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ABSTRACT Sarcopenia, the loss of muscle mass and strength during normal aging,
involves coordinate changes in skeletal myofibers and the cells that contact them,
including satellite cells and motor neurons. Here we show that the protein O-
fucosyltransferase 1 gene (Pofut1), which encodes a glycosyltransferase required
for NotchR-mediated cell-cell signaling, has reduced expression in aging skeletal
muscle. Moreover, premature postnatal deletion of Pofut1 in skeletal myofibers can
induce aging-related phenotypes in cis within skeletal myofibers and in trans within
satellite cells and within motor neurons via the neuromuscular junction. Changed
phenotypes include reduced skeletal muscle size and strength, decreased myofiber
size, increased slow fiber (type 1) density, increased muscle degeneration and regen-
eration in aged muscles, decreased satellite cell self-renewal and regenerative poten-
tial, and increased neuromuscular fragmentation and occasional denervation. Pofut1
deletion in skeletal myofibers reduced NotchR signaling in young adult muscles,
but this effect was lost with age. Increasing muscle NotchR signaling also re-
duced muscle size. Gene expression studies point to regulation of cell cycle
genes, muscle myosins, NotchR and Wnt pathway genes, and connective tissue
growth factor by Pofut1 in skeletal muscle, with additional effects on � dystro-
glycan glycosylation.
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Sarcopenia, the loss of muscle mass and strength during the course of normal aging,
has a profound impact on quality of life for the elderly (1–4). About one third of the

muscle mass present in young individuals is lost during the aging process. Increased
muscle weakness with age can result in decreased ambulation and in more frequent
falls and bone fractures. Sarcopenia encompasses a number of phenotypic changes in
skeletal muscle, including muscle atrophy, functional reductions in overall muscle
strength, muscle wasting, neuromuscular decay and denervation, alterations in muscle
fiber populations and patterning, reduced mitochondrial capacity, and the decreased
regenerative capacity of satellite cells. Myriad changes in signaling cascades, endocrine
hormones, inflammatory factors, � agonists, muscle factors, antioxidants, and energy
metabolites have been suggested as contributing factors to sarcopenia, many of them
by altering downstream myogenic regulatory factors (1, 2, 4). Similarly, there are a
number of factors that control aging in a more global manner (IgfRs, Klotho, p53, Ku-80,
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XPD, and lamin A), by affecting DNA or protein integrity or altering cell death pathways
that also affect skeletal muscle (5).

Notch receptor (NotchR) signaling has also been implicated in muscle aging, most
particularly in the changed regenerative capacity of satellite cells in aged skeletal
muscle (6–9). Mammals express four different Notch receptors (NotchR1 to -4) that are
stimulated by two groups of NotchR ligands (Jagged-1 and -2 and Delta-like ligand-1,
-3, and -4) (10). NotchRs contain large extracellular domains with many (between 29
and 36) epidermal growth factor (EGF)-type repeats (11). NotchR signaling is activated
in trans via binding of a NotchR ligand on one cell membrane to a NotchR on an
adjoining cell membrane (11). After activation, NotchRs are cleaved by ADAM proteases
and by the presenilin-� secretase complex to liberate the extracellular ligand-bound
domain and the soluble cytoplasmic NotchR intracellular domain (NICD), respectively.
The NICD contains a nuclear localization domain that allows it to enter the nucleus and
activate transcription, including that of Hes and Hey genes, via binding and inactivating
CSL corepressor complexes.

The Pofut1 (protein O-fucosyltransferase 1) gene encodes an essential O-fucosyl-
transferase that glycosylates serines or threonines within a specific glycosylation con-
sensus sequence in EGF repeat-containing proteins, including NotchR1 to -4 (12, 13).
Importantly, O-fucosylation of NotchR EGF domains by Pofut1 is required for NotchR
ligand binding and NotchR activation (13, 14). The O-fucose synthesized by Pofut1 on
NotchRs can be extended by the Fringe genes, of which there are three in mammals
(15, 16). O-linked glucose and O-linked N-acetylglucosamine can also be present on the
EGF repeats of NotchRs (11, 17). Pofut1 glycosylates a number of other EGF repeat-
containing proteins, including agrin, blood clotting factors (factors VII, IX, and XII),
NotchR ligands (e.g., Dll1, Dll3, and Jag1), and Cripto (18, 19). In some, but not all,
instances, Pofut1 glycosylation can affect the function of NotchR ligands in addition to
NotchRs. For example, Haltiwanger and colleagues showed that an absence of Pofut1
glycosylation does not affect Dll1 signaling via NotchRs (20) but that Pofut1 is required
for Dll3-dependent signaling, which typically acts as a cis-dependent repressor, for
example, during somitogenesis, in which the glycosyltransferase encoded by the
Lunatic Fringe gene (Lfng) has also been implicated (21–24). Deletion of Pofut1 in mice
results in embryonic lethality and provides a phenocopy of deletion of multiple
NotchRs (25). Because there are four NotchRs in mammals, deletion of Pofut1 is a
powerful means of inhibiting NotchR function without having to delete multiple
NotchR genes.

Conboy et al. have clearly demonstrated a role for NotchR signaling in aged skeletal
muscle (7, 26). Expression of Dll1 is essential for full activation of satellite cells after
injury, and upregulation of Dll1 fails to occur in aged injured muscle, resulting in
depleted NotchR signaling, a reduced proliferative capacity of satellite cells, and
suboptimal tissue repair. This loss of regenerative capability in aged muscle can be
recovered by stimulating NotchR signaling such that aged muscle now behaves as
younger muscle normally would (7, 27, 28). Aging of stem cells also likely involves
NotchR cross talk via Wnt and transforming growth factor beta (TGF-�)–Smad signaling
(7, 8, 28–30). Rudnicki and colleagues have shown that Wnt7a is also implicated in the
planar cell division of satellite cells, which in part controls self-renewal (31). Moreover,
deletion of Dll1 in mice leads to the premature maturation of satellite cells and muscle
hypotrophy (32), while activation of NotchRs in satellite cells inhibits their myogenic
differentiation, maintaining them in a more proliferative state (26). Here we have
explored the requirement of Pofut1 for NotchR signaling in skeletal muscle and for
muscle aging.

RESULTS
Reduced Pofut1 expression in aging and HSACrePofut1FF skeletal muscles. We

first determined if Pofut1 gene expression was reduced as muscles aged. To do this, we
compared Pofut1 expression levels in skeletal muscles of young adult mice at 6 weeks
of age and those of mice at 3, 6, 9, 12, 15, and 18 months of age (Fig. 1A). Pofut1 gene
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expression was reduced by more than 60% at 6 months compared to 6 weeks of age
and was reduced further, by more than 80%, at 18 months. Thus, while we had
previously shown a dramatic downregulation of Pofut1 expression in skeletal muscle in
the first month of life (18), expression continued to decline further even in adult
animals. In contrast, skeletal muscle expression of Pofut2, a second member of the Pofut
gene family whose product does not O-fucosylate NotchRs (33) but does O-fucosylate
proteins containing thrombospondin repeats (33, 34), showed no more than a 25%
decline at the same ages (Fig. 1A).

To understand if this level of reduced gene expression would have functional
consequences, we made skeletal myofiber-specific Pofut1-deleted mice. To do this, we

FIG 1 Reduced expression of Pofut1 in aging and HSACrePofut1FF skeletal muscles. (A) Relative Pofut1 and Pofut2 gene expression in
C57BL/6 mouse skeletal muscles at different ages relative to that in young adult (6 weeks old) muscles. (B) Cre immunostaining of
HSACrePofut1FF and Pofut1FF muscles at 0, 7, 14, and 21 days and at 17 months. Bar, 200 �m. (C) Western blots of whole-muscle lysates
of Gastroc muscle isolated at day 0, 7, 14, or 21, performed by use of two different antipeptide antibodies specific to Pofut1 or an
antibody to Cre. (D) Relative Pofut1 and Pofut2 gene expression in HSACrePofut1FF muscles compared to that in HSACre and Pofut1FF

muscles. Error bars in panels A and D show standard errors of the means (SEM) (n � 6 to 9 samples per condition). *, P � 0.05; **,
P � 0.01; ***, P � 0.001.
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created HSACrePofut1FF mice, which bear two floxed alleles of Pofut1 (Pofut1FF) and
express Cre only in skeletal myofibers by virtue of the skeletal � actin promoter and
intron (HSACre) (35). While skeletal � actin is normally expressed from a time shortly
after myotubes have formed, about embryonic day 13 in the mouse (35, 36), we found
that HSACrePofut1FF mice began to express Cre in skeletal muscles only at postnatal
day 7 (P7), likely a consequence of this specific genetic cross (Fig. 1B). Immunoblots
using either of two different affinity-purified Pofut1 antipeptide antibodies also
showed reduced levels of expression only at P7 and beyond (Fig. 1C). Semiquantitative
real-time PCR (qRT-PCR) measures of 2-month-old HSACrePofut1FF skeletal muscles
showed a 70% decrease in Pofut1 gene expression relative to that in age-matched
Pofut1FF and HSACre controls (Fig. 1D). In contrast, Pofut2 expression was not signifi-
cantly decreased. Pofut1 expression was also decreased by at least 50% in 17-month-old
HSACrePofut1FF muscles (Fig. 1D). Thus, by 2 months of age, Pofut1 gene expression in
HSACrePofut1FF muscles was reduced by an amount equivalent to that normally found
in 6- to 9-month-old wild-type mice.

