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Abstract
Objective
Elevated serum aldolase A levels occur in the absence of elevated creatine kinase M (CK) levels in a subset of myositis
patients. This study was undertaken to investigate the cell biology of this unexplained clinical observation.

Methods
Cultured human myoblasts were differentiated in vitro. RNA and protein lysates were prepared and used to determine
aldolase and CK gene and protein expression by QPCR and immunoblotting. Cardiotoxin was used to induce muscle
injury and repair in an experimental mouse model, and aldolase A and CK were immunoblotted in the muscle lysates.
Immunohistochemical staining was performed on myositis patient muscle paraffin sections to assess aldolase A and CK
staining in vivo.

Results
Aldolase A mRNA and protein expression is highest in differentiating myoblasts, and remains robust throughout
differentiation. In contrast, CK mRNA and protein levels are low in undifferentiated myoblasts and become strikingly
upregulated as differentiation progresses. Aldolase A protein expression is high in regenerating muscle in the mouse model
of injury/repair, while CK expression was low. Immunohistochemical staining of human myositis biopsies showed that
muscle cells with the highest levels of aldolase and no CK staining have features of regeneration.

Conclusion
In undifferentiated muscle cells, and those early in the differentiation process, aldolase A is expressed in the absence
of CK. Thereafter, both are expressed. We propose that isolated serum aldolase A elevation in myositis patients
(i) reflects preferential immune-mediated damage of early regenerative cells, and (ii) is a biomarker of damaged early
regenerating muscle cells.
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Introduction

Serum levels of muscle enzymes are
frequently elevated in myopathic proc-
esses, including dermatomyositis (DM)
and polymyositis (PM). Indeed, the
most well-established diagnostic cri-
teria for DM (1) and PM include el-
evation of muscle enzymes as a key
clinical feature (2, 3). Furthermore, in
clinical practice, many physicians rely
on muscle enzyme levels as a marker of
disease activity.

The muscle enzymes which can be de-
tected in circulation following muscle
damage include creatine kinase (CK),
aldolase, aspartate aminotransferase,
alanine aminotransferase and lactate de-
hydrogenase. Although serum levels of
each muscle enzyme may be increased
in the inflammatory myopathies, none
of these proteins are found exclusively
within skeletal muscle. For example,
CK (especially the CK-MB isoform)
is found in the heart, the transaminases
and lactate dehydrogenase are found
in the heart and liver, and aldolase is
widely expressed with particularly high
levels found in the brain and liver.
Serum CK and aldolase levels are the
most sensitive measures for detecting
muscle damage (3) and often parallel
one another in patients with myopathic
disease (4). However, multiple individ-
ual case reports have described patients
with fasciitis (5, 6) or DM-like disorders
(7, 8) who had normal CK levels and
high serum aldolase levels. Moreover,
Nozaki and Pestronk recently reviewed
the clinical features of twelve patients
with selectively elevated aldolase lev-
els (9) and found that these patients had
a constellation of features including
myalgias, muscle weakness, and mus-
cle biopsies showing perimysial and
perifascicular pathology. These patients
often had arthritis and/or pulmonary in-
volvement. Although Nozaki and Pes-
tronk emphasised the diagnostic util-
ity of checking the aldolase in patients
with muscle complaints and a normal
CK, how aldolase might be released
from muscle without a concurrent CK
elevation remains unexplained.

In this study, we analysed the gene and
protein expression levels of CK and al-
dolase in vitro during muscle cell dif-
ferentiation. Our findings show that al-
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dolase is expressed at high levels prior
to CK during in vitro muscle regenera-
tion, identifying a phase in muscle cell
differentiation in which cells express
exclusively aldolase. Our findings were
validated in a mouse model of muscle
regeneration where we found that early
regenerating myofibres expressed high
levels in the absence of CK. Since ac-
cumulating data suggests that imma-
ture muscle cells express the highest
concentrations of myositis autoanti-
gens (10), we propose that isolated el-
evations of aldolase levels in myositis
may reflect preferential damage of such
immature precursors.

Methods

Cell culture and differentiation
Normal human skeletal muscle cells
(Clonetics) were cultured in Ham’s
F10 growth medium supplemented
with 20% fetal bovine serum, 2% chick
embryo extract (Accurate Chemical),
and 2mM L-glutamine at low den-
sity to prevent contact differentiation.
Differentiation into myotubes was in-
duced in these cultures by replacing the
growth medium with medium contain-
ing DMEM, 2% horse serum and 2mM
L-glutamine, and growing the cells for
2 weeks without further subculturing.

