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Abstract
Limb Girdle Muscular Dystrophies type 2I (LGMD2I), a recessive autosomal muscular dystrophy, is caused by mutations in the
Fukutin Related Protein (FKRP) gene. It has been proposed that FKRP, a ribitol-5-phosphate transferase, is a participant in a-
dystroglycan (aDG) glycosylation, which is important to ensure the cell/matrix anchor of muscle fibers. A LGMD2I knock-in
mouse model was generated to express the most frequent mutation (L276I) encountered in patients. The expression of FKRP
was not altered neither at transcriptional nor at translational levels, but its function was impacted since abnormal glycosyla-
tion of aDG was observed. Skeletal muscles were functionally impaired from 2 months of age and a moderate dystrophic
pattern was evident starting from 6 months of age. Gene transfer with a rAAV2/9 vector expressing Fkrp restored biochemical
defects, corrected the histological abnormalities and improved the resistance to eccentric stress in the mouse model.
However, injection of high doses of the vector induced a decrease of aDG glycosylation and laminin binding, even in WT ani-
mals. Finally, intravenous injection of the rAAV-Fkrp vector into a dystroglycanopathy mouse model due to Fukutin (Fktn)
knock-out indicated a dose-dependent toxicity. These data suggest requirement for a control of FKRP expression in muscles.

Introduction
The ‘Dystroglycanopathies’ regroup different genetic pathologies
leading to secondary aberrant glycosylation of a-dystroglycan
(aDG). This protein, mostly present in skeletal muscle, heart, eye
and brain tissues, is a hyper-glycosylated membrane protein, the
glycosylation process raising its weight from 70 to 156 kDa in

muscle (1). It is part of the dystrophin-glycoprotein complex
which connects the cytoskeleton to the extracellular matrix
(ECM). Its high glycosylation level enables aDG direct binding to
the laminin globular domains of some ECM proteins (2–4), such
as laminin in the cardiac and skeletal muscles (5), agrin and per-
lecan at the neuromuscular junction (6,7), neurexin in brain (8)
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and pikachurin in the retina (9). Glycosylation of aDG is a com-
plex process that is not yet fully understood [for a recent review
see (10)]. Indeed, a number of genes have been identified as being
involved in aDG glycosylation. These discoveries have been accel-
erating recently thanks to the use of high throughput sequencing
methods for mutation detection in patients showing aDG glyco-
sylation defects. One of these proteins is the Fukutin-Related
Protein (FKRP). It was originally classified as a putative aDG glyco-
syltransferase on account of the presence in its sequence of a
DxD motif, which is common to many glycosyltransferases, and
evidence of aDG hypoglycosylation in patients mutated in the
FKRP gene (11,12). Recently, FKRP and its homolog fukutin were
identified as ribitol-5-phosphate (Rbo5P) transferases, forming a
Rbo5P repeat linker necessary for addition of the ligand binding
moiety (13).

Mutations in the FKRP gene can generate the entire range of
pathologies induced by a defect in aDG glycosylation, from Limb-
Girdle Muscular Dystrophy type 2I (LGMD2I; (14), Congenital
Muscular Dystrophy type 1C (MDC1C; (12), to Walker-Warburg
Syndrome (WWS) and Muscle-Eye-Brain disease (MEB); (15).
There is an inverse correlation between the severity of the dis-
ease and the number of patients, the more severe, the rarer the
patients (prevalence indicated in www.orphanet.fr: WWS (all
genes): 1-9/1,000,000 and LGMD2I: 1-9/100,000). The type of pa-
thology seems to be directly correlated to the nature of the FKRP
mutation. In particular, the homozygous L276I mutation, replac-
ing a leucine by an isoleucine in position 276 of the protein, is al-
ways associated with LGMD2I (16). LGMD2I is a recessive
autosomal muscular dystrophy, affecting preferentially, albeit
heterogeneously, the muscles of the shoulder and pelvic girdles.
It is one of the most frequent LGMD2 in Europe, notably
due to high prevalence of the L276I mutation in Northern Europe
(17–19). The severity of the pathology is very heterogeneous. The
muscular symptoms can appear between the first to third de-
cades, and vary from Duchenne-like disease to relatively benign
courses (14). The heart can also be affected with consequences
such as severe heart failure and death (14,20–22). Investigations
using cardiac magnetic resonance imaging suggest that a very
high proportion of LGMD2I patients (60–80%) can present myocar-
dial dysfunction such as reduced ejection fraction (23,24).
Interestingly, the severity of the cardiac abnormalities is not cor-
related to the skeletal muscle involvement (20,24).

The present publication reports the generation and charac-
terization of a new FKRP mouse model knock-in for the LGMD2I
L276I missense mutation. The FKRPL276I mice proved to suffer
from a mild and selective progressive dystrophy starting from
the age of 6 months. This model was used to evaluate recombi-
nant adeno-associated virus (rAAV) transfer of the Fkrp gene as
a therapeutic approach. The rAAV serotype 9 was chosen since
it is well known to target the skeletal muscle as well as the
heart. This serotype was also used in the two previous studies
where AAV-mediated FKRP transfer was reported (25,26). These
studies used mostly an ubiquitous promoter to transfer FKRP ei-
ther in neonates or 9 month-old animals with an additional
study in neonates using muscle synthetic promoter for cardiac
evaluation. In all these experiments, improvement of the mus-
cle pathology was observed. Compared to these previous re-
ports, our study is the first to analyze the consequences of a
vector expressing FKRP under the control of a muscle-specific
promoter (heart and skeletal muscles) in young adult mice, a
situation that would resemble the situation that will be encoun-
tered in a clinical trial. We obtained strong expression of FKRP,
at mRNA as well as protein levels, and showed the rescue of
aDG proper glycosylation and increase in laminin binding, that

led to histological and functional rescue of the dystrophy.
However, injection of high doses of the vector [from 6.7 E10 to
1.2 E11 viral genome (vg)/TA] induced a decrease of aDG glyco-
sylation and laminin binding even in WT animals. In these con-
ditions, we observed an occasional immune response against
the transgene as well as a dose dependent Endoplasmic
Reticulum (ER)-stress. Furthermore, in another dystroglycanop-
athy model with skeletal muscle-specific knockout of the FKRP-
homolog fukutin (FKTN), FKRP overexpression by rAAV9
injection appears to worsen the muscle pathology as indicated
by increased central nucleation and, at high viral doses, sub-
stantially elevated endomysial fibrosis and increased macro-
phage infiltration. Altogether, these data support the possibility
of using the AAV-mediated transfer of FKRP for treating LGMD2I
and other FKRP deficiencies but indicate that high doses of ex-
pression should be avoided.

