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N-acetylneuraminate pyruvate lyase controls sialylation
of muscle glycoproteins essential for muscle
regeneration and function
Afitz Da Silva1, Junio Dort1, Zakaria Orfi1, Xuefang Pan1, Sjanie Huang2, Ikhui Kho1,3,
Emilie Heckel1, Giacomo Muscarnera1, Patrick Piet van Vliet1, Luisa Sturiale4, Angela Messina4,
Donata Agata Romeo4, Clara D.M. van Karnebeek5, Xiao-Yan Wen6, Aleksander Hinek7,
Thomas Molina1, Gregor Andelfinger1, Benjamin Ellezam1, Yojiro Yamanaka8,
Hernando J. Olivos9, Carlos R. Morales3, Jean-Sébastien Joyal1, Dirk J. Lefeber2,10,
Domenico Garozzo4, Nicolas A. Dumont1,11*, Alexey V. Pshezhetsky1,3*

Deleterious variants inN-acetylneuraminate pyruvate lyase (NPL) cause skeletal myopathy and cardiac edema in
humans and zebrafish, but its physiological role remains unknown. We report generation of mouse models of
the disease:NplR63C, carrying the human p.Arg63Cys variant, andNpldel116with a 116-bp exonic deletion. In both
strains, NPL deficiency causes drastic increase in free sialic acid levels, reduction of skeletal muscle force and
endurance, slower healing and smaller size of newly formed myofibers after cardiotoxin-induced muscle
injury, increased glycolysis, partially impaired mitochondrial function, and aberrant sialylation of dystroglycan
andmitochondrial LRP130 protein. NPL-catalyzed degradation of sialic acid in the muscle increases after fasting
and injury and in human patient and mouse models with genetic muscle dystrophy, demonstrating that NPL is
essential for muscle function and regeneration and serves as a general marker of muscle damage. Oral admin-
istration of N-acetylmannosamine rescues skeletal myopathy, as well as mitochondrial and structural abnormal-
ities in NplR63C mice, suggesting a potential treatment for human patients.
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INTRODUCTION
Sialic acids (Sia) constitute a family of negatively charged sugars
with a nine-carbon backbone that are found in almost all living or-
ganisms. Sia show wide diversity in structures mainly arising from
presence of different substitutions in the carbon ring, most
common being N-acetylneuraminic acid (Neu5Ac) found in all
mammalians, including humans, and N-glycolylneuraminic acid
(Neu5Gc) found in nonhuman mammalians. Sia are important
components of glycan chains in glycoproteins and glycolipids and
are involved in cellular communication, migration, adhesion, tumor
cell metastases, and infection processes (1). Sia are cleaved from sia-
loglycans by sialidases (neuraminidases) followed by recycling of Sia
in biosynthesis, or by their degradation into N-acetylmannosamine
(ManNAc) and pyruvate by N-acetylneuraminate pyruvate lyase
(NPL) (2–4).

Six inherited disorders affecting Sia metabolism have been iden-
tified. Three are associated with a decreased free Sia production:
GNE myopathy (GNE mutations, Online Mendelian Inheritance
inMan (OMIM) 605820), manifesting with the distal muscle weak-
ness leading patients to a wheelchair-bound state (5); spondyloepi-
metaphyseal dysplasia, Genevieve type (NANS mutations, OMIM
610442), causing severe neurodevelopmental delay and skeletal dys-
plasia (6); and congenital disorder of glycosylation, type IIf (OMIM
603585), caused by cytidine monophosphate (CMP)–Sia transport-
er deficiency (SLC35A1 mutations) and presenting with protein-
uria, macro-thrombocytopenia, and neurological disease (7–9).
The remaining three, associated with increased levels of free Sia,
are French-type sialuria (OMIM 269921, GNE mutations), leading
to developmental delays (10), and infantile sialic storage/Salla
disease (OMIM 269920/604369, SLC17A5mutations), causing pro-
gressive neurologic deterioration and resulting in psychomotor
delay, spasticity, athetosis, and epileptic seizures (11). No specific
therapies for any of these diseases have been approved yet, high-
lighting the need of further research in this area (12).
Recently, we have identified a previously unknown inherited dis-

order of Sia metabolism associated with NPL deficiency. We de-
scribed two deleterious NPL variants (p.Arg63Cys and
p.Asn45Asp) in a compound heterozygous state in a patient who
presented with cardiomyopathy, mild skeletal myopathy, and sen-
sorineural hearing loss symptoms. Same variants were present in
the proband’s older female sibling, who also reported skeletal
muscle weakness and limited ability to exercise. Both patients se-
creted high levels of free Sia in their urine. We further demonstrated
that both p.Arg63Cys and p.Asn45Asp variants affected NPL activ-
ity in vitro. p.Arg63Cys caused almost complete loss of enzymatic
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activity, while the p.Asn45Asp variant retained ~30% of NPL activ-
ity (13). Zebrafish npl knockdown embryos had severe skeletal my-
opathy and cardiac edema, confirming an essential role of NPL in
muscle function (13). However, because of the large difference
between human and fish biology, generation of a mammalian
model is required for better understanding of NPL myopathy and
development of a therapy.
Here, we describe the first mammalian models of NPL defi-

ciency, a knock-in NplR63C mouse strain carrying the human mis-
sense mutation p.Arg63Cys and a knockout Npldel116 strain with a
116–base pair (bp) exonic deletion in the mouse Npl gene. We
report that homozygous NPL-deficient mice present skeletal myop-
athy and delayed muscle regeneration after injury. BothNplR63C and
Npldel116mice show drastic increase in free Sia in the urine, demon-
strating that the enzyme is essential to control levels of this metab-
olite. We also demonstrate that skeletal myopathy in the NplR63C
strain is rescued by treatment with the downstream metabolite of
Sia, ManNAc. Together, our results provide new insights into the
role of Sia catabolism in mammals and suggest an essential role
for NPL in muscle function and regeneration likely via mitochon-
drial energy production. They also support future evaluation of
ManNAc as a potential treatment for NPL myopathy in humans.

RESULTS
Homozygous NplR63C and Npldel116 mice show NPL
deficiency in tissues and elevated levels of free Sia in urine
NPL-deficient mouse strains were generated essentially as described
(14) and genotyped as shown in fig. S1. Genotyping of the offspring
from heterozygous crosses revealed a frequency of 23.3% for
NplR63C knock-in and 18.75% for Npldel116 knockout homozygous
mutants compatible with the expected Mendelian frequency of
25%. Homozygous NplR63C and Npldel116 mice, females and males,
were fertile and produced normal litter sizes.
Enzymatic NPL activity was measured, as we have previously de-

scribed (13), in the tissues of NplR63C and Npldel116 mice and their
wild-type (WT) counterparts using Neu5Ac as a substrate (Fig. 1A).
In WT mice, the highest levels of NPL activity were detected in the
intestine (80 nmol hour mg−1), followed by the kidney, spleen, and
stomach. Considerable NPL activity (20 to 25 nmol hour mg−1) was
also detected in skeletal muscles, lungs, and brain, whereas, in the
liver and heart, activity levels were below 10 nmol hour mg−1. In all
studied tissues of homozygous NplR63C and Npldel116mice, NPL ac-
tivity was reduced to background levels, consistent with our previ-
ous report on the deleterious character of the R63C change in the
human protein (13). In contrast, Npl mRNA levels were drastically
different in the knockout and knock-in mice: While mRNA levels
measured by real-time quantitative polymerase chain reaction
(qPCR) in kidney tissues of homozygous NplR63C and WT mice
were similar, the Npl transcript could not be detected in homozy-
gous Npldel116 mice (Fig. 1B). To analyze NPL protein levels by im-
munoblot, we used kidney tissues, where the enzyme shows one of
the highest expression levels. A presence of a 36-kDa NPL cross-re-
acting protein band was detected in tissues of WT animals but not
in both mutant strains (Fig. 1C). These results, together with our
previous data obtained in human embryonic kidney (HEK) 293
cells overexpressing human R63C mutant NPL variant (13), were
consistent with the suggestion that theNpldel116 transcript is degrad-
ed by the nonsense-mediated decay process, whereas the NplR63C

transcript produces unstable mutant protein. Independently of
the mechanism, NPL enzyme activity is reduced to the background
level in tissues of both mice.
Substantially elevated levels of free Sia were detected in urine of

the human patient carrying the R63C NPL variant (13). To test
whether sialuria was recapitulated in the mouse models, we mea-
sured the concentration of free total Sia in the urine and found
that both NplR63C and Npldel116 mice showed a notable increase of
free Sia levels (Fig. 1D).

Homozygous NPL-deficient mice demonstrate skeletal
muscle weakness but normal heart development and
function
The gross phenotypic appearance of homozygous Npldel116 and
NplR63C mice was indistinguishable from their normal littermates.
They also showed a normal behavior in Y-maze test, suggestive of
a normal cognitive ability at 4 months of age (fig. S2). General ex-
amination and microscopic analysis of organs and tissues with de-
tectable NPL expression, including colon, kidney, stomach, spleen,
skeletal muscles, brain, lungs, liver, and heart, also did not reveal
obvious pathological changes. Nevertheless, since myopathy and
cardiomyopathy are the two major clinical features of the human
patients, we have further analyzed skeletal muscle and heart func-
tion in NPL-deficient mouse strains. This analysis revealed an early-
onset muscle weakness in several neuromuscular tests in both
strains (Fig. 2). In particular, animals have shown significantly
reduced latency to fall in the hindlimb and front limb suspension
tests performed at the ages of 10 days and 6 weeks, respectively
(Fig. 2, A and B), suggesting reduced muscle strength, increased
fatigue, and/or low endurance. Reduction of muscle strength was
confirmed by the results of grip strength test conducted at 10
weeks (Fig. 2C) and the measurements of isometric contractile
properties of the extensor digitorum longus (EDL) muscle ex vivo
(Fig. 2, D and E). The latter test directly demonstrated a significant
reduction of the maximum tetanic force and specific force for
Npldel116 and NplR63C mice compared to WT mice. After repeated
contractions (60 stimulations), EDL muscles from Npldel116
showed increased fatigue compared to WT and muscles from
NplR63C mice, a trend toward higher fatigue (Fig. 2F). At the same
time, muscle mass measured as a ratio of quadriceps, triceps, gas-
trocnemius, and tibialis anterior muscle mass to the body mass was
similar in Npldel116 and NplR63C mice and their WT counterparts
(Fig. 2G). All mice also showed a normal body mass gain
(Fig. 2H). The quantification of fiber diameters of quadriceps
muscle showed a shift toward somewhat smaller diameter size in
Npldel116 and NplR63C mice (significant reduction of the fibers
with a 50 to 60 μm diameter) compared to WT mice (Fig. 2I).
In contrast, unlike the human patient and npl-deficient zebrafish

