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Dystroglycan is a transmembrane glycoprotein that links the extracellular basement membrane to cytoplasmic 
dystrophin. Disruption of the extensive carbohydrate structure normally present on α-dystroglycan causes an 
array of congenital and limb girdle muscular dystrophies known as dystroglycanopathies. The essential role of 
dystroglycan in development has hampered elucidation of the mechanisms underlying dystroglycanopathies. 
Here, we developed a dystroglycanopathy mouse model using inducible or muscle-specific promoters to con-
ditionally disrupt fukutin (Fktn), a gene required for dystroglycan processing. In conditional Fktn-KO mice, 
we observed a near absence of functionally glycosylated dystroglycan within 18 days of gene deletion. Twenty-
week-old KO mice showed clear dystrophic histopathology and a defect in glycosylation near the dystroglycan 
O-mannose phosphate, whether onset of Fktn excision driven by muscle-specific promoters occurred at E8 or E17. 
However, the earlier gene deletion resulted in more severe phenotypes, with a faster onset of damage and weak-
ness, reduced weight and viability, and regenerating fibers of smaller size. The dependence of phenotype severity 
on the developmental timing of muscle Fktn deletion supports a role for dystroglycan in muscle development or 
differentiation. Moreover, given that this conditional Fktn-KO mouse allows the generation of tissue- and timing-
specific defects in dystroglycan glycosylation, avoids embryonic lethality, and produces a phenotype resembling 
patient pathology, it is a promising new model for the study of secondary dystroglycanopathy.

Introduction
The dystrophin-glycoprotein complex (DGC) links the intra-
cellular cytoskeleton to the extracellular basement membrane 
and provides a scaffold for associated proteins to promote tissue 
structural integrity and cell signaling (1, 2). Disruption of the 
DGC, via mutations in dystrophin, or the transmembrane sar-
coglycans results in a loss of or reduction in the complex at the 
sarcolemma and a subsequent membrane fragility, causing mus-
cular dystrophies of moderate to mild phenotypes (dystrophin: 
Duchenne and Becker muscular dystrophies; γ, α, δ sarcoglycans: 
limb girdle muscular dystrophies [LGMDs] type 2C, 2D, 2E, and 
2F) (3). More recently, a new class of diseases, called secondary 
dystroglycanopathies, has been identified. Dystroglycan, encoded 
by DAG1, is a DGC protein with an extracellular α subunit and a 
transmembrane β subunit (4). In secondary dystroglycanopathies, 
direct mutations are not present in dystroglycan itself; rather, part 
of an extensive and complex carbohydrate structure is lost from 
the extracellular surface of the αDG subunit (5). This glycan serves 
as the epitope for αDG binding to laminin, agrin, perlecan, and 
neurexin. Therefore, glycosylation deficiency severs the DGC link 
to the extracellular matrix.

Mutations in 6 genes encoding known or putative glycosyltrans-
ferases cause a failure in αDG glycosylation: protein O-mannosyl-
transferase 1 and 2 (POMT1/2, refs. 6, 7); protein O-mannose β-1, 

2-N-acetylglucosaminyltransferase (POMGNT1, ref. 8); fukutin 
(FKTN, ref. 9); FKTN-related protein (FKRP, ref. 10); and glycosyl-
transferase-like protein (LARGE, ref. 11). Collectively, these genes 
can cause severe congenital or milder limb girdle muscular dystro-
phies: Walker Warburg syndrome (WWS, various); muscle eye brain 
disease (MEB, various); Fukuyama congenital muscular dystrophy 
(Fukuyama congenital muscular dystrophy [FCMD], FKTN); con-
genital muscular dystrophy type 1C (MDC 1C, FKRP); and limb 
girdle muscular dystrophy (LGMD) types 2I (FKRP), 2K (POMT1), 
2M (FKTN), 2N (POMT2), and MDDGC3 (POMGNT1). POMT1/
POMT2 and POMGnT1 have known activities in the synthesis 
of a rare O-mannose tetrasaccharide on dystroglycan (8, 12–14). 
Recently, an intriguing O-mannose phosphate linkage was found 
on dystroglycan and was identified as a putative site of action for 
LARGE (15), a xylosyltransferase and glucuronyltransferase (14). 
The specific functions of FKTN and FKRP are unknown; however, 
both are believed to contribute to the O-mannose glycan.

Study of dystroglycanopathy disease mechanisms and αDG 
glycosylation is hampered by the essential nature of dystroglycan 
in development. Complete KO of dystroglycan or its processing 
genes, with the exception of Pomgnt1, causes embryonic lethality 
in mice (16–20). Furthermore, attempts to generate disease mod-
els by knocking in patient mutations have generally been unsuc-
cessful because (a) residual αDG processing activity is sufficient to 
prevent the development of dystrophic disease (21), and (b) many 
mutant mice die within 1 or 2 days of birth (20, 22). To date, the 
most commonly used dystroglycanopathy model is the myodystro-
phy mouse (Largemyd/myd), which harbors a spontaneous mutation 
in Large (11). Largemyd/myd mice exhibit muscle and brain pheno-
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types, loss of functional αDG glycosylation, and reduced lifespan. 
Although this is a very useful model, the presence of severe brain 
abnormalities impairs mouse growth and movement and can hin-
der more in-depth studies of the muscle disease.

To better understand disease mechanisms and characterize αDG 
hypoglycosylation in dystroglycanopathies, we sought to develop 
a mouse model for conditional disruption of αDG processing. 
We targeted the dystroglycanopathy gene Fktn, encoding fuku-
tin, because it is well established to cause both severe and milder 
muscular dystrophies, its complete gene KO is embryonic lethal 
in mice (23), and an animal model may be critical to discovering 
its biological function. Using Cre/LoxP and Flp/Frt technologies 
(24, 25), we established a mouse line for conditional disruption of 
Fktn. Using muscle-specific promoters (myf5 and muscle creatine 
kinase [MCK]), we generated dystroglycanopathy mice with severe 
and milder symptoms that are representative of the spectrum of 
patient diseases. We found evidence that Fktn disruption during 
muscle development at E8 causes a more severe phenotype than 
Fktn KO initiated at E17 in differentiating muscle and discovered 
that FKTN activity is necessary at or near αDG’s unusual O-man-
nose phosphate linkage. These studies validate a new mouse model 
for dystroglycanopathy mechanistic and therapeutic discovery.

Results
To develop a model for dystroglycanopathy muscular dystrophies, 
we created a mouse line with LoxP sites flanking Fktn exon 2 for 
conditional deletion of the Fktn start codon. Both Fktn “null” 
(Cre-recombined) and floxed Fktn (neo cassette removed) alleles 
were generated using Cre/LoxP or Flp/Frt germline recombina-
tion, respectively (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI63004DS1). 
Consistent with previous reports, we could not obtain complete 
KO mice, confirming embryonic lethality of germline Fktn disrup-
tion (Supplemental Figure 1D and refs. 17, 23). Surprisingly, the 
incidence of homozygosity for the floxed Fktn allele was also sub-
Mendelian, indicating that some lethality is associated with floxed 
exon 2 even in the absence of Cre recombinase (Supplemental Fig-
ure 1D). Fktnfl/fl mice that survived to birth were indistinguishable 
from wild-type littermates.