Results
Introducing the L276I mutation in the murine genome
does not modify the expression of FKRP but leads to
impairment of FKRP function

We created an animal model of LGMD2I (FKRPL276I), introducing in
the mouse genome the L276I mutation by homologous recombi-
nation using a plasmid containing the mutated Fkrp exon 3
flanked with a Neo cassette (Fig. 1A). Chimeric animals were ob-
tained and the Neo cassette was excised by crossing with mice ex-
pressing the CRE recombinase under the control of a ubiquitous
promoter. The mice were then interbred to generate homozygous
mutated mice that were obtained at the expected Mendelian ratio.
Quantitative RT-PCR (RT-qPCR) analyses performed on skeletal
muscle revealed the same amount of Fkrp mRNA between wild
type (WT) and FKRPL276I mice (Fig. 1B), indicating that the intro-
duced mutation does not destabilize Fkrp mRNA.

To check the consequences at protein level, we developed a
novel polyclonal FKRP antibody directed against an epitope lo-
cated at the C-terminus of the human FKRP protein, and identi-
cal to the mouse sequence but for one amino-acid
(Supplementary Material, Fig. S1A). A Western-blot performed
on lysates of HER911 cells transfected with a Fkrp plasmid re-
vealed 2 bands with different intensity and size (Supplementary
Material, Fig. S1B, left panel). The minor band around 50–55 kDa
corresponds to the predicted size of the FKRP polypeptide
(54.8 kDa) and the major band at 58 kDa most likely to a N-glyco-
sylated form of the protein, since it was previously reported
that FKRP undergoes such post-translational modification (27).
A similar pattern was also observed in human and mouse skele-
tal muscles (Supplementary Material, Fig. S1B, middle and right
panels). In these samples, we also observed an additional band
at 42 kDa. To clarify the nature of this band, we isolated the 58
and the 42 kDa bands from gel and treated them with cyanogen
bromide, a product known to hydrolyze peptide bonds at the
level of methionine residues. While the profile obtained after
Western blot with the digested 58 kDa band fits with the posi-
tion of methionine in the sequence of the FKRP protein, the di-
gested 42 kDa band resulted in a totally different profile,
excluding the possibility of corresponding to an isoform of FKRP
(Supplementary Material, Fig. S1C) when considering the posi-
tion of methionine in the sequence (Supplementary Material,
Fig. S1A). Western-blot using this newly developed FKRP anti-
body showed no difference between WT and FKRPL276I mouse
muscles, indicating that the introduction of the L276I mutation
in mice did not alter the expression of Fkrp (Fig. 1C).
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Figure 1. Generation and molecular characterization of FKRPL276I mouse. A/(A) Representation of the Fkrp locus on mouse chromosome 7 with the position of the L276

codon (CTG) indicated. (B) Plasmid construct used for the homologous recombination. The floxed neomycine resistance cassette was inserted upstream of the third

exon. The knock-in mutation (CTG>ATC) was introduced within the third exon. (C) Final recombinant Fkrp allele after deletion of the selection cassette by the CRE

recombinase. Arrows represent the primers used for genotyping. (B)/Quantification of Fkrp mRNA by real-time PCR in WT and FKRPL276I muscles normalized by the

ubiquitous acidic ribosomal phosphoprotein (P0) mRNA (n¼3; values 6 SEM). EDL, soleus (Sol), psoas (Pso), TA and quadriceps (Qua) muscles of 6 months old mice

were assayed. AU¼arbitrary unit. (C)/Expression of FKRP at protein level by Western-blot on TA and psoas muscles of 2 months old WT and FKRPL276I mice. GAPDH

(Glyceraldehyde-3-Phosphate Dehydrogenase) was used as loading control. M¼molecular marker. Quantification is shown below the western blots. (D)/Western-blot

of glycosylated aDG using IIH6 antibody on TA and psoas muscles of 2 months old WT and FKRPL276I mice. b-dystroglycan (bDG) was used as loading control.

M¼molecular marker. Quantification is shown below the western blots. (E)/Laminin overlay on TA and psoas muscles of 2 months old WT and FKRPL276I mice. The

ImageJ ‘RedHot’ false color scheme was applied to the image.
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The function of mutated FKRP was then explored. Western-
blots of aDG were performed on WT and FKRPL276I muscles, re-
vealing a decreased amount of the fully glycosylated aDG band
between WT and FKRPL276I muscles (Fig. 1D). Laminin overlay
was performed on normal and mutated gluteus muscles and re-
vealed a decrease in the binding between laminin and aDG for
FKRPL276I muscles (Fig. 1E). These results indicated that the in-
troduction of the mutation has impaired the function of FKRP.