Reduced NotchR signaling in HSACrePofut1FF muscles. We next determined
whether decreased Pofut1 expression in HSACrePofut1FF muscles altered the expression
or signaling of NotchRs (Fig. 2). We compared the expression levels of the genes
encoding Notch receptors (NotchR1 to NotchR4), NotchR ligands (Delta-like ligands 1, 3,
and 4 [Dll1, Dll3, and Dll4] and Jagged-1 and -2 [Jag1 and Jag2]), and Fringe glycosyl-
transferases (Lunatic Fringe [Lfng], Radical Fringe [Rfng], and Maniac Fringe [Mfng]) (Fig.
2A and B). All genes but Dll3 showed measurable signals. At 2 months of age,
HSACrePofut1FF muscles showed a modest increase in NotchR3, Dll1, and Lfng gene
expression compared to that of Pofut1FF and HSACre, but expression of all other
NotchRs, ligands, and modifiers was not significantly changed (Fig. 2A). By 17 months,
HSACrePofut1FF muscles showed even greater increases in Dll1 and Lfng expression and
an increase in NotchR2 expression (Fig. 2B). We next compared the expression levels of
NotchR-activated genes (Hes1, Hey1, and Hey5) (Fig. 2C). We were unable to measure a
detectable signal at 40 cycles for Hey5 in skeletal muscle. Hes1 and Hey1 gene
expression levels were reduced by significant amounts in 2-month-old HSACrePofut1FF

muscles compared to those in controls (Fig. 2C). This reduction was still evident at 9
months of age but was no longer present at 17 months (Fig. 2C). Consistent with
reduced NotchR signaling as evidenced by reductions in Hes1 and Hey1 gene expres-
sion, nuclear expression of NotchR intracellular domain (NICD) protein was also reduced
in young (3 months old) muscles, as was nuclear expression of Hes1 and Hey1 proteins
(normalized to nuclear lamin B1) (Fig. 2D). Such reductions occurred despite un-
changed levels of NotchR1 and NotchR3 proteins (normalized to � dystroglycan) in
whole-muscle lysates (Fig. 2D). We did identify, however, reduced expression of �

dystroglycan with the glycosylation-specific antibody IIH6, suggesting reduced � dys-
troglycan glycosylation (Fig. 2D). Thus, reduced Pofut1 expression in HSACrePofut1FF

muscles coincided with decreased NotchR signaling in young muscles, but this reduc-
tion was lost as muscles aged beyond 1 year.

To further understand the gene expression changes, we performed a 3X3 Affymetrix
microarray assay to compare global changes in gene expression between 2-month-old
HSACrePofut1FF and HSACre quadriceps muscles. We identified 19 genes with average
increases of �2-fold and 16 genes with �2-fold decreases in gene expression. qRT-PCR
was then used to validate changed gene expression for some of these genes (Fig. 3).
Genes with the most increased expression included those encoding myosin light chain
3 (Myl3), troponins C1 and T1 (Tnnc1 and Tnnt1), tropomyosin 3 (Tpm3), and leiomodin
D1 (Lmod1) (Fig. 3A). These genes all encode structural muscle proteins known to be
expressed in heart and/or type 1 (slow) skeletal muscle fibers (37–40). We also identified
increased expression of the connective tissue growth factor gene (Ctgf), which encodes
a trophic factor known to stimulate NotchR and Wnt signaling (41), and the parkin2
gene (Park2), which is involved in mitophagy (42). The most downregulated genes
included several cell cycle genes, encoding cyclin D1 (Ccnd1), cyclin A2 (Ccna2), and
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cyclin-dependent phosphatase (Cdc14a), all of which are known to be regulated by
NotchRs or NotchR signals (43–45); a gene encoding a suppressor of cytokine signaling
2, a regulator of Jak-Stat signaling (46); one Wnt receptor gene (Fzd6) (47); and an
insulin-like growth factor binding protein gene (Igfa1) (48). Several other genes tested
were not significantly changed.

We next performed a 3X3X3 transcriptome sequencing (RNA-seq) analysis of 17-
month-old HSACrePofut1FF, Pofut1FF, and HSACre muscles to identify gene expression
changes resulting from Pofut1 deletion in aged muscles (Table 1). Increased expression
of Myh6 and Tnnt2 (at high levels; �6-fold) and of Myh7a (at lower levels; �2-fold)
suggested an increased incidence of slow (type 1) myofibers in 17-month-old
HSACrePofut1FF muscle (49). Increased expression of developmental myosin genes,
including Myh3, Myh8, and Myl4, as well as Igf2, Myog, B4Galnt1, Cdk6, and a variety of
extracellular matrix (ECM) genes, including genes encoding laminins, collagen IVs, and

FIG 2 Changed NotchR and NotchR ligand expression and reduced NotchR signaling in HSACrePofut1FF muscles. (A and B) Relative expression
of Notch receptor genes (NotchR1 to NotchR4), NotchR ligand genes (Dll1, Dll4, Jag1, and Jag2), and Fringe genes (Lfng, Mfng, and Rfng) in
2-month-old (A) and 17-month-old (B) HSACrePofut1FF, HSACre, and Pofut1FF skeletal muscles. (C) Relative gene expression of Hes1 and Hey1
at 2, 9, or 17 months of age. (D) Western blots of Gastroc whole-muscle lysate (left) and nuclear lysate (right) were probed with antibodies
to NotchR1, NotchR3, � dystroglycan (�DG), � dystroglycan (�DG; probed using IIH6, specific for a glycosylation-specific epitope), Hes1, Hey1,
lamin B1, or Notch R1 intracellular domain (NICD). Error bars in panels A to C show SEM (n � 6 to 9 samples per condition). *, P � 0.05; **,
P � 0.01; ***, P � 0.001.
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biglycan, suggested the presence of ongoing muscle regeneration (50–52), while
increased expression of NCAM, nicotinic acetylcholine receptor (Chrna1, Chrnb1, and
Chrnd), syntrophin B1, and acetylcholinesterase genes suggested ongoing muscle
denervation (53–55) (Table 1). Increased expression of genes involved in NotchR
signaling (NotchR2 and Dll1; also confirmed by qRT-PCR) (Fig. 2B) and Wnt signaling
(Fzd1, -4, and -5 and Wnt11) (not shown) was also present. An assessment of other

FIG 3 Gene expression levels in HSACrePofut1FF muscles relative to those in Pofut1FF and HSACre muscles. (A) Relative gene
expression of targets identified as being increased in microarray studies of HSACrePofut1FF skeletal muscle were validated by
qRT-PCR. (B) qRT-PCR measures of relative gene expression for targets identified as being decreased in gene microarray studies
of HSACrePofut1FF skeletal muscle. Quadriceps muscles from 2-month-old mice were used in all instances. Error bars show SEM
(n � 9 samples per condition). *, P � 0.05; **, P � 0.01; ***, P � 0.001.

TABLE 1 Gene expression changes in aged HSACrePofut1FF muscles suggest changed
muscle fiber type composition, regeneration, and denervationa

Gene category and name Gene product

Fold change in expression

HSACrePofut1FF

vs HSACre
HSACrePofut1FF

vs Pofut1FF

Fiber type
Myh6 Myosin heavy chain 6 9.3
Tnnt2 Troponin T2 6.2
Myh7a Myosin heavy chain 7A 0.9

Muscle regeneration
Myh3 Myosin heavy chain 3 5.1 12.8
Myh8 Myosin heavy chain 8 4.3 6.0
Myl4 Myosin light chain 4 5.3 7.6
Igf2 Insulin-like growth factor 2 4.6 6.5
Myog Myogenin 2.7
B4Galnt1 GM2/GD2 glycolipid synthase 2.5
Cdk6 Cyclin-dependent kinase 6 2.1 2.4
Lama2 Laminin �2 1.6 1.6
Lamb1 Laminin �1 2.1
Lamc1 Laminin �1 1.7
Col4a1 Collagen IV (�1) 1.8
Col4a2 Collagen IV (�2) 1.7
Bgn Biglycan 2.2 2.0

Muscle denervation
Ncam1 Neural cell adhesion molecule 2.9 2.7
Chrnd Cholinergic receptor � 2.2 2.6
Chrna1 Cholinergic receptor �1 2.7
Chrnb1 Cholinergic receptor �1 1.7
Sntb1 Syntrophin �1 2.5 2.0
Ache Acetylcholinesterase 1.8

aQuadriceps muscles from 17-month-old HSACrePofut1FF, HSACre, and Pofut1FF mice were compared by RNA-
seq. Three samples per group were used, and average fold changes are reported.
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genes known to affect muscle fiber type, fatty acid metabolism, and oxidative metab-
olism, including genes encoding histone deacetylases (HDACs), MEFs, calcineurin, CaM
kinase IV, Foxo1, AMPK, peroxisome proliferator-activated receptors (PPARs), Sox6,
glycogen synthase kinase beta (GSK�), casein kinase, RCAN1, calsarcins, PGC-1�, UCP3,
CoxIV, and Cpt1, showed no significant changes in young or old HSACrePofut1FF

muscles relative to both HSACre and Pofut1FF muscles. The one exception was the
protein kinase D2 gene (Pkd2), whose family member Pkd1 is known to affect the
muscle fiber type and to reduce muscle size when overexpressed (56). Pkd2 expression
was increased 1.8-fold in comparisons of both 17-month-old HSACrePofut1FF versus
HSACre and HSACrePofut1FF versus Pofut1FF muscles.