Whole-animal Fktn disruption impairs αDG glycosylation. To validate 
Cre recombination at the Fktn locus and confirm disruption of 
αDG glycosylation in vivo, we used whole-animal tamoxifen-
inducible (Tam-inducible) Cre mice (TgCre-Esr1; The Jackson Labo-
ratory, no. 004682) to induce Fktn exon 2 deletion. TgCre-Esr1;Fktnfl/– 
mice (iKO) and littermates were administered Tam or vehicle (Veh) 
at 6 weeks of age. Tam-treated iKO (Tam iKO) mice showed no dif-
ference in body weight, forelimb grip strength, or open-field activi-
ty compared with littermates from 4 through 20 weeks of age (data 
not shown). In contrast, serum creatine kinase (CK) levels in Tam 
iKO mice began to rise at 14 weeks, and were significantly higher 
than in control mice at 16 and 20 weeks of age, indicating muscle 
damage (Figure 1C and data not shown). Histological analysis of 
the iliopsoas muscle at 20 weeks confirmed the presence of dystro-
phic disease, with variation in fiber size, necrosis, and a significant 
increase in centrally nucleated fibers (Figure 1, A and B), indicative 
of muscle regeneration.

Staining for the αDG glyco-epitope was nearly negative or 
patchy, while βDG remained at the sarcolemma of Tam iKO mice, 
indicating a disruption in αDG processing rather than abnormal 
protein expression (Figure 1A). This was confirmed by Western 

blotting with an antibody directed to the αDG core protein; αDG 
protein was present with a reduced molecular weight in Tam iKO 
muscle (Figure 1D). αDG glycosylation was partially disrupted in 
some Veh iKO mice (Figure 1D); however, histological analysis of 
2 Veh iKO mice in this group revealed no significant abnormalities 
(data not shown). We hypothesized that the reduced αDG molecu-
lar weight in these Veh iKO mice was due to exposure to Tam while 
mice were cohoused with Tam littermates, so we performed addi-
tional experiments on Veh iKO mice caged separately from Tam 
littermates for 7 days after the first Tam dose or iKO mice from 
cages receiving no treatment. αDG glycosylation was normal in 
these uninduced iKO samples (Supplemental Figure 2A, 10 weeks 
after vehicle iKO [age 16 weeks]; and 20-week-old iKO; data not 
shown), confirming that untreated mice can be exposed to Tam 
from treated cagemates.

To assess the time from induction of Fktn gene excision to 
loss of αDG glycosylation, we Tam treated additional iKO mice 
and collected muscle tissues for analysis at various times. While 
a small amount of normal αDG was detected in wheat germ 
agglutinin–enriched (WGA-enriched) skeletal muscle of mice at 
2.5 weeks after Tam treatment, loss of the αDG functional glycan 
was virtually complete at all times tested (2.5, 4, 6, and 10 weeks 
after Tam treatment), indicating that most wild-type αDG pro-
tein is depleted within 2.5 weeks of Cre induction (Supplemental 
Figure 2, A and B). In iliopsoas muscles, dystrophic pathology 
was first detected 6 weeks after Tam treatment (Supplemental 
Figure 2C). However, in this assay, glycosylated αDG was still 
detected, albeit at reduced intensity (Supplemental Figure 2C), 
suggesting that immunofluorescence detection overestimates 
the expression of glycosylated αDG.

In addition to skeletal muscle, we confirmed a loss of/reduc-
tion in the αDG glyco-epitope in all Tam iKO tissues tested, with 
a concomitant reduction in core protein molecular weight (Figure 
1D). The extent of αDG glycosylation is tissue specific (26). High-
molecular-weight (skeletal muscle, heart, kidney) and moderate-
molecular-weight (brain, peripheral nerve, thymus) αDG glycans 
were affected by Fktn disruption, indicating that FKTN-dependent 
modifications take place in these tissues. For tissues with low-
molecular-weight αDG (liver, lung, testes), there was a clear shift in 
liver and lung, and potentially one in testes, although in the latter 
case, this could have been an artifact of uneven sample loading. In 
general, our data are consistent with a recent report of αDG gly-
cosylation in liver, lung, and testes by Kuga et al. (27). These data 
confirm that targeted disruption of Fktn exon 2 causes αDG glyco-
sylation defects in vivo and support the use of this iKO model as a 
novel tool for the study of dystroglycanopathy disease mechanisms.

Muscle-specific Fktn deletion disrupts the αDG functional binding gly-
can. To assess the importance of dystroglycan interactions with 
the extracellular matrix during muscle development and mainte-
nance, we bred floxed Fktn mice to mice expressing Cre recombi-
nase under the control of different muscle-specific promoters. The 
myogenic determination factor promoter myf5 directs Cre transla-
tion specifically in early skeletal muscle development and prolif-
eration (E8–E14) and in satellite cells initiating muscle regenera-
tion (28). This generates a complete muscle KO, as Cre is expressed 
during muscle cell specification. In contrast, the MCK promoter is 
turned on late in striated muscle differentiation. With respect to 
muscle development, this coincides with onset of MCK expression 
at E17, reaching a peak sustained expression by P10 (29). Nota-
bly, in mature KO muscle, regenerating fibers are normal because 
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Figure 1
Inducible, whole-animal Fktn deletion causes dystrophic features with disruption of αDG glycosylation. (A) Representative iliopsoas images from 
a control TamCre-Esr1/Fktnfl/– mouse (Veh iKO) and 2 treated TamCre-Esr1/Fktnfl/– mice (Tam iKO) at 20 weeks (Tam dosed at 6 weeks of age). Dystro-
phic pathology is evident in Tam iKO muscle with H&E staining. αDG glycosylation (αDG glyco) is abnormal in KO mice, while βDG is unchanged. 
ECM protein perlecan (perl) and nuclear (DAPI) counterstains are shown; original magnification, ×20; scale bars: 100 μm. (B) The percentage 
of centrally nucleated fibers is plotted for individual mice. i/Het, heterozygous or inducible heterozygous. *P = 0.036, Tam i/Het versus Tam iKO; 
Mann-Whitney test. (C) Serum CK activity is plotted for individual mice at various ages. *P ≤ 0.05; Dunn’s test. (D) DG expression and glycosylation 
in various tissues. αDG glyco detection by IIH6 is disrupted in all Tam iKO tissues tested, and core αDG protein (αDG core) is reduced in mass. 
An intermediate phenotype was observed in some Veh iKO mice, indicating exposure to Tam from treated littermates. βDG blots demonstrate 
different DG expression levels across tissues and confirm the presence of DG in Fktn-deficient mice. Sk, skeletal muscle; He, heart; Br, brain; 
PN, peripheral nerve; Kid, kidney; Liv, liver; Lu, lung; Te, testes; Thy, thymus.
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MCK is not expressed until these new fibers reach late differen-
tiation. For simplicity, we will refer to gene excision in MCK-Cre/
Fktn mice as beginning at E17, but recognize that muscle regen-
eration is spared at any age.

WGA-enriched extracts of hind limb skeletal muscle from 
20-week-old KO and littermate mice were analyzed for dystrogly-
can function and glycosylation. αDG from both myf5-Cre (E8) 
and MCK-Cre (E17) KOs failed to bind laminin in overlay assays, 
representing a loss of αDG functional binding activity in muscle-
specific Fktn-deficient mice (Figure 2, A and B). Similarly, the αDG 
glycan epitope was dramatically reduced or absent in KO muscle 
(Figure 2, A and B). βDG and αDG protein were present in all 
samples. However, αDG protein was only detected at a reduced 
molecular weight in KO muscle, confirming that αDG glycosyl-
ation, not protein expression, was abnormal (Figure 2, A and B).

To assess the nature of the abnormal αDG glycan in Fktn-KO 
mice, we concentrated WGA extracts for PHOS-bead experiments. 
PHOS-beads bind to exposed (free) phosphate groups on proteins 
or glycans under denaturing conditions. The recently discovered 
glyco-phosphate linkage on the αDG O-mannose is believed 
to be the branch that connects αDG’s functional binding gly-
can (unknown structure) to the known αDG O-mannose. In the  
Largemyd/myd dystroglycanopathy mouse, the glycan branch attached 
to the phosphate is missing, leaving a free phosphate group that 

binds to PHOS-beads (15). As shown in Figure 2C, normally gly-
cosylated αDG from littermate mice remained in the PHOS-bead 
void, indicating that there are no free phosphates on wild-type 
αDG. In contrast, hypoglycosylated αDG in myf5-Cre (E8) and 
MCK-Cre (E17) Fktn-KO mice distributes into two populations: an 
αDG species that remains in the void fraction; and a second spe-
cies that binds to the PHOS-beads (Figure 2C). The αDG species 
in the PHOS-bead void and elution may constitute two distinct 
populations of αDG — one with a free glyco-phosphate (elution) 
and one without (void).