The L276I mutation impairs the resistance of the muscle
to eccentric stress

Histological analysis of all observed muscles [tibialis anterior
(TA), gastrocnemius, soleus, quadriceps, psoas, deltoid, dia-
phragm, gluteus, extensorum digitorum longus (EDL), biceps
brachii] showed no sign of dystrophy until the age of 6 months.
At this age, small clusters of centronucleated fibers, an indica-
tion that they had undergone regeneration, started to be ob-
served that further increased with age (Fig. 2A). The number of
centronucleated fibers of 6 month-old FKRPL276I mouse muscles
was quantified and was found to be significantly elevated com-
pared to WT mice in the proximal muscles, psoas and gluteus,
but not in the distal muscles, TA and gastrocnemius (Fig. 2B).
We also measured the fiber diameter and observed an increase
in fiber size in some muscles such as the gluteus (Fig. 2C).
Hypertrophy was also observed in the EDL (15.66 mg 6 1.24 for
FKRPL276I versus 12.81 mg 6 1.37 for WT) and soleus muscles
(13.11 mg 6 1.56 for FKRPL276I versus 11.17 mg 6 1.63 for WT)
while specific force of these muscles did not show any differ-
ence as evaluated by ex vivo measurement (EDL: 17.62 mN/
mg 6 4.19 for FKRPL276I versus 20.20 mN/mg 6 2.94 for WT; so-
leus: 18.54 mN/mg 6 3.62 for FKRPL276I versus 17.26 mN/
mg 6 2.75 for WT). This characterization indicates that the
FKRPL276I mice showed moderate muscular dystrophy with se-
lectivity of impairment. Additionally, we investigated the heart.
No histological defects were detected before 9 months, the age
at which some mice started to show abnormalities. When quan-
tified at an age between 12 and 15 months, 5 out of 14 mice pre-
sented multifocal areas of interstitial fibrosis (Fig. 2D, middle
panel) while the others showed no histological abnormalities
(Fig. 2D, right panel). Heart weights of 12 month-old mice vary
significantly (P-value ¼ 0.01) from 198 mg in control littermate
mice (n¼ 9, SD¼ 32) to 237 mg in FKRPL276I mice (n¼ 8 SD¼ 30),
indicating an adaptive response to FKRP deficiency.

We explored the muscle resistance in FKRPL276I mice using
an eccentric protocol (large strain injury or LSI) (28,29) using
mice at 2 months of age. The stress was applied on the left an-
kle dorsiflectors, consisting of TA and EDL muscles. Mice
were injected with Evans blue dye and sacrificed 24 h after LSI
(Fig. 2E). Quantification of Evans blue dye labelling revealed a
larger area of impairment in FKRPL276I mouse muscles than in
WT mouse muscles, underlining a greater vulnerability to ec-
centric stress for muscles of FKRPL276I mice. These results indi-
cate that the fragility of FKRPL276I muscle fibers is already
present at 2 months of age and therefore occurs much earlier
than the appearance of the first histological signs of dystrophy.

AAV-mediated FKRP gene transfer rescues the
molecular and functional impact of the L276I mutation

To restore the function of FKRP in the muscles of FKRPL276I

mice, we constructed and administered a rAAV2/9 vector ex-
pressing the murine FKRP (AAV9-mFkrp) to FKRPL276I mice

(Fig. 3A). First, the vector was injected intramuscularly in gas-
trocnemius and gluteus muscles of 2 month-old FKRPL276I mice,
with a dose of 2.6 E10 vg per muscle. After 1 month, muscles
were sampled and the impact of the transfer on FKRP expres-
sion, aDG glycosylation and laminin binding were assessed.
Overexpression of FKRP after gene transfer was confirmed by
Western blot, as weak in gastrocnemius and more important in
gluteus (Fig. 3B). Western blot performed with IIH6 antibody
showed a more intense labelling of aDG in injected FKRPL276I

muscles compared to non-injected FKRPL276I muscles, indicating
that aDG glycosylation was restored (Fig. 3B). Laminin overlay
on gastrocnemius and gluteus muscles also pointed to a resto-
ration of laminin binding in AAV-injected conditions (Fig. 3C).
We also applied LSI eccentric exercise to 2–3 month-old
FKRPL276I mice that had previously been injected intra-
muscularly into the TA muscle with AAV9-mFkrp with a dose of
1.5 E10 vg. Interestingly, we found that the injured area de-
creased in muscles treated with the vector, compared to
non-injected muscles (Fig. 3D). Thus, AAV9-mFkrp effectively
protected FKRPL276I muscles from eccentric stress.

AAV9-mFkrp was then administered by systemic injection
into the tail vein of 1 month-old FKRPL276I mice with a dose of
5 E12 vg/kg. Muscles and hearts were sampled 5 months post-
injection. We first assayed the transduction efficacy in various
muscles including the psoas and gluteus muscles, the most af-
fected muscles, using AAV vector copy number quantification,
and noted that gene transfer had been efficient in psoas but not
in gluteus muscles (Fig. 4A and Supplementary Material, Fig.
S2). Note that the gluteus is a muscle with a low level of vascu-
larization in mice and, accordingly, a low transfer is often seen
in our tail vein injection experiments. Western blots for FKRP
and aDG were performed on the psoas of systematically injected
mice. The expression of FKRP was slightly increased and the
glycosylation of aDG was found restored almost at the level of
WT muscles (Fig. 4B). Histological benefits were assessed in af-
fected muscles (psoas and gluteus) at 6 months of age, therefore
5 months after systemic injection. A decrease in the number of
centronucleated fibers was observed only in psoas muscle but
not in gluteus muscle (Fig. 4C). This observation indicates that,
in muscles efficiently transduced by AAV9-mFkrp, the vector
succeeded in reducing the FKRPL276I dystrophic impairment.

In the heart, the 58 kDa FKRP band appears with high intensity,
whereas it is undetectable in the non-injected condition (Fig. 4D).
We then analyzed the cardiac histology to ensure that this high ex-
pression in the heart would not lead to deleterious effects. No ab-
normality was observed, consistent with the absence of cardiac
phenotype of the FKRPL276I mice at that age and with an absence of
deleterious effect of the expression of FKRP (Fig. 4E).