Reduced size and increased slow fiber composition of HSACrePofut1FF muscles.
The most striking finding for HSACrePofut1FF mice was their reduced skeletal muscle
weight and size at 6 months of age and beyond. Overall HSACrePofut1FF mouse weights
were not significantly reduced compared to those of Pofut1FF mice at 1.5 or 3 months
of age (though they trended lower), but they were significantly reduced, by 20 to 30%,
at 6, 12, and 17 months (Fig. 4A). This reduced mouse weight at 6 months and beyond
correlated with roughly equivalent degrees of loss of muscle mass for the gastrocne-
mius (Gastroc), quadriceps (Quad), tibialis anterior (TA), and triceps muscles (Fig. 4B).
Reduced muscle size did not significantly correlate with reduced weights of other
organs, including the kidneys, heart, lungs, and liver (not shown). The reduced size of
skeletal muscles in HSACrePofut1FF mice also correlated with reduced strength in limb
muscles: absolute forelimb and hind-limb grip strengths were reduced at both 3 and 8
months of age, with a 20% overall decrease that matched the reduced muscle weight
(Fig. 4C). When they were normalized to weight, however, such grip strength measures
were not significantly changed. Ex vivo physiological measures of individual muscles of
young HSACrePofut1FF mice (aged 2 to 3 months), including tetanic force in the
extensor digitorum longus (EDL) and diaphragm muscles (Fig. 4D), normalized to
muscle cross-sectional area (of which weight is a component), similarly showed no
decrease relative to those of controls. In addition, there was no significant change in
force drop during eccentric contraction-induced injury in the EDL (Fig. 4E) or in fatigue
during 60 repetitive stimulations of diaphragm muscles in 2-month-old HSACrePofut1FF

mice (Fig. 4F). Thus, we identified no inherent functional deficit in young Pofut1-
myofiber-deleted muscles other than a reduced muscle mass that led to reduced
muscle strength.

We next analyzed the changes in skeletal myofiber size by using hematoxylin and
eosin (H&E) staining of quadriceps, gastrocnemius, and triceps muscles at 3, 6, and 17
months of age (Fig. 5 and 6). For all three muscles, we observed only a very slight shift
toward smaller myofibers at 3 months of age in HSACrePofut1FF mice than those in
Pofut1FF mice, but by 6 months of age this shift had become more pronounced. At 17
months, both HSACrePofut1FF and Pofut1FF mice showed a shift toward myofibers with
larger diameters than those at 3 or 6 months, but HSACrePofut1FF muscles still pos-
sessed a larger number of small-diameter myofibers than that in Pofut1FF muscles.

We next quantified fiber type composition by using histochemical and immuno-
staining techniques. Using myosin ATPase staining at pH 4.3, by which slow (type 1)
myofibers are stained black and fast (type 2) myofibers remain white (57), we observed
an increase in type 1 myofibers in 3-month-old HSACrePofut1FF Gastroc (from 1% � 1%
to 11% � 3%; P � 0.05), Quad (from 1% � 1% to 11% � 4%; P � 0.05), and soleus (from
38% � 2% to 47% � 2%; P � 0.05) muscles relative to those of controls (not shown).
We next immunostained cross sections of muscles with antibodies specific to type 1,
2A, 2X, and 2B myosins and quantified the fiber type (percent) composition and size
(Fig. 7). Again, we observed significant increases in type 1 fibers in HSACrePofut1FF

Gastroc muscles at 3 and 17 months (Fig. 7A). We also observed a trend toward
increased type 2A fibers and a decrease in type 2X and 2B fibers at both ages (Fig. 7A).
We observed no significant change in the cross-sectional area of type 1, 2A, 2X, or 2B
myofibers in 3-month-old HSACrePofut1FF muscles relative to those of controls, al-
though type 2X and 2B fibers trended toward being smaller (Fig. 7C). For 17-month-old
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FIG 4 Reduced muscle size and strength but maintenance of normalized force in HSACrePofut1FF muscles. (A and B) Mouse
(A) and individual skeletal muscle (B) weights of HSACrePofut1FF mice and age- and gender-matched Pofut1FF mice. Muscles
in panel B were weighed at 6 months of age. (C) Absolute grip strengths for forelimbs and hind limbs at different ages. (D)
Extensor digitorum longus (EDL) muscles or strips of diaphragm muscle were excised and analyzed ex vivo for tetanic force
normalized to muscle cross-sectional area. (E) Force drop during repeated eccentric contractions of EDL muscles. (F) Fatigue
measures of diaphragm strips in response to repeated contractions. Error bars show SEM (n � 6 [A], 5 or 6 [B and C], 6 [D],
or 7 or 8 [F] samples per condition). *, P � 0.05; **, P � 0.01, ***, P � 0.001.
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HSACrePofut1FF muscles, however, the myofiber cross-sectional area in HSACrePofut1FF

Gastroc muscles was reduced for type 1, 2A, 2B, and 2X fibers (Fig. 7B and C). Thus, all
muscle fiber types showed reductions in size in HSACrePofut1FF mice as they aged,
while a reduced size in young adult HSACrePofut1FF muscle may have resulted from a
shift toward fiber types with a smaller cross-sectional area (types 1 and 2A) at the
expense of those with larger areas (types 2X and 2B).

Muscle damage and regeneration could also be seen on H&E sections as
HSACrePofut1FF mice aged. The percentage of myofibers with centrally localized nuclei,
an indicator of a cycle of muscle degeneration and regeneration, was increased at 17

FIG 5 Changed myofiber size in HSACrePofut1FF quadriceps muscle. (A) Examples of H&E staining of cross
sections of quadriceps muscles at different ages. Bar, 400 �m. (B) Distribution of mini-Feret myofiber
diameters in HSACrePofut1FF (red) and Pofut1FF (blue) quadriceps muscles.

FIG 6 Changed myofiber size in HSACrePofut1FF gastrocnemius and triceps muscles. (A) Examples of H&E staining of cross
sections of gastrocnemius muscles at different ages. Bar, 400 �m. (B and C) Distribution of mini-Feret myofiber diameters
in HSACrePofut1FF (red) and Pofut1FF (blue) muscles for the gastrocnemius (B) and triceps (C) muscles.
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months (Fig. 8A). In addition, we observed a significant elevation in serum creatine
kinase (CK) activity after exercise, another indicator of muscle damage (Fig. 8B). This
elevation was quite modest compared to serum CK levels seen in dystrophic mdx mice
(58), but it was nonetheless significant. There was no significant change, however, in
mouse activity; open field tests of random activity showed no significant decrease for
HSACrePofut1FF mice relative to Pofut1FF controls at 3, 10, or 20 months of age, with the
exception of a slight decrease in rearing at 3 months that was lost at later ages (Fig. 8C).

Another mechanism that could reduce muscle size would be increased muscle
atrophy. We measured the relative expression levels of muscle atrophy and autophagy
genes, including those encoding tripartite motif-containing 63 (Trim 63; also known as
MuRF1), F-box protein 32 (Fbxo32; also known as MAFBx or Atrogin 1), autophagy-
related 5 (Atg5), autophagy-related 12 (Atg12), and beclin 1 (Becn1), in the Gastroc
muscles of 2-, 9-, and 17-month-old Pofut1FF, HSACre, and HSACrePofut1FF mice (Fig.
8D). Trim63 was significantly increased in both Pofut1FF and HSACrePofut1FF muscles
with age; however, there was no significant increase between HSACrePofut1FF muscles
and Pofut1FF or HSACre muscles for any of these genes, suggesting that changed
muscle atrophy or autophagy did not contribute to reduced HSACrePofut1FF muscle
size.