embryos (13), the NplR63C mice presented normal heart develop-
ment and function (fig. S3). Heart mass normalized to body
mass, measured at the age of 7 months, was similar in NplR63C
mice and their WT counterparts (fig. S3A). The heart rate, left ven-
tricular ejection fraction (LVEF), left ventricular end-diastolic di-
mension (LVEDD), and left ventricular end-systolic dimension
(LVESD), measured by echocardiography inNplR63Cmice, although
showing a trend to reduction, were not significantly different from
those in the WT mice (fig. S3, B to E). Since the NPL protein and
activity were equally reduced in the knock-in and knockout strains,
the heart function has not been studied in Npldel116 mice.
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NplR63C mice show slower healing and smaller myofibers
after cardiotoxin-induced muscle injury
Since the reduced myofiber size and muscle strength in NPL-defi-
cient mice could potentially implicate alterations in muscle regen-
eration, we analyzed formation of new muscle fibers during muscle
healing after cardiotoxin-induced injury. For this experiment, we
have selected the knock-in NplR63C strain, since the results obtained
with this model could be directly translated to human patients with
the same molecular defect. Intramuscular injections of cardiotoxin
were performed into the right tibialis anterior muscle under general
anesthesia. The muscles were harvested 14 and 21 days after injury
(i.e., at the stages of myofiber formation/maturation and return to
homeostasis, respectively) and cut cross-sectionally to quantify di-
ameter of newly formed fibers, number of central nuclei per fiber,
and the number of myogenin-positive cells. Assessment of histolog-
ical changes in skeletal muscles at 14 and 21 days into the regener-
ation process showed that healing was more advanced in WT than
in NplR63C mice, which still had a strong regeneration deficit at 21
days after injury (Fig. 3A). At 21 days after injury, the diameters of

newly formed fibers in NplR63C mice were smaller compared with
those in WT mice (Fig. 3, B and C). Fourteen days after cardiotoxin
injection, the number of myogenin-positive cells in muscles of
NplR63Cmice was significantly reduced compared toWT, indicating
that mostmyogenic precursor cells lacked proper differentiation po-
tential (Fig. 3, D and E).

ManNAc therapy rescues muscle weakness and muscle
regeneration defects in NplR63C mouse model
Previously, we were able to demonstrate the rescue of the heart and
muscle phenotype in npl-deficient zebrafish embryos by treatment
with metabolites downstream of the NPL-catalyzed reaction, with
ManNAc showing the highest activity (13). We, thus, decided to
test whether this compound could also rescue muscle weakness in
NPL-deficient mice. NplR63C breeding pairs were administered
water or water supplemented with ManNAc [5 mg/ml; ~1.0 g
kg−1 body weight (BW) day−1]. The treatment continued for the
nursing females as well as for the offspring after weaning and
until the time of analysis. At this dose, ManNAc was well tolerated

Fig. 1. HomozygousNplR63C andNpldel116mice showNPL deficiency in tissues andmassive urinary excretion of free Sia. (A) NPL activity in homogenates of skeletal
muscles, visceral organs, and brain of NplR63C, Npldel116, and WT mice. (B) Relative NplmRNA levels in kidney of NplR63C, Npldel116, and WT mice. Four mice (two males/two
females) were analyzed for each group. Statistical analyses were performed using a one-way analysis of variance (ANOVA) with Tukey post hoc test. (C) Western blot of
mouse kidney tissues showing an absence of 36-kDa NPL cross-reacting protein band in both NplR63C and Npldel116mice. A lysate of HEK cells transfected with a plasmid
expressingWT human FLAG-(DYKDDDDK)–taggedNPL [molecular weight (MW), 37 kDa] was used as a positive control. Bottom panel shows a loading control, β-actin. (D)
Total free Sia concentration in the urine of WT, NPLR63C, and NPLdel116 mice. Four mice (two males/two females) were analyzed for each group. Statistical analyses were
performed using a one-way ANOVA with Tukey post hoc test.
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by mice, and no side effects that could be potentially attributed to
the treatment were detected. Muscle strength was measured by hin-
dlimb suspension test at postnatal day 10, front limb suspension test
at 6 weeks, and grip test at 10 weeks of age. The maximum tetanic
force and specific force of the EDL muscle was also measured at the
age of 10 weeks (Fig. 4, A to E). In all four functional tests, the
treated NplR63C mice showed a performance similar or close to
that of WT mice. In contrast, no significant improvement of

muscle strength was observed in NplR63C mice treated with the
lower ManNAc dose (1 mg/ml; ~0.2 g kg−1 BW day−1) (Fig. 4A).
Six-week-old NplR63C mice, treated since birth with ManNAc

(1.0 g kg−1 BW day−1), retained normal muscle strength, as mea-
sured by the front limb suspension test 24 hours after being with-
drawn from the drug (Fig. 4B), suggesting that the treatment
restores structural defects in the muscle rather than provides an
acute metabolic compensation. To verify this, ultrastructural orga-
nization of muscle fibers in WT, NplR63C, and ManNAc-treated

Fig. 2. HomozygousNplR63C andNpldel116mice display amuscleweakness. (A) Hindlimb suspension test withWT (n = 9, 5males and 4 females), NplR63C (n = 7, 4males
and 3 females), and Npldel116 (n = 10, 5 males and 5 females) 10-day-old mice. (B) Front limb suspension test withWT (n = 13, 8 males/5 females), NplR63C (n = 13, 7 males/6
females), and Npldel116 (n = 10, 5males and 5 females) 6-week-oldmice. (C) Grip strength test withWT (n = 7, 4males and 3 females), NplR63C (n = 7, 4males and 3 females),
and Npldel116 (n = 7, 3 males/4 females) 10-week-old mice. All statistical analyses were performed using a one-way ANOVA test with Tukey post hoc test. Isometric con-
tractile properties of EDLmuscles shown as specific force (D) andmaximum force (E) in 2-month-oldWT,Npldel116, andNplR63Cmice. Data are presented asmeans ± SEM of
n = 6 (3 males and 3 females) mice for each group. Statistical analysis was performed using a two-way ANOVA test with a Bonferroni post hoc test, ***P < 0.001, ****P <
0.0001. ns, not significant. (F) Ex vivo isometric fatigue characteristics of EDLmuscle fromWT,Npldel116, and NplR63Cmice. Bar graph shows percent of initial force produced
after 60 contractions. (G) Mass of quadriceps, triceps, gastrocnemius, and tibialis anterior muscles is normal in 2-month-old WT, NplR63C, and Npldel116mice (n = 6, 3 males
and 3 females for each genotype). (H) Npldel116 and NplR63C mice show normal body mass gain (n = 4 per sex per genotype). (I) Distribution of myofiber diameters in 2-
month-old WT, NplR63C, and Npldel116mice. Diameters of myofibers were quantified by morphometric analysis of quadriceps sections, labeled for laminin (red), from WT,
Npldel116, and NplR63Cmice using ImageJ; n = 3 per sex per genotype. Scale bar, 150 μm. Statistical analyses were performed using two-way ANOVA test with a Bonferroni
post hoc test, ****P < 0.0001.
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NplR63C mice was further studied by transmission electron micros-
copy (TEM) (Fig. 4, F to H). In the tissues from NplR63C mice,
branched fibers and nonspecific myopathic signs (Fig. 4F), nonde-
tectable in WT or ManNAc-treated NplR63C mice, were observed.
Besides, the myofibers from NplR63C mice had irregular shapes
and, in general, were smaller than those in the muscles of WT
animals (Fig. 4F). Notably, myocytes from the NplR63C mice con-
tained more mitochondria with vacuoles and showed accumulation
of lysosomes and distended Golgi cisterna, which were still regularly
located between the parallelly oriented cytoskeletal fibers and did
not disturb the cellular shape (Fig. 4, G and H). Most of the myo-
cytes fromNplR63Cmice also contained glycogen aggregates. In con-
trast, the myocytes from ManNAc-treated NplR63Cmice had evenly
sized and shaped fibers and mitochondria with more developed
cristae, resembling those fromWTmice (Fig. 4, G andH).Myocytes
of Npldel116 mice showed defects similar to those in NplR63C mice,
confirming that they are associated with NPL deficiency (Fig. 4, F
to H).
To test whether ManNAc also rescued defects in muscle regen-

eration after cardiotoxin injury, we studied the muscle healing in
NplR63C mice undergoing treatment with ManNAc (5 mg/ml).
Our data demonstrate that at 14 and 21 days into the regeneration
process, the healing process was drastically accelerated in NplR63C
mice receiving ManNAc compared with untreated mice (Fig. 5A).
In addition, at 21 days after injury, alterations in the diameter of
newly formed fibers in NplR63C mice were rescued by ManNAc
(Fig. 5, B and C). To elucidate the mechanism underlying delayed
regeneration of muscle after cardiotoxin injury, we studied

proliferation of myoblasts derived from the muscles of WT,
NplR63C, and Npldel116 mice, their fusion into myotubes, and matu-
ration in vitro (Fig. 5D). The experiments were conducted in the
absence and in the presence of 800 μM ManNAc in the differenti-
ation medium. While proliferation of myoblasts was similar for all
cultures (not shown), on day 5 of differentiation, we observed a sig-
nificant reduction in the number of nuclei per myotube in the cells
from both NplR63C and Npldel116 mice, suggestive of reduced ability
of myoblasts to fuse (Fig. 5D). We also observed a significant reduc-
tion in the diameter of myosin-positive myotubes for the cells
derived from NPL-deficient mice, suggesting that NPL deficiency
also interferes with maturation of myotubes. The reduction in
myotube diameter in the cells from NplR63C mice was rescued by
addition of ManNAc to the culture medium (Fig. 5D). Together,
our results provide evidence that muscle deficiency in NPL-defi-
cient mice is associated with defects in myofiber maturation and or-
ganization, and that these defects are rescued by ManNAc.