Immunoblotting

Biochemical levels of proteins ex-
pressed in myoblasts and myotubes
were assessed in lysates made from
myoblasts harvested immediately prior
to transfer into differentiation medium
(day 0), and on days 1,4, 10 and 13 of
culture in this medium. Lysates were
prepared by placing the cultures on
ice, washing the cells 3 times with PBS
and then scraping the cells into buffer
A (20 mM Tris pH 7.4, 150 mM NaCl,
0.1 mM EDTA, 1% Nonidet P40, and
a protease inhibitor cocktail). Equal
protein amounts of the lysates were
electrophoresed and immunoblotted
with antibodies recognising myogenic
factor-5 (Myf-5;Santa Cruz), aldolase
A (Santa Cruz), CK (Abcam), mono-
clonal antibodies against embryonic
myosin heavy chain (MYH-3, Develop-
mental Studies Hybridoma Bank) and
vinculin (Sigma) and a patient serum
monospecific for Mi-2. Blotted proteins
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were visualised using enhanced chemi-
luminesence (Pierce). The data shown
is representative of that obtained in 2-
5 separate experiments. Immunoblots
were quantified by densitometry; for
each protein, the scanned band of maxi-
mum optical density was assigned the
value 100%, and all others in that time
course were expressed relative to that.

QPCR analysis

Total RNA was isolated from differ-
entiating human myoblasts using the
TRIzol reagent method (Invitrogen).
RNA was further purified using the
RNeasy miniprep kit (Qiagen). cDNA
synthesis was performed using the Af-
finityScript QPCR cDNA synthesis kit
(Agilent), and QPCR reactions were
performed in triplicate with Brilliant Ii
QRT-PCR Master Mix (Agilent) using
the Agilent Mx3000p QPCR system.
Primers specific for ALDOA, CKM,
MYFS5 and MYH3, and an endogenous
control gene (RPLPO) were synthesised
by Applied Biosystems. Expression
values for ALDOA, CKM, MYF5 and
MYH3 were normalised to the endog-
enous control gene and are represented
as arbitrary units relative to RPLPO ex-
pression at each time point.

Mouse muscle injury model

All experiments involving mice were
approved by the Johns Hopkins Animal
Care and Use Committee. The right
anterior tibilias muscles of six-week-
old C57BL/6 mice were injected with
100 microliters of 10 uM cardiotoxin
(CTX), exactly as described (11). On
days 1, 2, 3 and 4 after muscle injury,
mice were sacrificed and the anterior
tibialis muscles removed and frozen
at -80°C (11). The frozen tissue pieces
were used in two ways: (i) 10 micron
frozen sections were cut, then processed
for hematoxylin and eosin staining, and
(ii) pieces of the frozen muscle were
homogenised in Buffer A, and equal
protein amounts of the resulting lysates
were electrophoresed, immunoblotted
with antibodies against aldolase A and
CK and quantitated by densitometry as
described above.

Human muscle tissue
Human muscle biopsies were obtained
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Fig. 1. Aldolase A protein is expressed in the absence of creatine kinase in early undifferentiated
cultured myoblasts. (A) Cultured human myoblasts were induced to differentiate in vitro to myotubes.
Equal protein amounts of lysates made from these cultures at various stages of differentiation were im-
munoblotted for the indicated proteins, as described in the Methods section. (B) The CK and aldolase
immunoblots were quantified by densitometry. For each, the scanned band of maximum optical density
was assigned the value 100%, and all others in that time course were expressed relative to that. Myf-5:
myogenic factor-5; MYH-3: embryonic myosin heavy chain; CK: creatine kinase.

from patients seen at the Johns Hop-
kins Myositis Center. Surgical proce-
dures were performed for patient man-
agement, and the research tissue sam-
ples were in excess of that required for
routine diagnostic purposes. Informed
consent was obtained from each study
subject, and all samples were obtained
under the auspices of human subject
internal review board-approved pro-
tocols. All patient samples were de-
identified, with clinical and laboratory
features linked only to the patient code.
Muscle biopsies were obtained from
patients with definite DM by Bohan
and Peter criteria (2, 3) with elevated
levels of aldolase at the time of biopsy.

Immunohistochemistry

Muscle paraffin sections were rehy-
drated, soaked in target retrieval solu-
tion (Dako) for 30 mins at 95°C and
blocked with PBS containing 5% BSA.
This and the subsequent antibody in-
cubations were performed at room
temperature for 1 hour in a humidified
chamber. Primary antibody incubations
consisted of mixtures of goat anti-aldo-
lase (Santa Cruz) and mouse anti-CK
(Abcam) antibodies; both antibodies
were diluted 1:50 in PBS containing 1%
BSA. Following extensive washes, the
sections were incubated with donkey
anti-goat Alexa Fluor 488 and donkey
anti-mouse Alexa Fluor 594 secondary
antibodies (Invitrogen) diluted 1:200 in
PBS containing 1% BSA. The sections
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were subsequently washed with PBS,
and mounted using Prolong Gold anti-
fade reagent containing DAPI.

Results

Aldolase A protein is robustly expressed
in undifferentiated myoblasts, whereas
CK is absent

In previous studies, we showed that
myositis autoantigens are expressed
at low levels in normal muscle, but
are strikingly upregulated in myositis
muscle, especially in regenerating cells
(10). These findings were recapitulated
in vitro: we demonstrated that autoan-
tigens were expressed at high levels
in myoblasts, and low levels after dif-
ferentiation into myotubes. The obser-
vation that some patients with proven
inflammatory myopathies have iso-
lated elevation of aldolase prompted
us to examine aldolase expression as a
function of muscle differentiation. We
therefore initially studied the patterns
of aldolase A and CK expression in the
cultured human myoblast differentia-
tion model.

