
Journal of Neuromuscular Diseases 10 (2023) 797–812
DOI 10.3233/JND-221596
IOS Press

797

Research Report

Development of Assays to Measure GNE
Gene Potency and Gene Replacement in
Skeletal Muscle

Deborah A. Zygmunta, Patricia Lama, Anna Ashbrooka, Katherine Koczwarab, Angela Lekb,
Monkol Lekb and Paul T. Martina,c,∗
aCenter for Gene Therapy, Abigail Wexner Research Institute, Nationwide Children’s Hospital, Children’s Drive,
Columbus, OH, USA
bDepartment of Genetics, Yale University School of Medicine, New Haven, CT, USA
cDepartment of Pediatrics, The Ohio State University College of Medicine, Columbus, OH, USA

Accepted 26 June 2023
Pre-press 12 July 2023
Published 8 September 2023

Abstract.
Background: GNE myopathy (GNEM) is a severe muscle disease caused by mutations in the UDP-GlcNAc-2-
epimerase/ManNAc-6-kinase (GNE) gene, which encodes a bifunctional enzyme required for sialic acid (Sia) biosynthesis.
Objective: To develop assays to demonstrate the potency of AAV gene therapy vectors in making Sia and to define the dose
required for replacement of endogenous mouse Gne gene expression with human GNE in skeletal muscles.
Methods: A MyoD-inducible Gne-deficient cell line, Lec3MyoDI, and a GNE-deficient human muscle cell line, were made
and tested to define the potency of various AAV vectors to increase binding of Sia-specific lectins, including MAA and SNA.
qPCR and qRT-PCR methods were used to quantify AAV biodistribution and GNE gene expression after intravenous delivery
of AAV vectors designed with different promoters in wild-type mice.
Results: Lec3 cells showed a strong deficit in MAA binding, while GNE–/–MB135 cells did not. Overexpressing GNE
in Lec3 and Lec3MyoDI cells by AAV infection stimulated MAA binding in a dose-dependent manner. Use of a constitu-
tive promoter, CMV, showed higher induction of MAA binding than use of muscle-specific promoters (MCK, MHCK7).
rAAVrh74.CMV.GNE stimulated human GNE expression in muscles at levels equivalent to endogenous mouse Gne at a dose
of 1 × 1013vg/kg, while AAVs with muscle-specific promoters required higher doses. AAV biodistribution in skeletal muscles
trended higher when CMV was used as the promoter, and this correlated with increased sialylation of its viral capsid.
Conclusions: Lec3 and Lec3MyoDI cells work well to assay the potency of AAV vectors in making Sia. Systemic delivery
of rAAVrh74.CMV.GNE can deliver GNE gene replacement to skeletal muscles at doses that do not overwhelm non-muscle
tissues, suggesting that AAV vectors that drive constitutive organ expression could be used to treat GNEM.
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INTRODUCTION

GNE myopathy (GNEM) is a severe muscle
disease characterized by progressive muscle weak-

∗Correspondence to: Paul T. Martin, E-mail: Paul.Martin
@nationwidechildrens.org.

ness and muscle atrophy [1]. Patients with GNEM
typically begin to have muscle weakness in the
third or fourth decade of life, often rendering
patients non-ambulatory due to extensive muscle
wasting by the second decade after diagnosis [1].
Mitrani-Rosenbaum and colleagues first showed that
GNEM is a recessive disease caused by mutations
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in the GNE gene [2]. GNE encodes the uridine
diphosphate-N-acetylglucosamine(UDP-GlcNAc)-2
-epimerase/N-acetylmannosamine(ManNAc)-6-kina
se, a bifunctional enzyme required for synthesis
of sialic acid (Sia) [3]. Common founder missense
mutations in GNE exist in GNEM patients of
Japanese and Middle Eastern descent [1, 4], includ-
ing D207V and M743T respectively, though there
are many other disease-causing mutations as well
[5, 6]. GNE mutations that cause GNEM typically
reduce GNE enzyme activity and are thought to
cause disease by lowering Sia expression [1, 7],
though there is considerable variability in enzyme
activity as it relates to disease presentation [5].

Proof-of-concept studies to support clinical
GNEM studies have largely involved oral glycan
supplementation therapies, but these studies are com-
plicated by the phenotypic variability of GNEM
mouse models, where disease phenotypes can range
from absent to severe within the same genetic strain
[8–12]. Such studies have largely relied on testing in
the GNED207V

TgGne–/– mouse model [10], where
human GNE bearing the D207V [4] mutation is con-
stitutively expressed in the absence of endogenous
mouse Gne, and GneM743T mice [11, 12], where the
M743T disease-causing mutation has been placed
in the Gne locus. Two oral glycan therapies have
been tested in GNEM clinical trials, extended-release
Sia (ACE-ER) and N-acetylmannosamine (ManNAc)
[12–16]. ACE-ER therapy showed pre-clinical ther-
apeutic effects in the GNED207V

TgGne–/– mouse
model [9, 15] but met no clinical milestones when
tested in a placebo-controlled phase 3 clinical
trial [17]. A more recent phase II/III clinical trial
with fewer subjects, however, showed improve-
ment in upper extremity composite strength score
[18]. ManNAc supplementation showed pre-clinical
effects with continuous administration over a one
year period in GNED207V

TgGne–/– mice [9, 14] and
rescued perinatal lethality in GneM743T mice [12, 13].
ManNAc has been tested in one open label phase 2
clinical trial of 12 subjects, where it had no impact on
6-minute walk test results but showed some changes
in other strength measures [19]. ManNAc is currently
being tested in a placebo-controlled phase 2 clinical
trial (NCT04231266).

The results of clinical studies on oral glycan ther-
apy have highlighted the importance of developing a
gene therapy for GNEM patients that may promise
greater therapeutic efficacy. GNE gene delivery has
been tested in a single patient using lipoplex DNA
transfection [20]. This subject displayed evidence of

GNE gene expression, some potential stabilization of
muscle function, and modest improvement in mus-
cle sialylation. Several studies have tested systemic
delivery of GNE gene replacement using recombinant
Adeno Associated Virus (rAAV) vectors in wild-type
and Gne mutant mice [8, 21, 22]. To date, however,
there are no assays developed to demonstrate the
potency of AAV gene therapy vectors in making Sia,
the ultimate product of GNE activity, and no study
to determine the dose of human GNE gene therapy
required to replace endogenous mouse muscle Gne
gene expression. An AAV potency assay to demon-
strate bioactivity of various production lots of AAV
and their relative stability over time would be required
for the clinical development of any AAV-based GNE
gene therapy. Here, we have undertaken studies aimed
at accomplishing these goals.

MATERIALS AND METHODS

Plasmid construction and AAV production

The full-length cDNA for the human GNE
cDNA (GenBank: NM 005476.6) was synthesized to
include a 5’ consensus Kozak sequence (GCCGC-
CACC) using Invitrogen GeneArt Gene Synthesis
(Thermo Fisher Scientific; Waltham, MA). GNE was
then cloned in the pAAV plasmid under control of
a Cytomegalovirus (CMV), muscle creatine kinase
(MCK), or MHCK7 promoter [8, 23–25]. Each vector
also contained polyA signal following the transgene.
Sanger sequencing was performed to confirm the
sequence of the plasmids and the integrity of the
inverted terminal repeats (ITRs) (Genewiz; South
Plainfield, NJ). Packaged rAAV, rhesus 74 (rh74)
serotype, was produced using the triple transfection
method in HEK293 cells [26], followed by purifi-
cation by iodixanol ultracentrifugation and anion
exchange chromatography (Andelyn Biosciences;
Columbus, OH) [27]. AAV titers were quantified
by quantitative polymerase chain reaction (qPCR)
against a linear standard.