Failure to bind the PHOS-beads could indicate that this KO 
αDG is missing the phosphate linkage, or that additional sugars 
(e.g., X) have been added to the phosphate so that it is no longer 
a free group (e.g., protein-O-mannose-P-X). To further examine 
these possibilities, we treated MCK-Cre (E17) KO muscle from 
the PHOS-bead void with aqueous hydrofluoric acid (HFaq). Cold 
HFaq specifically degrades phosphoester bonds and therefore will 
cleave any glycans attached to the phosphate group (e.g., protein-
O-mannose-P-X) (15). HFaq treatment of MCK-Cre (E17) KO αDG 
generated a small downward shift in molecular weight, indicat-
ing that the αDG fraction in the PHOS-bead void does contain 
the O-mannose phosphate linkage (i.e., protein-O-mannose-P-X; 
Supplemental Figure 3). Of interest, the HFaq-treated αDG in KO 
mice was slightly larger than that in wild-type mice, suggesting 
that some glycan structures, besides the O-mannose phosphate, 
are slightly larger on the αDG of KO muscle, perhaps because 
adjacent glycans are accessible for further modification in the 
absence of the large laminin-binding glycan. These data provide 
further evidence that FKTN contributes to modifications made at 
or just downstream of the O-mannose phosphate in the synthesis 
of αDG’s laminin-binding glycan, but is not directly involved in 
phosphorylation process.

Loss of Fktn beginning at E17 in differentiated striated muscle confers 
mild, progressive dystrophic changes in mice. We were surprised to find 
that αDG from 20-week-old mice of myf5-Cre/Fktn (E8) versus 
MCK-Cre/Fktn (E17) muscle KOs was virtually indistinguishable 
biochemically (see above). To determine whether the timing of 
αDG glycosylation disruption affected dystroglycanopathy dis-
ease development or progression, we undertook a comprehensive 
phenotypic study of both conditional KO strains. In agreement 
with the biochemical findings, MCK-Cre/Fktn (E17) KO mice 
had evidence of abnormal dystroglycan glycosylation, as the 
αDG functional glycan was reduced and patchy in KO mice com-
pared with littermates, while the αDG and βDG protein expres-

Figure 2
Biochemical analyses of dystroglycan in skeletal muscle from Fktn-
KO mice and littermates. (A) Western blot analyses of WGA-purified 
skeletal muscle from myf5-Cre/Fktn (E8) KO mice and littermates (LC, 
Het). All KOs have reduced αDG mass, as measured by detection of 
core protein (αDG core). This corresponds to a complete loss of αDG 
binding activity in laminin overlay (Lam O/L) and loss or reduction of 
αDG glyco-epitopes (αDG glyco). βDG protein is detected in all cases. 
(B) Western blot analyses of MCK-Cre/Fktn (E17) KO and littermates, 
as in A. (C) Detection of αDG free phosphate. WGA-enriched skeletal 
muscle was applied to PHOS-beads to capture proteins with exposed 
phosphates. αDG from control mice has no free phosphate, but E8 
and E17 muscle KOs (myf5-Cre/Fktn KO, MCK-Cre/Fktn KO) contain 
a substantial proportion with exposed phosphate. βDG is normally 
phosphorylated and serves as an experimental control.
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sion was unchanged (Figure 3A). Patchy expression is expected 
in this line, as regenerating fibers should have normal glycosyl-
ation. Histologically, all MCK-Cre/Fktn (E17) KO mice had signs 
of dystrophic disease, with central nucleation, variation in fiber 

size, and hypercontracted fibers (Figure 3, A and B). The pres-
ence of muscle damage was confirmed by elevated serum CK at 
12 weeks of age (Figure 3C). In addition, a muscle phenotype was 
revealed when mice were stressed to exhaustion with a treadmill 

Figure 3
Cre recombinase driven at E17 by the MCK promoter directs Fktn deletion in differentiating striated muscle to cause phenotypes consistent with 
mild muscular dystrophy. (A) H&E and immunofluorescence images from the iliopsoas of 20-week-old Het and KO mice. Dystrophic pathology is 
observed in KO mice along with patchy expression of glycosylated αDG (αDG glyco). αDG core protein and βDG are unchanged. DAPI nuclear 
stain and perlecan are shown for comparison; original magnification, ×20; scale bars: 100 μm. (B) The percentage of iliopsoas fibers with central 
nucleation is shown for individual 20-week-old mice. ***P = 0.0007; Mann Whitney test. (C) CK activity is detected in serum of individual littermate 
and KO mice at various ages. **P = 0.001–0.01, 12-week MCK LC versus KO; Bonferroni test. (D) Analysis of average forelimb grip strength for 
individual mice at various ages did not reveal muscle weakness in KO mice. P > 0.05; ANOVA. (E) Body weights of male and female LC and KO 
mice from 4 through 20 weeks (P > 0.05; ANOVA). Black triangles, MCK-Cre LC; red diamonds, MCK-Cre Fktn-KO. Statistics were calculated for 
LC versus KO mice at each age.
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run. MCK-Cre/Fktn (E17) KO mice ran for shorter times than lit-
termates (Supplemental Figure 4A), and exercise elicited muscle 
damage in KO but not littermate mice (elevated serum CK; Sup-
plemental Figure 4B). However, forelimb grip strength, a crude 
measure for detecting muscle weakness, was not different in KO 
mice and littermates (Figure 3D). Male MCK-Cre/Fktn (E17) KOs 
had a tendency toward muscle hypertrophy (similar to MCK-Cre/
dystroglycan KO; ref. 30), but body weights were not significantly 
different (Figure 3E). Therefore, dystroglycan glycosylation dis-
ruption at E17 in differentiating muscle initiates a disorder con-
sistent with mild, progressive muscular dystrophy.

Skeletal muscle FKTN deficiency initiated at E8 in early myogenesis is 
sufficient to induce severe muscle weakness and reduced viability in mice, 
a phenotype similar to that of congenital muscular dystrophy patients. In 
contrast to the MCK-Cre/Fktn (E17) KO mouse line, KO mice 
with Fktn deletion initiated during skeletal muscle specifica-
tion at E8 (myf5-Cre/Fktn) were severely affected. KO mice were 
significantly underweight in both body weight and isolated calf 
weight (gastrocnemius plus soleus) compared with littermates at 
all ages tested (Figure 4E, calf not shown). Many KOs required 
gruel feeding in the cage, as they were too small or weak to reach 
food pellets suspended overhead. Despite the gruel feeding, 11% 
of myf5-Cre/Fktn KO mice died before 20 weeks of age, and 78% 
of mice that we attempted to age past 20 weeks died or required 
euthanasia under our IACUC protocol (for inability to feed, hind 
limb paralysis, or respiratory distress) before 35 weeks of age 
(Supplemental Figure 1E). Therefore, Fktn deletion initiated with 
skeletal muscle development (E8), but not with muscle differen-
tiation (E17), reduced mouse lifespan, indicating an important 
role for functionally glycosylated dystroglycan in muscle develop-
ment, differentiation, or regeneration.