FIG 7 Fiber type changes in HSACrePofut1FF muscles. (A) Quantification of positive staining with antibodies specific for slow fiber (type 1) and
fast fiber (types 2A, 2X, and 2B) myosins in HSACrePofut1FF versus control (Pofut1FF � HSACre) mice. (B) Immunostaining with myosins specific
for slow fibers (type 1) and fast fibers (types 2A, 2X, and 2B) in Pofut1FF and HSACrePofut1FF Gastroc muscles at 17 months of age. Bar, 200
�m. (C) Quantification of myofiber areas by fiber type in HSACrePofut1FF versus control (Pofut1FF � HSACre) mice. Error bars show SEM (n �
6 to 12 [A] or 6 to 9 [C] samples per condition). *, P � 0.05; **, P � 0.01.
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Reduced self-renewal and responsiveness to injury of satellite cells in HSACre
Pofut1FF mice. We next investigated whether deletion of Pofut1 in skeletal myofibers
would affect satellite cell self-renewal or function. To assess self-renewal, we pulsed
adult HSACrePofut1FF and Pofut1FF muscles with bromodeoxyuridine (BrdU) to identify
replicating stem cells in young (3 months old) adult muscles (Fig. 9 and 10). With 7, 10,
or 14 days of daily BrdU labeling, we observed a significant decrease in overall cell
division within HSACrePofut1FF muscles, and the linear rate of cell division from 1 to 14
days was reduced by 49% (Fig. 10A). This level of reduction in BrdU labeling extended
to older animals as well: HSACrePofut1FF mice showed reduced BrdU labeling over a
14-day period at 2, 9, and 21 months compared to that in Pofut1FF mice, though
significance was lost for 21-month-old animals (Fig. 10B). In addition, we found a

FIG 8 Muscle histopathology, mouse activity, and muscle atrophy gene expression of HSACrePofut1FF mice. (A) Quantification of myofibers
with central nuclei at various ages. The line at 5% represents the normal range. (B) Assay of serum creatine kinase (CK) activity before and
after 30 min of treadmill running at constant speed. (C) Open field measures of mouse activity and movement at various ages. Amb,
ambulation; Periph, peripheral. (D) qRT-PCR measures of relative changes in muscle atrophy and autophagy gene markers, including the
tripartite motif-containing 63 (Trim 63), F-box protein 32 (Fbxo32), autophagy-related 5 (Atg5) and 12 (Atg12), and beclin 1 (Becn1) genes, in
the Gastroc muscles of 2-, 9-, and 17-month-old (mo) mice. Gene expression was not determined for 9-month-old HSACre muscles. Error bars
show SEM (n � 4 or 5 [A], 7 to 11 [B], 4 [C], or 9 [D] samples per condition). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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significant reduction in BrdU labeling in Pofut1FF animals from 2 to 21 months of age.
We also costained BrdU-labeled muscles for Pax7, a marker of satellite cells (51), and
found a significant reduction in Pax7-positive cells as well as Pax7/BrdU double-labeled
cells in HSACrePofut1FF mice (Fig. 10C).

We next injected HSACrePofut1FF and Pofut1FF muscles with cardiotoxin to induce
acute muscle injury (50). HSACrePofut1FF muscles had significantly reduced numbers of
BrdU-positive cells 1 day after injury, suggesting reduced satellite cell division (Fig. 9
and 10D). At 14 days postinjury, HSACrePofut1FF muscles showed incomplete regener-
ation, with injured muscle regions showing increased expression of extracellular matrix
and fat where skeletal myofibers would normally be expected (Fig. 10E).

To determine whether a changed regenerative potential was cell autonomous,
muscle cells from HSACrePofut1FF and control muscles were isolated and grown in
culture. First, we compared Pofut1 expression levels in isolated muscle cells cultured
from young (3 months) and old (23 months) wild-type mice (Fig. 11A). Pofut1 expres-
sion was significantly reduced, by 30%, in muscle cells cultured from 23-month-old
mice relative to those from 3-month-old mice. Such aged muscle cells also showed a
significant reduction in Pofut2 expression (below 50%), while the same cultures showed
increased expression of Hey1, Pax7, MyoD, and Myog, suggesting an altered differenti-
ation state. To account for the reduced Pofut1 activity in aged cultured muscle cells, we
made HSACrePofut1F/� mice and isolated muscle cells from these mice. In these mice,
one allele of Pofut1 was deleted in all tissues, including satellite cells, while the second
allele was deleted only in skeletal myofibers. HSACrePofut1F/� muscle cultures had rates
of cell division similar to those of Pofut1F/� and Pofut1FF muscle cells (Fig. 11B). When
they were grown to confluence, cells of all three genotypes showed rates of fusion to
skeletal myofibers that were not significantly different from one another (Fig. 11C and
D). These data suggest that the reduction in Pofut1 expression in aged muscle cells did

FIG 9 BrdU labeling of wild-type and Pofut1-deleted skeletal muscles. (A) HSACrePofut1FF mice were
compared to control (Pofut1FF) mice for uptake of BrdU into dividing cells in skeletal muscle (TA) for 14
days at various ages. (B) Three-month-old mice were labeled with BrdU prior to cardiotoxin (Ctx)
challenge to identify BrdU uptake 24 h after injury. Bar, 400 �m.
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FIG 10 Reduced satellite cell self-renewal in HSACrePofut1FF muscles. (A) BrdU labeling for 1, 4, 7, 10, or 14 days in HSACrePofut1FF mice and
Pofut1FF controls was quantified per unit area of labeled TA muscle. (B) BrdU staining in BrdU-labeled (for 14 days) TA muscles was quantified for
different ages. (C) Pax7 and BrdU staining and Pax7/BrdU double staining were quantified at different ages. (D) BrdU-labeled cells were quantified
1 day after muscle injury with cardiotoxin. (E) H&E staining of HSACrePofut1FF and Pofut1FF muscles 14 days after cardiotoxin injection. The arrow
indicates a fat cell, and the asterisk indicates a region rich in extracellular matrix. Bar, 100 �m. Error bars in panels A to D show SEM (n � 6 samples
per condition). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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not alter their function in culture and that the local in vivo muscle microenvironment
was necessary to alter satellite cell division and function in HSACrePofut1FF mice.

Reduced NICD and � catenin expression at HSACrePofut1FF NMJs. We next
immunostained muscles with an antibody to the NotchR intracellular domain (NICD) to
probe NotchR signaling and with an antibody to � catenin to probe Wnt signaling (Fig.
12A and B). NICD and � catenin immunostaining was highly concentrated at the
neuromuscular junctions (NMJs) in 3-month-old Pofut1FF muscles. This was evidenced
by costaining with rhodamine � bungarotoxin, which labels postsynaptic nicotinic
acetylcholine receptors (AChRs) (59). NICD and � catenin staining was highly reduced
at the NMJs in 3-month-old HSACrePofut1FF muscle and in aged (24 months) Pofut1FF

muscle compared to that in 3-month-old Pofut1FF muscle. In contrast, Wnt1 and
NotchR1 NMJ staining was not reduced. CTGF staining was also concentrated at the
NMJs in 3-month-old Pofut1FF muscle, and expression was reduced or absent in
3-month-old HSACrePofut1FF muscle and 24-month-old Pofut1FF muscle (Fig. 12C). We
also stained for additional NotchRs (NotchR2 to -4), NotchR ligands (Jag-1 and -2 and
Dll-1, -3, and -4), Wnt receptors (Fzd 6, 7, and 9), and Wnt proteins (3a, 5a, 7a, 9b, 10b,
11, and 16) and found that almost all such proteins were present at the NMJs in
3-month-old Pofut1FF mice, 24-month-old Pofut1FF mice, and 3-month-old HSACre

FIG 11 Division and fusion of cultured HSACrePofut1F/� muscle cells are unchanged. (A) Relative Pofut1 expression in cultured muscle cells
isolated from young (3-month-old) and old (23-month-old) C57BL/6 mice, along with markers of muscle differentiation and NotchR activation.
Error bars show SEM (n � 9 samples per condition). (B and C) Primary muscle cultures isolated from young (3 months old) Pofut1F/�, Pofut1F/�,
and HSACrePofut1F/� mice were compared for growth rate as myoblasts (B) and for myotube fusion after 6 days in fusion medium (C). (D)
Images of 6-day fused myotube cultures of Pofut1FF and HSACrePofut1F/� muscles. Bar, 50 �m. *, P � 0.05; ***, P � 0.001.
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Pofut1FF mice (not shown). Thus, NotchR and Wnt signaling appeared to be reduced in
HSACrePofut1FF NMJs, despite the presence of NotchRs, NotchR ligands, Wnts, and Wnt
receptors.

To test whether NICD expression at the NMJs would result in NotchR signaling, we
also electroporated a Hes1 promoter-green fluorescent protein (GFP) reporter plasmid
into the sternomastoid muscle of wild-type mice. Hes1 promoter-driven GFP expression
was elevated in electroporated muscles in regions with NMJs, while nonelectroporated
muscles showed no GFP expression (Fig. 13). This result supports the notion that
increased NICD expression at mouse NMJs is translated into increased downstream
NotchR signaling.