Generation of GNE-deficient MB135 cells

Human immortalized myoblast MB135 cells
[28] were grown in F-10 growth media (Gibco
N6908; Grand Island, NY) with 20% FBS (R&D
Systems S11150; Minneapolis, MN), 1�M dexam-
ethasone (Sigma-Aldrich D4902; St. Louis, MO),
10 ng/mL basic fibroblast growth factor (Gibco
PHG0026; Grand Island, NY), and 1X Antibi-
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otic/Antimycotic Solution (Gibco A5955; Grand
Island, NY). GNE-deleted (GNE–/–) MB135 cells
were generated via CRISPR/Cas9 RNP nucleo-
fection via the CRISPRevolution sgRNA EZ Kit
(Synthego; Redwood City, CA) as per manufac-
turers’ instructions, utilizing a sgRNA targeting
exon 3 of GNE (NM 001128227.3, sgRNA: 5’-
AGGCUACACACAAUUGUGAG-3’). Nucleofec-
tion was performed using the Lonza 4D nucleofector
system, using the SE cell line 4D-nucleofector
kit (Lonza V4XC-1032; Basel, Switzerland), pulse
code CA-137, 80k cells per nucleocuvette. Follow-
ing nucleofection, single colonies were isolated,
and gDNA was extracted using QuickExtract
(LGC Biosearch Technologies QE09050; Middlesex,
UK) as per manufacturers’ instructions. Successful
insertion/deletion (indel) generation was confirmed
through PCR amplification of the target region, fol-
lowed by Sanger sequencing of the PCR product,
confirming a homozygous insertion of A at hg38
genomic coordinates chr9:36,246,420 A > AA corre-
sponding to NM 001128227.3:c.[320 321insT] and
NP 001121699.1:p.(Arg108GlufsTer5).

Lectin binding assays in MB135 and
GNE–/–MB135 cells

MB135 cells and GNE–/–MB135 cells were plated
in a 96-well dish at 50,000 cells/well. After 24
hours in F-10 growth media, media was removed
and replaced with Skeletal Muscle Differentiation
Media (PromoCell C-23061; Heidelberg, Germany)
with 1X Antibiotic/Antimycotic Solution (Gibco
A5955; Grand Island, NY). Cells remained in Skele-
tal Muscle Differentiation Media for 5, 7, or 13
days, and cells were fed with new media every
3 days. Cells were rinsed once with PBS and
were fixed with 4% paraformaldehyde (PFA) in
PBS for 15 minutes at room temperature. Cells
were blocked for an hour at room temperature
with 2% fish gelatin in PBS. HRP-conjugated
Maackia amurensis agglutinin (MAA, a combined
mixture of types I and II), HRP-conjugated Sam-
bucus nigra (SNA-1) agglutinin, HRP-conjugated
Erythrina cristagalli agglutinin (ECA), or HRP-
conjugated Arachis hypogaea agglutinin (also peanut
agglutinin, PNA) (all from EY Laboratories; San
Mateo, CA) were diluted at 1:500 in 2% fish gelatin
in PBS, and cells were incubated for one hour
with the appropriate lectin. Binding was devel-
oped by addition of 3,3’,5,5’-tetramethylbenzidine
(TMB) solution (R&D Systems; Minneapolis, MN)

for 15–20 minutes. Sulfuric acid (H2SO4) was added
to stop the reaction, and plates were read on a
microplate reader at 450 nm. Each assay condition
was tested in triplicate for all experiments.

Generation of Lec3MyoDI cell lines

Pro−Lec3.4B cells (hereafter called Lec3
cells) were grown in Minimal Essential Media
alpha (MEM�, Thermo Fisher Scientific; Grand
Island, NY) supplemented with 10% fetal calf
serum, penicillin (100U/mL), and streptomycin
(100�g/mL) (Thermo Fisher Scientific; Grand
Island, NY). 1.75 × 106 Lec3 cells were plated
in a 10 cm dish, and 15�g of the pSINTREM
yoD hPGKrtTA2S M221306 sv40 hygro plasmid
was transfected using Mirus TransIT-X2 transfection
reagent according to manufacturer’s instructions.
After 72 hours, transfection media was removed
and fresh growth media was added with 300�g/mL
hygromycin B (Gold Biotechnology; St. Louis, MO).
Cells were allowed to grow in growth media with
300�g/mL hygromycin B (hereafter called selection
media) until death of all non-transfected cells had
occurred and the remaining stably transfected cells
became confluent. These cells are called Lec3MyoDI

(MyoD-inducible) cells.
To subclone Lec3MyoDI cells, 100�L of selection

media was added to each well of a 96-well plate.
200�L of Lec3MyoDI cell suspension was added at
2 × 104 cells/ml to each A1 well, and then 1:2 serial
dilutions were made down the column from A1 to H1,
with the volume in each well brought to 200�L. 1:2
serial dilutions were then made across each row, then
the final volume of all wells was brought to 200�L
using selection media. Wells with a single colony of
cells were selected for expansion.

Immunofluorescence staining

Lec3, Lec3MyoDI, and CHO cells were plated at
2 × 104 cells/well on a gelatin-coated glass cover-
slips in a 24-well dish. For pAAV.CMV.GNE plasmid
transfection, 2 × 104 cells were plated in each well
of a 24-well dish, and 500 ng of DNA was trans-
fected using Mirus TransIT-X2 transfection reagent
(Mirus Bio; Madison, WI) according to manufac-
turer’s instructions. After 48 hours, cells were fixed
with 4% PFA for 10 minutes. For staining with
anti-GNE antibody, cells were blocked with 2% fish
gelatin in PBS for 1 hour, then incubated with anti-
GNE antibody (HPAA027258, Sigma Aldrich; St.



800 D.A. Zygmunt et al. / Assays for GNE Gene Replacement and Potency

Louis, MO) at room temperature for 2 hours. Cov-
erslips were washed three times with PBS, incubated
with TRITC-conjugated MAA (EY Laboratories;
San Mateo, CA) and Cy2 AffiniPure Goat anti-
rabbit IgG (H+L) (Jackson ImmunoResearch; West
Grove, PA). Coverslips were then mounted on slides
using ProLong Gold antifade mountant with DAPI
(Invitrogen; Waltham, MA). For MyoD staining,
Lec3MyoDI were tested with and without doxycy-
cline, which was added at 2�g/mL to the appropriate
wells for 72 hours. Cells were blocked with 5% don-
key serum in PBS and then incubated with anti-MyoD
antibody (NBP1-54153, Novus Biologicals; Little-
ton, CO). Coverslips were washed three times with
PBS, incubated with Alexa Fluor Plus 555 donkey
anti-rabbit antibody (Invitrogen; Waltham, MA), and
then mounted with ProLong Gold antifade mountant
with DAPI.

Western blot

Cells were harvested and protein extracted using
RIPA Lysis and Extraction buffer (Thermo Scientific;
Waltham, MA) with EDTA and cOmplete Protease
Inhibitors (Millipore Sigma; St. Louis, MO) fol-
lowing manufacturer’s instructions. Protein amounts
were quantified using the MicroBCA Protein assay
(Thermo Scientific; Waltham, MA). 40�g of pro-
tein was incubated with NuPage LDS sample buffer
(Invitrogen; Carlsbad, CA) with �-mercaptoethanol,
boiled for 10 minutes, and separated on a Bolt 4–12%
Bis-Tris Plus gel (Invitrogen; Carlsbad, CA). Pro-
teins were transferred to a nitrocellulose membrane
and probed with anti-MyoD antibody (Novus Bio-
logicals; Littleton, CO). After washing, horseradish
peroxidase-coupled secondary antibody was added
and blots were developed using the ECL chemilu-
minescence method (Lumigen; Southfield, MI) after
further washing.

