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We assessed the frequency of muscle fibers showing
histochemical phosphorylase activity in 27 muscle
biopsies from 25 unrelated patients with McArdle’s
disease and studied by immunohistochemistry and in
situ hybridization whether the muscle-specific iso-
form was expressed. Positive phosphorylase fibers
were observed in 19% of our series of biopsies. We
show that the enzyme isoform expressed in regener-
ating fibers differs according to the genotype of pa-
tients: the muscle-specific isoform is transcribed and
translated in patients with none of the described mu-
tations in at least one allele of the myophosphorylase
gene, whereas it is neither transcribed nor translated
in patients with identified mutations in both alleles.
(Am J Patbol 1999, 154:1893-1897)

McArdle’s disease (myophosphorylase deficiency) is the
most common glycogenosis affecting skeletal muscle.”
The biochemical hallmark of the disease is impaired mus-
cle glycogenolysis due to lack of muscle glycogen phos-
phorylase (M-GP) activity. M-GP is the muscle-specific
isoform of the enzyme, with two others being the liver-
and the brain-specific forms. The three isoforms are
coded by separate genes,? and their expression is de-
velopmentally regulated.®

The molecular basis of McArdle’s disease has been
linked to several mutations, either nonsense or missense,
in the PYGM gene, which codes for M-GP.*® The most
common mutation is the nonsense mutation at codon 49
(R49X), accounting for up to 60% of the alleles. Many
patients, however, defy even an extensive search for
mutations.®”

Muscle biopsies of McArdle’s patients are character-
ized by subsarcolemmal storage of normal glycogen and
by absent stain with the histochemical phosphorylase
reaction. In some patients, however, it is possible to find
scattered fibers with positive phosphorylase staining.®°
The identity of the glycogen phosphorylase isoform ex-
pressed in those phosphorylase-positive fibers has been
a matter of debate. After the initial report describing the

reappearance of phosphorylase activity in myophosphor-
ylase-deficient patients,® subsequent studies supported
the assumption that those fibers, similarly to cultured
immature myotubes, express non-muscle-specific (ie, fe-
tal) isoforms.’™®'" Later studies on cultured muscle in
which differentiation was more advanced due to different
culture techniques or innervation showed that M-GP was
indeed expressed, albeit in small proportion, in both con-
trol and patients’ myotubes in vitro.'?'2

In this paper we assessed the frequency of phosphor-
ylase-positive fibers in a consecutive series of 27 muscle
biopsies of 25 McArdle’s patients. We found phosphory-
lase-positive fibers in 19% of our muscle biopsies. Virtu-
ally all positive fibers are regenerating fibers. We show
that the isoform expressed in phosphorylase-positive fi-
bers differs according to the genetic background of the
patient: in patients with no detected mutation in at least
one allele of the PYGM gene, the muscle-specific isoform
is transcribed and translated, whereas it is neither tran-
scribed nor translated in patients with mutations identi-
fied in both alleles of the gene.

Materials and Methods

Patients

A total of 27 muscle biopsies of 25 patients with Mc-
Ardle’s disease were screened for scattered phosphory-
lase positivity. The biopsies showing at least one positive
fiber were further studied by immunohistochemistry and
in situ hybridization.

All patients presented clinical and laboratory findings
typical of McArdle’s disease, with muscle glycogen stor-
age and severely reduced glycogen phosphorylase ac-
tivity. Clinical, biochemical, and molecular data for pa-
tients whose biopsy showed phosphorylse positive fibers
are summarized in Table 1.