Analysis of iliopsoas muscle from 20-week-old mice revealed 
moderate to severe dystrophic features in myf5-Cre/Fktn (E8) 
KOs compared with littermates (Figure 4, A and B). Dystrophy 
was particularly severe in 4 of 9 mice evaluated histologically; 
muscle fibers were sparse and interspersed with adipocytes and 
endomysial fibrosis (Figure 4A). The αDG functional glycan was 
virtually negative in muscle fibers of these severe cases, as the only 
staining present was restricted to peripheral nerves and nerve 
twigs (Figure 4A, e.g., asterisk). Surprisingly, a population of 
myf5-Cre/Fktn (E8) KOs exhibited patchy αDG staining (Figure 
4A). Dystrophic features were observed in all of these mice, but 
they retained more muscle fibers and muscle mass than severely 
affected mice at 20 weeks of age.

To test whether other muscle groups in myf5-Cre/Fktn (E8) KO 
mice are affected, we also evaluated quadriceps, tibialis anterior, 
calf, and diaphragm muscles from the same mice represented in 
Figure 4A (Supplemental Figure 5). The diaphragm and iliopsoas 
muscles exhibited the most prevalent KO histopathology, consis-
tent with a greater involvement of proximal muscles in dystrogly-
canopathies. Hind limb muscles were clearly dystrophic, but less 
severely affected. Similar to the iliopsoas, patchy expression of gly-
cosylated αDG was found in some muscles (Supplemental Figure 5).  
As expected, reduced αDG glycosylation was roughly correlated 
with the severity of dystrophy. This spectrum of disease in myf5-
Cre/Fktn (E8) KOs suggests that either Fktn deletion is incomplete 
or compensatory mechanisms for αDG glycosylation are at work 
in the moderately affected mice (see below).

As a group, the early muscle KOs showed other disease features. 
CK activity in serum was elevated at 4 and 8 weeks of age for myf5-

Cre/Fktn (E8) KOs compared with littermates, indicating the 
presence of significant muscle damage early in life (Figure 4C). 
As expected, the CK activity decreased at older ages because fewer 
muscle fibers remain to contribute to protein leakage into serum. 
In addition, forelimb grip strength was significantly weaker in KO 
mice at nearly all ages tested (Figure 4D), confirming the clinical 
relevance of this disease model.

Using a transgenic mouse line developed by our group (TgMCK-
Fktn; Supplemental Figure 6), we reexpressed the Fktn cDNA 
under control of the MCK promoter to direct exogenous FKTN 
expression at E17 in muscle of myf5-Cre/Fktn (E8) KO mice. We 
tested mice at PD8 to assess exogenous Fktn expression and dys-
trophic pathology. While we did not obtain a transgene-express-
ing KO mouse (Tg/KO) in PD8 litters, we did find that FKTN 
protein and mRNA were highly elevated by PD8 in transgene-
expressing littermate control mice (Tg/LC), with no disruption of 
αDG glycosylation or muscle histology (Supplemental Figure 7,  
A–C). In contrast, myf5-Cre/Fktn (E8) KO muscle lacking the 
transgene showed nearly complete loss of glycosylated αDG by 
P8, but no overt necrosis (Supplemental Figure 7, A and C). These 
data suggest that exogenous Fktn expression precedes the onset of 
dystrophic pathology in TgMCK-Fktn × myf5-Cre/Fktn KO mice, 
as disruption of αDG glycosylation in the E8 KO mice is delayed 
by a complex sequence of events (Cre expression → Fktn gene exci-
sion → depletion of Fktn mRNA → depletion of FKTN protein → 
disruption of αDG processing → depletion of wild-type αDG → 
initiation of disease).

We also analyzed mice from the Fktn transgene–expressing myf5-
Cre/Fktn KO colony at 20 weeks. At this age, changes in αDG gly-
cosylation, weakness, or muscle damage in transgene-expressing 
KO mice (Tg/KO) were not observed, while myf5-Cre/Fktn (E8) 
KO littermates exhibited disease (Supplemental Figure 8). Fktn 
replacement successfully prevented loss of αDG glycosylation and 
dystrophic disease in transgene-expressing KO mice. Consequently,  
the TgMCK-Fktn × myf5-Cre/Fktn KO colony is expected to be a 
model of Fktn gene therapy.

Muscle regeneration in dystroglycanopathy. Fktn excision initiated at 
E8 in our myf5-Cre/Fktn KO model disrupts αDG glycosylation in 
muscle development such that all muscle life-cycle stages should 
be affected (development, differentiation, fiber maintenance, and 
muscle regeneration). The milder phenotype of the MCK-Cre/
Fktn (E17) KO mice, in which the αDG defect is limited to mature 
muscle fibers, suggests that αDG abnormalities in muscle develop-
ment, differentiation, and/or regeneration are important for the 
development of more severe disease phenotypes. To directly address 
the effects of αDG glycosylation defects in muscle regeneration, 
we analyzed expression of the embryonic isoform of myosin heavy 
chain (eMHC), a marker of regenerating fibers, in 20-week-old mice 
from the myf5-cre (E8) and MCK-cre (E17) muscle KO colonies. 
Muscle fibers positive for eMHC were present in KO mice from 
both colonies, as expected for dystrophic muscle (Supplemental 
Figure 9A). Notably, eMHC-positive fibers were smaller in myf5-
cre/Fktn (E8) KO than MCK-cre/Fktn (E17) KO mice, and the 4 
severely affected mice in the myf5-cre/Fktn (E8) KO data set had 
much higher eMHC fiber density (number of eMHC fibers per total 
muscle section area; 4 highest data points obtained from severely 
affected mice; Supplemental Figure 9B).

Smaller eMHC-positive fibers, coupled with the higher number of 
fibers in myf5-Cre/Fktn (E8) KO mice with severe pathology, indi-
cate that αDG glycosylation abnormality may cause regenerating  
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Figure 4
Mice with skeletal muscle Fktn deletion initiated at E8 show moderate to severe muscular dystrophy. (A) Histology of iliopsoas muscle from 
20-week-old myf5-Cre LC and KO mice provides evidence of moderate to severe dystrophy. Patchy or absent staining with αDG glyco-antibody 
while βDG and αDG core protein are still present indicates abnormal αDG glycosylation. Original magnification, ×20; scale bars: 100 μm. 
Note: Peripheral nerve twigs are still αDG glyco positive, confirming specificity of Fktn KO in muscle (e.g., asterisk). (B) Iliopsoas fibers with 
central nucleation in individual mice at 20 weeks of age. *P = 0.017; Mann Whitney test. (C) CK activity is elevated in KO mice at young ages.  
*P = 0.01–0.05, 4-week Myf LC versus KO; ***P < 0.001, 8-week Myf LC versus KO; Bonferroni test. (D) Forelimb grip strength (average of 5 pulls) 
is plotted according to age (*P = 0.01–0.05, 4-week Myf LC versus KO; ***P < 0.001, 8-, 16-, and 20-week Myf LC versus KO pairs; Bonferroni 
test. (E) Body weights of male and female mice at various ages. *P = 0.01–0.05, 4-week Myf LC versus KO M; **P = 0.001–0.01, 8-week Myf LC 
versus KO male and 16-week Myf LC versus KO female; ***P < 0.001, 12-, 16-, and 20-week Myf LC versus KO paired male and 20-week Myf LC 
versus KO female; Bonferonni test. Each data point represents 1 mouse; group means are shown. Black triangles, myf5-Cre LC; red diamonds, 
myf5-Cre Fktn-KO. Statistics were calculated for LC versus KO mice at each age.
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fibers to become “stalled” in an immature state. To determine 
whether these KO mice can mount a regenerative response in the 
context of advanced disease, we injected cardiotoxin (CTX; muscle 
toxin) or saline into calf muscles of 16-week-old myf5-Cre/Fktn 
(E8) KO and littermate mice. At 7 days after injection, we found 
CTX-induced muscle damage in both E8 KO mice and littermates 
and an increase in eMHC-positive regenerating fibers related to 
the size of the CTX necrotic region (Supplemental Figure 9, C 
and D). The distribution of eMHC-positive fiber areas was signifi-
cantly smaller in myf5-Cre/Fktn (E8) KO mice than in littermates 
following synchronized CTX necrosis (Supplemental Figure 9E). 
Long-term recovery from CTX was also analyzed in myf5-Cre/Fktn 
(E8) KO mice. CTX-treated KO muscle was indistinguishable from 
saline-treated KO muscle 4 weeks after injection (n = 2, data not 
shown); therefore, we could not determine whether myf5-Cre/Fktn 
KO muscle fully recovered to its dystrophic baseline 4 weeks after 
injection or if the CTX injection was off target. Overall, these data 
suggest that αDG glycosylation is not required for satellite cells 
to initiate a regenerative response; rather, it may be important 
for later stages of the regenerative process (fiber differentiation?). 
These results are consistent with reports of delayed fiber matura-
tion in FCMD patients (31).