GNE potency assay

One day before plating cells, growth media was
removed from Lec3 cells (MEM� supplemented with
10% fetal bovine serum and penicillin/streptomycin)
and CHO cells (Ham’s F12 supplemented with
10% fetal bovine serum and penicillin/streptomycin).
Cells were rinsed once with PBS and placed in
Opti-MEM reduced-serum media (Thermo Fisher
Scientific; Waltham, MA). Plates were incubated
at 37◦C with 5% CO2. After 24 hours, cells were
trypsinized, plated at 25,000 cells/well (in 200�L

Opti-MEM) in 96-well plates, and incubated for
another 24 hours. Cells were then infected with AAV
at doses ranging from 104 to 107 multiplicity of infec-
tion (MOI) for 72 hours. After removal of media, cells
were washed once with PBS and fixed with 4% PFA
in PBS for 15 minutes at room temperature. Cells
were blocked for an hour at room temperature with
2% fish gelatin in PBS. HRP-conjugated Maackia
amurensis agglutinin (MAA, a combined mixture of
types I and II, EY Laboratories; San Mateo, CA) or
HRP-conjugated Concanavalin A (ConA) (EY Labo-
ratories; San Mateo, CA) was diluted at 1:500 in 2%
fish gelatin in PBS, and the cells were incubated with
lectin for one hour. 3,3’,5,5’-tetramethylbenzidine
(TMB) solution (R&D Systems; Minneapolis, MN)
was added for 15–20 minutes to develop lectin bind-
ing, and sulfuric acid (H2SO4) was added to stop
the reaction. Absorbance was read on a microplate
reader at 450 nm. Each assay condition was tested in
triplicate for all experiments.

Potency assays using Lec3MyoDI cells followed
the same protocol with the following modifications.
Growth media for Lec3MyoDI cells was MEM�
supplemented with 10% fetal bovine serum, peni-
cillin/streptomycin and 300�g/mL hygromycin B.
AAVs were tested with and without doxycycline,
which was added at 2�g/mL to the appropriate wells
with or without AAV for 72 hours.

Lectin binding to HEK293 cells

HEK293 cells were grown in MEM� sup-
plemented with 10% fetal bovine serum and
penicillin/streptomycin. Cells were plated in a 96-
well dish at 50,000 cells/well. After 24 hours,
serum-free media was added to cells. Cells remained
in serum-free media for a total of 4 days and were
then assayed for binding of HRP-conjugated lectins
with the same protocol used for MB135 cells and
GNE–/–MB135 cells.

Lectin binding to AAV capsid protein

A 96-well ELISA plate was coated with 0.2M
bicarbonate buffer, pH 9.4, overnight at 4◦C,
with some wells containing rAAVrh74.CMV.GNE,
rAAVrh74.MCK.GNE, or rAAVrh74.MHCK7.GNE
at 3 × 1010 particles/well. Wells were blocked for
an hour at room temperature with 2% fish gelatin
in PBS. HRP-conjugated Maackia amurensis agglu-
tinin (MAA, a combined mixture of types I and II),
HRP-conjugated Sambucus nigra agglutinin (SNA-
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1), HRP-conjugated Erythrina cristagalli agglutinin
(ECA), or HRP-conjugated Arachis hypogaea agglu-
tinin (PNA) (all from EY Laboratories; San Mateo,
CA) were diluted at 1:500 in 2% fish gelatin in
PBS and added to the appropriate wells for one
hour. Lectin binding was developed by addition
of 3,3’,5,5’-tetramethylbenzidine (TMB) solution
(R&D Systems; Minneapolis, MN) for 25 minutes,
and sulfuric acid (H2SO4) was added to stop the reac-
tion. Absorbance was read on a microplate reader at
450 nm. Each assay condition was tested in triplicate
for all experiments.

Mice

All animal experiments were conducted with
approval from the Institutional Animal Use and Care
Committee (IACUC) at The Research Institute at
Nationwide Children’s Hospital. Mice were fed food
and water ad libitum (Cat # 2919, Teklad Global
Rodent diet, Harlan, USA). 2 month-old C57Bl/6J
mice (000664, Jackson Laboratories; Bar Harbor,
ME) were weighed and then injected via the tail vein
with rAAVrh74.CMV.GNE, rAAVrh74.MCK.GNE,
or rAAVrh74.MHCK7.GNE at doses of 1 × 1014

vector genomes per kilogram body weight (vg/kg),
6.6 × 1013 vg/kg, 3.3 × 1013 vg/kg, 2 × 1013 vg/kg,
or 1 × 1013 vg/kg. After a 2 month incubation
period, mice were euthanized and muscles dissected
and analyzed for AAV biodistribution and GNE
gene expression. An additional cohort of untreated
4 month-old C57Bl/6J mice were analyzed for
expression of endogenous mouse Gne gene expres-
sion.

qPCR measures of AAV biodistribution

Qiagen DNeasy Blood and Tissue kit (Qiagen;
Germantown, MD) was used to extract DNA from
snap-frozen tissues following manufacturer’s proto-
col. 100 ng of DNA was assayed on an Applied
Biosystems 7500 Real-Time PCR System using a
primer designed in the lab and produced by Inte-
grated DNA Technologies (Coralville, IA): Forward
5’-GCC TGT ACG GAA GTG TTA CT-3’, Probe
5’-/56-FAM/TAG CCG CCA TGG AGA ATG /36-
TAMSp/-3’, and Reverse 5’-CCG CAG CTT TCG
GTT ATT TC-3’. The pAAV.CMV.GNE plasmid was
linearized with SwaI (New England Biolabs; Ipswich,
MA) and purified with Qiagen QIAquick Gel Extrac-
tion Kit for use as standard DNA. The linearized
standard was logarithmically measured from 50 to

50 million copies for use as a linear calibration, with
correlation coefficients always exceeding 0.98.

qRT-PCR measures of GNE/Gne mRNA tissue
ratios

RNA was isolated from snap-frozen tissues using
Trizol reagent (Invitrogen; Carlsbad, CA) and puri-
fied with Zymo Directzol RNA kit (Zymo Research;
Irvine, CA). RNA concentration was measured
using a nano-drop spectrophotometer (Thermo Fisher
Scientific; Waltham, MA) and 600 ng of RNA
was reverse transcribed using the High Capac-
ity cDNA Reverse Transcription kit from Applied
Biosystems (Applied Biosystems; Waltham, MA).
Primer/Probe sets for human GNE (Hs01103400 m1)
and mouse Gne (Mm00450174 m1) were purchased
from Applied Biosystems. All samples were mea-
sured on a Applied Biosystems 7500 Real-Time
PCR System, with results analyzed using the delta-
delta CT method [29] with 18S ribosomal (r)RNA
(4319413E, Applied Biosystems) as an internal ref-
erence. Delta CT values for human GNE (vs. 18S
rRNA) from AAV-infected tissues and mouse Gne
(vs. 18S rRNA) from uninfected wild type tissues
were compared to identify doses that yielded equiv-
alent delta CT values (GNE/Gne = 1).

Statistics

Determinations of significance when comparing 3
or more groups were done using one- or two-way
ANOVA with Tukey’s post-hoc test. Comparisons
between only 2 groups were done using an unpaired
two-tailed Student’s t test. All statistics were calcu-
lated using Prism software version 9.3.0 (GraphPad;
San Diego, CA).