FKRP overexpression modifies the link between ECM
and the sarcolemma in a dose-dependent mode

To explore the effect of FKRP overexpression on its localization
and function, we injected AAV9-mFkrp into TA muscles of WT
mice with two different doses: 1.5 E10 vg/TA, and 1.2 E11 vg/TA.
We confirmed a dose-dependent expression of FKRP at mRNA
and protein levels (Fig. 5A). We assessed FKRP function on aDG
glycosylation in FKRP-overexpressing muscles by evaluating
aDG glycosylation by Western-blot using the IIH6 antibody
(Fig. 5A). We detected aDG at the expected size, but surprisingly,
the injected muscles presented a variation in IIH6-aDG labelling
depending on the dose. We first observed an increase in the in-
tensity of glycosylation with the lowest dose and a decrease
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with the highest dose compared to PBS-injected animals. These
data indicate a glycosylation defect of aDG in the high FKRP
overexpression condition. We then performed a laminin overlay
on the same samples to evaluate the binding between aDG and
laminin. This experiment showed an increase in the fixation of
laminin on aDG at the lowest dose (Fig. 5A) and a decrease
of the binding for the highest dose (Fig. 5A). A similar experi-
ment was performed on FKRPL276I with similar outcomes

(Supplementary Material, Fig. S3). Quantification of a-DG glyco-
sylation and of laminin binding capacity for these 2 experi-
ments are presented in Supplementary Material, Figure S4. Note
that that, even if the quantification level is not significantly dif-
ferent between the control and the highest dose, the gel profile
of glycosylation and/or laminin binding appear different (Fig. 5).
To confirm that the observed effect was related to FKRP overex-
pression but not to the high dose of AAV vector, we performed a
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control experiment where WT mice were injected in the TA
with different doses of AAV not coding for any protein. No
change in glycosylation or decrease in laminin-binding was ob-
served, confirming that the effect observed at the high dose
with the FKRP vector was due to FKRP expression
(Supplementary Material, Fig. S5).

We then analyzed the consequences of FKRP overexpression
at the histological level and observed no disruption of the his-
tology apart from noticeable inflammatory infiltrates on TA sec-
tion of one WT animal injected with the highest dose (Fig. 5B
and Supplementary Material, Fig. S3). We qualified this re-
sponse as cytotoxic T-lymphocytes and macrophages by immu-
nostaining, suggesting an immune response to the transgenic
protein (Fig. 5C). Since it was previously shown that a link be-
tween FKRP and ER stress exists (30,31), we analyzed the level of
78 kDa glucose regulated protein (GRP78), a protein central to
the ER-response, by western blot. We observed an upregulation

of this marker in the condition where the glycosylation and
laminin binding were abnormal (Fig. 5D).

FKRP overexpression can be deleterious when injected
in a fukutin animal model

Since we observed an increase in glycosylation of aDG with the
low dose of FKRP, we investigated the possibility of compensation
for defects associated with abnormal glycosylation of aDG with
decreased extracellular ligand binding activity, such as the fuku-
tin (FKTN) deficiency. Previous work indicated that up-regulation
of LARGE, another protein involved in aDG glycosylation was ben-
eficial in dystroglycanopathies (1). The skeletal muscle specific
Myf5/Fktn Cre/LoxP knockout mouse model is a moderate to se-
vere model of dystroglycanopathy with early lethality at approxi-
mately 18–24 weeks of age (32). Four week-old male and female

ITR ITR
Desmin 
Promoter

HBB2 
intron

mFKRP cDNA HBB2 
polyA

A

B

C

D Evans blue area

WT L276I L276I + AAV

WT L276I
L276I 
+ AAV

FKRP
(58 kDa)

α-actinin
(100 kDa)

αDG
(156 kDa)

βDG
(43 kDa)

Gastrocnemius

WT L276I L276I 
+ AAV

0

2

4

6

8

10
A

U

*

ns

-                       +  

Laminin
overlay

Gastrocnemius

WT L276I
L276I 
+ AAV WT L276I

L276I 
+ AAV

Gluteus

WT L276I
L276I 
+ AAV

Gluteus

Figure 3. Intramuscular Fkrp gene transfer in FKRPL276I mouse. (A)/Schematic representation of AAV9-mFkrp genome. The mFkrp cDNA is under the control of the des-

min promoter. HBB2¼ (Hemoglobin subunit b2). (B)/Expression of FKRP and level of glycosylated aDG by Western-blot on non-injected and AAV-injected mice 1 month

after injection. Both gastrocnemius (Ga) and gluteus (Glu) muscles were assayed. Loading controls are a-actinin for FKRP and bDG for aDG. (C)/Laminin overlay on in-

jected and non-injected muscles. Both gastrocnemius (Ga) and gluteus (Glu) muscles were assayed. The ImageJ ‘RedHot’ false color scheme was applied to the images.

(D)/Evans blue dye fluorescence in the left ankle dorsiflectors of WT, PBS-injected FKRPL276I and AAV-injected FKRPL276I mice at 2–3 months of age, after LSI. Scale

bars¼500 mm. The graph on the right represents the quantification of the area labeled with Evans blue dye in left ankle dorsiflector sections after LSI, normalized to

the data in WT mice (n¼ 9; values 6 SEM); ns¼not significant.

1957Human Molecular Genetics, 2017, Vol. 26, No. 10 |

Deleted Text: Figure 
Deleted Text: Figure 
Deleted Text: Figure 
Deleted Text: F
Deleted Text:  
Deleted Text:  


Myf5/Fktn deficient and littermate mice were injected intrave-
nously with low or high doses of rAAV9-mFkrp (5 E12 vg/kg and 10
E12 vg/kg). The low dose corresponds to the dose with which we
observed a beneficial effect in the FKRPL276I mice. Interestingly,
the outcome of the AAV injection was different between the lit-
termate control mice, which demonstrated weaker expression of
FKRP, and the Fktn knock-out mice, which had a markedly higher
expression of FKRP at both doses. Consistent with the FKTN defi-
cit, the glycosylation of aDG was typically reduced in the Fktn
knock-out and was not restored after AAV9-mFkrp injection (Fig.
6A). No change regarding the glycosylation was observed in the
WT mice with or without injection (Fig. 6A).

At the histological level, no abnormality was observed in the
WT psoas, but a dose-dependent worsening of the dystrophic
features was evident in the Myf5/Fktn knock-out mice as demon-
strated by an increase in centrally nucleated fibers, a proliferation
of endomysial connective tissue and a breakdown of the muscle

tissue (Fig. 6B). In addition, we checked for involvement of mac-
rophage and lymphocyte immune cell infiltration in the Myf5/
Fktn mice 4 weeks post-AAV injection. We could not detect lym-
phocyte marker CD3 in the psoas of any study mice (data not
shown). Notably, macrophage marker CD11b was increased in
high dose AAV-treated Myf5/Fktn knock-out mice (Fig. 6C).
It seems therefore that FKRP injection can lead to a worsening of
the dystrophic process in an already damaged muscle.

