. After successful homology recombination at the homology arms, the
SEPT construct replaces the exon 3. Further, the SEPT construct is removed from the GNE genome by Cre-
recombinase leaving the GNE gene without exon 3 sequence. 2c; Screening of pAAV shuttle vector, cloned
in pAAV-MCS vector using restriction mapping. Above �gure shows the restriction mapping of shuttle
vector using EcoRI and NdeI. Restriction digestion of shuttle vector generates two fragments, 1Kb and 6
Kb while the restriction digestion of shuttle vector generates two fragments of 2.8 Kb and 4.2 Kb. Below
left; 3 clones were selected after ligation of homology arms and SEPT with pAAV-MCS vector. Plasmid
DNA of the three clones were digested with EcoRI restriction enzyme and the sample were run in 1 %
agarose gel. Below right; the three clones selected and plasmid DNA of the clones were digested with
NdeI restriction enzyme and the sample were run in 1% agarose gel. 2d; Above; Amplicon size using
different primers. Below left; L6 cells were infected with AAV-virus harboring shuttle vector for exon 3 and
single clones were grown in 96 well plate in presence of 800µg/ml G418 drug (Invivogen). Genomic DNA
were isolated and used for PCR screening for successful incorporation of SEPT in the GNE gene.
Genomic DNA were used as template for PCR ampli�cation with primers 3 and 4. The ampli�ed sample
were loaded in 1% agarose gel. L represents ladder, 2 represents L6, 3, 4 and 5 represent clone 1, 2 and 3.
Below middle; PCR ampli�cation was conducted with primer 1 and 2 and loaded in 1 % agarose gel.
Below right; SEPT incorporated cell was infected with Ad-Cre virus and SEPT was excised at loxPsite by
Cre-recombinase. Genomic DNA was isolated from the positive clone and used for PCR screening using
Primer 1 and 2. L represents ladder.
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Figure 3

Characterization of GNE Exon-3 konckout cell line. 3a; Schematic diagram of mRNA construct of GNE in
Rat. Above; wild type rat GNE has 12 exons with 2883bp. Primers was designed (5 and 6) spanning from
exon 2 to exon 8 with an amplicon size of 1.6 Kb. Below; After exon 3 knockout the mRNA of SKM-GNEHz
with 2329 bp detecting a 1.1 Kb in PCR with primer 5 and 6. 3b; Cells were grown in 6 well plates and
mRNA were isolate using one step RNA isolation reagent followed by cDNA synthesis with random
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hexamers. RT-PCR was conducted using primer 5 and 6 followed by loading the sample in 1% agarose
gel. Graph shows the densitometry analysis of the band normalized with GAPDH using ImageJ.Statistical
analysis was assessed using t-test and p-value for * is 0.0228. 3c; Cells were grown in DMEM and
genomic DNA was isolated using QIAGEN DNA kit. Quantitative PCR was set with SYBR green using 50
ng of genomic DNA with primer speci�c to exon 3. The CT value was analysed and normalized with CT
value for quantitative PCR with primer speci�c to exon 1. 3d; Cells were grown in DCCM media for 24 h
followed by lysis with RIPA buffer. 100 µg of protein lysate were loaded on SDS-PAGE followed by
Western transfer. The sample was immunoblotted with anti-GNE antibody.

Figure 4

Characterization of SKM-GNEHz L6 cells. 4a; Sialic acid contents of SKM-GNEHz determined using
Periodic acid and resorcinol methods in cell without sialic acid supplementation. 4b; Sialic acid contents
of SKM-GNEHz with sialic acid supplementation. 4c; Epimerase enzyme activity of GNE in SKM-GNEHz
as compared to wildtype L6.
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Figure 5

Effect of GNE exon-3 knockout on actin dynamic in rat skeletal muscle cell. 5a; Cells were grown in DCCM
media for 24 h followed by isolation of G and F fraction with PIPES buffer and cytochalasin D as
mentioned in materials & methods. F and G actin fractions were loaded on SDS-PAGE followed by
western blotting and immunoblotting with anti-actin antibody. F/G actin ratio was analyzed and
statistical analysis was assessed with t-test and p-value for ** is 0.0039. 5b; Cells were grown in DCCM
media for 24 h and �xed the cells with 3.7% paraformaldehyde. The �xed cells were stained with TRITC-
phalloidin for 30 min and mounted on slides. Images were captured in Olympus FluoView confocal
microscope with 60 X magni�cation.
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Figure 6

GNE exon 3 knockout affects RhoA signaling and its effector molecule. 6a; Cells were grown in DCCM
media for 24 h and lysed with RIPA buffer and protein lysate was loaded on SDS-PAGE. Western transfer
was done and immunoblotting was conducted with anti-RhoA antibody. 6b; Protein expression level of
total Co�lin and phospho-Co�lin. Statistical analysis was assessed with t-test and p-value of * is 0.024.
6c; Protein expression level of total Src and phospho-Src. Statistical analysis was assessed with t-test
and p-value of * is 0.017. D; Protein expression level of total FAK and phospho-FAK. Statistical analysis
was assessed with t-test and p-value of ** is 0.0049.
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Figure 7

Effect of GNE exon 3 knockout in L6 myoblast cell migration. SKM-GNEHz cells were grown in DCCM
media for 24 h inside IBIDI cell culture insert. Wound was created by removing the cell culture insert and
images were captured at 20 X magni�cation at 0 h and 24 h in an inverted microscope. Wound closure
percentage was calculated from the area uncovered by the cells determined through ImageJ software.
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Figure 8

Proposed model. The �gure shows that GNE is involved in the regulation of actin dynamics in muscle
myoblast cells through RhoA signaling. GNE interacts with α-actinin and associates with focal adhesion
complex involving FAK and Src.Under normal conditions GNE association with focal adhesion assembly
in response to integrin signaling may activate RhoA that regulatesCo�lin function as actin severing
protein via phosphorylation. The turnover rate of actin is maintained to provide G-actin monomer and F-
actin �lament. F-actin polymerization occurs that provide force for cell migration. However, when GNE is
mutated, it binds more strongly to α-actinin, FAK/Src is downregulated leading to RhoA activation which
in turn phosphorylates Co�lin. Increased Co�lin phosphorylation hampers F-actin depolymerization
disturbing actin dynamic pool and generation of G-actin monomer. This slow turnover rate of actin
reduces cell migration phenomenon. It may have consequenceto reduced muscle cell regeneration.
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