FIG 12 Reduced NotchR and Wnt signaling at the neuromuscular junction in HSACrePofut1FF mice. Neuromuscular junctions were
identified by � bungarotoxin staining of nicotinic acetylcholine receptors (AChRs) (red). The NotchR intracellular domain (NICD) (A),
NotchR1 (A), � catenin (B), Wnt1 (B), and connective tissue growth factor (CTGF) (C) were costained in green. Images of Gastroc muscle
are shown. Merged images show coincident staining in yellow, with DAPI stain added to show nuclei. Bars, 200 �m for panels A and
B and 100 �m for panel C.
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Altered neuromuscular structure in HSACrePofut1FF muscles. We next analyzed
NMJ structure by costaining whole-mount preparations of diaphragm muscle with
neurofilament and synaptophysin, which label motor axons and nerve terminals,
respectively, and � bungarotoxin, which labels postsynaptic AChRs. NMJ staining was
then imaged using confocal microscopy (Fig. 14A). We quantified fragmentation of
AChR postsynaptic domains by assessing the number of discontinuous AChR-rich
elements at each NMJ (Fig. 14B), which increases with NMJ degeneration and NMJ
aging (60, 61). We also quantified the extent of coincident presynaptic (nerve terminal)
and postsynaptic (AChR) staining (Fig. 14C), which decreases during NMJ aging and
NMJ degeneration (60, 61). NMJs imaged in this way showed a significant increase in
the fragmentation of postsynaptic AChRs and a significant decrease in coincident
staining of nerve terminals with the postsynaptic membrane in HSACrePofut1FF muscle.
In a few instances, almost no nerve terminal occupied the postsynaptic AChR-rich
membrane, suggesting denervation (Fig. 14A). Such findings were consistent with
elevated expression of AChR genes (Table 1), which are normally suppressed by neural
activity (54).

NICD overexpression in HSACrePofut1FF muscles stimulates NotchR signaling
but reduces muscle size. Because Pofut1 glycosylates multiple protein substrates in
addition to NotchRs, we wanted to see if it was possible to overcome the phenotypes
of HSACrePofut1FF muscles by overexpressing NICD. To do this, we engineered an
adeno-associated virus (AAV) vector by which NICD would be overexpressed in skeletal
myofibers due to the presence of the MHCK7 promoter (62). We also used an AAV
serotype, rhesus 74 (rh74), that is excellent at transducing skeletal muscles. To more
easily see NICD protein made by the introduced transgene, we added a myc epitope
tag at the N terminus of NICD.

Wild-type (C57BL/6) and HSACrePofut1FF mice were injected with rAAVrh74.MHCK7.
NICD in the TA, Gastroc, and Quad muscles of one leg at 6 to 7 weeks of age, and the
same muscles in the contralateral limb were injected with an equivalent volume of
phosphate-buffered saline (PBS). Muscles were analyzed at 3, 6, and 24 weeks postin-
jection. qRT-PCR measures of NICD expression showed that transgene expression was
elevated approximately 10-fold by 6 weeks postinjection relative to endogenous
NotchR1 expression, and this was increased to 70-fold overexpression at 24 weeks (not
shown). The NICD protein was highly overexpressed at the expected molecular weight
in rAAVrh74.MHCK7-NICD-injected muscles, with no expression in the contralateral limb
(Fig. 15A). NICD overexpression led to 4- to 6-fold elevations in Hes1 gene expression
in both C57BL/6 and HSACrePofut1FF muscles (Fig. 15B). Hey1 expression was also

FIG 13 Hes1 promoter-responsive NotchR signaling at the NMJ. The images are confocal images of a
neuromuscular junction on a muscle fiber electroporated with the Hes1Promoter-GFP plasmid and of a
nonelectroporated control muscle fiber. Six days after electroporation, sternomastoid muscles were
labeled with a saturating dose of � bungarotoxin (to label AChRs) (red) and with DAPI (to label nuclei)
(blue). Synapses on electroporated (GFP) (green) and nonelectroporated muscle fibers from the same
sternomastoid muscle were imaged by confocal microscopy. Bar, 15 �m.
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FIG 14 Perturbed neuromuscular structure in HSACrePofut1FF muscle. (A) Confocal image of NMJ
staining. Presynaptic motor nerve terminals and axons were stained with synaptophysin and neurofila-
ment (both in green), and postsynaptic membranes were stained with � bungarotoxin (to show AChRs)
(red). Merged staining is shown in yellow. HSACrePofut1FF panels show examples of AChR fragmentation
(middle panels) and denervation (right panels). The images show 3-month-old diaphragm muscle. Bar, 10
�m. (B and C) Quantification of NMJ ultrastructure changes in 5-month-old HSACrePofut1FF and Pofut1FF

(Continued on next page)
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elevated �2-fold at 6 months, but it showed insignificant changes at 3 and 6 weeks. All
changes in Pofut1 and Pofut2 expression were lower than 2-fold at all times. All
NICD-overexpressing muscles showed a significant decrease in muscle weight by 3
months postinjection that was sustained at 6 months (Fig. 15C). Muscle weights of

FIG 15 NotchR intracellular domain (NICD) overexpression reduces muscle size. Muscles of 2-month-old Pofut1FF or HSACrePofut1FF

mice were injected with AAV-MHCK7-NICD and analyzed at the indicated time points. (A) Western blots of myc-tagged NICD protein
in AAV-MHCK7-NICD-injected and mock-injected muscle cell lysates (results at 24 weeks postinjection for Gastroc muscles from 4
different experiments are shown). (B) Relative Pofut1, Pofut2, Hes1, and Hey1 gene expression after NICD overexpression in skeletal
muscles. (C) Comparison of muscle weights after NICD overexpression (24 weeks). (D) H&E staining of NICD-overexpressing wild-type
(C57BL/6) and HSACrePofut1FF muscles. Images of Quad muscles are shown. Bar, 200 �m. (E) Quantification of distribution of
mini-Feret myofiber diameters in NICD-overexpressing wild-type (WT) or HSACrePofut1FF muscles at 24 weeks postinjection. Data for
Gastroc muscles are shown. Error bars in panels B and C show SEM (n � 4 samples per condition). *, P � 0.05; **, P � 0.01; ***, P �
0.001.

FIG 14 Legend (Continued)
diaphragm muscles stained as described for panel A, including measures of the number of AChR-rich
fragments per NMJ (B) and the nerve terminal occupancy of postsynaptic AChRs (C). Error bars in panels
B and C show SEM (n � 21 to 25 samples per condition). *, P � 0.05; ***, P � 0.001.
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NICD-overexpressing muscles were reduced by one third to one half by 6 months
compared to those of contralateral controls. H&E staining also showed reduced myo-
fiber diameters, with little or no evidence of additional muscle histopathology (Fig. 15D
and E). Thus, chronic overexpression of NotchR signaling in skeletal myofibers, much
like chronic reduction of NotchR signaling resulting from Pofut1 deletion, reduced
muscle size over time.

DISCUSSION

In this study, we have shown that skeletal muscles in the mouse have reduced
Pofut1 expression as they age and that premature knockdown of Pofut1 specifically in
skeletal myofibers causes aging-related phenotypes in cis, including reduced muscle
size and strength and changed fiber type composition, and in trans, including reduced
self-renewal and regenerative potential of satellite cells and increased degeneration of
motor nerve innervation at the neuromuscular junction. Thus, premature knockdown of
Pofut1 in skeletal myofibers not only causes premature loss of skeletal muscle mass and
weakness but also causes premature aging-related phenotypes in the cells that contact
the myofiber. As motor neurons, satellite cells, and skeletal myofibers all contribute to
the loss of muscle function and strength during aging, these experiments highlight a
role for the skeletal myofiber in coordinating aging-related phenotypes through mech-
anisms controlled by Pofut1. Reduced muscle mass in HSACrePofut1FF mice appears to
result in part from a conversion of larger, fast-twitch, type 2 myofibers to smaller,
slow-twitch, type 1 myofibers in young muscles, coupled with a reduction in size for
myofibers of all types in aged muscles. Aged HSACrePofut1FF mice also show a muscle
damage phenotype that leads to the presence of smaller regenerating myofibers that
express developmental myosins. Kitamura and colleagues have shown that Foxo1 gene
ablation increases NotchR signaling and fast muscle fiber formation (63), so there is at
least one precedent for NotchR involvement in the regulation of fiber type composi-
tion. Since NotchR NICD overexpression also decreases muscle size despite increasing
NotchR signaling, it may be that too much NotchR signaling and too little NotchR
signaling both have negative impacts on muscle growth. Indeed, studies of somito-
genesis show that NotchR signaling, along with Lfng expression, oscillates in a cyclical
manner and, as such, may respond similarly, and negatively, to simple up-and-down
expression experiments (21, 22, 24, 64).

Separate from the implications for aging, these experiments demonstrate that
Pofut1 is a regulator of NotchR signaling in skeletal myofibers. While Pofut1 is well
known to regulate the ability of NotchR ligands to bind to and activate NotchRs in mice
(12) and Drosophila (14), this is the first demonstration of its specific role in skeletal
myofibers by use of genetic approaches in mammals. Cleavage of NotchRs to generate
NICD fragments was reduced in HSACrePofut1FF muscles, as was expression of down-
stream genes normally activated by NotchR ligand binding, including Hes1 and Hey1.
Reduced Hes1 and Hey1 expression could be overcome by NICD overexpression, so
Pofut1 deletion did not completely block NotchR signaling, likely only ligand-
dependent NotchR activation, as previously described (11, 12, 18).