Discussion
In this study, we showed that the introduction of the L276I mu-
tation in the FKRP protein has no impact on its expression at
transcriptional or at protein levels in mice and does not modify
the N-glycosylation of FKRP. Interestingly, it was previously
shown that a L276I mutated protein expressed in vitro could be
detected predominantly in the Golgi apparatus whereas other
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mutations (P448L, S221R, A455D) causing the more severe con-
genital muscular dystrophy phenotypes were retained in the ER
(33,34). Additional experiments showed that the immunolabel-
ling pattern of FKRP in the muscle of LGMD2I patients homozy-
gous for this mutation is indistinguishable from normal
biopsies (35). Here, we demonstrated that the mutation has a
clear impact on the function of the protein and therefore that
this residue is important either for its functional activity or for
substrate recognition in the Golgi apparatus.

The FKRPL276I model turned out to suffer from a moderate
form of muscular dystrophy, similar to the phenotypes of previ-
ously described mouse models carrying this particular mutation
(26,36). Interestingly, we identified a test that highlighted the
exacerbated fragility of FKRPL276I muscles to eccentric stress
and showed that the functional defect is already present in the
mouse at 2 months of age, long before the onset of the muscular
dystrophy features on biopsies. This observation indicates an

intrinsic frailty of the muscle, possibly caused by lack of resis-
tance of the cell membrane containing a partially glycosylated
aDG that binds less to laminin in the ECM.

Injections of AAV9-mFkrp resulted in up-regulation of trans-
genic Fkrp mRNA, leading to overexpression of the N-glycosy-
lated form of FKRP. Histological improvement of muscles that
efficiently received viral vector after systemic administration at
a dose of 5 E12 vg/kg was observed, as well as better resistance
to eccentric stress. These results indicate an improved pheno-
type after Fkrp gene transfer. Furthermore, since the vector was
injected at a time when the susceptibility to damage induced by
mechanical stress is present but the pathology is not yet evident
at histological level, our data suggest that both the susceptibility
and the subsequent degenerative dystrophic process can be pre-
vented. AAV-mediated transfer of FKRP was previously reported
in different settings and models (25,26). In a first study, an AAV9
expressing FKRP under a ubiquitous promoter was injected in
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3–4 weeks-old mice knock-in for the P448L mutation by intra-
peritoneal (IP) injection at a dose of 5 E11 vg/mouse (25) and the
effects analyzed 4 months after injection. A second study also
used AAV9 expressing FKRP under the control of a ubiquitous
promoter but this time in L276I knock-in mice. Neonates were
injected at a dose of 1 E11 vg/mouse IP and 9 month old animals
at a dose of 6 E13 vg/kg IV (26). In addition, an AAV expressing
FKRP under the control of a synthetic promoter was used in ne-
onate for evaluation of cardiac function. Our study was the first
to evaluate the beneficial effect at the skeletal muscle level of a
vector expressing FKRP under the control of a muscle-specific
promoter in young adult mice. In addition, the dose that we

used was one order of magnitude lower than in the systemic ex-
periment presented in (26). These two elements are of impor-
tance when considering application of the AAV-mediated
transfer in gene therapy clinical trial.

Interestingly, we observed an increase of the aDG laminin
binding at moderate dose in wild-type and FKRPL276I animals
suggesting that FKRP can enhance the link between the sarco-
lemma and the ECM. This prompted us to test the possibility of
compensation in the FKTN deficient mouse model, for the fol-
lowing reasons. First, FKTN and FKRP are homologs; therefore,
they are most likely to have overlap in function. Second, overex-
pression of like-acetylglucosaminyltransferase (LARGE), a
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crucial glycosyltransferase for extension of the final laminin
binding disaccharide repeat on the aDG O-mannose glycan, has
been proposed as a therapeutic strategy to enhance the
laminin-binding activity of aDG and therefore to compensate
aDG hypoglycosylation caused by the defects of other aDG
glycosyl-transferases. Related studies provided support for the
concept that overexpression of one aDG processing enzyme
might compensate for loss of another (37–41). However, we ob-
served that high doses of FKRP can have abnormal conse-
quences. It modified or reduced the recognition of the
glycosylated epitope by IIH6 antibody on aDG and precluded the
binding of aDG with its laminin ligand. In addition, it worsened
the condition in highly dystrophic model Myf5/Fktn, suggesting
the FKRP expression could be deleterious in conditions where
the muscles is already highly damaged. Further experiements
would be required to consolidate this information in additional
models. It is possible that FKRP overactivity may direct the gly-
cosylation in an abnormal direction in a dominant negative
fashion, leading to glycosylated moieties which are not recog-
nized by the IIH6 antibody and have reduced laminin binding.

The molecular effect of the decrease in glycosylation of aDG
and in laminin binding when FKRP is overexpressed was ob-
served both in WT and FKRPL276I mice but with no deleterious
consequences on muscles. In particular, treated muscles showed
no evidence of decreased resistance to eccentric contractions.
Moreover, we followed up treated mice until the age of 6 months
and did not observe mortality or deleterious histological signs in
the skeletal or cardiac muscles. Additional experiments with a
longer time frame are now on-going. Interestingly, detailed mus-
cle physiological analysis demonstrated a loss of force in re-
sponse to eccentric exercise in LARGE-overexpressing mice at 8
months of age, but without association with any morphological
changes (38). In addition, the identification of patients with FKRP
and FKTN mutations and relatively mild muscle phenotypes de-
spite absent IIH6 labelling suggests that disruption of the lami-
nin-aDG interaction in muscle, as recognized by the IIH6
antibody, does not correlate obligatorily with pathological effects
(42). Our data confirmed the absence of correlation between pro-
found depletion of aDG and phenotype. In contrast, transfer of
Fkrp in the context of highly dystrophic model such as the Myf5/
Fktn mice leads to worsening of the phenotype. This is reminis-
cent of what was observed by overexpression of LARGE in dy2J
(laminin a2 deficiency) and Fktn knock-out mice (43). The idea
that dystrophic muscle undergoing regeneration may be more
susceptible to modification of the equilibrium of glycosylation is
consistent with the fact that aDG glycosylation is a crucial pro-
cess during development and muscle regeneration (44).
Examination of the overexpression of FKRP in a more advanced
FKRP model is now on-going to determine whether any aggrava-
tion of the phenotype could occur.