Metabolomic and glycomic profiling of muscle tissues of
NPL-deficient mice reveals alterations in protein sialylation
reversed by ManNAc treatment
To get insight into the molecular mechanisms underlying the mus-
cular weakness in NPL-deficient mice and its rescue by ManNAc,
we conducted the analysis of soluble metabolites extracted from
quadriceps tissues of 2-month-old WT, Npldel116, and NplR63C
mice as well as of NplR63C mice treated from utero with ManNAc.
Three animals were analyzed for each group. Metabolites were ex-
tracted with methanol/water (1:1) mixture, analyzed with reversed-

Fig. 3. NplR63C mice show slower healing and produce myofibers with smaller diameter after cardiotoxin-induced muscle injury. (A) Histological changes in
tibialis anterior muscle on the 14th and 21st days of regeneration after intramuscular cardiotoxin injection. Panels show representative mouse muscle cross sections
after hematoxylin and eosin (H&E) staining. Scale bar, 150 μm. Three WT and three NplR63Cmice (twomales, one female) were analyzed. (B) Representative tibialis anterior
sections from injured WT and NplR63Cmice 21 days after injury, labeled with 4′,6-diamidino-2-phenylindole (DAPI, blue) and anti-laminin antibody (green). Scale bar, 150
μm. (C) Distribution of myofiber diameters in injuredWT andNplR63Cmice 21 days after injury. Diameters of myofibers were quantified bymorphometric analysis of tibialis
anterior sections from threeWT and threeNplR63Cmice (twomales/one female) using ImageJ software. Statistical analyses were performed using two-way ANOVA test; **P
< 0.01, ***P < 0.001, and ****P < 0.0001. (D) Representative tibialis anterior sections from three WT and three NplR63C mice (two males/one female) 14 days after injury
labeled with DAPI (blue) and anti-myogenin antibody (green). Scale bar, 50 μm. (E) Density of myogenin+ cells/mm2 in three WT and three NplR63Cmice (two males/one
female). Quantifications were performed using three sections per mouse. Statistical analysis was performed using Student’s t test, P < 0.0001.
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phase ultraperformance liquid chromatography–tandem mass
spectrometry (UPLC-MS/MS), as described (15), quantified by in-
tegration of areas under chromatograms, and compared using Pro-
genesis QI software. All data were normalized and compared to
those obtained with pulled extracts (fig. S4). Metabolites, where
levels were significantly different between the groups, were identi-
fied using Progenesis QI software.
We found that concentrations of Sia-nucleotides, CMP-Neu5Ac,

and CMP-Neu5Gc, involved in the synthesis of glycans, showed a
trend toward an increase in both Npldel116 and NplR63C mice com-
pared to WT, while CMP-Neu5Gc levels in NplR63C mice receiving
ManNAc treatment were similar to those in the WT animals (fig.
S5). To verify these results, we performed a targeted quantitative
analysis of Sia in urine and muscle tissues as well as Sia-nucleotides
in muscle tissues of WT, Npldel116, NplR63C, and ManNAc-treated
NplR63C mice. In muscles, both Neu5Ac and Neu5Gc were signifi-
cantly increased in Npldel116 and NplR63C mice compared to WT
(Fig. 6, A and B), but Neu5Gc showed, on average, a much higher
increase (8-fold for NplR63C and 12-fold for Npldel116 mice) com-
pared with Neu5Ac (2.8-fold for NplR63C and 2.6-fold for
Npldel116). Similar results were obtained for the urine (Fig. 6, E to
G). CMP-Neu5Ac in the muscle was not significantly increased,
but CMP-Neu5Gc was significantly increased (1.6-fold in the

NplR63C mice and 2.2-fold in the Npldel116 mice). ManNAc treat-
ment, in general, did not affect Sia or CMP-Sia levels in the
muscle but significantly increased levels of total Sia (Fig. 6E) and
Neu5Ac (Fig. 6F) in the urine. In contrast, the levels of Neu5Gc
in the urine of ManNAc-treated NplR63C mice showed a trend
toward decrease compared with untreated NplR63C mice and were
not significantly different from those in the WT mice (Fig. 6G).
Since increased levels of Neu5Gc could potentially cause alter-

ations in the synthesis of glycans, including complex glycans of gly-
coproteins, we performed analysis of N-glycomes in muscle tissues
of WT, NplR63C, and ManNAc-treated NplR63C mice. Matrix-assis-
ted laser desorption/ionization (MALDI)–time-of-flight (TOF) MS
profiles of the permethylated N-glycan pool derived from protein
fractions consisted mainly of paucimannose and oligomannose
structures. Hybrid and complex species were also present, as both
nonfucosylated and core-fucosylated forms. Complex glycans were
mainly biantennary and, in a minor part, triantennary, with most of
the antennary epitopes terminated by Neu5Ac or Neu5Gc, the latter
being more abundant. Asialo-glycoforms bearing Gal-GlcNAc and
Gal-Gal branches were present to a lesser extent (Fig. 7A and
table S1).
InNplR63Cmice, changes in the relative intensities of glycan fam-

ilies were observed compared to WT and ManNAc-treated NplR63C

Fig. 4. ManNAc treatment rescues muscle weakness and accelerates muscle injury healing in NPL-deficient Npldel116mice. (A) Latency to fall in hindlimb suspen-
sion test performed on 10-day-old untreated NplR63C mice (n = 10, 5 males/5 females) and those receiving ManNAc (n = 11, 6 males/5 females). Statistical analysis was
performed using ANOVA test with a Tukey post hoc test. (B) Latency to fall in front limb suspension test performed on 6-week-old untreated (n = 10, 5 males/5 females)
andManNAc-treated (n = 11, 6males/5 females) NplR63Cmice during the treatment and 24 hours after discontinuation of the treatment. Statistical analysis was performed
using ANOVA test with a Tukey post hoc test. (C) Grip strength in 10-week-old WT (n = 10, 5 males/5 females), untreated NplR63C (n = 11, 5 males/6 females), and ManNAc-
treatedNplR63Cmice (n = 8, 4males/4 females). Data are presented as themean force normalized to bodymass. Statistical analysis was performed using ANOVA test with a
Tukey post hoc test. Isometric contractile properties of EDL muscles shown as maximum force (D) and specific force (E) in 2-month-old WT, NplR63C, and NplR63C mice
treated with ManNAc. Data are presented as means ± SEM (n = 5, 3 males/2 females per group). Statistical analyses were performed using a two-way ANOVA test with a
Bonferroni post hoc test; ***P < 0.001 and ****P < 0.0001. Transmission electronic images with magnification ×4800 (F), ×9300 (G), and ×13,000 (H) of tibialis anterior
muscle longitudinal sections from WT, NplR63C, Npldel116, and ManNAc-treated NplR63C mice. Red arrowheads show irregularly shaped myotubes and yellow arrowheads
show dysmorphic mitochondria in muscles of NPL-deficient mice. Panels show representative results from four mice (two males/two females) per group.
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mice (Fig. 7B and table S1). In particular, a significant reduction in
asialo-biantennary structures combined with a significant increase
in disialo- and trisialo-biantennary N-glycans and those containing
Neu5Gc was detected in MALDI profiles of glycans from NplR63C
animals (Fig. 7B). The increased sialylation level of biantennary
species was found associated with a significant accumulation of
one individual trisialylated structure at mass/charge ratio (m/z)
3243.59 (A2G2Sg3), fully indicative of the glycosylation defect.
Further analysis by MALDI-TOF/TOF MS/MS allowed us to

pinpoint the location of the NeuGc moieties of the trisialylated
biantennary ion at m/z 3243.59, corresponding to the glycan that
is specifically increased in NplR63C mouse muscles. The fragmenta-
tion spectrum (Fig. 7C) showed intense B/Y ion pairs (16) at m/z
877.4/2389.4 and 1268.6/1998.1, consistent with a monosialylated
sequence Neu5Gc-Gal-GlcNAc at one branch and with a disialo-
antenna Neu5Gc2-Gal-GlcNAc at the other branch, respectively.
The presence of the BZ ions for the internal fragments at m/z
374.2 and 641.3, in turn, suggested existence of a disubstituted

Fig. 5. ManNAc rescues deficits in muscle regeneration in NplR63Cmice. (A) Histological changes in tibialis anterior muscle on the 14th and 21st days of regeneration
after intramuscular cardiotoxin injection. Panels show representative muscle cross sections after H&E staining. Scale bar, 150 μm. Three WT, three NplR63C, and three
ManNAc-treated NplR63C mice (two males/one female) were analyzed for each group. (B) Representative tibialis anterior sections from mice on the 21st day after
injury stained with DAPI (blue) and anti-laminin antibody (green). Scale bar, 150 μm. (C) Distribution of myofiber diameters in mice 21 days after injury. Diameters of
myofibers were quantified by morphometric analysis of tibialis anterior sections using ImageJ software. Three mice (two males/one female) were studied for each group.
Statistical analyses were performed using two-way ANOVA with a Bonferroni post hoc test; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (D) Delayed fusion of
myoblasts and maturation of myotubes from NplR63C and NplR63C mice are rescued by ManNAc. Panels show representative micrographs of myogenic cells from WT,
NplR63C, and Npldel116 mice, cultured in the absence or presence of 800 μM ManNAc, on the 5th day of differentiation into myotubes. Cells were labeled with DAPI
(blue) and MF20 antibody (myosin heavy chain, green). Graphs show the number of nuclei per myotube and the diameter of myosin-positive myotubes quantified
with ImageJ software. Scale bars, 20 μm. Data are presented as means ± SEM (three independent cultures were established per condition; 20 to 30 cells were analyzed
for each culture). Statistical analyses were performed using a one-way ANOVA test with a Tukey post hoc test.
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Fig. 6. Metabolites of Sia synthesis pathway are elevated in NPL-deficient mice. Levels of Neu5Ac (A), Neu5Gc (B), and Sia-nucleotides, CMP-Neu5Ac (C) and CMP-
Neu5Gc (D), were measured in muscle tissues of WT, Npldel116, NplR63C, and ManNAc-treated NplR63C mice. Levels of total Sia (E), Neu5Ac (F), and Neu5Gc (G) were mea-
sured in urine of WT, Npldel116, NplR63C, andManNAc-treated NplR63Cmice. Graphs show individual values, means, and SD for the experiments performedwith five to seven
mice per group. Statistical analyses were performed using a one-way ANOVA test with a Tukey post hoc test.
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Neu5Gc, derived from the sequence Neu5Gc-Neu5Gc-Gal-
GlcNAc, and a terminal Neu5Gc linked to the antennary GlcNAc,
derived from the isomeric Neu5Gc-Gal-(Neu5Gc)GlcNAc epitope,
demonstrating that both structures shown in Fig. 7C are present in
the muscle tissues.
In NplR63Cmice treated with ManNAc, normal sialylation levels

were mainly restored, as revealed by the substantial increase in the
asialo-biantennary glycans and corresponding decrease in disialo-
and trisialo-species, including A2G2Sg3 (Fig. 7, A and B). Con-
versely, no significant changes in the relative amount of trianten-
nary glycans were observed.
Because dystroglycan, a dystrophin complex component, is one

of the main muscular glycoproteins, we tested whether its glycosyl-
ation is altered in the NPL-deficient mice. After posttranslational
modification, dystroglycan precursor is cleaved into two subunits
—the extracellular α-dystroglycan (α-DG) and the transmembrane
β-DG (17). Association of these two subunits creates a link between
the actin cytoskeleton and the extracellular matrix. Since glycosyla-
tion of α-DG is critical for its attachment to extracellular matrix
proteins, congenital defects in O-mannosyl–linked glycan chains
of this protein lead to multiple muscle dystrophies collectively

known as α-dystroglycanopathy (18). The levels of α-DG in the
tissues of WT, Npldel116-, NplR63C-, and NplR63C-treated mice, ana-
lyzed by immunoblotting with IIH6C4 monoclonal antibody spe-
cific to glycosylated epitopes on α-DG, were similar. However,
when α-DG from muscle extracts of WT, Npldel116-, NplR63C-, and
ManNAc-treated NplR63C mice was purified by immunoprecipita-
tion and analyzed by immunoblotting with Sambucus nigra lectin
(SNL), which preferentially binds Sia attached to terminal galactose
in α-2,6 and, to a lesser degree, α-2,3 linkage, we found an increase
of SNL staining in Npldel116 and NplR63C mice, consistent with in-
creased sialylation and a reduction of SNL staining in treated
NplR63C mice (Fig. 8A).
Since TEM analysis of muscle tissue revealed structural mito-

chondrial abnormalities, we also explored potential changes in gly-
cosylation of mitochondrial proteins. Mitochondria were isolated
from mouse muscles by differential centrifugation and analyzed
by blotting with SNL. While most protein bands showed similar
lectin staining in samples fromWT and NPL-deficient mice, we ob-
served an increased sialylation of a 130- to 140-kDa protein in both
Npldel116 and NplR63C mouse tissues (Fig. 8B). Increased SNL