Variability between severe and moderate disease phenotypes. The appar-
ent reemergence of αDG glycosylation in some myf5-Cre/Fktn 
(E8) KO muscle fibers was unexpected, but correlated with reduced 
histopathology (see above). A modified immunofluorescence pro-
tocol with in situ denaturation and blocking of resident mouse 
immunoglobins was used with the αDG glyco-antibody in all 
experiments, as it was found to improve signal. When we com-
pared signal detection in myf5-Cre/Fktn (E8) KO with or without 
the in situ denaturation, we found that denaturation increased 
the αDG membrane signal and background immunofluorescence. 
Therefore, it is possible that αDG glycosylation in KO tissue may 
be overestimated (Supplemental Figure 10). However, because we 
did detect minimal amounts of glycosylated αDG biochemically 
(Figure 2), our data indicate that very little functional αDG is pres-
ent in mice with reduced disease (Figure 2).

How is some αDG glycosylation restored in myf5-Cre/Fktn (E8) 
KO muscle? One possible explanation for these results is that Cre-
mediated excision of Fktn exon 2 is incomplete. If a small popula-
tion of nuclei continued to produce wild-type FKTN, then αDG 
glycosylation could be restored in some fibers. We prepared RNA 
from mouse calf muscles and used RT-PCR to detect FKTN tran-
scripts. In 20-week-old mice, full-length Fktn and alternatively 
spliced variants were present in wild-type littermates, while only 
recombined transcripts (Δexon 2) were detected from the myf5-
Cre/Fktn (E8) KO mice (Supplemental Figure 11A), suggesting 
complete Cre recombination at all Fktn loci. We also assessed 
the number of Fktn and homolog Fkrp transcripts in muscle of 
20-week-old KO and littermate mice. Fkrp levels were unchanged 
or slightly reduced in Fktn KO muscle (data not shown). Quantita-
tive PCR (qPCR) methods were deemed unreliable for Fktn mRNA 
quantification because of low expression levels and the presence 
of other cell types (e.g., fibroblasts, adipocytes) in the dystrophic 
muscle compartment (data not shown).

As the absence of wild-type transcripts in the 20-week-old KO 
calf may not be representative of all muscle groups, we conducted 
further testing to assess Fktn recombination in other muscles. 
We analyzed older mice (27 weeks) to select for moderate pheno-
types, as the most severely affected myf5-Cre/Fktn (E8) KOs die by 

this age. Under these conditions, wild-type transcript was faintly 
detected in several muscles, but was not consistently expressed in 
specific muscle groups across individual mice (Supplemental Fig-
ure 11B). While a portion of the unrecombined Fktn transcript was 
likely derived from peripheral nerve contamination of the muscle 
sample, these data suggest that a small population of muscle cells 
escape Cre recombination to support residual and mosaic αDG 
glycosylation. It seems unlikely that the residual unrecombined 
transcript accounts for all of the glycosylated αDG in moderately 
affected mice. Thus, we expect that additional molecular events 
contribute to the recovery of αDG glycosylation in myf5-Cre/Fktn 
(E8) KO muscle, such as the variable expression of modifier genes.

Discussion
Dystroglycan roles in skeletal muscle. Our Fktn conditional KO mice 
provide, for the first time to our knowledge, a dystroglycanopathy 
model with specific disruption of dystroglycan glycosylation in 
muscle that enables recapitulation of both severe and mild disease 
phenotypes. We find that functional dystroglycan glycosylation 
is important in muscle development/differentiation and fiber 
maintenance, but that defects initiated at E8 (expected to affect 
muscle development/differentiation) appear necessary to induce 
more severe disease with prevalent weakness and wasting. The 
necessity of functional αDG glycosylation in fiber maintenance 
is demonstrated in MCK-Cre/Fktn KO mice where Fktn deletion is 
initiated in muscle at E17. In these mice, Fktn excision is expected 
to occur late in the muscle differentiation process, likely ensuring 
that αDG function is preserved until fiber maturation. Late onset 
(~12 weeks) of muscle damage (elevated serum CK) in the absence 
of detectable forelimb muscle weakness suggests that while DG 
processing by FKTN is imperative in skeletal muscle maintenance, 
the loss of its function in mature skeletal muscle results in only 
mild pathology and physical impairment that may only be mani-
fested under conditions of muscle stress (i.e., exercise).

Our results with the Tam iKO mouse model confirm a role for 
FKTN processing of αDG in muscle maintenance. In these mice, 
all muscle development and differentiation occurred normally, as 
Fktn disruption was not initiated until Tam delivery at 6 weeks. 
In muscle, only fiber maintenance and regeneration after Tam 
delivery were affected. Notably, muscle damage (elevated serum 
CK) was detected in these mice just 8–10 weeks after treatment, 
even though mice were in a slower, mature growth phase, and 
thus rapid tissue expansion contributed less to the depletion of 
functional αDG. While this mouse model is not muscle specific, 
the effects of dystroglycanopathy on brain are generally develop-
mental (6, 20, 22, 32–36) and cardiac abnormalities usually of late 
onset (37). Therefore, the more rapid and sustained muscle dam-
age in Tam iKO mice versus MCK-Cre/Fktn (E17) KO mice likely 
indicates an additive effect of αDG disruption during muscle 
regeneration and Fktn disruption in peripheral nerves.

Our finding that the regenerating fibers in myf5-Cre/Fktn (E8) 
KO mice were smaller in size than those in either MCK-Cre/Fktn 
(E17) KO mice or CTX-challenged littermates is intriguing (Sup-
plemental Figure 9), but the physiological relevance of this shift 
in fiber size is currently unclear. The eMHC-positive fiber pool in 
dystrophic muscle has been shown to be of smaller fiber area than 
eMHC-negative fibers in either dystrophic or control muscle (38), 
but to our knowledge the size distribution of eMHC-expressing 
fibers has not been measured for control muscle in the context of 
induced regeneration. Notably, our data are consistent with the 
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idea that FCMD patient muscle undergoes maturational arrest, 
with a failure to complete terminal differentiation (31), as an 
increase in eMHC-positive fibers and a smaller fiber area could be 
explained by a delay or deficit in muscle fiber maturation.

Interestingly, our data and those of Taniguchi et al. (31) sug-
gest that the roles of the dystroglycan protein (complex) and αDG 
glycosylation per se may be different. We previously reported that 
CTX induction of muscle regeneration is severely compromised in 
MORE-DG null mice, in which the dystroglycan gene (Dag1) is delet-
ed at E5 (30), but is normal when Dag1 deletion is delayed (E17 MCK 
expression), indicating that dystroglycan expression in satellite cells 
is necessary for the regenerative response. In contrast, CTX-induced 
myf5-cre/Fktn (E8) KO mice, Largemyd/myd mice, and FCMD patients 
exhibit an increase in eMHC-expressing muscle fibers (Supplemen-
tal Figure 9 and ref. 31). Therefore, we propose that satellite cell 
regeneration may depend not specifically on αDG glycosylation, 
but rather on the presence of dystroglycan protein and the DGC. 
Proper glycosylation may be important for correct muscle fiber dif-
ferentiation during development or following regeneration, but not 
for the initial regenerative response. Our evidence that dystrophic 
muscle from Fktn-deficient (E8) mice remains capable of mounting 
a regenerative response at 16 weeks of age suggests that there may be 
a wide window for therapeutic intervention if gene- or protein-based 
therapies were to target new eMHC-positive fibers in late-stage dys-
trophic muscle for the normalization of αDG glycosylation.