In conclusion, our data further confirm previous studies on
the consequence of the L276I mutation in vivo and on the posi-
tive effect of FKRP transfer. However, we also showed that con-
trol of expression of FKRP would be mandatory, possibly
because of the extreme sensitivity of aDG glycosylation to an
optimal range of enzyme level.

Materials and Methods
Generation and genotyping of FKRPL276I mice

Construction of the targeting vector and generation of the murine
knock-in model for the L276I FKRP mutation were performed at
the ‘Mouse Clinic Institute’ according to standardized protocols

(MCI/ICS, Illkirch). Two PCRs were performed to amplify exon 3
on both sides of the mutation site, with primers containing the
L276I FKRP mutation. The 2 generated fragments were assembled
during a third PCR and cloned into the targeting vector, a MCI
proprietary vector containing a loxed Neomycin resistance cas-
sette. Two fragments of 3.5 kb (corresponding to the 50 and 30 ho-
mology arms) were amplified by PCR and subcloned directly
upstream and downstream of the cassette in the previous plas-
mid to generate the final targeting construct. The plasmid se-
quence was verified by restriction digest and sequencing of every
exon and exon-intron junction. The linearized construct was
electroporated in 129Sv/Pas mouse embryonic stem (ES) cells,
and G418-resistant colonies were isolated and expanded. After
selection, 372 clones were screened by PCR using external pri-
mers and further confirmed by Southern blot with 50 and 30 exter-
nal probes. Two clones were found to carry the desired
modification. The correctly modified ES clones were injected into
C57BL/6J blastocysts that were reimplanted into foster mothers
to generate the chimeric F0 mice. The male chimeras were bred
with transgenic females for CMV-CRE to excise the neo cassette.
The Cre transgene was segregated out by a first cross on C57BL/6
background; the resulting heterozygous mice were backcrossed
for 3 generations and then interbred. The presence of the intro-
duced mutation (CTG>ATC) was confirmed by sequencing. For
genotyping, genomic DNA from mouse tail was extracted and
amplified using REDExtract-N-Amp Tissue PCR Kit (Sigma, St.
Louis, MO, USA) with the following primers chosen in the Fkrp
gene: 1345.s: 50-GCCTGATGTCAGACCCTAGCTG-30 and 1344.as: 50-
GGAAAAGTGACCCCATGACGTGATG-30. The resulting WT and
mutant alleles generated PCR fragments of 212 and 300 bp, re-
spectively. In each experiment, normal littermates of FKRPL276I

mice were used as control. All mice were handled according to
the European guidelines for the human care and use of experi-
mental animals, and all procedures on animals were approved by
Genethon’s ethics committee under the number CE11-012.
Animals were housed in a barrier facility with 14-h light, 10-h
dark cycles, and provided food and water ad libitum. In this study,
only male mice were used.

Skeletal muscle-specific Fktn knockout mice

Floxed Fktn exon 2, containing the start codon, was deleted dur-
ing skeletal muscle specification by Myf5-cre, as previously de-
scribed (32,45). Myf5cre/þ,FktnL/þ mice were bred to FktnL/L mice
to generate knockout (Myf5/Fktn KO: Myf5cre/þ,FktnL/L) and lit-
termate control mice (LC: FktnL/þ, FktnL/L, or Myf5cre/þ, FktnL/þ

littermates). Genotyping was carried out as described previously
and both male and female mice were used without preference
as the phenotypic range is similar between the sexes (32). Mice
were maintained on a 12 h:12 h light:dark cycle. Ad libitum food
pellets and water were supplemented with wet gruel (water
soaked food pellets) on the floor of the cage 2–3 times per week.
All mouse husbandry and experimental procedures were ap-
proved by the University of Georgia IACUC committee.

Plasmids and AAV vectors

The coding sequence of murine Fkrp was amplified from the
IMAGE clone AK114, using an upstream primer containing an
EcoRI restriction site (in bold): 50-CGGAATTCCGATGCGG
CTCACCCGCTGCTG-30 and a downstream primer carrying XhoI
restriction site (in bold): 50-CCGCTCGAGCGGTCAACCGCCT
GTCAAGCTTA-30. This PCR product was cloned using the
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ZeroBlunt TOPO XL PCR Cloning Kit (Thermo Fisher Scientific,
Waltham, MA, USA) to obtain the plasmid pCR-BluntII-mFkrp.
After digestion with the restriction enzymes EcoRI and XhoI, the
fragment was subcloned into an AAV-based pSMD2-derived
vector carrying type 2 ITR to obtain the plasmid pAAV-Des-
mFkrp, where mFkrp is placed under the control of the desmin
muscle-specific promoter and is followed by the HBB2
(Hemoglobin subunit b2) polyadenylation signal.

Adenovirus free rAAV2/9 viral preparations were generated
by packaging AAV2-ITR recombinant genomes in AAV9 capsids,
using a three plasmids transfection protocol as previously de-
scribed (46). Briefly, HEK293 cells were cotransfected with
pAAV-Des-mFkrp, a RepCap plasmid (pAAV2.9, Dr J. Wilson,
UPenn) and an adenoviral helper plasmid [(pXX6, (47)] at a ratio
of 1:1:2. Crude viral lysate was harvested at 60 h post-
transfection and lysed by freeze-and-thaw cycles. The viral
lysate was purified through two rounds of CsCl ultracentrifuga-
tion followed by dialysis. Viral genomes were quantified by a
TaqMan real-time PCR assay using primers and probes corre-
sponding to the inverted terminal repeat region (ITR) of the AAV
vector genome (48). The primer pairs and TaqMan probes used
for ITR amplification were: 1AAV65/Fwd: 50-CTCCATCACTA
GGGGTTCCTTGTA-30; 64AAV65/rev: 50-TGGCTACGTAGATAAGT
AGCATGGC-30; and AAV65MGB/taq: 50-GTTAATGATTAACCC-30.