Cell Culture

Cultured myoblasts were expanded from muscle ex-
plants obtained from patient and control biopsies as pre-
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Table 1. Clinical, Biochemical, and Molecular Summary of Patients Showing Fibers with Histochemical Phosphorylase Activity in
Muscle Biopsy

HC™*
Age at Serum Myoglo- Biopsied GP GP M-GP fibers

Patient biopsy CK (Ufly binuria muscle activity protein mRNA Mutation (%)

1 28 4000 Yes Triceps 0 No + —/49 5.2

2 69 740 No Quad. 1% No + —/49 0.3

3 59 200 No Biceps 3% No ++ —/396 0.2

4 51 3100 Yes Quad. 0 No + 49/204 6.9

5 17 2200 Yes Triceps 0 No - 49/49 0.1

Glycogen phosphorylase activity (assessed by spectrophotometric assay on muscle homogenate) is expressed as % of normal control. Number of
fibers showing positivity at the phosphorylase histochemical stain (HC™) is expressed as % of total number of fibers in the biopsy slice.

viously described.’ Myoblasts were allowed to fuse in
myotubes, and selected dishes were innervated with rat
fetal spinal cord explants as described.'® Aneural and
innervated cultured muscle from patients and control
were harvested, and the total RNA was extracted as
described below.

Molecular Characterization

Total RNA and DNA were extracted from muscle biopsies
or cultured muscle with the TRI-zol reagent according to
the manufacturer’s instructions (Gibco BRL, Gaithers-
burg, MD). Northern analysis for M-GP mRNA was car-
ried out as described.'® The following mutations known to
be associated with McArdle’s disease were searched in
all patients with described methods®®: R49X, G204S,
L291P, L396P, K542T, E654K, del708, 1778del67 (splice
junction mutation at the 5’ end of intron 14), delG510, A to
G transition in the translation initiation codon, frameshift
mutation in exon 1, R575X, G685R, and delA753.

In addition, in those patients in whom none of the
above mutations could be detected, we directly se-
quenced the entire PYGM cDNA.

Histochemistry (HC) and Immunohistochemistry
(IHC)

Serial cryostat sections (6 um thick) were placed on
slices pretreated with 0.25% gelatin, 0.025% chrome
alum (Merck, Darmstadt, Germany), and processed sep-
arately. One section was used for histochemical phos-
phorylase stain. As marker of muscle regeneration, we
used a monoclonal antibody against fetal myosin heavy
chain (Novocastra, Newcastle, UK), diluted 1:100 in PBS
and incubated for 1 hour at room temperature. The ex-
pression of M-GP was studied using sheep anti-M-GP
antiserum.'® To block nonspecific staining, sections were
incubated with 5% bovine serum albumin (BSA) in PBS
for 1 hour. Anti-M-GP antiserum diluted 1:25 in 1% BSA/
PBS was incubated overnight at 4°C and for one addi-
tional hour at room temperature on a shaker. The specific
labeling was developed by an immunofluorescence
method using appropriate biotinylated antibodies (Amer-
sham, Little Chalfont, UK) for 30 minutes at 1:200 dilution
and streptavidin-Texas red (Amersham) for 30 minutes at
1:100 dilution.

M-GP Ribonucleic Probes

A 232-bp stretch of the 3’ end of the M-GP cDNA (bp
3243 to 3475) in which the divergence among muscle-
and non-muscle-specific isoforms was maximal was sub-
cloned in the Smal/Apal site of Bluescript KS+. Orienta-
tion was checked by direct sequencing. RNA probes
were synthesized using [*®P]JUTP (1300 Ci/mmol) using
T3 (antisense) and T4 (sense) polymerase following the
supplier’s instructions.

In Situ Hybridization (ISH)

ISH was performed as described’* on 10-um cryostat
muscle sections. Transverse sections were fixed 30 min-
utes at room temperature in 4% paraformaldehyde,
treated for 7.5 minutes with proteinase K (20 ug/ml) in
Tris/HCI (50 mmol/L), pH 7.2, and EDTA (5 mmol/L),
acetylated in 0.5% acetic anhydride in 0.1 mol/L trietha-
nolamine, pH 8.0, for 10 minutes, and dehydrated. The
probe (10% cpm/ml) was applied directly to dried sections
in hybridization buffer (50% deionized formamide, 0.3
mol/L NaCl, 20 mmol/L Tris/HCI, pH 7.4, 5 mmol/L EDTA,
10 mmol/L NaPO,, pH 8.0, 10% dextran sulfate, 1X Den-
hardt’s, 50 png/ml yeast RNA). Hybridization was carried
out for 16 hours at 52°C in a humid chamber. The slides
were washed 30 minutes at 42°C in 5X SSC (1X SSC
contains 0.15 mol/L NaCl, 0.015 mol/L sodium citrate), 10
mmol/L dithiothreitol (DTT); 20 minutes at 65°C in 50%
formamide, 2X SSC, 10 mmol/L DTT; 30 minutes at 37°C
in 0.5 mol/L NaCl, 0.05 mmol/L NaPO,, pH 7.0, 20 png/ml
RNAse; 15 minutes at 37°C in 1X SSC; and 15 minutes at
37°C in 0.1X SSC. The slices were rapidly dehydrated,
processed for autoradiography using Kodak NBT-2 emul-
sion, exposed for 10 days at 4°C, and developed accord-
ing to the manufacturer’s directions.