Microarray, qRT-PCR, and RNA-seq measures of gene expression changes further
demonstrated the relationship between reduced Pofut1 expression in skeletal myofi-
bers and the expression of genes normally controlled by or controlling NotchR signal-
ing, including cell cycle genes, Wnt receptor genes, and the connective tissue growth
factor gene (41). In addition, we observed increased expression of genes that encode
structural muscle proteins (myosin light chain 3, troponins C1 and T1, and tropomyosin
3) that are usually found in slow (type 1) skeletal myofibers (39, 40), as well as the Parkin
2 gene, involved in mitophagy (42). Increased expression of slow fiber-specific genes
correlated with an increase in the percentage of slow (type 1) myofibers in HSACrePofut1FF

muscles. While there is some controversy as to whether fast-twitch muscles are
replaced by slow-twitch fibers during human aging (65), this was one of the clearest
phenotypes of HSACrePofut1FF mice, and this result is reminiscent of that for transgenic
mice with forced overexpression of Pkd1, encoding protein kinase D1 (56). This is
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significant because the protein kinase D2 gene (Pkd2) was the only gene we identified
as being increased in 17-month-old HSACrePofut1FF muscles where fiber type conver-
sion changes had already been described for a gene family member.

The presence of muscle damage and mild dystrophic changes in aged HSACre
Pofut1FF muscles is indicative of changes recently described for patients with POGLUT1
mutations (66). Like Pofut1, Poglut1 glycosylates the EGF repeats of NotchRs, but it
adds O-linked glucose instead of O-linked fucose (11). Patients with POGLUT1 mutations
showed reduced glycosylation of � dystroglycan, suggestive of a dystroglycanopathy
(67), coupled with reduced NotchR signaling and a reduced satellite cell number and
function (66). This phenotype occurred despite the fact that � dystroglycan bears no
EGF repeat motifs (68) and thus is likely not O-glucosylated by Poglut1. It may be that
Pofut1 deletion in mouse muscle yields a phenotype similar to that for human POGLUT1
mutations, as � dystroglycan glycosylation was reduced in the present study as well.
The hypothesis that reduced NotchR signaling would yield dystrophic muscle changes
is also consistent with the recent finding by Kunkel and colleagues for dystrophin-
deficient dogs, where genetic variant animals with increased Jag1 expression had much
less severe disease (69).

One of the most profound changes in HSACrePofut1FF muscles was the aging-
related phenotype of a reduction in the self-renewal of satellite cells, the predominant
stem cell of skeletal muscle (51). Even in uninjured muscle, satellite cell self-renewal was
reduced by almost half relative to that of age-matched Pofut1FF controls. This correlated
with a profound reduction in the expression of several cyclin genes that can regulate
satellite cell division. The in vivo microenvironment, where satellite cells normally are in
direct contact with skeletal myofibers, was essential for this change, as muscle cells
isolated from HSACrePofut1FF mice grown in culture showed normal growth and fusion
rates. There was an even more profound loss of cell division in HSACrePofut1FF muscles
immediately after acute muscle injury, with a 70% reduction at day 1. This led to
incomplete regeneration, with increased expression of fat and extracellular matrix at 14
days postinjury in regions where muscle formation would normally be expected.

We also identified impacts of Pofut1 deletion on aging-related phenotypes at the
NMJ. Aging of skeletal muscle involves not only muscle atrophy and reduced satellite
cell function but also, and perhaps as a causative effect, the decay and eventual
inactivation of NMJs with concomitant motor neuron cell death. Aged humans can lose
up to 1% of motor neurons a year (70). While some motor neuron cell death may be cell
autonomous, the skeletal myofiber, through reduced maintenance of NMJs formed
between motor nerve terminals and postsynaptic muscle membranes, may also be
involved. Here we have shown that � catenin, a Wnt receptor signal, and NICD, a
NotchR signal, as well as CTGF, a potential Wnt and Notch receptor ligand, all had
reduced NMJ expression in aged wild-type muscle, with even more reduced NMJ
expression in young HSACrePofut1FF muscle. � secretase is concentrated at the NMJ in
mouse muscle and likely helps to increase synaptic NICD expression (71, 72). Mei and
colleagues showed that muscle-specific deletion of � catenin (but not motor neuron-
specific deletion) has clear impacts on NMJ development consistent with a role for Wnt
signaling (73), and mice lacking CTGF, primarily described in the context of bone
development phenotypes, die immediately after birth, which is a classic phenotype for
failure of NMJ formation (74).

While their genotype does not lead to death, HSACrePofut1FF mice show hallmarks
of neuromuscular aging in young muscles, including disjointed structural alignment of
AChR-rich postsynaptic domains, which typically form a contiguous pretzel-like struc-
ture on the postsynaptic membrane, and misalignment or withdrawal of segments of
the nerve terminal from the postsynaptic membrane, a classic symptom of NMJ aging
(60). Sanes and colleagues showed that 75% of NMJs in the extensor digitorum longus
(EDL) muscle have structural changes at 2 years, while fewer than 5% of EDL NMJs have
these changes at 3 months (60). The reduction in end-plate currents in response to
repeated stimulation of motor neurons also increases with age, consistent with reduced
NMJ function (75, 76). Other factors also contribute to denervation in aging, for
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example, changes in synaptic extracellular matrix proteins, including agrin (77, 78),
laminin �4 (77), and collagen XIII (79), as well as cell-autonomous changes in motor
neuron health (60), but the data presented here are consistent with a contribution from
the skeletal myofiber involving Pofut1.

MATERIALS AND METHODS
Mice. Mice bearing two Pofut1 alleles with flanking loxP sites (Pofut1FF) or mice bearing one floxed

Pofut1 allele and one deleted Pofut1 allele (Pofut1F/�) were a generous gift from Pamela Stanley (Albert
Einstein College of Medicine) and have been described previously (25, 80, 81). Transgenic mice express-
ing Cre recombinase whose expression is driven only in skeletal muscles via the human skeletal actin
promoter and intron (HSACre) (35, 36) were purchased from The Jackson Laboratory (Bar Harbor, ME).
Interbred mouse strains were maintained on a similarly mixed background, and age-matched littermates
were used as control strains in all experiments. The mice were maintained on a protocol approved by the
Institutional Animal Care and Use Committee of the Research Institute at Nationwide Children’s Hospital
or the University of Michigan.

Histology. Skeletal muscles were dissected from tendon to tendon, weighed, and then snap-frozen
in liquid nitrogen-cooled isopentane. Frozen skeletal muscle blocks were cross-sectioned from the
midsection of the muscle with a 10-�m thickness on a cryostat. For hematoxylin and eosin (H&E) staining,
the sections were fixed in 10% neutral buffered formalin, washed in tap water, stained in Gill’s 3
hematoxylin (Fisher Scientific, Pittsburgh, PA) for 2 min, and then washed in tap water, in bluing agent,
and then again in tap water. Sections were then stained with eosin (Fisher Scientific, Pittsburgh, PA) for
1 min and washed 3 times in clean 100% ethanol. The sections were cleared with xylene and mounted
in the xylene-based mounting medium Cytoseal.

Immunostaining. For immunostaining, 10-�m cryostat-cut frozen muscle sections were fixed in 4%
paraformaldehyde in PBS for 10 min, incubated in 0.1% Triton X-100 for 10 min, blocked in 10% goat
serum plus 1% bovine serum albumin (BSA) in PBS at room temperature for 1 h, and incubated overnight
at 4°C with one of the following antibodies: anti-Wnt10b, anti-Wnt16, or anti-PARK2 (Pierce Thermo
Scientific, Rockford, IL), anti-CTGF, anti-NotchR1, anti-Jagged-1, anti-Jagged-2, anti-� catenin, anti-Wnt1,
anti-Wnt3a, anti-Frizzled6, anti-Frizzled7, or anti-Dll1 (Abcam, Cambridge, MA), antiparkin or anti-
NotchR1 (Novus Biologicals, Littleton, CO), cleaved NotchR1 (Val1744) monoclonal antibody (Cell Signal-
ing Technology, Danvers, MA), or anti-Cre antibody (Novagen, Madison, WI). An � dystroglycan antibody
(IIH6) was purchased from EMD Millipore (Temecula, CA). A � dystroglycan antibody (43DAG) was
purchased from Leica (Buffalo Grove, IL). Laminin �2 antibody was purchased from Sigma (St. Louis, MO).
Anti-Pax7 antibody was a generous gift from Michael Rudnicki (Ottawa Health Research Institute).
Sections were incubated with Cy2- or Cy3-conjugated goat anti-mouse or goat anti-rabbit secondary
antibody (Jackson ImmunoResearch, West Grove, PA) and sometimes costained with Cy3-conjugated �

bungarotoxin, as indicated, for 1 h at room temperature and then were mounted using ProLong Gold
Antifade mounting reagent (Invitrogen). For Pax7-BrdU costaining, Pax7 staining was followed by fixation
in formalin and then by BrdU staining. For whole-mount staining, diaphragm muscles were dissected and
fixed in 2% paraformaldehyde and then 2% paraformaldehyde with 0.1% Triton X-100. Muscles were then
costained with anti-Neurofilament 200 (Sigma, St. Louis, MO) and anti-synaptophysin (Pierce Thermo
Scientific, Rockford, IL), using antibodies made in the same species, followed by an appropriate
Cy2-conjugated secondary antibody and rhodamine-conjugated �-bungarotoxin as previously described
(82). Neuromuscular junctions were imaged with a Zeiss LSM 710 confocal laser scanning microscope,
using the 63� objective, and nerve terminal-AChR overlap and AChR fragmentation were assessed on
digitized images of individual NMJs by using NIH ImageJ and the methodology of Lovering and
colleagues (83). Fiber type staining was done using antibodies specific to type 1 (A4.840), type 2A (2F7),
type 2X (6H1), and type 2B (10F5) fibers, purchased from the Developmental Studies Hybridoma Bank
(Iowa City, IA), with laminin �2 counterstaining. Myosin ATPase staining at pH 4.3 was also done as
previously described (84).