Timing of αDG disruption and onset of pathology. Cre recombinase 
activation by myf5 at E8 and subsequent Fktn excision take place 
in myotome-specified cells in our myf5-Cre/Fktn (E8) KO mice. 
However, because the fate of endogenous FKTN protein expression 
could not be determined, we were unable to conclude the precise 
timing of FKTN protein depletion. There will be a delay between 
Fktn excision and subsequent depletion of properly processed 
αDG protein. Therefore, dystroglycanopathy processes are likely 
not initiated until late in muscle development or during the dif-
ferentiation process. While we did not determine the precise devel-
opmental timing of αDG disruption in our myf5-Cre/Fktn E8 
KO mice, our data indicate that the time course of virtually com-
plete αDG protein turnover is less than 18 days (αDG glyco dis-
ruption in PD8 myf5-Cre [E8] KO mice [Supplemental Figure 7];  
and loss of αDG glyco 2.5 weeks after Tam dosing in Tam iKO 
mice [Supplemental Figure 2]). Furthermore, our data imply that 
the time to onset of overt dystrophic pathology is 19–39 days in 
myf5 E8 KO mice (pathology not apparent at PD8, but present by 
4 weeks of age) and 28–42 days in the Tam iKO mice (Supplemen-
tal Figure 2C, overt dystrophy absent at 4 weeks but present at  
6 weeks after treatment), indicating that there is considerable over-
lap in the onset of dystrophic processes in these different mod-
els. An earlier onset of αDG dysfunction alone cannot explain the 
increased disease severity in myf5-Cre/Fktn KO mice, as neither 
Tam iKO nor MCK-Cre/Fktn (E17) KO mice develop measurable 
weakness or wasting, even when aged to 20 weeks. These data sup-
port the notion that loss of functional αDG in muscle develop-
ment or differentiation processes (that are unaffected in the milder  
Tam iKO and MCK-Cre/Fktn [E17] KO mice) is necessary to 
achieve a severe dystroglycanopathy phenotype.

The classical model of membrane-related muscular dystrophy 
disease mechanisms suggests that contraction-induced mechani-
cal damage to the plasma membrane or its ion channels precede 
cycles of degeneration and regeneration, leading to a depletion of 
muscle regenerative capacity and cumulative muscle dysfunction 

(39–45). In fact, such an account is consistent with our finding in 
MCK-Cre/Fktn (E17) KO and Tam iKO mice, as the 8- to 12-week 
time frame from Fktn deletion to elevated serum CK allows for 
depletion of FKTN protein, loss of αDG functional glycosylation, 
depletion of wild-type αDG, and subsequent accumulation of 
contraction-induced muscle damage. However, this model is insuf-
ficient to describe severe congenital muscular dystrophies, as the 
early disease onset and severity allow less time for such cumula-
tive damage processes. The congenital model of laminin deficiency 
shows less evidence of membrane damage than dystrophin-related 
muscular dystrophy (46), and dystroglycanopathies exhibit abnor-
malities in muscle fiber maturation (31) and muscle organization 
(36, 47–49), indicating that other mechanisms likely contribute to 
the severity of congenital diseases.

Relevance to clinical phenotypes and patient FKTN mutations. In gen-
eral, pathogenic mutations in dystroglycanopathy genes must 
interrupt end-point αDG functional glycosylation. In myf5-Cre/
Fktn (E8) KO mice, the proportion of glycosylation disruption was 
clearly linked with disease phenotype. While we anticipate that our 
immunofluorescence detection of the glyco-epitope may overes-
timate residual glycosylated αDG, mice with more glyco-positive 
fibers clearly had a moderate, rather than severe, dystrophic phe-
notype in muscle. The source of this variability in myf5-Cre/Fktn 
(E8) KO mice may be, at least in part, due to a technicality of the 
promoter system. Roughly 10% of satellite cells are reported to be 
myf5 negative (50), and although myf5 KO mice are developmen-
tally delayed, they are able to generate skeletal muscle through a 
myf5-null, myoD-dependent precursor cell pool (51, 52). There-
fore, in some mice a small population of myofibers may escape 
Cre recombination, leading to more moderate disease phenotypes. 
These data indicate that mechanisms directing expansion of this 
presumably myf5-negative, myoD-positive pool of unrecombined 
precursor cells may result in variable skeletal muscle developmen-
tal pathways in our mice.

Regardless of the source, the correlation between the magni-
tude of residual glycosylation and disease phenotype in Fktn-KO 
mice is consistent with both previous mouse studies and patient 
reports. For example, 0% dystroglycan laminin binding is lethal in 
the mouse (e.g., Dag1, Pomt1, Fktn KOs; refs. 16, 18, 23), approxi-
mately 5% laminin binding activity is associated with severe dis-
ease, and dystroglycan laminin binding activity of 50% (or greater) 
is not pathogenic (21). Similarly, dystroglycanopathy patients 
with elevated residual αDG glycosylation trend to have the milder 
limb-girdle phenotype, whereas patients with more severe glycosyl-
ation defects develop congenital muscular dystrophies with earlier 
onset and greater functional impairment (53, 54), although there 
are exceptions (55). With respect to FKTN, a patient homozygous 
for an early nonsense mutation died at 4.5 months, and patients 
with compound heterozygosity with the Japanese founder muta-
tion and nonsense, frameshift, or exon-skipping mutations are 
clinically more severely affected than those homozygous for the 
founder mutation, indicating that disease severity is dependent 
on the nature of the gene mutation (9, 56, 57). While we do not yet 
know the specific activity of FKTN in the αDG processing path-
way, we presume that the degree of αDG dysfunction and the dis-
ruption of FKTN protein activity will also be positively correlated 
to the FKTN gene mutation, as has been shown for POMT1 and 
POMGnT1 enzyme activity in patient cells (58, 59).

Conditional KO technology allowed us to excise Fktn at differ-
ent times in a muscle-specific or whole-animal manner (E8, E17,  
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6 weeks) to gain new knowledge of dystroglycanopathies, but such 
selective excision of Fktn at specific times and locations is not a 
natural phenomenon. Our results indicate that αDG dysfunction 
during development/differentiation is necessary for the genera-
tion of severe phenotypes in mice; therefore, the specific correla-
tion with patients is less obvious, because patient FKTN mutations 
are present in the germline. A link between phenotypic severity and 
FKTN dysfunction in muscle development/differentiation could 
be accounted for by two general mechanisms.

First, a FKTN patient mutation could have an identical effect on 
abnormal αDG species in developing and mature muscle, but other 
factors confer increased severity during developmental/differentia-
tion processes. For example, FKTN expression could be upregulated 
during compared with after muscle development such that the 
αDG functional binding glycan is more dependent on FKTN 
modifications in the E8–E17 period, resulting in more severe dis-
ease. Such a developmental upregulation has been described for 
Fktn in mouse brain, but expression levels in embryonic muscle 
are unknown (60–62). Skeletal muscle may also be more sensitive 
to dystroglycan glycosylation abnormalities initiated in utero and 
early postnatal life because of the rapid tissue growth associated 
with development. In addition, modifier genes or proteins may be 
developmentally regulated so that the impact of abnormal αDG 
function is dependent on their coexpression. As these scenarios 
affect all FKTN patients, the specific output of patient phenotype 
is thus dependent on the percentage of residual functional dystro-
glycan-matrix binding as determined by the patient mutation, with 
greater residual binding conferring milder phenotypes.