RESULTS

Development of an AAV potency assay for GNE
gene therapy

Plant lectins that bind sialic acid, including
Maackia amurensis agglutinin (MAA) and Sambu-
cus nigra agglutinin (SNA), have commonly been
used to assess sialic acid (Sia) expression in cells
and tissues. MAA preferentially binds �2,3 linked
Sia, while SNA preferentially binds �2,6-linked
Sia. In addition, increased binding of lectins such
as peanut agglutinin (PNA) and Erythrina crista-
galli agglutinin (ECA), which bind Gal�1,3GalNAc
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Fig. 1. Lectin binding to GNE-deficient muscle and CHO cells. A. Lectin binding comparing human MB135 cells and GNE–/–MB135
cells at 5, 7, or 13 days after serum starvation. B. Percent reduction in Sia staining by MAA and SNA in GNE–/–MB135 cells compared to
MB135 control. C. Lectin binding comparing Chinese hamster ovary (CHO) cells and Lec3 cells, a Gne-deficient CHO cell line. D. Percent
reduction in Sia staining by MAA and SNA in Lec3 cells compared to normal CHO control. Errors are SD for n = 3–5/group (A–D). ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001 Maackia amurensis agglutinin, MAA; Sambucus nigra agglutinin, SNA, Peanut agglutinin, PNA;
Erythrina cristagalli agglutinin, ECA

or Gal�1,4GlcNAc respectively, can also reflect
reduced Sia, as Sia often caps these structures in a
manner that prevents lectin binding. We used these
lectins to assess the extent of reduced Sia expression
in GNE-deficient human MB135 muscle cells and
Gne-deficient Lec3 Chinese Hamster Ovary (CHO)
cells (Fig. 1).

MB135 cells are an immortalized myoblast cell
line made by Tapscott and colleagues [28]. Cas9-
CRISPR methods were used to induce deletion of
the GNE gene in these cells, selecting a GNE–/–

MB135 cell variant. We grew normal MB135 cells
and GNE–/– MB135 cells in the presence of serum
on ELISA plates for several days, after which
we induced differentiation into myotubes by place-
ment in serum-free media for 5, 7, or 13 days.
GNE–/–MB135 cells formed myotubes normally

and on the same schedule as MB135 cells(ns).
GNE–/–MB135 cells showed only a very modest
reduction in MAA binding compared to control
MB135 cells, with a maximal reduction of 24% at
13 days (Fig. 1A, B). SNA binding was reduced
even less, with a maximal reduction of 9% at 13
days (Fig. 1A, B). MAA and SNA binding in con-
trol MB135 cells was reduced by 24–25% from day
5 to day 13 day, a level equivalent to the greatest
differences seen between GNE–/–MB135 and nor-
mal MB135 cells on any given day. PNA and ECA
binding were increased significantly at all three time
points in GNE–/– MB135 cells relative to control
(Fig. 1A). These data suggest that serum starvation
over time in GNE–/–MB135 cells failed to create a
large deficit in binding of Sia-specific lectins, though
a trend toward reduced binding was evident.
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Fig. 2. Increased MAA staining after pAAV.CMV.GNE plasmid transfection of Lec3 cells. MAA, a sialic acid binding lectin (red), anti-GNE
antibody (green), and DAPI (blue) were used to stain Chinese Hamster Ovary (CHO) cells and Lec3 cells, a Gne-deficient CHO cell line.
Lec3 cells were either mock-transfected (no DNA) or transfected with the pAAV.CMV.GNE plasmid to express the human GNE gene. Bar
is 50�m.

We next compared CHO cells, which express
endogenous Gne activity, to the Lec3 CHO cell
variant, which lacks such activity [30]. Unlike GNE-
deficient muscle cells, there was a 50% reduction, on
average, in MAA binding in Lec3 cells compared to
normal CHO cells (Fig. 1C, D), while SNA bind-
ing was unchanged. PNA and ECA both showed
increased binding in Lec3 cells relative to normal
CHO cells (Fig. 1C).

Because Lec3 cells showed a more robust reduc-
tion in MAA binding, we next tested if reintroduction
of wild type GNE in Lec3 cells would recover Sia
expression in these cells. Lec3 cells showed minimal
to no MAA staining, while CHO cells were brightly
stained by MAA. Transfection of Lec3 cells with
pAAV.CMV.GNE plasmid led to human GNE pro-
tein expression and increased MAA staining (Fig. 2).
MAA also stained some untransfected Lec3 cells in
the transfection experiment, perhaps reflecting bind-

ing of secreted sialylated proteins from transfected
cells to their untransfected neighbors.

Reduced MAA binding was relatively constant in
Lec3 cells between 2 to 6 days of serum starvation, in
this experiment showing a reduction of 74–90% from
normal (Fig. 3A). We therefore decided to use MAA
binding in serum-starved Lec3 cells to assay changed
Sia expression resulting from GNE expression in
AAV gene therapy vectors. We infected serum-
starved Lec3 cells with of rAAVrh74.CMV.GNE
using doses from 104 MOI (multiplicities of infec-
tion) to 107 (Fig. 3B). Plating of even numbers of
cells was confirmed by Concanavalin A (ConA) bind-
ing, which binds mannose sugars [31, 32] and shows
unchanged binding in Lec3 cells relative to CHO cells
(ns). Potency was defined as the percentage MAA
binding in AAV-infected Lec3 cells relative to con-
trol CHO cells. Background signal from uninfected
Lec3 cells was subtracted from both conditions prior
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Fig. 3. Potency assay for rAAVrh74.CMV.GNE in Lec3 cells. A. MAA binding to CHO and Lec3 cells was compared after 2, 3, 4, or 6 days
of serum starvation. B. Lec3 cells starved of serum for 4 days were infected with rAAVrh74.CMV.GNE for the final 3 days and then assayed
for MAA binding. Percentage of normal CHO cell signal is reported for different doses. Errors are SD for n = 4/group in A and n = 6-7/group
in B (but with only one experiment for the 107 dose). ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001. MOI, multiplicities of infection

to performing the potency calculation. While there
was some experiment to experiment variability, infec-
tion with rAAVrh74.CMV.GNE caused a significant
increase in MAA binding with increasing dose; A
dose of 104 MOI, on average, replaced 20% of MAA
binding, a dose of 105 MOI replaced 60%, and a dose
of 106 replaced 100%. Thus, AAV infection of Lec3
cells can be used to assess AAV vector potency.

CHO cells are derived from an ovary and not from
muscle, so muscle-specific promoters such as MCK
and MHCK7 have little to no activity in these cells.
MyoD is a master regulator of skeletal muscle gene
expression [33, 34], and both MCK and MHCK7
have MyoD binding sites on their promoters. To
increase signal from muscle promoters, we stably
transfected Lec3 cells with a doxycycline (Dox)-
inducible MyoD expression plasmid (Lec3MyoDI).
Transfected Lec3 cells that had been batch-selected
were stained (Fig. 4A) and immunoblotted (Fig. 4B)
for MyoD either before or after addition of Dox.
No MyoD protein was seen in the absence of Dox,
while addition of Dox led to strong MyoD expression
in most, but not all, cells by 3 days after addition.
Immunoblotting showed strong Dox induction of
MyoD protein at 1, 2 or 3 days post-addition.

To improve uniformity of MyoD expression, we
isolated and expanded Lec3MyoDI single cell clones.
In clonal cultures, most cells showed consistent
MyoD expression by immunostaining (Fig. 4C) and
many clonal variants showed strong MyoD expres-

sion by immunoblotting (Fig. 4D). Some MyoD was
evident in these clonal cell cultures by western blot-
ting even in the absence of Dox addition, and this
may reflect leakiness in the tet-ON regulatory element
used to drive MyoD.