Fig. 7. Abnormal protein glycosylation in NplR63C mice. (A) MALDI-TOF profiles (mass-range between m/z 1100 and 4100) of permethylated N-glycans from muscle
tissue glycoproteins representative for WT, NplR63C, and ManNAc-treated NplR63Cmice samples. Species were detected as [M+Na]+ molecular ions (monoisotopic masses).
(B) Comparison of the relative peak areas (shown as means ± SEM and normalized to the total areas of the 42 individual species reported in table S1) of different N-glycan
populations frommousemuscle tissue glycoproteins in WT and NPL-mutant mice. Statistical analyses were performed using a one-way ANOVA test with a Tukey post hoc
test; *P < 0.05, **P < 0.01, and ***P < 0.001. (C) MALDI-TOF/TOF analysis of the hypersialylated biantennary species atm/z 3243.59 that significantly accumulate in NplR63C

samples and decrease after ManNAc treatment. The overall fragmentation pattern denotes the occurrence of two distinct isomers differing in the position of the extra
Neu5Gc at the disialo-antenna. In all panels, graphical representation of glycans is based on the third edition of Essentials of Glycobiology (59): GlcNAc, blue square; Man,
green circle; Gal, yellow circle; Neu5Ac, purple diamond; Neu5Gc, light blue diamond; Fuc, red triangle; % I, percentage of intensity
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staining of this protein was rescued in mitochondrial extracts from
muscles of ManNAc-treated NplR63C mice (Fig. 8B).
On the immunoblot, the 130- to 140-kDa protein band was rec-

ognized with antibodies against mitochondrial leucine-rich penta-
tricopeptide repeat motif-containing protein (LRP130) (Fig. 8C).
LRP130 is an mRNA binding protein involved in regulation of ox-
idative phosphorylation (OXPHOS) and control of mitochondrial
gene expression (19). LRP130 also showed affinity to peanut agglu-
tinin (PNA), specific for O-linked β-galactose residues and conca-
navalin A (ConA), specific for mannose residues (Fig. 8, C to E).
However, only the intensity of SNL-stained band was increased in
NPL-deficient mice and further decreased in ManNAc-treated
NplR63C mice, suggesting changes in Sia residues but not in whole
glycans. When the samples were pretreated with exogenous

bacterial sialidase before blotting, the LRP130 band lost an affinity
to SNL, demonstrating specificity of staining.

NPL is essential for maintenance of mitochondrial function
and muscle energy production
The second group of metabolites increased in muscle tissues of
NPL-deficient mice consisting of key metabolites of the glycolysis
pathway or pathways downstream of glycolysis, including glucose,
fructose-1 phosphate, β-alanine, lactate, and pyruvate. In NplR63C
mice receiving the ManNAc treatment, the levels of all above me-
tabolites were similar to those in WT mice (fig. S6).
The increase in pyruvate level in NPL-deficient mice was coun-

terintuitive. Since NPL catalyzes cleavage of Sia into ManNAc and
pyruvate, reduced pyruvate levels were expected in the muscles of
NPL-deficient mice. We hypothesized that elevated levels of

Fig. 8. Increased sialylation of α-DG and mitochondrial LRP130 in the muscle tissues of NplR63C mice is restored by ManNAc treatment. (A) α-DG from muscle
extracts of WT, Npldel116, NplR63C, and ManNAc-treated NplR63Cmicewas purified by immunoprecipitation and analyzed by blotting with anti–α-DG antibody, clone IIH6C4
(right) and SNL (left). Graph shows combined intensities (individual values, means, and SD) of α-DG bands, labeledwith SNL, and normalized by combined intensities of α-
DG bands, labeled with IIH6C4 antibodies. Equal protein loading was verified by Ponceau staining. Four mice per group were analyzed. (B) Proteins in the mitochondria
homogenates, purified from muscles of WT, NplR63C, NplR63C, and ManNAc-treated Npldel116mice, were analyzed by blotting with SNL lectin, anti-LRP130 antibodies, PNA
lectin, and ConA lectin. Graphs show intensities (individual values, means, and SD) of protein bands, labeled with lectins or antibodies, and normalized by total protein
abundance measured by Ponceau staining. Three mice per group were analyzed. (C) Mitochondrial protein homogenates from WT and Npldel116mice, treated or not, by
bacterial pan-specific sialidase were analyzed by SNL lectin. Treatment drastically reduced the affinity of LRP130 protein band to SNL. All statistical analyses were per-
formed using a one-way ANOVA test with a Tukey post hoc test.
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pyruvate in muscle could be an indication of induced glycolysis re-
sulting from deficient energy production by OXPHOS. If OXPHOS
is impaired or reduced, pyruvate is converted into lactate and
further into β-alanine. To validate this hypothesis, we measured
levels of lactate, pyruvate, and activities of several enzymes of the
Krebs cycle in the quadriceps tissues ofWT,Npldel116, and untreated
and treatedNplR63Cmice by biochemical assays. The levels of lactate
and pyruvate in tissues ofNpldel116 andNplR63Cmice were increased
and normalized in treated NplR63Cmice compared to WT (Fig. 9, A
and B). At the same time, no significant differences in activities of
Krebs cycle enzymes, lactate dehydrogenase, pyruvate dehydroge-
nase, oxoglutarate dehydrogenase, glutamate pyruvate transami-
nase, and glutamate oxaloacetate transaminase were detected in
muscle homogenates from WT, Npldel116, and NplR63C mice (fig.

S7). Protein levels of cytochrome c oxidase subunit 4 (COX4), mea-
sured by immunoblotting, were increased in the total protein ex-
tracts from quadriceps tissues of Npldel116 and NplR63C mice
compared with WT mice (Fig. 9C). However, when COX4
protein levels were measured in purified mitochondria from quad-
riceps tissues (20), no significant difference was observed between
Npldel116, NplR63C, and WT mice (Fig. 9D), suggesting that the in-
creased COX4 levels in total muscle protein extracts reflected a
higher number of mitochondria in muscles of NPL-deficient
animals. Krebs cycle metabolites such as malic acid and succinate
were also present at higher levels in NPL-deficient Npldel116 and
NplR63C mice, consistent with increased number of mitochondria
in their muscle cells, while adenosine triphosphate (ATP) levels
were similar (fig. S6). Last, drastically increased number of

Fig. 9. Mitochondrial abnormalities in the muscles and myoblasts of NPL-deficient mice. Increased lactate (A) and pyruvate (B) in quadriceps of WT, NplR63C, and
Npldel116 but not of ManNAc-treated NplR63Cmice. N = 4 (2 males/2 females per group). (C) Immunoblot (left) shows increased COX4 protein in quadriceps muscles of WT,
NplR63C, and Npldel116 but not of ManNAc-treated NplR63Cmice. Quantification of COX4 band intensities (right) normalized by total protein. Individual values, means, and
SD of experiments with threemice per group are shown. Statistical analyses were performed using a one-way ANOVA test with a Tukey post hoc test. (D) Immunoblot (left)
shows similar levels of COX4 in purified mitochondria frommuscles of WT, NplR63C, and Npldel116mice. Quantification of COX4 band intensities (right) normalized by total
protein abundance. Individual values, means, and SD of experiments with threemice per group are shown. (E) Increased abundance of mitochondria in myotubes of NPL-
deficientmice. Fluorescentmicroscopy images (left) of primarymyoblast-derivedmyotubes of WT,NplR63C-,Npldel116-, and NplR63C-treatedmice on day 3 of differentiation,
labeled with DAPI and MitoTracker. Scale bars, 20 μm. Quantification of MitoTracker fluorescence (right) performed with ImageJ. Individual data, means, and SD of the
experiments with cells from six cultures per group. Reduced oxygen consumption rate (F) and ATP-linked respiration (G) in cultured primary myoblasts of NplR63C and
Npldel116 mice are detected using the XFe-24 Extracellular Flux Analyzer. Graphs show means and SD of three experiments performed with individual cell cultures from
threemice per group. Statistical analyses were performed using ANOVA test with a Tukey post hoc test (A) to (E) and two-way ANOVA test with Bonferroni post hoc test (F),
***P < 0.0001 (WT versus NPL-deficient mice).
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mitochondria in myotubes produced from cultured myoblasts from
Npldel116 and NplR63Cmice was demonstrated by MitoTracker Deep
Red FM staining (Fig. 9E). When myotubes were cultured in the
presence of 800 μM ManNAc in the differentiation medium, the
levels of mitochondria were partially normalized (Fig. 9E). Togeth-
er, these results indicated that muscle tissues of NPL-deficient mice
present alterations in glycolysis and OXPHOS pathways.
To access mitochondrial function and glycolysis flux directly, we

used XFe-96 Extracellular Flux Analyzer to measure the oxygen
consumption rate (OCR), an indicator of mitochondrial respiration,
in cultured primary myoblasts derived fromWT and NPL-deficient
mice. Compared with theWT cells, primarymyoblasts derived from
NPL-deficient mice showed significantly reduced rate for the mito-
chondrial respiration (Fig. 9F) and ATP-linked respiration
(Fig. 9G). Other OCR-related parameters, such as basal respiration,
maximal respiration, ATP production, proton leak, and reserve ca-
pacity, were also reduced (fig. S8). Together, these results strongly
suggest that in the NPL-deficient mice, the energy production is
compromised and relies mainly on glycolysis.
Last, to test the hypothesis that alterations in muscle energy pro-