Cell culture and transfection

The human embryonic retinoblast HER911 cell line was cultured
in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% foetal bovine serum (FBS; Sigma, St. Louis,
MO, USA), 10 mg/ml of gentamicin (Thermo Fisher Scientific,
Waltham, MA, USA) plus 0.1% MEM non-essential amino acid
solution (Sigma-Aldrich, St. Louis, MO, USA) for HER911 cells.

HER911 cells at a confluence of 70–80% were transfected using
CaPO4-DNA complex, formed with the mixture of 2 mg of plasmid,
5ml of CaCl2 2.5M, in HBS buffer (NaCl 140 mM, HEPES 50 mM,
Na2HPO4 0.75 mM, NaOH 13.5 mM) per well. Cells were scrapped
48 h after transfection in the culture medium and centrifuged at
500 g, at 4 �C for 5 min. Cell pellets were stored at –80 �C until use.

RT-PCR and PCR analysis

RNA was extracted by the Trizol method (Thermo Fisher Scientific,
Waltham, MA, USA) from muscles previously sampled and frozen
in liquid nitrogen. Residual DNA was removed from the samples
using the Free DNA kit according to the manufacturer’s protocol
(Thermo Fisher Scientific, Waltham, MA, USA). Quality of the purifi-
cation was assessed by adding a control without reverse transcrip-
tase in all experiments. One mg of RNA was reverse-transcribed
using the RevertAid H Minus First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific, Waltham, MA, USA) and a mixture of
random oligonucleotides and oligo-dT. Real-time PCR was per-
formed using 7900HT Fast Real-Time PCR System (Thermo Fisher
Scientific, Waltham, MA, USA) with 0.2mM of each primer and 0.1
mM of the probe according to the protocol Absolute QPCR Rox Mix
(Thermo Fisher Scientific, Waltham, MA, USA). The primers and
Taqman probe (Eurogentec, Liège, Belgium) used for Fkrp gene ex-
pression assays were: 1303mFKRP.F (50-CACCGGCAGGATGTTGAG
TT-30), 1376mFKRP.R (50-GCCATGAAACCCGCAAAG-30) and 1336
mFKRP.P (50-CTGCAGCCACTTGTCCCCCTGC-30). Data from the
ubiquitous acidic ribosomal phosphoprotein (P0) was used to nor-
malize the data across samples. The primer pairs and Taqman
probe used for P0 amplification were: m181PO.F (50-

CTCCAAGCAGATGCAGCAGA-30), m267PO.R (50-ACCATGATGCG
CAAGGCCAT-30) and m225PO.P (50-CCGTGGTGCTGATGGGCAAGA
A-30). Each experiment was performed in duplicate.

For quantification of viral genomes on muscles, DNA was ex-
tracted from muscles previously sampled and frozen, using
DNeasy Blood & Tissue Kit (Qiagen, Venlo, Nederlands). Real-time
PCR was performed on 100 ng of DNA, using the same protocol as
described above. Viral genome number of copies was determined
by amplification of the ITR2 region of AAV genome (48). Primers
and Taqman probe used were: forward 50-CTCCATCACTAG
GGGTTCCTTGTA-30; reverse 50-TGGCTACGTAGATAAGTAGCA
TGGC-30; and Taqman probe 50-GTTAATGATTAACCC-30. The val-
ues obtained for non-injected mouse muscles were subtracted to
the ones obtained for the injected mouse muscles.

Western-blotting

Cell pellets and muscle tissues were mechanically homogenized
in RIPA lysis buffer (Thermo Fisher Scientific, Waltham, MA,
USA), complemented with Complete protease inhibitor cocktail
EDTA-free (Roche, Bâle, Switzerland) or in 150 mM NaCl, 50 mM
Tris, pH 7.4 (with a homemade cocktail of protease inhibitors),
then solubilized with 1% Triton-X 100 as previously described
(32). For aDG protein detection in FKRP mice, muscle homogena-
tes were first boiled at 100 �C for 5 min, then centrifuged at
13 000 rpm for 15 min. Proteins were separated using precast
polyacrylamide gel (anykD for aDG protein detection or 4–15%
otherwise, BioRad, Hercules, CA, USA) and then transferred to
nitrocellulose membrane. For the Ftkn experiments, large for-
mat 3–15% PAGE and transfer to PVDF-FL (Hoefer, Merck
Millipore, Billerica, MA, USA) were used.

Rabbit polyclonal antibody against FKRP was generated
through successive rounds of immunization with a peptide
(KFGPGVIENPQYPNPALLSLTG) from the C-terminus of the hu-
man FKRP protein (Eurogentec, Liège, Belgium). Nitrocellulose
membranes were probed with antibodies against FKRP (1:100),
GAPDH (Santa Cruz Biotechnologies, Dallas, TX, USA, 1:200),
aDG-IIH6 (Developmental Studies Hybridoma Bank (DSHB), Iowa
City, IA, USA, 1:50, added with Merck Millipore, Billerica, MA,
USA, 1:1000), bDG MANDAG2 (Developmental Studies
Hybridoma Bank, Iowa City, IA, USA, 1:200), a-actinin (Santa
Cruz Biotechnologies, Dallas, TX, USA, 1:300) or GRP78 (Abcam,
Cambridge, UK, 1:1000) for 2 h at room temperature. Finally,
membranes were incubated with IRDyeVR for detection by the
Odyssey infrared-scanner (LI-COR Biosciences, Lincoln, NE,
USA). For the Ftkn experiments, PVDF-FL membranes were
probed with antibodies against FKRP (polyclonal Rbt 341) (1/100)
(49), aDG-IIH6 (DSHB, 1/40); aDG core protein (1/100 concen-
trated supernatant (50), b-dystroglycan (bDG) MANDAG2 (DSHB,
1/100) and GAPDH (Cell Signaling Technologies, Danvers, MA,
USA, 1/2000) overnight at 4 �C in 1% milk or casein TBS-T. After
washing, blots were incubated for 1 h at room temperature with
HRP-coupled secondary antibodies (Merck Millipore, Billerica,
MA, USA, 1:4000) in 1% milk or casein TBS-T, washed, and im-
aged with SuperSignal West Pico or Dura (Thermo Fisher
Scientific, Waltham, MA, USA) on the Fluorchem HD2 (Protein
Simple, San Jose, CA, USA).