Results

Five biopsies from five unrelated patients showed scat-
tered stained fibers after phosphorylase HC. In three
biopsies, stained fibers were extremely rare (one to
seven per slice), whereas in the other two, the stained
fibers accounted for 5% to 7% of the total. Recent myo-
globinuria was reported for the patients showing a high
number of stained fibers but not in the others. All five
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Figure 1. Photomicrographs (X100) of serial sections from muscle biopsy of patient 1 (@, d, and @), patient 5 (b, e, and h), and normal control (c, f, and i). a
to ¢: Histochemistry for glycogen phosphorylase; d to f: Immunohistochemistry for fetal myosin; g to i: Immunohistochemistry for muscle-specific glycogen
phosphorylase.

patients had typical McArdle’s disease and were compa-
rable for age, duration of symptoms, and severity to the
other 21 patients with no phosphorylase HC-positive fi-
bers. Phosphorylase activity by spectrophotometric as-
say was below 3% of normal control in two and absent in
three. Immunoblot with sheep anti-M-GP antiserum’ was
negative in all. Molecular characterization of the patients
showed normal M-GP mRNA in patient 3, reduced tran-
script of normal size in patients 1, 2, and 4, and no mRNA
in patient 5. Genotype of the patients was as follows: one
allele mutated in patients 1, 2 (R49X), and 3 (L396P),
R49X/G204S in patient 4, and R49X/R49X in patient 5
(Table 1).

There was complete overlapping between fibers pos-
itive with HC for phosphorylase and fibers positive with
IHC for fetal myosin (Figure 1), confirming their regener-
ating status. In one case (patient 3), however, we ob-
served four faintly stained, normal-sized fibers, which
were [HC fetal myosin negative.

Regenerating phosphorylase-positive fibers reacted
specifically with the anti-M-GP antiserum in patients 1
and 2 (Figure 1g), indicating in these patients localized
re-expression of the defective enzyme.

In situ hybridization with the M-GP riboprobe showed
diffuse subsarcolemmal positivity in control, scattered
patchy positivity in the patients with IHC M-GP-positive
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Figure 2. Photomicrographs (X25) of sections from muscle biopsy of patient 1 (&), patient 5 (b), and normal control (¢) after in situ hybridization with
myophosphorylase-specific riboprobe.

fibers, and no specific signal in the patients with regen-
erating IHC M-GP-negative fibers (Figure 2; Table 2).
M-GP mRNA accumulation therefore positively correlates
with M-GP expression.

M-GP cDNA obtained by reverse transcription poly-
merase chain reaction of total RNA purified from control
and patients’ cultured muscle was studied by restriction
fragment length polymorphism and direct sequencing.
There was complete identity between M-GP mRNA se-
quence of the adult and the cultured muscle of any given
patient or control.

Discussion

In this work we show that in a large series of patients with
biochemically defined myophosphorylase deficiency,
histochemical phosphorylase activity is detected in less
than 20% of cases, and it is limited to fetal-myosin-posi-
tive fibers.

The relatively low frequency of patients with HC-posi-
tive fibers in our series is in agreement with previous
reports,®® in which only single or very few patients were
presented. Recent myonecrosis, as suggested in our
cases by high serum creatine kinase and reported myo-
globinuria, correlates with the presence of regenerating
phosphorylase-positive fibers.