duction caused by NPL deficiency could also lead to muscle dys-
function, we compared endurance of fed WT and NplR63C mice
and mice challenged by a 12-hour fasting using an accelerated
rotarod test. We did not observe a significant difference in latency
to fall between fed and starved WT mice. However, starved NplR63C
mice were significantly less performant on rotarod than fed NplR63C
mice, consistent with increased fatigue (Fig. 10A). As expected, both
fed and starved NplR63C mice had significantly lower latency to fall
compared with their WT counterparts. We then collected urine
from WT and NplR63C fed and fasted mice to measure urinary ex-
cretion of Neu5Ac and Neu5Gc by LC-MS/MS. Both Neu5Ac and
Neu5Gc were drastically increased in fasted and fed NplR63C mice
compared with their WT counterparts, although Neu5Gc showed
a higher increase (~50-fold) compared to Neu5Ac (~4-fold)
(Fig. 10, B and C). These data are consistent with our previous
results (13) demonstrating that the recombinant human NPL
enzyme with Arg63Cys variant retained some residual activity
against Neu5Ac. In contrast, no activity was detected against
Neu5Gc. Unlike in the WT mice, the levels of Neu5Ac and
Neu5Gc in the urine of NplR63C mice were further increased after
fasting, and, again, this effect was more pronounced for Neu5Gc
(Fig. 10, B and C). The changes in the levels of Neu5Ac and
Neu5Gc in the muscles of fed and fasted WT and NplR63C mice
(Fig. 10, D and E) generally recapitulated changes in the urine,
with Neu5Gc showing drastic increase in fed NplR63C mice, com-
pared to fed WT mice, and in fasted NplR63C mice, compared to
fed NplR63C mice. Analysis of CMP-Neu5Ac (Fig. 10F) showed rel-
atively unaltered levels, while levels of CMP-Neu5Gc were elevated
in fed NplR63C mice compared to WT mice and in fasted NplR63C
mice compared to fed NplR63C mice (Fig. 10G). Together, these
results suggest that the rate of NPL-catalyzed cleavage of Sia increas-
es upon fasting. NPL activity in the muscles of WT mice was also
significantly increased after fasting (Fig. 10H). In fasted WT mice,
we also could detect a similar increase in the catalytic activity of
neuraminidase 2 (NEU2), the neuraminidase isoenzyme most
abundant in the muscle, localized in the cytoplasm and active at
neutral pH (Fig. 10I). It is tempting to speculate that in the
normal muscle, starvation increases production of free Sia and its
turnover into ManNAc and pyruvate, the latter potentially used

for an additional energy production. In contrast, in the muscle of
NplR63C mice, free Sia are partially excreted and partially recycled
for production of sialoglycans, in agreement with the higher
levels of CMP-Neu5Gc and Neu5Gc in fasted compared to fed
NPL-deficient mice. Interestingly, 10 days after cardiotoxin-
induced injury, both NPL and NEU2 activities in the muscle are
also increased more than twofold (Fig. 10, J and K), suggesting
that the same pathway is also activated during the muscle regener-
ation. To further explore this hypothesis, we assessed the expression
levels of Npl in publicly available datasets of single-cell RNA se-
quencing experiments performed on skeletal muscle at different
points during developmental myogenesis and adult muscle regen-
eration (fig. S9). Analysis of NplmRNA levels during muscle regen-
eration in adult mice was performed on a dataset (21) that studied
cells at different time points after a myotoxin injury (0.5, 2, 3.5, 5,
10, and 21 days after injury).Npl showed a peak of expression (~15%
of cells expressing highNpl levels) at 5 days after injury, a time point
at which myoblasts enter differentiation and initiate fusion. To in-
vestigate Npl expression in muscle development, we used a dataset
in which cells were collected at different time points (10 days, 21
days, 5 months, 24 months, and 30 months postnatal) (22). At the
early time points (10 and 21 days postnatal), the muscles are still in
an active state of developmental myogenesis. The Npl expression
was higher at the earliest time point (10 days postnatal) but re-
mained at much lower levels than in regenerating muscles, with
only ~2% of cells expressing high Npl levels. We also analyzed
similar data for development of human muscles at different point
during embryogenesis (23) and determined that NPL was only ex-
pressed at a constant and low levels and in a small proportion (~1%)
of cells, with a small peak at 7 to 8 weeks of gestation. Overall, anal-
ysis of these datasets is coherent with our observation that NPL ac-
tivity is predominantly up-regulated during muscle regeneration.
To test this further, we measured NPL and NEU2 activities in

quadriceps muscle tissues from twomouse models of muscular dys-
trophy, mdx andDMSXLmice. Mdxmouse is amodel of Duchenne
muscular dystrophy with a point mutation in exon 23 of the DMD
gene, leading to the lack of expression of the dystrophin protein
(24). The absence of dystrophin induces muscle degeneration,
chronic inflammation, and fibrosis of muscle tissue (24). DMSXL
mouse, a mouse model of myotonic dystrophy type 1, carries a
45-kb human genomic fragment containing the mutant DMPK
gene with >1000 CTG repeats. Transcription of the mutant
DMPK allele leads to the accumulation of toxic mRNA, resulting
in the formation of nuclear foci, impaired alternative splicing,
and disrupted mRNA translation and stability contributing to
disease progression. DMSXL mice experience growth delay,
muscle atrophy, and weakness (25). For both models, the tissues
of 8- to10-week-old mice, homozygous for the mutant allele, were
compared with age- and sex-matching WT mice with the same
genetic background (C57Bl/10 for mdx and C57Bl/6 for
DMSXL mice).
In muscle homogenates of both mouse models, we found dras-

tically increased NPL activity, compared to their WT siblings
(Fig. 10L), suggesting that up-regulation of free Sia degradation
pathway can be a general biomarker of muscle injury and muscle
dystrophy. NEU2 activity was significantly increased in the
muscles of mdx mice and showed a nonsignificant trend for in-
crease in the muscles of DMSXL mice (Fig. 10M). Last, we analyzed
NPL and NEU2 activities in the fresh-frozen muscle biopsy of a
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Fig. 10. Starvation, muscle injury, and muscle dystrophy induce NPL-catalyzed Sia cleavage. (A) Fasting reduces latency to fall for NplR63C but not for WT mice in
accelerated rotarod test.N = 16 (8males/8 females)mice per group. (B) Neu5Ac and (C) Neu5Gc are increased in the urine of fastedNplR63C but not fastedWTmice.N = 7 (4
males/3 females) per group. (D and E) Neu5Gc in the quadriceps muscle of NplR63Cmice, but not of WT mice, is increased by fasting. (F and G) Fasting increases levels of
CMP-Neu5Gc, but not of CMP-Neu5Ac, in the quadriceps muscle of NplR63C mice. N = 7 (4 males/3 females) mice per group. (H and I) Fasting increases NPL and NEU2
activities in quadriceps muscles from WT. N = 6 (3 males/3 females) mice per group. (J and K) NPL and NEU2 activities are increased in homogenates of tibialis anterior
muscle 10 days after injection of cardiotoxin. N = 4 (2males/2 females) mice per group. (L andM) NPL and NEU2 activities are increased in homogenates of tibialis anterior
muscle tissues from Duchenne’s muscular dystrophy, mdx, and a myotonic dystrophy type 1, DMXL, mouse models compared with their respective WT controls. N = 5 (2
males/3 females) mice per group for mdx mice and their controls, and 3 males for DMXL mice and their controls. (N) NPL activity shows a trend toward an increase, and
NEU2 activity is increased in homogenates of quadriceps muscle biopsies of a patient affected with BMD compared with age-/sex-matched nonmyopathic control.
Individual results, means, and SD of technical replicas are shown. Statistical analysis was performed using a two-way ANOVA with a Bonferonni post hoc test (A),
one-way ANOVA with a Tukey post hoc test (B) to (H) and (K), and t test (H) to (J) and (L) to (N).
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patient affected with Becker muscular dystrophy (BMD), an X-
linked recessive inherited disorder characterized by slowly progres-
sive proximal weakness. The patient was homozygous for the path-
ogenicDYS c.3940C>T variant resulting in a premature termination
codon. The age-/sex-matched control had a histologically normal
muscle biopsy performed for a clinical suspicion of mitochondrial
disease. We found that NEU2 activity was significantly increased in
the tissue homogenate of the BMD patient, while NPL showed a
trend for about 20% increase compared with the normal
muscle (Fig. 10N).

DISCUSSION
Previously, we have identified genetic variants in the NPL gene in
two siblings with cardiomyopathy/skeletal muscle myopathy and
demonstrated that these variants interfere with NPL protein levels
and/or enzymatic activity. We have also demonstrated that npl ze-
brafish morphants develop muscle and heart phenotypes that are
rescued by the induced expression of the WT enzyme, but not by
its p.Arg63Cys or p.Asn45Asp variants, establishing association of
these mutations with the disease.
In the current work, we show that NPL plays an essential role in

muscle development and function by regulating glycoprotein sialy-
lation and energy metabolism. Homozygous mice expressing the
patient-derived Npl Arg63Cys variant, which reduces NPL
protein and activity in tissues to the levels below detection, as well
as mice homozygous for the deleterious 116-bp deletion inNpl exon
4 show structural muscular defects, reduction of maximal muscle
force, increased muscle fatigue, and low endurance. NplR63C mice
have somewhat milder phenotype and a trend of lower levels of
Sia in the urine, suggesting that a small portion of NPL escapes
the degradation in the endoplasmic reticulum and its activity is re-
sponsible for partial cleavage of Sia. Although our enzymatic assay
was not sensitive enough to confirm or to reject this hypothesis, it is
consistent with the results of our previous study (13) where we de-
tected human Arg63Cys NPL protein overexpressed in HEK293
cells. NPL deficiency also affects adult muscle regeneration.
Muscle regeneration after the cardiotoxin-induced injury in
NplR63C mouse is significantly impaired, the formation of new my-
otubes is delayed, the number of centrally located nuclei is in-
creased, and newly formed fibers have a smaller diameter.
Although the diameter of fibers was similar between the WT and
NPL-deficient mice in the absence of cardiotoxin challenge, analysis
of muscle by TEM reveals multiple structural defects, including ab-
normal and disarrayed fibers, as well as myocytes with uneven shape
and size presenting increased number of mitochondria. These
structural defects were found in both knock-in NplR63C and knock-
out Npldel116 animals, demonstrating the association with NPL
deficiency.
Unexpectedly, heart function in NplR63C mice was normal ac-

cording to the echography results. Further work is necessary to
explain the mechanism behind the discrepancy between the
mouse and human/zebrafish phenotypes; however, it could be po-
tentially related to the fact that relative NPL expression levels in the
mouse heart are negligible in comparison with those detected in the
fish or humans (26, 27). Besides, we cannot exclude the possibility
that mice challenged by systemic injections of cardiotoxin or phys-
ical stress could develop cardiomyopathy with a lower threshold
than the WT mice.