Second, specific FKTN patient mutations could confer selectiv-
ity for enhanced dystroglycan glycosylation abnormalities during 
muscle development/differentiation versus after muscle develop-
ment. For example, specific FKTN mutations could alter embryonic 
splicing or specific interactions with developmentally regulated 
molecules that determine FKTN RNA or protein stability or localiza-
tion. A retrotransposon insertion into the 3′ untranslated region of 
FKTN, the Japanese founder mutation, has now been shown to cause 
a splicing defect resulting in truncation of the C terminus and addi-
tion of exogenous sequence that results in mislocalization to the ER 
(63). Penetrance of the FKTN splicing defect was variable in patient 
lymphoblasts, and multiple alternatively spliced FKTN mRNA 
human variants have been reported previously (63, 64). Therefore, 
the milder nature and variability of phenotype for patients homozy-
gous for the founder mutation support the idea that differences in 
regulation of its pathogenic splicing are a possible source of patient 
variability that could be developmentally regulated.

Dystroglycanopathy disease models. Efforts to produce models of dys-
troglycanopathy syndromes have been made by numerous labora-
tories. As dystroglycan and the putative glycosylation machinery 
are largely conserved, invertebrate, vertebrate, and mammalian 
models have been generated. Lower organisms have proven effi-
cient in corroborating the importance of dystroglycan and its pro-
cessing enzymes (36, 47–49), but they are less suited for detailed 
analyses of downstream muscle pathogenesis. The essential role of 
dystroglycan in embryonic development (formation of Reichert’s 
membrane) makes the use of traditional mouse KO technology dif-
ficult. Our data confirm a previous report of embryonic lethality 
in germline Fktn-KO mice (17) and are consistent with E6.5–E9.5 
lethality reported for other primary and secondary dystroglycanop-
athy genes, Dag1, Pomt1, Pomt2, and Fkrp (16, 18, 20, 65). Embryonic 
lethality is expected for Large, but has not been reported.

To avoid lethality of germline KO, chimeric mice and patient 
mutation knock-in mice have been studied, with mixed results. 
Chimeric mice with a high proportion of Fktn-null cells develop 
early, severe muscle disease, but dystrophy diminishes with time 
as wild-type satellite cell precursors repopulate the regenerating 
muscle (23). Moreover, chimeric mice are subject to increased 
inter-individual variability and repeated generation of chimeric 
mice for new studies is technically demanding and costly. FKRP 
patient mutation, humanized FKTN retrotransposon insertion, 
and Pomgnt1 genetrap mouse models exhibit only mild or nonex-
istent skeletal muscle histopathology (19, 21, 66), indicating that 
gene disruption via patient mutation is subclinical (FKRP, FKTN) 
or that modifications are less critical or are compensated in mus-
cle (Pomgnt1). FKRP knock-in mice with concomitant depletion of 
transcript mRNA successfully recapitulate secondary dystrogly-
canopathies, suggesting that point mutations alone do not dis-
rupt protein activity sufficient enough to result in myopathies (20, 
22). Unfortunately, these mice have significant perinatal lethality, 
precluding many mechanistic and therapeutic evaluations.

The most widely used dystroglycanopathy mouse models to 
date are the myodystrophy mouse (Largemyd/myd) with spontaneous 
intragenic deletion of Large (11) and the conditional KO model 
of floxed dystroglycan (30, 35, 67). Largemyd/myd mice have defec-
tive dystroglycan glycosylation, causing muscular dystrophy with 
brain and eye phenotypes, with specific abnormalities in muscle 
cytoarchitecture, neuromuscular junctions, and fiber maturation 
(31, 33, 37, 68). However, because the whole animal is affected in 
Largemyd/myd mice, it is difficult to discriminate among myogenic, 
neurogenic, and vascular pathomechanisms. We have previously 
reported a conditional model of primary dystroglycanopathy 
using Cre/LoxP excision of the dystroglycan gene (30, 67). The 
floxed dystroglycan model has a loss of dystroglycan and the DGC 
(30) and therefore is not favorable for investigating cellular mech-
anisms of common secondary dystroglycanopathy, where glyco-
sylation but not protein expression is abnormal. Hu et al. gener-
ated the first secondary dystroglycanopathy conditional mouse 
model using Cre-LoxP technology to remove Pomt2 in the brain 
(65). These mice recapitulate dystroglycanopathy brain defects, 
but gene disruption in muscle was not performed. Therefore, the 
conditional Fktn-KO mouse generated in this study, like the con-
ditional Pomt2 mouse, offers substantial advantages over previ-
ous models, as it allows for the generation of tissue- and timing-
specific defects in dystroglycan glycosylation, avoids embryonic 
lethality, and has a phenotype that resembles patient pathology. 
Furthermore, the detailed analysis of disease progression in skel-
etal muscle outlined in this study will be helpful for determining 
milestones in future therapeutic animal studies.

Insights into FKTN activity. It is well established that αDG is modi-
fied by O-linked glycosylation (1, 69–71) and that O-mannose–
specific glycosylation is responsible for αDG binding to basement 
membrane proteins (4, 72–76). FKTN is implicated in the αDG 
processing pathway because its mutations disrupt αDG glycosyl-
ation (37, 77); however, neither the complete αDG O-mannose 
structure nor the site of FKTN’s activity is known. Our data, in 
agreement with a recent study, demonstrate that the abnormal 
glycosylation caused by Fktn deficiency is associated with a glycan 
truncation near the αDG O-mannose phosphate bond (15, 27). We 
find that Fktn-deficient αDG is present in two populations, one 
with a free phosphate group attached to the O-mannose and one 
with a small glycan modification added to the phosphate (protein-
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O-mannose-P-X). While LicD domain–containing proteins have 
been shown to have phosphoryl transfer activity (78), we incor-
rectly anticipated that FKTN might itself be responsible for the 
αDG glycan phosphate group. However, our data confirm that 
the αDG O-mannose phosphate does not require FKTN (Figure 
2C and Supplemental Figure 2); rather, FKTN activity is linked 
to modifications immediately downstream of the mannose phos-
phate residue. Notably, FKTN was previously reported to bind to 
the αDG processing enzyme POMGnT1, which adds N-acetyl-
glucosamine to αDG O-mannose (8, 69, 79), providing further 
evidence that FKTN activity is relevant to modifications near the 
αDG O-mannose sugar.
αDG from Largemyd/myd mice has also been shown to be deficient 

at the αDG O-mannose phosphate; however, only the free phos-
phate αDG population was reported (15). In preparation for exper-
iments presented here, we also analyzed Largemyd/myd muscle lysates 
on PHOS-beads. In contrast to the previous report, we detected 
two αDG populations from Largemyd/myd mice (data not shown), 
just as we found with our MCK-Cre/Fktn and myf5-Cre/Fktn KOs 
(Figure 2). The source of the discrepancy is not immediately clear. 
However, PHOS-bead voids require buffer exchange before SDS-
PAGE, which can deplete 30%–50% of sample proteins, so it is pos-
sible that, with a smaller starting sample, the αDG PHOS-bead 
void fraction was subthreshold for detection. Ultimately, we found 
that Fktn and Large deficiency produce similar αDG subspecies, 
suggesting that their activities converge in αDG processing. The 
precise nature of the PHOS-bead void αDG is not clear. However, 
we speculate that the free αDG O-mannose phosphate is the spe-
cific site of disruption in Fktn- (and Large-) deficient muscle and 
in the absence of its usual processing, other nonspecific modifi-
cations to the αDG phosphate occur to generate the PHOS-bead 
void fraction. Further identification of the αDG O-mannose gly-
can is required to reconcile these questions.