Quantification of skeletal myofiber diameters and central nuclei. Quantification of myofiber
diameters and central nuclei was done as previously described, using Zeiss AxioVision Rel.4.8 software
(50). H&E-stained images taken at a magnification of �20 were used for the calculations. Quantifications
were done on 5 images for each muscle, and at least 4 animals were used for each genotype.

Western blotting. Frozen muscle blocks were cut at 40 �m on a cryostat so that 800 �m to 1,100
�m was collected from each sample. Sections were incubated in 50 mM Tris, pH 6.8, 1 mM EDTA, 100
mM dithiothreitol (DTT), 2% SDS, and cOmplete protease inhibitors (diluted according to the manufac-
turer’s instructions; Roche, Indianapolis, IN). Protein was quantitated using the RC DC protein assay
(Bio-Rad, Hercules, CA). A fixed amount of 45 �g of protein was boiled for 5 min, separated in a NuPage
4 to 12% Bis-Tris or Bolt gel (Life Technologies, Grand Island, NY), and transferred to nitrocellulose. The
membrane was blocked in 5% nonfat dry milk in Tris-buffered saline (50 mM Tris, 150 mM NaCl)
containing 0.5% Tween 20 (TBST) and then probed with NotchR1 antibody (Upstate Biotechnology),
cleaved Notch1 (Val1744) monoclonal antibody (Cell Signaling Technology, Danvers, MA), anti-Myc tag
antibody (Abcam, Cambridge, MA), anti-Hes1 (Ab5702) antibody, anti-Hey1 (Ab5714) antibody (Millipore,
Temecula, CA), anti-lamin B1 (Santa Cruz Biotechnology, Dallas, TX), anti-� dystroglycan (IIH6; Upstate
Biotechnology, Lake Placid, NY), or anti-� dystroglycan (Leica, Buffalo Grove, IL). After washing, horse-
radish peroxidase-coupled secondary antibody was added, and blots were developed using the ECL
chemiluminescence method (Lumigen, Southfield, MI) after further washing.
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Grip strength and treadmill ambulation. Mice were tested using a grip strength meter (Columbus
Instruments) to assess their forelimb and hind-limb strength. Mice were tested once per day for a week,
with 10 repetitions for the forelimbs and 10 repetitions for the hind limbs at each trial. To measure
ambulation, the mice underwent a 20-min run on a horizontal treadmill (Treadmill Simplex II; Columbus
Instruments). The mice ran for 5 min at 5 m/min, 5 min at 6 m/min, 5 min at 8 m/min, and 5 min at 9
m/min. The time that the mice remained on the treadmill, up to a total time of 20 min, was recorded.

Serum creatine kinase activity. Blood was collected from the superficial temporal vein and allowed
to clot for 1 h at 25°C. Clotted cells were centrifuged at 1,500 � g for 5 min, and serum was collected
and analyzed without freezing. Creatine kinase activity assays were done using an enzyme-coupled
absorbance assay kit (Creatine Kinase-SL; Sekisui Diagnostics, Lexington, MA) by following the manu-
facturer’s instructions. Absorbance was measured at 340 nm every 30 s for 4 min at 25°C to calculate
enzyme activity. All measurements were done in triplicate.

Cardiotoxin-induced muscle regeneration. Young adult (2 months old) mice were used for all
cardiotoxin experiments. Gastrocnemius and tibialis anterior muscles were injected with 10 �M cardio-
toxin (from Naga mossambica mossambica; Sigma, St. Louis, MO) in 50 �l sterile PBS. Control gastroc-
nemius and tibialis anterior muscles were injected with an equivalent volume of sterile PBS alone. Mice
were sacrificed by CO2 inhalation at 1, 4, 7, 14, or 28 days postinjection, after which muscles were
harvested and snap-frozen in liquid nitrogen-cooled isopentane for subsequent histological and bio-
chemical analyses.

BrdU pulsing and immunostaining. BrdU (Sigma, St. Louis, MO) was dissolved in normal saline and
injected intraperitoneally daily at a concentration of 50 mg/kg of body weight. The day after the final
injection, mice were sacrificed and their muscles dissected and frozen in liquid nitrogen-cooled isopen-
tane. Sections were fixed in ice-cold methanol, permeabilized in 1% Triton X-100 in PBS, incubated in 1
N HCl for 10 min on ice, incubated in 2 N HCl for 10 min at room temperature, and then incubated in
2 N HCl for 10 min at 37°C. The acid was neutralized by immersing the sections in 0.1 M borate buffer,
pH 8.5, for 12 min at room temperature. After washing again in 1% Triton X-100 in PBS, the sections were
blocked in 3% bovine serum albumin in PBS for 1 h at room temperature and then incubated overnight
with anti-BrdU antibody (Abcam, Cambridge, MA). The sections were stained with Cy3-conjugated
anti-rat secondary antibody (Jackson ImmunoResearch, West Grove, PA) and mounted using ProLong
Gold antifade mounting reagent with DAPI (4=,6-diamidino-2-phenylindole) (Invitrogen).

Primary muscle cultures. Gastrocnemius and quadriceps muscles from 3-month-old or 23-month-
old wild-type mice were dissected, minced, and digested at 37°C in 5 mg/ml collagenase IV and 1.2 U/ml
dispase (Worthington Biochemical Corporation, Lakewood, NJ) in PBS. After 30 min, the digestion was
stopped with warm Dulbecco’s modified Eagle’s medium (DMEM) plus 10% heat-inactivated horse
serum. The mixture was filtered through a 70-�m cell strainer and then centrifuged at 1,500 � g for 5
min at 4°C. Muscle cells were resuspended in DMEM containing 20% fetal calf serum (Life Technologies,
Grand Island, NY), 4% chicken embryo extract (U.S. Biological, Salem, MA), 50 U/ml penicillin, and 50
�g/ml streptomycin. Cells were preplated on a plastic tissue culture dish for 40 min to remove fibroblasts.
The medium was removed, and cells were plated on dishes coated with Matrigel (Corning, Corning, NY).
Cells were incubated at 37°C and 5% CO2 for approximately 10 days, until they reached confluence. Half
of the cells were collected in TRIzol for RNA extraction. The remaining cells were induced to fuse into
myotubes by incubation in serum-poor medium (DMEM plus 2% horse serum, 50 U/ml penicillin, and 50
�g/ml streptomycin).

qRT-PCR. Total RNA was isolated from frozen blocks of gastrocnemius muscle or from primary
muscle cells by use of TRIzol reagent (Invitrogen, Carlsbad, CA). RNA was purified on a silica gel-based
membrane (RNeasy; Qiagen, Germantown, MD). Relative transcription levels were assessed by semiquan-
titative real-time PCR (qRT-PCR) using the ΔΔCT method, with 18S rRNA as an internal reference (85).
qRT-PCR measurements were compared to 18S rRNA in this and all subsequent instances, after first
testing a group of marker genes (glyceraldehyde-3-phosphate dehydrogenase [GAPDH], � actin, and 18S
rRNA genes) to determine the one with the smallest ΔCT changes between muscle genotypes and ages
(not shown). A high-capacity cDNA archive kit (Applied Biosystems, Foster City, CA) was used to reverse
transcribe RNA per the manufacturer’s guidelines. Samples were subjected to real-time PCR in triplicate,
using a TaqMan ABI 7500 sequence detection system (Applied Biosystems). Primer sets were purchased
from Applied Biosystems, except for the Becn1 primer set, which was purchased from Bio-Rad.