At the molecular level, we have observed an increase in disialo-
and trisialo-biantennary N-glycans in the muscles of NplR63C mice.
These glycans mainly contained Neu5Gc. Free Neu5Gc levels re-
mained below detection levels in the muscle tissues and urine of
WT mice but were drastically increased in NPL-deficient animals,
providing evidence that NPL is exclusively responsible for cleavage
of Neu5Gc in muscle cells. Since high levels of CMP-Neu5Gc were
observed in the muscles of both NplR63C and Npldel116 mice, we
propose that in the absence of NPL, Neu5Gc is reused for the syn-
thesis of CMP-Neu5Gc that further results in appearance of glycan
chains with abnormally increased N-glycolyl-sialylation. Although
the conversion of CMP-Neu5Ac into CMP-Neu5Gc by cytosolic
CMP-Neu5Ac hydroxylase (CMAH) was thought to be the major
source of this metabolite in animal tissues (28), there is a genetic
evidence that Neu5Gc can be directly used for the synthesis of
CMP-Neu5Gc. CMAH is evolutionary inactivated in humans;
however, Neu5Gc has been found in glycoconjugates on the cell
surface of human tissues (14, 16) and is likely derived from the con-
sumption of animal products, such as red meat and milk (17, 29–
31). It has been reported that these processes can cause autoimmune
reactions and result in chronic inflammation (32). Our previous
data have shown that both R63C and N45D mutations, identified
in the human patients, completely abolish the enzymatic activity
toward Neu5Gc, suggesting that NPL deficiency could also result
in increased incorporation of both Neu5Gc and Neu5Ac into the
protein glycan chains in human muscles (13).
Previous works have established that abnormal (either hypo- or

hyper-) glycosylation of α-DG disrupts binding of dystrophin-asso-
ciated glycoprotein complex to extracellular matrix, causing struc-
tural rearrangements and muscular dystrophies (33, 34). Since our
present data revealed increased incorporation of Neu5Gc in protein
N-glycans, we directly analyzed sialylation of α-DG and found that
it was increased in the muscle tissues of NPL-deficient mice.
However, because our previous studies have shown that Sia
content in glycan chains is not crucial for laminin-binding activity
of α-DG, which mainly depends on O-mannosylation of the pro-
teins (9), further experiments are necessary to determine whether
α-DG function is altered in NPL-deficient mice.
Another protein, where sialylation is increased in NPL-deficient

mice and rescued by ManNAc treatment, is the mitochondrial
matrix protein LRP130 involved in the regulation of OXPHOS
and the maintenance of basal mitochondrial phenotype in human
skeletal muscles (35). LRP130 is particularly highly expressed in the
liver (36), where it plays an essential role in induction of mitochon-
drial gene expression in response to fasting (37). LRP130 has four
potential N-linked glycosylation sites and binds the wheat germ ag-
glutinin, which specifically recognizes Neu5Ac and GlcNAc glycans
(38); however, according to our knowledge, the current study is the
first one to demonstrate changes in its sialylation.
Previous studies have demonstrated that LRP130, heavily acety-

lated on Lys residues, is deacetylated by sirtuin 3 (SIRT3) in re-
sponse to fasting, promoting a mitochondrial transcriptional
program that enhances hepatic OXPHOS (37). We speculate that
in tissues of NPL-deficient mice, increased sialylation of LRP130
may interfere with its deacetylation and activation, but further
studies are necessary to verify this.
Paradoxically, both hypersialylation of α-DG and LRP130 and

defects in muscle structure and regeneration in NPL-deficient
mice are reversed by a dietary supplementation with ManNAc, a
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precursor of Neu5Ac synthesis. Since this metabolite is converted to
Neu5Ac by consequent actions of GNE, NANS, and NANP,
ManNAc treatment is known to increase protein sialylation
reduced in GNE myopathy (39) and in minimal change disease
(MCD) [reviewed in (40)]. At this point, we cannot provide a mech-
anistic explanation whyManNAc reduces hypersialylation of select-
ed proteins, including α-DG and LRP130, associated with NPL
deficiency.
It is tempting to speculate that NPL deficiency results in the

reduced ability to degrade Neu5Gc and its enrichment in glycan
chains, which can modify their properties. In turn, ManNAc stim-
ulates endogenous production of Neu5Ac and CMP-Neu5Ac,
pushing the equilibrium back toward a normal distribution
between 5-glycolyl and 5-acetyl derivatives of Sia in the treated
NplR63C mice.
In addition to structural defects, muscles of NPL-deficient mice

reveal alterations in the energy metabolism pathways, including
induced glycolytic flux and reduced rates of OXPHOS, resembling
the Warburg effect [see (41) for a recent review]. These alterations,
leading to increased levels of glycolytic metabolites such as pyru-
vate, lactate, malate, succinate, fructose 1-phosphate, and others,
as well as of the number of apparently dysfunctional mitochondria
in myotubes, can be the cause of reduced endurance of NPL-defi-
cient mice challenged by fasting and exercise. Since all these param-
eters are normalized by ManNAc treatment, we speculate that they
reflect secondary compensatory changes in the muscle triggered in
response to abnormal glycosylation and structural defects, includ-
ing those in myotubes and mitochondria.
At the same time, since Sia biogenesis is derived from glucose

metabolism, we cannot exclude a possibility that metabolites of
the Sia pathway may directly influence glycolysis and OXPHOS
through yet-to-be-discovered regulatory feedback loops. NPL
enzyme shows highest expression levels in the kidney and colon
and is present at high levels in the liver and skeletal muscles, i.e.,
the organs actively involved in gluconeogenesis that produces
glucose to supply glucose-dependent cells during starvation.
Levels of NPL and the upstream enzyme NEU2, which potentially
generates free Sia in the muscles, are increased during fasting, indi-
rectly supporting the hypothesis that these enzymes can also be in-
volved in regulation of gluconeogenesis. They are similarly
increased after the muscle injury or in the dystrophic muscle of
mdx/DMSXL mouse models and BMD patient, suggesting the im-
portance of elimination of free Sia by NPL in muscle regeneration
process. Notably, the recent study in the constitutiveNeu2 knockout
mice reported increased sialylation of proteins involved in muscle
function and decreased sialylation of proteins involved in lipid me-
tabolism (42). However, we also cannot exclude the possibility that
ManNAc itself has a positive effect on the mitochondrial health and
improves abnormalities in the OXPHOS regulation by a yet-to-be-
discovered mechanism.
Together, our results provide evidence that NPL plays an essen-

tial role in muscle function, especially during muscle regeneration,
by controlling the levels of free Sia and sialylation of muscle glyco-
proteins. These results are highly coherent with the expression
pattern of the gene during muscle regeneration, mouse develop-
ment, and human gestation (21–23). Moreover, induced production
and NPL-catalyzed cleavage of free Sia may represent a general bio-
marker of injured or dystrophic muscle. Our results also demon-
strate that chronic treatment with ManNAc rescues aberrant

protein glycosylation and restores muscle strength and regeneration
process to the levels observed in the WT mice. ManNAc has been
shown to be well tolerated by humans up to the dose of up to 0.2 g
kg−1 BW day−1 (43). It is accepted that in mice this dose corre-
sponds to 1 g kg−1 BW day−1, which was used in our study. More-
over, oral ManNAc is currently being tested in several clinical trials
for the inherited metabolic defects of sialylation associated with
GNE myopathy (39) and MCD (40), and preliminary reports indi-
cate that the treatment is safe and restores defects in protein sialy-
lation. Both diseases were also effectively treated by oral ManNAc in
the corresponding mouse models (44–46). The absence of pro-
nounced cardiac phenotype in mice did not allow us to test
whether cardiomyopathy could also be ameliorated by ManNAc
treatment. However, this is likely considering our previous results
in the zebrafish embryos, where the drug rescued heart edema in
the npl knockdown embryos.

MATERIALS AND METHODS
Study approval
All animal experiments were approved by the Animal Care and Use
Committee of Centre Hospitalier Universitaire (CHU) Ste-Justine
Research Centre (approval numbers 2020-2668 and 2021-3213) in
accordance with the Canadian Council on Animal Care guidelines.
Ethical approval for the research involving human tissues was
granted by Research Ethics Board of CHU Ste-Justine. Fresh-
frozen muscle samples, collected for diagnostic purposes from a
patient with BMD and from an age-matched patient with a
normal biopsy, were provided by the Neuromax biobank of CHU
Ste-Justine together with clinical descriptions and results of
genetic analysis. The collection of samples was performed for diag-
nostic purposes, and the patients consented to donate the excessive
tissues to the muscle biobank of CHU Ste-Justine for research
purposes.

Murine models
A knock-in NplR63C C57BL/6 mouse strain, carrying human mis-
sense mutation Arg63Cys, and a knockout Npldel116 strain, with a
116-bp deletion in exon 4 of theMusmusculus N-acetylneuraminate
lyase (Npl) gene, were generated at McGill Integrated Core for
Animal Modeling using CRISPR-Cas9 technology. To generate
knock-in and knockout founders, a single-guide nucleotide RNA
(sgRNA) was designed, using the CRISPR guide design tools
(https://zlab.bio/resources), to target a genomic site on the
murine Npl locus with minimal potential off-target effects.
sgRNA and Cas9 mRNA were microinjected into zygotes with
single-stranded oligodeoxynucleotide (ssODN), barring a
c.270C>T mutation encoding for the R63C change (100 ng/μl of
ssODN, 20 ng/μl of sgRNA, and 20 ng/μl of Cas9; fig. S1). After
overnight culture, two-cell zygotes were transferred into surrogate
mothers, and pups were delivered at full term. At weaning, pups
were genotyped by Sanger sequencing of single-allele fragments ob-
tained by PCR amplification of genomic DNA from the tail clips.
The founder mice were bred to C57BL/6n mice to generate F1 het-
erozygous animals. To test for the presence of potential off-target
effects, the sgRNA sequence (TGAACGTCGCCAGGTCGCGG)
was blasted against theM. musculus genome. The 800-bp fragments
around top three matches in exon sequences, presenting the highest
identity score, were amplified by PCR from genomic DNA of F1
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founders followed by Sanger sequencing to analyze for the presence
of deleterious variants. The mice were further backcrossed to
C57BL/6n mice for three generations to segregate and eliminate po-
tential off-target changes in other alleles. The progenies were inter-
crossed to generate WT, heterozygous, and homozygous mutant
(NplR63C and Npldel116) animals.
Mice were housed in an enriched environment with continuous

access to food and water, under constant temperature and humidity,
on a 12:12-hour light:dark cycle and were bred as heterozygous
pairs. Mouse genotyping was performed on tail genomic DNA, ex-
tracted using standard protocols. PCR amplifications were per-
formed across the c.270C>T mutation with genomic DNA as
template, using the primer set 5′-TCCCATCTGTCCCTAATGG
C-3′ and 5′-CTGCTCTGCCTCCCCTTAGT-3′ and the following
PCR program: 94°C for 4 min, 35 cycles (94°C for 30 s, 60°C for
30 s, and 72°C for 2 min), and 72°C for 10 min. Since the
c.270C>Tmutation eliminated theHpy99I restriction site, to distin-
guish between mutant and WT amplicons, the amplified PCR frag-
ment was digested with Hpy99I (New England Biolabs, catalog no.
R0615S) at 37°C for 1 hour and then separated on a 2% agarose gel.
Fragments of 454 and 309 bp were detected for theWTallele, and an
undigested 763-bp fragment for the targeted NplR63C allele. To ge-
notype Npldel116 progeny, the amplification product was separated
on a 2% agarose gel, where a 647-bp band was detected for the
Npldel116 allele.
Mdx mice (C57BL/10ScSn-Dmdmdx/J) (24) were obtained from

The Jackson Laboratory (strain no. 001801). DMSXLmice (25) were
provided by G. Gourdon. Mice of both strains were housed under
12:12-hour light:dark cycle at 21°C and 40% humidity in pathogen-
free cages.