Methods
Antibodies. Custom rabbit antiserum (rabbit 257) was generated against the 
human FKTN C terminus (KLH-CAANGIWPISEWDEVIQLY) using stan-
dard protocols. Affinity-purified Rbt257 detects recombinant FKTN pro-
tein by Western blot but lacks the sensitivity to detect endogenous protein; 
Rbt257 was not suitable for immunofluorescence detection. αDG glyco 
(IIH6), αDG core (goat 20adg), and βDG (7D11) were described previously 
(1, 4, 80). Perlecan (heparin sulfate proteoglycan) and laminin primary 
antibodies and secondary antibodies conjugated to Cy3, Alexa Fluor 488, 
HRP, IR dye 680/700 nm, and IR dye 800 nm were purchased (Millipore, 
Sigma-Aldrich, Jackson ImmunoResearch Laboratories Inc., Invitrogen, 
Chemicon, Pierce, Rockland).

Mice. Floxed Fktn mice for conditional deletion of Fktn exon 2 were gener-
ated by homologous recombination in mouse 129/SvE ES cells by the Uni-
versity of Iowa Gene Targeting Core Facility. Germline deletion of the neo-
mycin selection cassette or the entire floxed exon 2 was achieved by mouse 
breeding. Conditional KO mice TgCre-Esr1;Fktnfl/– (Tam iKO), myf5Cre/+;Fktnfl/fl  
(myf5-Cre/Fktn KO), and MCK-Cre/Fktn mice were created by breeding to 
inducible or muscle-specific Cre recombinase mice. MCK-Cre mice were a 
gift from Ronald Kahn (Harvard Medical School, Boston, Massachusetts, 
USA) and myf5-Cre mice were a gift from Michael Rudnicki (Ottawa Hos-
pital Research Institute, Ottawa, Ontario, Canada). For details, see Supple-
mental Methods and Supplemental Tables 1 and 2.

RT-PCR. Calf (gastrocnemius plus soleus) muscles from individual 
20-week-old mice were flash frozen and crushed under liquid nitrogen. 
RNA was extracted from muscle using TRIzol according to the manu-

facturer’s instructions (Invitrogen). RNA concentration and quality were 
measured (Nanodrop). One microgram of RNA per sample was treated 
with DNase, reverse transcribed using a mixture of oligo dT and random 
hexamer primers (Superscript II, Invitrogen), and treated with RNase H  
to remove template RNA. FKTN exon 1–4 was amplified by PCR  
(Supplemental Table 3).

Physiological measurements. Body weight, forelimb grip strength, and 
serum CK measurements were taken at 2- or 4-week intervals from 4 to 
20 weeks of age. A mouse grip strength meter (Columbus Instruments) 
was mounted horizontally, with a T-bar connected to the force trans-
ducer. Mice were allowed to grip the bar with their front paws and then 
were gently pulled away until the bar was released. The maximum gram 
force was recorded per pull, and 5 pulls were averaged per mouse for 
each time point.

Blood was collected from the ventral tail artery of individual mice and 
centrifuged to separate serum. Serum (3 μl) was diluted 1:10 in ultrapure 
water and loaded onto a microplate in triplicate. Creatine kinase reagent 
(StanBio 0910-206) was added according to the manufacturer’s protocol 
and assayed for activity using a microplate reader (Molecular Devices).

Lectin purification, PHOS-bead analysis, and laminin overlay. WGA-enriched 
protein samples were prepared from various tissues (hind limb skeletal 
muscle, brain, pooled peripheral nerves, kidney, liver, lung, thymus, and 
testes) or tissue cryosections (heart). Tissues were ground in solubiliza-
tion buffer (150 mM NaCl, 50 mM Tris, protease inhibitors [PIs], pH 7.4) 
with 1% Triton X-100. Solubilized supernatants were incubated with WGA 
agarose (Vector Laboratories). Void fractions were collected, beads were 
washed (solubilization buffer plus 0.1% Triton X-100), and protein was 
eluted with 0.3 M N-acetylglucosamine.

For PHOS-bead analysis, WGA elution samples (~5–8 times the amount 
of sample used for WGA SDS-PAGE analysis) were desalted by two 10-fold 
dilutions in water (Amicon Ultra spin columns, Millipore). Concentrated 
samples were mixed 1:1 with 2× buffer (500 mM acetic acid, 60% aceto-
nitrile) and applied to PHOS-beads (Sigma-Aldrich) pre-equilibrated in 
1× buffer (250 mM acetic acid, 30% acetonitrile). Samples were rotated 
for 30 minutes at room temperature and centrifuged at 8,200 g, and void 
fractions were collected. PHOS-beads were washed twice with 1× buffer 
and once with ddH2O. Proteins were eluted from the PHOS-beads with 
phosphate buffer (200 mM sodium phosphate monobasic, pH 8.4) and 
mixed with 5× Laemmli sample buffer (5×LSB) for SDS-PAGE. PHOS-bead 
voids were buffer exchanged (same as desalting step) and concentrated, 
diluted 1:1 with phosphate buffer, and mixed with 5×LSB for SDS-PAGE. 
All protein samples were separated by 3%–15% SDS-PAGE and transferred 
to PVDF for Western blotting using standard protocols (81).

Laminin overlays have been described previously (37). Natural mouse 
laminin (Invitrogen) at 10 μg/ml was used for the overlay and was detected 
by rabbit polyclonal anti-laminin antibody (Sigma-Aldrich).

Histology, microscopy, and central nucleation. Seven-micrometer tissue 
cryo sections were processed for hematoxylin and eosin (H&E) staining 
according to standard protocols. For secondary immunofluorescence, tis-
sues were blocked with 5% donkey serum in PBS, incubated in primary 
antibody overnight, washed, incubated in Cy3 (Jackson ImmunoResearch 
Laboratories Inc.) or Alexa Fluor 488–conjugated (Molecular Probes, 
Invitrogen) secondary antibodies, washed, and coverslipped. With the 
exception of αDG glycosylation staining, tissue cryosections were pro-
cessed for immunofluorescence as described previously (81). For αDG 
glyco-antibody IIH6, tissues were fixed in 2% PFA, washed, and denatured 
by incubations with 100 mM glycine at room temperature and 0.05% SDS 
at 50°C for 10 and 30 minutes, respectively (82). After washing, tissues 
were blocked with 5% donkey serum, then incubated with 100 μg/ml F(ab) 
fragment from mouse IgM μ chain (Jackson ImmunoResearch Laborato-
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Statistics. Data are plotted as scatter plots with group mean or box and 
whiskers plots (minimum to maximum). Statistical significance was cal-
culated using the Mann-Whitney 2-tailed unpaired t-test when comparing 
only 2 groups. For data sets with more than 2 groups, a D’Agostino and 
Pearson normality test was performed. When 1 or fewer groups failed the 
normality test (or where normality could not be determined due to sample 
size), 1-way ANOVA was used with a Tukey post-test (when comparing all 
samples) or a Bonferroni’s multiple comparison post-test (when detecting 
differences within age groups; e.g., grip strength). When 2 or more groups 
in the data set failed the normality test, a Kruskal-Wallis test was per-
formed with Dunn’s post-test on selected pairs (e.g., Figure 1C). All statis-
tical analysis was calculated in GraphPad Prism; a P value of less than 0.05 
was considered significant. Biochemical data reflect a minimum of three 
experiments; central nucleation (number of fibers with central nuclei/total 
number fibers) was quantified from 3 representative microscope fields per 
mouse using ImagePro Express (Media Cybernetics) and plotted as the 
average percent central nuclei per mouse.

Study approval. All mouse generation, breeding, and experiments were 
approved by the University of Iowa and the University of Georgia Institu-
tional Animal Care and Use Committees.
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