Methionine digestion of proteins

Protein homogenates were prepared as described above
(Western blotting section). Proteins were concentrated 2-fold on
an Amicon column (Amicon Ultra 2mL 3K, Merck Millipore,
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Billerica, MA, USA) and separated using a NuPage pre-cast gel
(4–12% Bis-Tris; Thermo Fisher Scientific, Waltham, MA, USA).
After migration, pieces of gel containing either the 58 kDa or
42 kDa bands were sampled. Gel fragments were rinsed in wa-
ter, washed once in formic acid, treated 45 min in cyanogen bro-
mide (CNBr) at a concentration of 16 mg/ml, and finally
neutralized in one bath of water followed by 4 baths of MOPS
SDS running buffer (Thermo Fisher Scientific, Waltham, MA,
USA) and a last bath of water. Proteins were then extracted
from the gel slices by mechanical crushing in 0.1M sodium hy-
droxide. After incubation at 25 �C for 10 min, proteins were de-
natured and submitted to Western-blot.

Laminin overlay

Muscle proteins were prepared as described above for aDG pro-
tein detection, then separated and blotted on nitrocellulose
membranes. The membranes were then blocked for 1 h at room
temperature in laminin binding buffer (LBB: 10 mM triethanol-
amine, 140 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, pH 7.6) comple-
mented with 5% milk, and next incubated with 7.5 nM laminin
1 (Sigma, St. Louis, MO, USA, L2020) in LBB complemented with
3% BSA, at 4 �C for 16 h. After washes with TTBS buffer, the
membranes were processed for a 2 h incubation with anti-
laminin antibody (Agilent technologies, Glostrup, Denmark,
1:500) followed by 1 h incubation with HRP anti-rabbit antibody
(GE Healthcare, Little Chalfont, UK, 1:5000). Blots were revealed
by chemiluminescence (SuperSignal West Pico, Thermo Fisher
Scientific, Waltham, MA, USA). A false color scheme (ImageJ:Red
Hot) was applied to the images using ImageJ software.

Histology and immunohistochemistry

Skeletal and cardiac muscles were dissected out and frozen in
isopentane cooled in liquid nitrogen. Transverse cryosections
(7 or 10 lm thickness) were prepared from frozen muscles and
were processed for Hematoxylin-Phloxine-Saffron (HPS) or
Sirius Red histological stainings. For detection of Evans Blue-
positive fibers, sections were fixed by cooled acetone and re-
vealed by fluorescence excitation at 594 nm under a Leica mi-
croscope. Cartograph software (Microvision, Evry, France) was
used to obtain mosaics of images. Centro-nucleated fibers and
Evans Blue positive-areas were quantified using the Histolab
software (Microvision, Evry, France) or ImagePro Insight (Media
Cybernetics, Rockville, MD, USA).

The antibodies used for immuno-staining were CD3 (Abcam,
Cambridge, UK, 1/400), CD11b (BD Biosciences, Franklin Lakes,
NJ, USA, 1:40), bDG (DSHB, 1/40) and collagen VI (ColVI,
Fitzgerald, Acton, MA, USA 1/1000) according to protocols previ-
ously described (49,50). For fluorescent intensity measurements,
a region of interest was drawn around the entire psoas section
and green intensity (ColVI or CD11b) was measured by the
ImagePro Premier (MediaCybernetics).

In vivo injections

For intramuscular injections, male mice were injected into the
TA muscle with a volume of 25 ml, or into the gastrocnemius or
gluteus muscles with a volume of 50 ml divided between 2 sites
of injection. For intravenous injections into FKRPL276I mice, a
volume of 200 ml containing the AAV vector was injected into
the tail vein. A volume of �70–90 ml (low dose) or �110–140 ml
(high dose) of rAAV9-mFkrp or 140 ml of 0.9% sterile saline

control were injected into the tail vein of 4 week old Myf5/Fktn
knock-out or littermate controls mice based on body weight.

Functional tests

Ex vivo measure of specific force of the EDL and soleus was per-
formed as previously described (51). A protocol of large strength
injury (LSI) (28,29) was used. First, mice were intraperitoneally
injected with Evans blue dye (EBD, 0.1 mg/10g of body weight).
Eight hours after injection, the mice were placed on a rig and
were submitted to a 300 ms stimulation of the sciatic nerve, in-
ducing tetanus of the ankle dorsiflexor group of muscles; 150 ms
after onset of stimulation, the ankle was plantarflexed from
90 to 175� at an angular velocity of 1200�/s. This exercise was re-
peated 15 times, with a 2-min rest between successive length-
ening contractions. The following day, the mice were sacrificed
and the TA muscles were removed and quickly frozen in liquid
nitrogen-cooled isopentane.

Statistical analysis

Bar graphs, dot plots and fiber area plots show meanþ/- stan-
dard error of the mean (SEM). Comparisons of quantitative data
between groups were performed using the Wilcoxon-Mann-
Whitney test (R software) or two-way ANOVA for Myf5/Fktn ge-
notype vs. dose with Bonferonni’s post-test (Prism 5, GraphPad).
Statistical significance is represented by stars on the graphs re-
specting these rules: (*) for P-value< 0.05, (**) for P-value< 0.01
and (***) for P-value< 0.001. Outlier analysis was performed us-
ing the ROUT and Grubbs tests using GraphPad Prism 5.
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Supplementary Material is available at HMG online.
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