Phosphorylase expression is mostly restricted to re-
generating fibers, as was shown by morphological crite-
ria in previous studies.®® However, few normal-sized fi-
bers that were fetal myosin negative showed faint
phosphorylase positivity in one patient. In those fibers,
the regeneration process could be just completed, and

Table 2. Results of Phosphorylase HC, THC with Anti-Fetal
Myosin Antibodies, IHC with Anti-
Myophosphorylase Antiserum, and in Situ
Hybridization with M-GP-Specific Riboprobe in 5
Biopsies with HC-Positive Fibers

Fetal
Patient Phosphorylase  myosin M-GP M-GP
No. HC IHC IHC ISH
1 +++ +++ ++ ++
2 + + + +
3 + - - -
4 +++ +++ - —
5 + + - -

consequently, the expression of fetal myosin and possi-
bly M-GP could have been already shut down.

The results of IHC and ISH indicate that regenerating
fibers in patients in whom at least one allele of the PYGM
gene does not carry an identified mutation express
M-GP. This finding is in agreement with previous in vitro
studies showing re-expression of the defective enzyme in
aneural’® and innervated'® cultured muscle of patients
with McArdle’s disease. In aneural and innervated cul-
tured muscle from myophosphorylase-deficient patients,
the deleterious mutations identified in the adult muscle
were retained; therefore, we can exclude gene reversion
as the explanation for the observed phenomenon. The
similarity between in vitro and in vivo behavior of regen-
erating muscle cells from myophosphorylase-deficient
patients suggests that the same conclusion could be
applied to our in vivo observations.

The present work provides the first evidence that re-
expression of M-GP can occur also in vivo, and correlates
this finding with the molecular basis of the defect. Pa-
tients with mutation identified in both alleles, and with
absent or grossly reduced M-GP mRNA, did not express
M-GP, despite the presence of regenerating fibers (al-
most 7% in patient 4).

IHC and ISH could identify in patients 1 and 2 M-GP as
the GP isoform expressed. The same was not possible for
the other patients. From what is known of GP gene reg-
ulation we can hypothesize that the observed GP activity
in IHC M-GP-negative fibers is due to a fetal isoform. In
vivo regenerating rat muscle grafts do not express non-
M-GP, in contrast to primary rat skeletal muscle explants
in vitro."® In vivo regenerating muscle from non-myophos-
phorylase-deficient patients (eg, Duchenne muscular
dystrophy patients) shows intense staining for M-GP IHC
in fetal-myosin-positive fibers (data not shown), suggest-
ing that M-GP is the prevalent isoform expressed in re-
generating human muscle in vivo.

The mechanism leading to the activation of M-GP ex-
pression in regenerating fibers and to its suppression in
mature fibers is not known. Possible explanations are: 1)
activation in regenerating cells of a PYGM pseudogene
normally silent, 2) mRNA editing with correction, in regen-
erating fibers, of deleterious mutations, as described for
transcripts with GAGAG motifs in neurons,'® and 3) use
of an alternative promoter or enhancer in poorly differen-
tiated muscle fibers, leading to reversion in the dividing



cells of a transcriptional or translational block preventing
expression in mature myotubes.

The striking sequence homology among the genes
coding for the three GP isozymes suggests that they have
evolved through duplication and translocation events,"”
although no PYGM-related sequences have been spot-
ted in mapping studies covering the whole genome.'®
Several GAGAG islands are present in the second half of
the coding sequence of the PYGM gene, although none is
the site of a known mutation,** and none were found to
be mutated in our patients after direct sequencing. There
are conflicting reports on the presence in rat and human
muscle of alternative spliced M-GP transcripts'®'°; alter-
native splicing and transcript processing is a common
feature in muscle-specific isoforms of glycolytic enzymes
such as aldolase A, phosphofructokinase, and phosphor-
ylase kinase-a.?° 22 This last hypothesis would imply that
in some patients with McArdle’s disease the defect is due
to a reversible impairment of PYGM transcription or trans-
lation. If confirmed, this mechanism could be exploited
for a novel form of gene therapy, which would take ad-
vantage of the self-healing potential of the diseased gene
itself.
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