We expanded the DZ2.G3 Lec3MyoDI

cell clone and tested three different AAV
vectors bearing the human GNE gene:
rAAVrh74.CMV.GNE, rAAVrh74.MCK.GNE,
and rAAVrh74.MHCK7.GNE (Fig. 5). In the
presence of Dox, 106 MOI rAAVrh74.MCK.GNE
showed a 30% recovery of MAA binding and
rAAVrh74.MHCK7.GNE showed a 65% recovery.
rAAVrh74.CMV.GNE was more potent than AAVs
using the MCK or MHCK7 promoter at all doses
tested, even in the presence of MyoD.

Development of an assay to measure GNE gene
replacement in vivo

While the Lec3 cell potency assay allowed us to
demonstrate the activity of AAV vectors in increasing
Sia at various doses, we also wanted to determine the
dose at which AAV vectors would be able to replace
endogenous mouse Gne gene expression in skeletal
muscles in vivo with human GNE. We first tested
human-specific and mouse-specific oligonucleotide
primer/probe sets to see if they would give the same
output signal on their respective target transgenes
(Fig. 6). These primer/probe sets showed no signal
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Fig. 4. MyoD immunostaining and immunoblotting of Lec3MyoDI cells. (A) MyoD immunostaining (magenta) and DAPI staining (blue)
of batch-selected Lec3MyoDI cells is shown. Cells were grown in the presence or absence of Dox for 3 days. (B) MyoD immunoblot of
CHO, Lec3, and Lec3MyoDI cell lysates at different times after Dox addition. (C) Clonally selected Lec3MyoDI variant DZ2.G3 was
immunostained for MyoD (magenta) and stained with DAPI (blue). (D) Western blot of MyoD in CHO and Lec3MyoDI clonal variant cell
lysates, before or after addition of Dox for 3 days. Expected MW of native MyoD protein is 45kDa. Bar is 200�m for all panels in A and C.

Fig. 5. Potency assay of AAV vectors in Lec3MyoDI cells. AAV
potency assays were done to compare promoters (CMV, MCK,
or MHCK7) driving GNE expression for rAAVrh74 vectors in
Lec3MyoDI cells with or without doxycycline (Dox). Errors are
SD for n = 4/group.

against the transgene from the other species (ns) and
showed the same linear response to their host species
transgene. We also used the mouse-specific Gne
primer/probe set to measure the amount of endoge-

nous gene expression in non-AAV-treated wild type
mouse muscles and in non-muscle organs (Fig. 7).
When comparing such tissues to each other (and nor-
malizing to liver at 1), we found that the highest level
of mouse Gne gene expression occurred in the colon
and liver, much as in human studies (https://www.
proteinatlas.org/ENSG00000159921-GNE/tissue).
Skeletal muscles, including the quadriceps femoris
(quad), gastrocnemius (gastroc), triceps brachii (tri-
ceps), and tibialis anterior (TA) had the lowest levels
of gene expression. Gne expression in diaphragm
and heart muscle was higher than in limb muscles,
and this was also the case for kidney, lung, thymus,
spleen, ovary, and testes.

To measure the dose of human GNE required
to replace endogenous mouse Gne expression,
we treated wild type (C57Bl/6J) mice with
high doses (1 × 1014vg/kg, 6.6 × 1013vg/kg,
and 3.3 × 1013vg/kg) of rAAVrh74.CMV.GNE,
rAAVrh74.MCK.GNE, or rAAVrh74.MHCK7.GNE.
2-month-old mice were treated via intravenous
injection of the tail vein, and muscle expression was
analyzed at 2-months post-injection. No phenotypes

https://www.proteinatlas.org/ENSG00000159921-GNE/tissue
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Fig. 6. Comparison of human and mouse primer probe sets by
qPCR. qPCR was performed on human GNE cDNA using human-
specific (hGNE) primer-probe set or on mouse Gne cDNA using
a mouse-specific (mGne) primer-probe set. Cq is quantification
cycle. Errors are SD for n = 2/group.

Fig. 7. Relative expression of Gne in wild type mouse organs.
mRNA levels for mouse Gne were measured by qRT-PCR in var-
ious organs of wild-type (C57Bl/6J) mice. Levels of expression
were normalized to liver, set at 1. Errors are SD for n = 4/group.

were apparent as the result of any AAV injected,
and muscles appeared normal in H&E stains (ns).
We assessed the biodistribution of AAV vector
genomes (vgs) in each tissue and the mRNA ratio of
human GNE in AAV-infected mice to mouse Gne in
uninfected wild type mice (GNE/Gne), where human
GNE and mouse Gne levels were each independently
referenced to 18S rRNA expression (Table 1). While
the rAAVrh74 serotype is known to target heart and
skeletal muscles, it still is preferentially taken up
by liver [35]; vgs/nucleus were highest in the liver
for all three AAV vectors tested, ranging from 80
vg/nucleus at the highest dose to 12 vg/nucleus at

the lowest dose. Biodistribution in the heart ranged
from 11 to 3 vg/nucleus, while biodistribution in
the gastrocnemius muscle ranged from 3.6 to 0.6
vg/nucleus. For gastrocnemius and heart muscle
at the 3.3 × 1013 vg/kg dose, CMV and MHCK7
promoters showed a GNE/Gne ratio of 8.5 or
4.1, respectively, despite having only 1.3 or 0.6
vgs/nucleus present, while MCK showed a GNE/Gne
ratio of 0.6 with 0.7 vgs/nucleus present. GNE/Gne
ratios in the heart were higher for the 3.3 × 1013

vg/kg dose of CMV and MHCK7 than they were for
MCK, while the GNE/Gne ratio in the liver never
exceeded 0.4 for any promoter.

We next compared AAV doses of 3.3 × 1013 vg/kg,
2 × 1013 vg/kg, and 1 × 1013 vg/kg for all three
vectors, with additional skeletal muscles (quadri-
ceps femoris, triceps brachii, tibialis anterior, and
diaphragm) and non-muscle organs (kidney, lung,
thymus, colon, brain, spleen, ovary, and testes) tested
(Table 2). AAV biodistribution in skeletal muscles at
the 3.3 × 1013 vg/kg dose was, by and large, above
1vg/nucleus for all three vectors, while this dropped
to 1 or below for the two lower doses. AAV biodis-
tribution in the diaphragm was about twice that of
all limb muscles. At the 3.3 × 1013 vg/kg dose, the
GNE/Gne mRNA ratio for all five skeletal muscles,
averaged together, was 12 for CMV, 1.5 for MCK,
and 4.5 for MHCK7 (Table 2). These were all above
the targeted 1:1 ratio needed for complete replace-
ment of mouse Gne by human GNE. At the 2 × 1013

vg/kg dose, the muscle GNE/Gne average measure
was 2.6 and 2 for CMV and MHCK7, respectively,
and 0.3 for MCK. At the 1 × 1013vg/kg dose, this
same measure was 1 for CMV, 0.8 for MHCK7, and
0.1 for MCK. Thus, rAAVrh74.CMV.GNE, given IV
at a dose of 1 × 1013 vg/kg, would be sufficient to
provide Gne gene replacement in skeletal muscles.
MHCK7 would reach this measure at 2 × 1013vg/kg
and MCK at 3.3 × 1013vg/kg.