NPL activity assay in mouse tissues
WT, NplR63C, and Npldel116 2-month-old mice were anesthetized
with isoflurane and sacrificed by cervical dislocation. Tissues
from skeletal muscles, visceral organs, and brain were harvested,
snap-frozen with liquid nitrogen, and kept at −80°C until further
analysis. Frozen tissue (100 mg) was homogenized in 250 μl of de-
ionized water in 1.5-ml Eppendorf tubes using a sonic dismembra-
tor (Artek Systems Corporation). NPL enzymatic activity in the
homogenate was measured against Neu5Ac (Sigma-Aldrich,
catalog no. A0812), as previously described (47). The concentration
of the product, ManNAc, was determined as described previously
by Reissig et al. (48). Protein concentration in the homogenate
was measured using Bradford assay (Thermo Fisher Scientific,
catalog no. 23225).

Quantitative RT-PCR
NplmRNA level in the kidney tissues was measured by reverse tran-
scription (RT)–qPCR using the LightCycler 96 apparatus (Roche
Life Science). Total RNA was isolated from tissues using TRIzol
reagent (Invitrogen), and its quality and concentration were as-
sessed by spectrophotometry using the NanoDrop apparatus
(Thermo Fisher Scientific, Wilmington, DE, USA). Total RNA (1
μg) was subjected to RT using the iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA, USA). RT-qPCR was performed in tripli-
cate for each sample using SYBR Green Supermix (Bio-Rad, Hercu-
les, CA, USA) for 40 cycles with a three-step program (20 s of
denaturation at 95°C, 30 s of annealing at 58°C, and 30 s of exten-
sion at 72°C) and the primer set 5′-CCACCATCACTCCAAT

GACA-3′ and 5′-CCCTTGGTTAACCCATTCCT-3′. Amplification
specificity was assessed with a melting curve analysis. The fold-
change expression was determined by the comparative cycle thresh-
old (CT) method (2−ΔΔCT) and normalized to the housekeeping
gene PRL32.

Immunoblotting, lectin blotting, and immunoprecipitation
Frozen mouse muscle tissues (100 mg) were homogenized in 250 μl
of radioimmunoprecipitation assay buffer (50 mM tris-HCl, 150
mM NaCl, 1% Nonidet P-40, 0.25% Na-deoxycholate, 0.1% SDS,
and 2mMEDTA) supplemented with protease and phosphatase in-
hibitor cocktail (Roche) using a sonic dismembrator (Artek Systems
Corporation). The homogenate was cleared by centrifugation at
13,000g for 10 min, and the protein concentration in the superna-
tant was quantified using the Bradford reagent (Bio-Rad). To test
specificity of SNL blotting, protein lysates were treated with exoge-
nous sialidase from Arthrobacter ureafaciens (Sigma-Aldrich,
10269611001) according to the manufacturer’s protocol.
After separation by SDS–polyacrylamide gel electrophoresis on

an 8% gel, the proteins were transferred to a nitrocellulose mem-
brane and hybridized with polyclonal rabbit anti-NPL antibodies
(1:2000, Abcam, catalog no. ab223521), mouse anti–α-DG antibody
clone IIH6C4 (1:2000, Millipore Sigma), monoclonal mouse anti–
β-actin antibody (1:1000, Santa Cruz Biotechnology, catalog no. SC-
47778), polyclonal rabbit anti-LRPPRC antibody (1:2000, Thermo
Fisher Scientific, catalog no. 21175-1-AP), biotinylated S. nigra
lectin (1:5000, Vector Laboratories, catalog no. B-1305-2), PNA
lectin (1:1000, Vector Laboratories, catalog no. B-1075-5), or
ConA lectin (1:5000, Vector Laboratories, catalog no. B-1005-5) fol-
lowed by horseradish peroxidase (HRP)–conjugated anti-mouse
immunoglobulin G (IgG) and anti-rabbit IgG secondary antibodies
(Cell Signaling Technology, 1:8000 and 1:10,000, respectively) or
streptavidin-HRP (1:10,000, GE Healthcare). The membrane was
developed with Pierce ECL Western blotting substrate (Thermo
Fisher Scientific), and the signal was detected using the G:Box
Chemi XQR system (Syngene). For immunoprecipitation, 500 μl
of the protein extract was supplemented with mouse anti–α-DG an-
tibody clone IIH6C4 (1:100, Sigma-Aldrich, catalog no. 05-593) and
35 μl of Protein A/G Sepharose beads (Abcam, ab193262). After in-
cubation and washing, antigen elution was performed according to
the manufacturer’s protocol.

Measurement of metabolites in mouse urine and tissues
Urine was collected overnight using metabolic cages. Free Sia
(Neu5Ac and Neu5Gc combined) were measured using a colori-
metric/fluorometric assay kit (BioVision) according to the manu-
facturer’s instructions. Concentrations of lactate and pyruvate in
homogenates of skeletal muscle tissues were measured using L-
lactate assay kit (Abcam) and pyruvate assay kit (BioVision), respec-
tively, according to the manufacturer’s protocol. To conduct untar-
geted metabolic profiling of muscle tissues, metabolites were
extracted with methanol/water (1:1) and analyzed with reversed-
phase UPLC-MS/MS on the SYNAPT XS instrument as described
(15). From these data, levels of CMP-Sia and glycolysis metabolites
were extracted as normalized relative intensities. Individual levels of
Neu5Ac and Neu5Gc in urine were determined by LC-MS/MS es-
sentially as described using 1,2,3-13C3-Neu5Ac as internal standard
(IS) (49). Briefly, urine samples were diluted five times in MilliQ
water, spiked with IS (1:1) and 2% formic acid (20:1). Separation
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of samples by LC was obtained using an Atlantis 3-μm dC18
column (2.1 mm × 100 mm) with mobile phase A, 0.3% formic
acid in MilliQ water, and B, 100% methanol. A linear elution gradi-
ent of 99.9 to 50% of mobile phase A was used (1 to 1.1 min), fol-
lowed by isocratic elution with 50% A (1.1 to 4.0 min) and finally
equilibration with 99.9% mobile phase A (4.0 to 5.9 min). The flow
rate was 0.25 ml/min from 0.0 to 2.5 min and 0.28 ml/min from 2.51
to 5.9 min. The elution profiles were monitored by a Xevo TQ-S
micro mass spectrometer in negative ion mode with MS/MS transi-
tions for Neu5Ac: 308/87; Neu5Gc: 324/87; and IS: 311/90. For data
analysis, raw peak areas were normalized on the IS and quantified
on the basis of a calibration curve (1 to 100 μM) for Neu5Ac and
Neu5Gc. For measurements in muscle tissue, mouse quadriceps
samples were homogenized in 75 mM ammonium carbonate
buffer (pH 7.4), and 1,2,3-13C3-Neu5Ac was added as IS to each rep-
licate before metabolite extraction. Equal amounts of tissue homog-
enate were used for extraction with methanol:acetonitrile (1:1).
CMP-Neu5Ac and CMP-Neu5Gc were measured using triethyl-
amine ion-pairing buffer, while Neu5Ac and Neu5Gc levels were
measured using tributylamine ion-pairing buffer, as described pre-
viously (50). CMP-Neu5Ac and CMP-Neu5Gc values were normal-
ized for the summed levels of guanosine diphosphate (GDP)–
mannose, GDP-fucose, uridine diphosphate (UDP)–galactose,
UDP–N-acetylhexosamine, UDP–glucuronic acid, UDP-xylose,
and cytidine diphosphate (CDP)–ribitol, while Neu5Ac and
Neu5Gc values were normalized using the IS.

Analysis of isometric contractile properties of a muscle
Before the measurements, the mice were injected intraperitoneally
with buprenorphine (0.1 mg/kg BW) and anesthetized with sodium
pentobarbital (50 mg/kg BW) 15 min after. The EDL muscles were
carefully dissected, attached to an electrode and a force sensor
(300C dual-mode lever, Aurora Scientific, Canada), and incubated
at 25°C in buffered physiological saline solution [Krebs-Ringer sol-
ution: 137mMNaCl, 5mMKCl, 2mMCaCl2, 24.7 mMNaHCO3, 2
mMMgSO4, 1.75mMNaH2PO4 (pH 7.4)], supplemented with dex-
trose (2 mg/ml) and carbogen (95% O2, 5% CO2) to allow the via-
bility of muscle fibers. Optimal muscle length (Lo) was determined
and gradually adjusted until the maximum isometric twitch tension
was achieved, at which point the muscles were allowed a 10-min
equilibration in the bath before the contractile measurement. A
force-frequency curve was established by stimulating the muscles
at different frequencies, ranging from 10 to 150 Hz, with 2-min
rest between stimulations. Thereafter, muscle length and weight
were measured to assess specific muscle force (N/cm2). To do so,
mathematical approximation of cross-sectional area was calculated
on the basis of the following formula: force (N) × fiber length (0.44
× Lo for the EDL muscle) × muscle density (1.06 g/cm3)/muscle
mass (g). After conducting the titanic force measurements, EDL
muscles rested for an additional 2 min before undergoing a 5-min
fatigue resistance protocol. The fatigue protocol consisted of 60 con-
secutive stimulus trains at 40 Hz of frequency, with each pulse
lasting for 1 s and applied every 5 s.

Grip strength test
The test was performed on 10-week-old WT, NplR63C, and NplR63C
mice, treated or not withManNAc. The grip strength ofmouse paws
was measured using a grip strengthmeter (Bioseb, Pinellas Park, FL,
USA) as follows. Mice were allowed to grip the metal bar with their

front paws, while suspended from their tails in the position perpen-
dicular to the bar, and subsequently dragged by pulling their tails
parallel to the bar until breaking the grasp. The test was repeated
three times, and the best trial was used for analysis. The grip
strength data were recorded in g-force units and normalized for
body weight.