Open field tests. Ambulatory movements and rearing events were determined using the photo-
beam activity system (PAS; San Diego Instruments) open field test. All measurements were done in
mouse behavior rooms at the same time of day, with a defined temperature, ambient noise, and ambient
light. Each mouse was placed individually in a 16- by 16-in. clear acrylic chamber with photobeams
running along its base, with 1-in. spacing, along the x and y axes. Ambulatory activity was recorded every
time that an animal crossed from one square-inch region to another. “Peripheral movement” reflects
beam crossing in the outermost 1-in.2 squares of the cage on any side, while “center movement” reflects
all other cage regions. Movements were recorded in five 4-min sessions. Total recorded events for the
entire 20 min were summed for each independent measure, with six total measures being taken per
animal. Both ambulatory and fine movements were recorded. Ambulatory movements were defined as
movements in which an animal crossed a single photobeam. Fine movements were recorded as
photobeams crossed multiple times in sequence. Rearing events were also recorded, using software that
specifically defines this pattern of behavior.

Muscle physiology. Analysis of tetanic force in the EDL muscle or in strips of dissected diaphragm
muscle was performed as previously described (86, 87). Muscles (EDL) or muscle strips (diaphragm) were
isolated immediately after euthanasia and bathed in oxygenated Krebs-Henseleit solution (95% O2-5%
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CO2, 118 mM NaCl, 25 mM NaHCO3, 5 mM KCl, 1 mM KH2PO4, 2 mM CaCl2, 1 mM MgCl2, 5 mM glucose,
pH 7.4) in a circulating bath. For diaphragm force and fatigue measures, small linear strips of dissected
diaphragm muscle were suspended between a force transducer and a stimulator hook and superfused
with Krebs-Henseleit solution at 37°C. Electrical stimulation was achieved by use of parallel platinum-
iridium electrodes. Tetanic force was assessed by using tetanuses of a 600-ms duration at 250 Hz and a
pulse width of 1 ms. For fatigue measures, muscle was first stretched until maximal twitches produced
maximal force at 150 Hz, with a 10-min rest between intervals, after which a paired-pulse protocol was
used wherein 100-Hz tetanuses were delivered over 500 ms every second for 1 min (for a total of 60
stimulations). After measurements, muscles were weighed and their cross-sectional areas calculated as
previously described (86, 87). Isolated EDL muscles were tied to a force transducer and a linear
servomotor. Twitch contractions were elicited at 30°C, and the muscle was stretched to its optimal
length. Next, one to three tetanuses of a 500-ms duration, using 1-ms pulses at 150 Hz, were imposed
on the muscle. This was followed by repeats of 10 eccentric contractions. For each repeat, the muscle was
tetanized for 700 ms and stretched by 5% of its initial length during the last 200 ms of the tetanus. After
stimulation was halted at 700 ms, the muscle was taken back to its original length in 200 ms. Between
repeats, the muscle remained unstimulated for 2 min. After measurements, muscles were weighed and
their cross-sectional areas calculated.

Microarray analysis. Microarray chip analysis was done by the microarray core facility at Nationwide
Children’s Hospital, as previously described (88). Briefly, an Ovation biotin RNA amplification and labeling
system (NuGen Technologies) was used to prepare amplified biotin-labeled double-stranded cDNA from
total RNA. Quadriceps muscle RNAs were isolated from individual HSACre and HSACrePofut1FF mice at 2
months of age. For each microarray, cDNAs were hybridized to a 430 2.0 GeneChip array (Affymetrix).
Hybridization was allowed to continue for 16 h at 45°C, followed by washing and staining in a Fluidics
Station 450 instrument. GeneChip arrays were scanned in a GeneChip Scanner 3000 (Affymetrix), and CEL
file generation from DAT files was performed with GeneChip operating software (GCOS). The probe set
signals were generated with the robust multichip average (RMA) algorithm in ArrayAssist 3.4 (Stratagene)
and used to determine differential gene expression by pairwise comparisons. Genes that were altered by
a factor of 2 either way were sorted and used for further validation by qRT-PCR as described above.

RNA-seq. RNA samples from isolated quadriceps muscles were used for RNA-seq. Following assess-
ment of the quality of total RNA by use of an Agilent 2100 bioanalyzer and an RNA Nano Chip kit (Agilent
Technologies, CA), RNA was treated with DNase, and 2.5 �g was subjected to rRNA digestion with a
Ribo-Zero rRNA removal kit for human/mouse/rat (Illumina). To generate directional signals in the
RNA-seq data, libraries were constructed from first-strand cDNAs by use of a ScriptSeq v2 RNA-seq library
preparation kit (Epicentre Biotechnologies, WI). Briefly, 50 ng of rRNA-depleted RNA was fragmented and
reverse transcribed using random primers containing a 5= tagging sequence, followed by 3=-end tagging
with a terminus-tagging oligonucleotide to yield dually tagged, single-stranded cDNA. Following puri-
fication by a magnetic bead-based approach, the dually tagged cDNA was amplified by limit-cycle PCR,
using primer pairs that anneal to tagging sequences and add adaptor sequences required for sequencing
cluster generation. Amplified RNA-seq libraries were purified using the AMPure XP system (Beckman
Coulter). The quality of libraries was determined by use of an Agilent 2200 Tapestation using high-
sensitivity D1000 screen tape and quantified by use of a Qubit fluorometer with a dsDNA BR assay
(Invitrogen, Thermo Fisher Scientific). Paired-end 150-bp sequence reads were generated using the
Illumina HiSeq 4000 platform.

On average, 87 million paired-end 150-bp RNA-seq reads were generated for each sample (the range
was 80 to 98 million). Each sample was aligned to the GRCm38.p4 assembly of the mouse reference from
NCBI by using version 2.5.1b of the RNA-seq aligner STAR (http://bioinformatics.oxfordjournals.org/
content/29/1/15). Transcript features were identified from the GFF file provided with the GRCh38.p5
assembly from NCBI, and raw coverage counts were calculated using HTSeq (http://www-huber.embl
.de/users/anders/HTSeq/doc/count.html). The raw RNA-seq gene expression data were normalized and
postalignment statistical analyses performed using DESeq2 (http://genomebiology.com/2014/15/12/550)
and custom analysis scripts written in R. Comparisons of gene expression and associated statistical
analyses were performed for different conditions of interest, using the normalized read counts. All fold
change values are expressed as the value for test condition/value for control condition, where values of
�1 are denoted as the negative of the inverse (note that there will be no fold change values between
�1 and 1 and that fold changes of 1 and �1 represent the same value). Transcripts were considered
significantly differentially expressed by using a 5% false discovery rate (DESeq2 adjusted P value of
�0.05) and a fold change cutoff of 2 between the control and test samples.

Electroporation of Hes1 promoter-GFP reporter into the sternomastoid muscle and confocal
microscopy. Adult female non-Swiss albino mice (	25 g) were anesthetized with an intraperitoneal
injection of a mixture of 80 mg/kg ketamine and 20 mg/kg xylazine. The sternomastoid muscle was
surgically exposed, and a plasmid solution containing 10 �g of plasmid Hes1Promoter-GFP (a gift from
Susan Cole, Ohio State University) was layered over the muscle surface as described previously (89, 90).
This plasmid was modified to insert two copies of the simian virus 40 (SV40) enhancer at the 5= end of
the Hes1 promoter. Briefly, gold electrodes were placed parallel to the muscle fibers on either side of the
muscle, and eight monopolar square-wave pulses were applied perpendicularly to the long axis of
the muscle. Following electroporation, the mouse was sutured and allowed to recover. Six days later, the
animal was reanesthetized, and BTX-Alexa Fluor 594 was added to the sternomastoid muscle to label
AChRs (1 h). The animal was then perfused transcardially with 2% paraformaldehyde, and the sterno-
mastoid muscle was removed, mounted in DAPI-Fluoromount G to label nuclei, scanned, and imaged
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with a confocal microscope (Leica SP5). The z-stacks were then collapsed and the contrast adjusted with
Photoshop.

Injection of skeletal muscles with rAAVrh74-MHCK7-NICD. Six- to 7-week-old wild-type (C57BL/6)
or HSACrePofut1FF mice were injected in the left hind-limb muscles (TA, Gastroc, and Quad) with
rAAVrh74-MHCK7-NICD, produced by the Viral Vector Core at Nationwide Children’s Hospital. This vector
packages a cDNA that encodes only the cleaved NotchR intracellular domain (NICD) of mouse NotchR1,
which is normally cleaved off by � secretase upon ligand binding (11). The MHCK7 promoter is a skeletal
muscle- and heart-specific promoter designed by Hauschka and colleagues (62), while rAAVrh74, or
rhesus serotype 74, is a viral AAV capsid similar to rAAV8 (91). The TA muscle was injected with 1 � 1011

vector genomes in 25 �l, while the Gastroc and Quad muscles were each injected with 2 � 1011 vector
genomes in 50 �l. An equivalent volume of sterile PBS was injected into the contralateral muscle as a
control.

Statistics. Significant differences between two individual samples were analyzed using Student’s
two-tailed unpaired t test. Comparisons between more than two groups were done by analysis of
variance (ANOVA) with post hoc Tukey’s test.

Accession number(s). The microarray data for the HSACre and HSACrePofut1FF samples were
deposited in the Gene Expression Omnibus (GEO) database under accession number GSE80145. RNASeq
data were submitted under accession number GSE94768.
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