At the 1 × 1013 vg/kg dose, the GNE/Gne ratio
in the heart was greater than that seen in skele-
tal muscle, with CMV at 5.6, MCK at 0.3, and
MHCK7 at 2.7. Despite this, GNE/Gne values were
only as high as 0.4 in the liver (for MHCK7), 0.2
in the thymus (for CMV), and 0.6 in the ovaries
(for MHCK7). GNE/Gne values for kidney, lung,
colon, brain, spleen, and testes were all below 0.1
for all three promoters at this dose. Thus, an AAV
dose of 1 × 1013 vg/kg using CMV could induce
GNE expression to normal levels in skeletal mus-
cles without greatly increasing relative expression in
non-muscle tissues.
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Table 1
Screening of gene expression and biodistribution of AAA.GNE gene therapy vectors at high AAV doses in gastrocnemius muscle, heart, and

liver

GNE Expression Normalized to Wild-Type Endogenous Mouse Gne Expression
Gastrocnemius Heart Liver

3.3E13vg/kg 6.6E13vg/kg 1E14vg/kg 3.3E13vg.kg 6.6E13vg/kg 1E14vg/kg 3.3E13vg.kg 6.6E13vg/kg 1E14vg/kg

CMV 15.8 ± 1.5 54 ± 9.8 50.5 ± 11.3 32.4 ± 2 93.7 ± 13.4 100.1 ± 29.2 0.6 ± 0.03 1.0 ± 0.3 3.9 ± 0.9
MCK 1.4 ± 0.1 5.2 ± 0.8 7.7 ± 5.4 1.1 ± 0.2 3.3 ± 1.1 2.3 ± 0.8 0.7 ± 0.3 0.7 ± 0.2 1.6 ± 0.6
MHCK7 8.7 ± 1.7 40.4 ± 15.3 46 ± 20.6 24.4 ± 3.8 57.9 ± 9.5 71.1 ± 28.1 1.1 ± 0.6 1.3 ± 0.3 3.7 ± 1.0

Biodistribution of AAV (vg/nucleus)
Gastrocnemius Heart Liver

3.3E13vg/kg 6.6E13vg/kg 1E14vg/kg 3.3E13vg.kg 6.6E13vg/kg 1E14vg/kg 3.3E13vg.kg 6.6E13vg/kg 1E14vg/kg
CMV 1.3 ± 0.3 2.6 ± 1 3.6 ± 1.3 4.1 ± 0.5 8.2 ± 0.4 8.2 ± 1.9 12.5 ± 3.9 56.8 ± 31.7 83.2 ± 15.2
MCK 0.7 ± 0.1 1.3 ± 0.3 1.5 ± 0.5 2.7 ± 0.7 6.1 ± 2 4.9 ± 1.1 16.1 ± 7.2 30.3 ± 5.6 99.6 ± 58.4
MHCK7 0.6 ± 0.3 3.4 ± 1 3.3 ± 1.2 3.6 ± 1.6 9 ± 2.7 11.3 ± 2.6 39 ± 20.3 35.8 ± 5.6 41.5 ± 3.2

2 month-old wild type (C57Bl/6J) mice were dosed IV with rAAVrh74.GNE gene therapy vectors using different promoters (CMV, MCK, or
MHCK7). Human GNE transgene expression delivered by AAV gene therapy is normalized to endogenous mouse Gne gene expression found
in wild type tissue. AAV biodistribution of vector genomes (vg) per host nucleus is reported below. Errors are SD for n = 4 per condition.

One oddity of the in vivo study was that the trans-
duction of the AAV vectors into skeletal muscle
appeared to be different for various promoters even
though all three AAVs were produced using the same
rh74 serotype. For example, at the 3 × 1013vg/kg
dose, biodistribution in skeletal muscles of AAV con-
taining the CMV promoter averaged 4.1 vg/nucleus,
while it was 1.5 for MCK and 2.6 for MHCK7
(Fig. 8A). All of the AAVs we produced were made
by the triple transfection method in HEK293 cells,
where the expression plasmid to be packaged into
AAV was co-transfected along with a rep-cap plas-
mid, to make the capsid protein, and a third plasmid
to make additional necessary proteins. As each GNE
expression plasmid that was to be packaged into
AAV contained a unique promoter (CMV, MCK, or
MHCK7), transfection of these plasmids might also
lead to differential expression of GNE in HEK293
cells while the AAVs were being produced. We sur-
mised that the rAAVrh74 capsid protein itself might
therefore be differentially sialylated as the result of
transfection of these plasmids into HEK293 cells.

HEK293 cells are starved for serum for four days
after they are transfected with the three plasmids used
to make an AAV. Like GNE-deficient muscle cells and
Lec3 cells (Fig. 1), we found that serum starvation of
HEK cells for 4 days led to reductions in MAA and
SNA binding and to increased PNA and ECA bind-
ing (Fig. 8B). Transfection of the pAAV.CMV.GNE
plasmid in serum-starved HEK293 cells for four
days significantly increased MAA and SNA binding
(MAA by 30 ± 2% (p < 0.0001, n = 6/grp) and SNA
by 7 ± 0.2% (p < 0.01, n = 6/grp)), while transfection
of pAAV.MCK.GNE showed no increase for either
lectin.

We next assayed MAA and SNA binding to
the purified rAAV vectors used in this study
(Fig. 8C). MAA binding to rAAVrh74.CMV.GNE
and rAAVrh74.MHCK7.GNE was higher than
to rAAVrh74.MCK.GNE, and SNA binding was
10 times higher to rAAVrh74.CMV.GNE than to
rAAVrh74.MCK.GNE or rAAVrh74.MHCK7.GNE.
ECA and PNA binding were also ele-
vated for rAAVrh74.CMV.GNE relative to
rAAVrh74.MCK.GNE or rAAVrh74.MHCK7.GNE.
Thus, rAAVrh74.CMV.GNE production in HEK293
cells led to increased sialylation of its rAAVrh74
capsid protein relative to rAAVrh74.MCK.GNE and
rAAVrh74.MHCK7.GNE. While not proven here,
such glycosylation changes may help to explain
the altered transduction properties of the three
rAAVrh74 vectors.

DISCUSSION

The recent findings in ACE-ER sialic acid [17, 18]
and ManNAc [19] clinical trials suggest that gene
therapy merits serious consideration as an alternative
to glycan treatment for patients with GNE myopa-
thy. Gene replacement using AAV has recently been
shown to be successful in a number of monogenic
genetic diseases [36–39], but there are a number of
obstacles to its development for GNEM. We have
addressed two of those obstacles in this study: devel-
opment of an assay to demonstrate AAV potency in
producing sialic acid (Sia) and identification of doses
where AAV treatment can replace endogenous Gne
expression with human GNE in vivo.
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Table 2
Gene expression and biodistribution of AAA.GNE gene therapy vectors at lower AAV doses

GNE Expression Normalized to Wild-Type Endogenous Mouse Gne Expression

Promoter & Dose Quad Gastroc Tricep TA Diaphragm Average
of All
Muscles

Heart Liver Kidney Lungs Thymus Colon Brain Spleen Ovaries Testes

CMV @3.3E13 vg/kg 18.1 ± 3.4 15.8 ± 1.5 6.6 ± 2.1 11.3 ± 1.2 8.1 ± 1.6 12 ± 1.8 32.4 ± 2 0.6 ± 0.03 0.03 ± 0.01 0.4 ± 0.1 1.5 ± 0.9 0.003 ± 0.001 0.004 ± 0.001 0.04 ± 0.01 0.9 ± 0 0.2 ± 0.1
MCK @3.3E13 vg/kg 2.5 ± 0.3 1.4 ± 0.1 1.6 ± 0.4 1.4 ± 0.5 0.6 ± 0.2 1.5 ± 0.3 1.1 ± 0.2 0.7 ± 0.3 0.02 ± 0.01 0.03 ± 0.01 0.1 ± 0.02 0.001 ± 0.0002 0.004 ± 0.002 0.02 ± 0.01 0.3 ± 0.01 0.01 ± 0.002
MHCK7 @3.3E13 vg/kg 6.3 ± 1.4 8.7 ± 1.7 1.9 ± 0.4 4.1 ± 0.9 1.6 ± 0.4 4.5 ± 1.1 24.4 ± 3.8 1.1 ± 0.6 0.01 ± 0.003 0.03 ± 0.01 0.1 ± 0.03 0.0003 ± 0.0001 0.002 ± 0.0003 0.01 ± 0.004 0.2 ± 0.01 0.01 ± 0.0002