Front limb and hindlimb suspension tests
Front limb and hindlimb suspension tests were performed on WT,
NplR63C, andNpldel116mice. The front limb suspension test was used
to measure the arm and paw strength of 6-week-old mice. First,
mice were allowed to grasp a wire strung across a stable object
and hang from the wire with both forepaws. The testing area was
placed over a padded drop zone. Then, the mice were held firmly
by the body and enabled to grasp the wire with both forepaws.
The time of recording was started with the release of the mouse
and stopped with the fall. The test was repeated for a total of
three times. Hindlimb suspension was used to determine hindlimb
strength in 10-day-oldmice essentially as described (51). A standard
50-ml plastic conical tube was padded with laboratory wipes. The
pups were gently placed, face down, into the tube with their hind
legs hanging over the rim. The time until the fall of the mouse
was recorded. The test was repeated for a total of three times.

Rotarod test
Mice either fed the normal diet or fasted for 16 hours were placed on
an automated rotarod (Ugo Basile) with an accelerating speed
ranging from 4 to 40 rpm. The time to fall was recorded in three
test trials.

Cardiotoxin-induced muscle injury
Intramuscular injections of cardiotoxin (Latoxan, 10 μM solution in
saline, 50 μl per mouse), a myotoxin frequently used to induce a
severe and uniform muscle injury (52), were performed into the
right tibialis anterior muscle under general anesthesia. Mice were
anesthetized with isoflurane and sacrificed by cervical dislocation,
and the tibialis anterior muscle was harvested on the 14th or 21st
day after injury. Muscle samples were embedded in optimal
cutting temperature compound, frozen in isopentane (2-methylbu-
tane, Sigma-Aldrich), cooled with liquid nitrogen, and cryosec-
tioned in 10-μm-thick slices. Cross sections were stained with
hematoxylin and eosin (Sigma-Aldrich), and microphotographs
were acquired using axioscan (Zeiss Axio Scan.Z1). Alternatively,
cross sections were used for immunochemical analysis as described
below.

Immunohistochemistry
Muscle cross sections were washed once with phosphate-buffered
saline (PBS) and fixed in 2% paraformaldehyde for 10 min, permea-
bilized with 0.1% Triton X-100/0.15 M glycine/PBS for 10 min, and
extensively washed with PBS. Samples were further blocked using
5% goat serum and 2% bovine serum albumin in PBS at room tem-
perature for 2 hours. Rabbit anti-myogenin (1:1000, catalog no.
ab124800, Abcam) and rabbit anti-laminin (1:1000, catalog no.
ab1157, Abcam) primary antibodies diluted in blocking solution
were applied at 4°C overnight. Samples were washed extensively
with PBS, and secondary antibodies (anti-rabbit IgG antibody
coupled with Alexa Fluor 488, 1:1000, Thermo Fisher Scientific)
were applied in blocking solution for 1 hour at room temperature.
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Following washes with PBS, the sections were counterstained with
4′,6-diamidino-2-phenylindole (DAPI) for 10 min and mounted
with Permafluor (Thermo Fisher Scientific). Slides were analyzed,
and images were taken using an epifluorescence microscope
(EVOS M500 Imaging System) with appropriate filters or SP8-
DLS inverted confocal microscope (Leica TCS SP8). Fiber diameter
was calculated using ImageJ software.

ManNAc treatment
NplR63C breeding mouse pairs and nursing females were adminis-
tered with water supplemented with 5 mg/ml (~1.0 g kg−1 BW
day−1) or 1 mg/ml (~0.2 g kg−1 BW day−1) of ManNAc
(Goldbio). The solution was changed twice a week. After weaning
at 21 days, the offspring continued to be treated with the same dose
of ManNAc until the time of analysis (44).

Echocardiography
Transthoracic echocardiography was performed at 7 months using
an instrument to measure rodent cardiac function (VisualSonics
Vevo3100, VisualSonics, Toronto, ON, Canada). Anesthesia was
induced by putting the mouse in an induction chamber with a
flow of 3% isoflurane/100% oxygen at 1 liter/min for 1 to 2 min.
Once an animal lost its righting reflex, it was placed supine on a
heated platform with its nose enveloped in a nosecone to keep the
mouse anesthetized by 2% isoflurane. M mode images were record-
ed when the heart rate of the mice was maintained at 450 to 500
beats per minute. LVEF, LVEDD, and LVESD were also mea-
sured (53).

Analysis of N-linked protein glycans
Mouse muscle tissue was homogenized and lysed in a chloroform/
methanol/water mixture 4:8:3 (v/v/v), as described previously (54).
The protein pellet was separated from the lipid-containing superna-
tant by centrifugation and cleaned by repeated washes with acetone/
water (4:1) at 4°C. The final pellet was dried under a stream of ni-
trogen and stored at−20°C until the analysis. ForN-glycan analysis,
~2 mg of each protein sample was resuspended in 0.2 ml of 0.1%
RapiGest Surfactant (Waters Corporation, Milford, MA) in 50
mM NH4HCO3 with the aid of an ultrasonic processor equipped
with a 2-mm probe (130 W, 50% amplitude, 5 min in pulsing
mode). The obtained homogenate was incubated at 100°C for 5
min, followed by reduction in 5 mM dithiothreitol (Sigma-
Aldrich) at 56°C for 30 min and alkylation in 15 mM iodoacetamide
(Sigma-Aldrich) in the dark at room temperature for 45 min.
Glycan chains were cleaved by peptide-N-glycosidase F (4 U;
Roche Molecular Biochemicals, Mannheim, Germany) overnight
at 37°C. The released N-glycans were purified and permethylated
by ICH3 in a dimethyl sulfoxide/NaOH slurry, as described (55,
56). MALDI-TOF and MALDI-TOF/TOF analyses of permethy-
lated N-glycans were performed using 5-chloro-2-mercaptobenzo-
thiazole (10 mg/ml in 80:20 methanol/water, v/v) as matrix and
acquired on a 4800 proteomic analyzer (AB Sciex) in positive polar-
ity and in reflector mode (55). Data were analyzed using Data-
Explorer 4.9 software. Glycan structures were assigned on the
basis of molecular weight, knowledge of the biosynthetic pathway,
andMS/MS analyses using the bioinformatic tools developed by the
Consortium for Functional Glycomics (http://functionalglycomics.
org). Tissues of three animals were analyzed for each group. Statis-
tical analyses were performed using PASW Statistic 18, and P values

were calculated by analysis of variance (ANOVA) with a Tukey post
hoc test.

Activity assays of Krebs cycle enzymes
The enzymatic activities of Krebs cycle enzymes, lactate dehydroge-
nase, pyruvate dehydrogenase, oxoglutarate dehydrogenase, gluta-
mate pyruvate transaminase, and glutamate oxaloacetate
transaminase were measured in total homogenates of quadriceps
muscles from 2-month-oldWT, Npldel116, andNplR63Cmice, as pre-
viously described (57).

Isolation and differentiation of muscle satellite cells
Isolation and differentiation of satellite cells from hindlimbmuscles
of 2-month-old WT, NplR63C, and Npldel116mice were performed as
described (58). Briefly, muscles were finely dissected with scissors,
minced, and enzymatically digested with collagenase/dispase
(Sigma-Aldrich) for 45 min at 37°C. The digested muscle was
passed through a 40-μm cell strainer and then centrifuged to
collect the cell pellet, which was resuspended in Dulbecco’s modi-
fied Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS).
The satellite cells were purified from cell suspension by consecutive-
ly preplating cells in plastic dishes and collecting nonadherent cells.
Myoblasts were expanded on collagen-coated petri dishes with pro-
liferating medium: Ham’s F10 medium (Gibco), 20% FBS (Wisent),
1% penicillin-streptomycin (Gibco), and fibroblast growth factor 2
(2.5 ng/ml; Wisent). Myoblasts were differentiated in low-serum
medium (50% Ham’s F10, 50% DMEM low glucose, 1% penicil-
lin-streptomycin, and 5% horse serum) for 4 days. Immunofluores-
cence was performed for myogenin (clone EPR4789, 1:500, Abcam)
and myosin heavy chain (clone MF20, 1:20, Developmental Studies
Hybridoma Bank), and the fusion index was measured as the pro-
portion of total nuclei located in multinucleated myotubes. The
levels of mitochondria were estimated in myotubes stained with Mi-
toTracker Deep Red FM (Thermo Fisher Scientific, catalog no.,
M22426) according to the manufacturer’s protocol.

Transmission electron microscopy
Animals were anesthetized with sodium pentobarbital and perfused
with PBS followed by 5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.0). Muscles were removed and immersed overnight in 5%
glutaraldehyde at 4°C. Samples were trimmed and washed with
0.1 M cacodylate buffer (pH 7.4) before secondary fixation with
1% osmium tetroxide and 1.5% potassium ferrocyanide for 2
hours. Samples were dehydrated with a gradient ethanol series
and propylene oxide, infiltrated with epoxy resin, and embedded
in a Durcupan-Epon mixture. Semi-thin sections were cut,
stained with toluidine blue, and examined on light microscope
(Leica). Regions of interest for electron microscopy were selected,
and ultrathin sections were cut, mounted on 200 mesh copper
grids, and analyzed by a TEM using Tecnai G2 Spirit BioTwin
instrument.

Oxygen consumption rate
OCR was measured using a Seahorse Xfe96 instrument and ana-
lyzed with Wave 2.6.0 software (Agilent Technologies). Primary
myoblasts were seeded in collagen-coated 96-well plates at a
density of 20,000 cells per well and cultured for 2 days in full
growth medium. One hour before OCR measurements, cells were
incubated in MitoStress test assay medium: DMEM 5030 with 2.5
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mM glucose (Sigma-Aldrich, catalog no. G7528-250G), 0.5 mM
carnitine (Sigma-Aldrich, catalog no. C0158-5G), and 5 mM
Hepes (pH 7.4) (Wisent). Oligomycin (2 μM) (Sigma-Aldrich,
catalog no. O4876), 400 nM carbonyl cyanide-p-trifluoromethoxy-
phenyl-hydrazon (Abcam, catalog no. ab120081), and 10 nM
sodium pyruvate (Gibco, catalog no. 11360070), followed by 1 μM
antimycin A (Sigma-Aldrich, catalog no. A8674), were injected se-
quentially to cell medium while OCR was measured.

Statistical analysis
For data collection and analysis, the experimenter was blinded to
the identity of the sample. All experiments were repeated indepen-
dently at least twice in the laboratory with similar results. Statistical
analyses were performed using Prism GraphPad 9.3.0 software
(GraphPad Software, San Diego, CA). The normality for all data
was checked using the D’Agostino and Pearson omnibus normality
test. Significance of the difference was determined using t test when
comparing two groups and one-way ANOVA test, followed by
Tukey’s multiple comparison test when comparing more than two
groups. Two-way ANOVA followed by Bonferroni or Tukey’s post
hoc tests was used for two-factor analysis. A P value of 0.05 or less
was considered significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S10
Table S1
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