CMV @2E13 vg/kg 4.9 ± 2.6 3.0 ± 1 0.9 ± 0.2 1.7 ± 0.7 2.5 ± 0.7 2.6 ± 0.6 19.8 ± 4.8 0.5 ± 0.1 0.04 ± 0.01 0.1 ± 0.02 4.7 ± 1.9 0.001 ± 0.0004 0.003 ± 0.001 0.05 ± 0.01 0.8 ± 0.1 0.1 ± 0.03
MCK @2E13 vg/kg 0.5 ± 0.4 0.7 ± 0.4 0.1 ± 0.04 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.1 0.7 ± 0.2 0.2 ± 0.02 0.04 ± 0.02 0.02 ± 0.005 0.02 ± 0.01 0.0002 ± 0.0001 0.001 ± 0.0001 0.01 ± 0.001 0.1 ± 0.1 0.003 ± 0.001
MHCK7 @2E13vg/kg 2.6 ± 1.8 4.4 ± 2.4 0.8 ± 0.5 1.0 ± 0.5 1.1 ± 0.4 2 ± 0.7 9.1 ± 1.2 0.8 ± 0.1 0.1 ± .02 0.01 ± 0.02 0.7 ± 0.4 0.0004 ± 0.0002 0.002 ± 0.0005 0.1 ± 0.03 0.9 ± 0.3 0.01 ± 0.003

CMV @1E13 vg/kg 1.2 ± 0.7 1.3 ± 0.5 0.4 ± 0.2 1.1 ± 0.6 1 ± 0.3 1.0 ± 0.2 5.6 ± 1.8 0.2 ± 0.03 0.02 ± 0.004 0.04 ± 0.01 0.2 ± 0.1 0.0003 ± 0.0001 0.002 ± 0.0003 0.05 ± 0.02 0.02 ± 0.1 0.03 ± 0.001
MCK @1E13 vg/kg 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.03 0.2 ± 0.2 0.1 ± 0.04 0.1 ± 0.04 0.3 ± 0.1 0.1 ± 0.03 0.01 ± 0.01 0.01 ± 0.001 0.02 ± 0.01 0.0002 ± 0.00001 0.001 ± 0.0003 0.01 ± 0.01 0.1 ± 0.1 0.003 ± 0.00005
MHCK7 @1E13vg/kg 1.5 ± 1.2 1.0 ± 0.4 0.4 ± 0.2 0.6 ± 0.4 0.8 ± 0.3 0.8 ± 0.2 2.7 ± 0.5 0.4 ± 0.1 0.01 ± 0.002 0.02 ± 0.01 0.1 ± 0.04 0.0002 ± 0.00003 0.001 ± 0.0002 0.01 ± 0.01 0.6 ± 0.2 0.01 ± 0.003

Biodistribution of AAV (vg/nucleus)

Promoter & Dose Quad Gastroc Tricep TA Diaphragm Average
of All
Muscles

Heart Liver Kidney Lungs Thymus Colon Brain Spleen Ovaries Testes

CMV @3.3E13 vg/kg 4.7 ± 0.6 1.3 ± 0.2 2.9 ± 0.4 4.9 ± 0.8 6.5 ± 2 4.1 ± 0.5 4.1 ± 0.5 12.5 ± 3.9 1.6 ± .5 1.9 ± 0.4 1.4 ± 0.7 1.4 ± 0.4 0.2 ± 0.1 0.4 ± 0.2 2.2 ± 1.4 0.1 ± 0.0003
MCK @3.3E13 vg/kg 1.6 ± 0.5 0.7 ± 0.1 1.3 ± 0.2 0.9 ± 0.2 3.0 ± 1.2 1.5 ± 0.3 2.7 ± 0.7 16.1 ± 7.2 1 ± 0.2 0.9 ± 0.3 0.6 ± 0.1 0.4 ± 0.3 0.04 ± 0.01 0.4 ± 0.1 1.6 ± 0.4 0.02 ± 0.002
MHCK7 @3.3E13 vg/kg 2.7 ± 0.7 0.6 ± 0.2 2.5 ± 1.1 2.5 ± 0.3 4.6 ± 1.3 2.6 ± 0.4 3.6 ± 1.6 39 ± 20.3 1.5 ± 0.4 2.9 ± 1.3 1.4 ± 0.8 0.3 ± 0.1 0.1 ± 0.03 0.5 ± 0.2 4.8 ± 0.02 0.04 ± 0.01

CMV @2E13 vg/kg 0.4 ± 0.2 0.6 ± 0.2 0.3 ± 0.1 0.5 ± 0.1 2.2 ± 1.6 0.8 ± 0.3 3.7 ± 0.5 79 ± 41.1 0.8 ± 0.1 1.8 ± 0.2 3 ± 1.5 0.3 ± 0.3 0.05 ± 0.01 0.4 ± 0.1 2.7 ± 1.1 0.1 ± 0.02
MCK @2E13 vg/kg 0.3 ± 0.05 0.6 ± 0.1 0.3 ± 0.02 0.5 ± 0.1 1.2 ± 0.6 0.6 ± 0.1 1.7 ± 0.4 59.2 ± 9.4 0.7 ± 0.3 0.7 ± 0.1 0.8 ± 0.5 0.3 ± 0.1 0.03 ± 0.02 0.4 ± 0.1 5.9 ± 4.9 0.1 ± 0.04
MHCK7 @2E13 vg/kg 0.7 ± 0.1 1.0 ± 0.2 0.8 ± 0.1 1.0 ± 0.1 1.7 ± 0.7 1.1 ± 0.2 3.1 ± 0.3 82.6 ± 14 1.1 ± 0.3 0.8 ± 0.2 1.1 ± 0.4 0.4 ± 0.1 0.03 ± 0.01 0.3 ± 0.1 2.6 ± 0.1 0.05 ± 0.02

CMV @1E13 vg/kg 0.4 ± 0.2 0.4 ± 0.1 0.4 ± 0.1 0.6 ± 0.2 2.9 ± 1.6 0.9 ± 0.3 0.8 ± 0.1 19 ± 2.7 0.2 ± 0.04 0.3 ± 0.03 0.1 ± 0.1 0.1 ± 0.1 0.003 ± 0.001 0.1 ± 0.04 0.4 ± 0.2 0.02 ± 0.01
MCK @1E13 vg/kg 0.4 ± 0.1 0.4 ± 0.1 0.2 ± 0.1 0.4 ± 0.2 0.9 ± 0.5 0.5 ± 0.1 0.4 ± 0.2 14.8 ± 3.8 0.2 ± 0.1 0.2 ± 0.02 0.2 ± 0.1 0.1 ± 0.05 0.01 ± 0.005 0.04 ± 0.01 1.2 ± 0.5 0.004 ± 0.004
MHCK7 @1E13vg/kg 0.5 ± 0.3 0.4 ± 0.1 0.4 ± 0.05 0.4 ± 0.1 0.8 ± 0.3 0.5 ± 0.1 0.9 ± 0.5 15.3 ± 5.3 0.2 ± 0.1 0.04 ± 0.02 0.2 ± 0.1 0.1 ± 0.03 0.02 ± 0.004 0.2 ± 0.1 0.2 ± 0.1 0.01 ± 0.01

2 month-old wild type (C57Bl/6J) mice were dosed IV with rAAVrh74.GNE gene therapy vectors using different promoters (CMV, MCK, or MHCK7). Human GNE transgene expression delivered
by AAV gene therapy is normalized to endogenous mouse Gne gene expression found in wild type tissue, with AAV biodistribution of vector genomes (vg) per host nucleus reported below. Errors
are SD for n = 4 per condition (2 males and 2 females), or n = 2 per condition for gonads. Quad, quadriceps femoris; Gastroc, gastrocnemius; tricep, triceps brachii; TA, tibialis anterior.
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Fig. 8. Altered biodistribution and glycosylation of AAV vectors. (A) AAV biodistribution of rAAVrh74 vectors in five skeletal muscles
(TA, gastroc, quad, triceps, diaphragm) after IV dosing at 3.3 × 1013vg/kg. (B) Lectin binding to human embryonic kidney 293 (HEK293)
cells grown with or without serum for 4 days. (C) Lectin binding to purified rAAVrh74 containing the CMV, MCK, or MHCK7 promoter
with GNE. All AAV vectors were produced in serum-starved HEK293 cells. Errors are SD for n = 5/group (A), 12/group (B), or 3/group (C).
∗p < 0.05, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001

An AAV potency assay is necessary to describe
the function and stability of clinical production lots
of AAV. The FDA requires that AAV potency be
reported for each clinical AAV lot in each year that it
is used. Our AAV potency assay takes advantage of
a CHO mutant cell line, Lec3 [30], that is deficient
in Gne enzyme activity. When placed in serum-free
media, Lec3 cells show reduced, though not absent,
binding of the Sia-binding lectin MAA. Without
serum starvation, Lec3 cells show no deficit in Sia,
as serum contains large amounts of Sia that cultured
cells can consume and utilize. Reduced MAA binding
was also seen in GNE-deficient human muscle cells
(GNE–/–MB135) placed in serum-free media, but the
extent of reduced binding was much greater for Lec3

cells than for GNE–/–MB135 cells. The difficulty in
working with muscle cell lines to develop a potency
assay include the fact that myoblasts differentiate in
the absence of serum, meaning only myotube or dif-
ferentiated myoblast cultures can be assayed after
days in the serum-free media. Myotube cell cultures
also secrete extracellular matrix proteins that can
stick on the plate and remain there for long periods of
time after serum is removed. Thus, myotube cultures
likely have increased the expression of stably sialy-
lated proteins relative to non-muscle cell lines, and
this lessens the window for seeing lower Sia levels
after serum removal. MAA, which binds �2,3-linked
sialic acids, showed reduced binding in both Lec3 and
GNE–/–MB135 cells, but, SNA, which binds �2,6-
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linked sialic acids, showed less change. While both
Lec3 and GNE–/– human muscle cells showed ele-
vations in PNA and ECA binding, two lectins that
are unmasked when Sia is removed from subterminal
glycan structures, these lectins do not directly bind
Sia. Therefore, MAA, which does bind Sia, provides
the best direct measure of changed Sia expression.

Lec3 cells provided a robust cell line to test
potency of AAV vectors. CHO cells are not of a
myogenic origin, so Lec3 cells cannot be used to
assay some muscle-specific promoters such as MCK.
To address this, we stably transfected an inducible
Tet-ON MyoD expression plasmid into Lec3 cells
to stimulate increased responsiveness to muscle-
specific promoters after doxycycline (Dox) addition.
The MCK and MHCK7 promoters both responded
better in Lec3 potency assays when MyoD was
expressed. CMV, however, yielded higher potency
than MCK or MHCK7, even in the presence of MyoD.

One of the most important facets of developing
a gene therapy for clinical use is understanding the
dose at which gene replacement has therapeutic
value. Because of the variable disease outcomes of
current GNEM disease mouse models [9–12, 22,
40], we bypassed their study here and instead asked
what AAV dose would be required to induce human
GNE expression in wild type mouse muscles at a
level that was equivalent to the endogenous mouse
Gne gene. While such studies do not demonstrate
prevention of disease, and while they also do not
consider possible differences between gene and
protein expression, they provide an important
foundation for dosing of AAV vectors in GNEM
patients. Intravenous dosing of AAV vectors
that either used a strong constitutive promoter
(rAAVrh74.CMV.GNE) or a strong “muscle-
specific” promoter (rAAVrh74.MHCK7.GNE)
allowed 1:1 GNE:Gne gene replacement at a dose
of 1 × 1013vg/kg or 2 × 1013vg/kg, respectively,
averaged over five different skeletal muscles. This
dose is about 10 times lower than the dose of
rAAVrh74.MHCK7.micro-dystrophin (DMD) or
rAAV9.CBA.SMN gene therapy currently being
used to treat Duchenne muscular dystrophy or spinal
muscular atrophy type 1 [36, 37]. The lowered dose
requirement likely reflects the fact that endogenous
Gne gene expression is quite low in skeletal muscles,
making the amount of human GNE needed to replace
it equivalently lower.

Use of CMV to express GNE also altered sia-
lylation in serum-starved HEK293 cells that are
used to make AAV vectors. This led to increased

glycosylation of the AAV capsid for rAAVrh
74.CMV.GNE relative to rAAVrh74.MCK.GNE and
rAAVrh74.MHCK7GNE. Such a difference in glyco-
sylation for rAAVrh74.CMV.GNE may help improve
muscle transduction for this vector. While glycosyla-
tion in serum-starved HEK293 cells, which express
GNE, was less changed than was the case in Lec3
cells (which do not express functional Gne), the large
amount of capsid protein produced with the triple
transfection method in HEK293 cells may stress the
glycosylation system, leading to more significant
changes for this protein. Future work is needed to
prove a direct relationship between altered capsid gly-
cosylation and altered AAV transduction, but these
data suggest that altered Sia on AAV capsids may
change their therapeutic potential.

Because of the low dose needed to achieve
gene replacement in skeletal muscles, use of the
constitutive CMV promoter led to only modest lev-
els of GNE overexpression in non-muscle tissues.
rAAVrh74.CMV.GNE yielded 1:1 gene replacement,
on average, at 1 × 1013 vg/kg, in skeletal muscles,
but this dose only elevated liver GNE expression 0.2-
fold despite transduction with 19 vector genomes per
liver cell nucleus. The only non-muscle organ of con-
cern here was the heart, where GNE expression was
5-6 times normal at this dose. GNE enzyme activ-
ity is negatively regulated by CMP-Sia [41], the last
step in the Sia biosynthetic pathway, so increased
GNE expression in heart may not necessarily result
in excessive Sia production. Regardless, these data
suggest that use of constitutive promoters may be a
viable option to deliver gene replacement to mus-
cles in GNE myopathy. Because certain glycoproteins
containing Sia are delivered to muscle from other
organs, particularly the liver [8], and because GNE is
normally expressed in all tissues and its mutation may
have disease impacts outside muscle, for example
thrombocytopenia [42–46] and motor neuron disease
[47–49], it may be that use of a constitutive promoter
for AAV gene therapy would facilitate a more com-
plete recovery of function for GNEM patients than
would use of muscle-specific promoters.

CONCLUSION

In the present study, an assay was developed to
assess the potency of AAV vectors expressing the
GNE gene to make sialic acid. Such an assay will
allow different lots of AAV vectors expressing GNE
to be compared for potency and will allow an assess-
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ment of AAV stability over time. This study also
demonstrated that rAAVrh74.CMV.GNE can be used
to replace endogenous mouse Gne with human GNE
at a relatively low dose, and that this dose caused little
GNE overexpression in non-muscle tissues. There-
fore, AAV vectors that utilize constitutive promoters
to express GNE could be used to treat GNE myopathy
in a way that might not significantly impact non-
muscle organs.
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