Equal protein amounts of lysates made
from cultured differentiating myob-
lasts were immunoblotted (Fig 1A).
Aldolase A expression was highest in
myoblasts, and although it decreased
during differentiation, it remained
prominent. In contrast, CK expression
was absent in myoblasts and during the
early stages of differentiation, and was
only detected after day 4. Vinculin lev-
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Fig. 2. The expression of CKM is low in undifferentiated myoblasts but is highly induced during in
vitro myoblast differentiation. Gene expression in differentiating myoblasts was analysed by qPCR.
(A) Gene expressions of aldolase A (ALDOA) and creatine kinase M (CKM), and (B) myogenic fac-
tor-5 (MYFS5) and embryonic myosin heavy chain (MYH3) are presented relative to the expression of
a housekeeping gene (RPLPO) which is unchanged during differentiation.
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Fig. 3. Aldolase levels are high in early regenerating muscle cells in an in vivo mouse model of mus-
cle damage and repair. Uninjured (“day 0”) and CTX-injected anterior tibialis muscle samples were
obtained by sacrificing the mice at days 1, 2, 3 and 4 post-injection/injury. (A) Lysates were made
from the muscle biopsies, and equal protein amounts were immunoblotted with antibodies against
aldolase A and CK. Similar data were obtained in 2 separate experiments. (B) The immunoblots were
quantified by densitometry as described in Figure 1 legend. (C-E) Frozen sections of uninjured mouse
muscle (panel C), or muscle harvested 3 (panel D) or 4 (panel E) days after CTX injection were stained
with H & E and visualised with light microscopy. Scale bar: 50 microns. CK: creatine kinase; CTX:
cardiotoxin.

els (loading control) were unchanged.
Myf-5 and MYH-3 were expressed ex-
clusively in undifferentiated or differ-
entiating/differentiated muscle cells,
respectively (Fig. 1A), confirming the
progression of differentiation in the in
vitro system. For comparison, we im-
munoblotted Mi-2, a DM-specific au-
toantigen, whose expression pattern is
representative of autoantigens targeted
in the rheumatic autoimmune diseases

— prominently expressed in myoblasts,
with levels decreasing rapidly during
differentiation.

Quantitation of the immunoblot data
(Fig. 1B) confirmed that aldolase A is
robustly expressed while CK is not in
undifferentiated muscle cells, and early
in differentiation. However, during the
later stages of differentiation and there-
after, both aldolase A and CK are ex-
pressed at high levels.
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Aldolase A mRNA is robustly expressed
in undifferentiated myoblasts, whereas
CKM mRNA levels are low

To define the kinetics of gene expres-
sion during muscle regeneration, we
examined gene expression in cultured
human myoblasts that were differenti-
ated into myotubes. We examined the
expression of well characterised mark-
ers of myoblast differentiation (MYF5
and MYH3, Fig. 2A), as well as aldo-
lase A (ALDOA) and CKM (Fig. 2B).
Myogenic factor 5 (MYF5) was ex-
pressed at highest levels in myoblasts
(day 0), and was downregulated over
time. In contrast, embryonic myosin
heavy chain 3 (MYH3) displayed a re-
ciprocal pattern, with low expression
in myoblasts that was strikingly in-
creased by day 2 and peaked by day 4.
Interestingly, ALDOA was expressed
at very high levels in myoblasts, and
expression remained robust throughout
differentiation. CKM was expressed at
very low levels in myoblasts, but was
significantly upregulated over the first
3 days and remained elevated thereaf-
ter. Thus the gene expression pattern
of CKM was similar to MYH3, and is
consistent with it being a marker of dif-
ferentiating/mature muscle cells.

Aldolase A protein expression is

high in regenerating mouse muscle

To evaluate whether our findings in the
in vitro system are relevant in vivo, we
used a mouse model of CTX-induced
muscle damage and repair. In previous
studies, we (11) and others have charac-
terised and validated this mouse model
of muscle injury and repair, in which
there is widespread necrosis induced
by CTX injection, followed by massive
and synchronous muscle regeneration.
Immunoblots were performed using
equal protein amounts of lysates made
from muscle harvested from uninjected
mice, or from mice sacrificed at days
1—4 after injection. Aldolase levels re-
mained constant until day 2 post-injec-
tion, were undetectable at day 3, and
at day 4 were present at levels ~4-fold
greater than those in the uninjected tis-
sue (Fig 3. A, B). In contrast, CK lev-
els were highest in uninjected muscle,
decreased to their lowest level at day
3, with the level at day 4 being slightly
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Aldolase

Fig. 4. Muscle cells expressing robust amounts of aldolase A have features of regeneration in human
myositis muscle biopsies. Muscle paraffin sections from a DM patient with elevated aldolase A levels
and normal CK were double-stained with antibodies against aldolase A (top right panel) and CK (lower
right panel). The merged image is shown in the left panel. In the merged image, examples of muscle
cells expressing only aldolase A are annotated with asterisks, whereas those expressing both aldolase
A and CK are marked with arrows. Scale bar: 50 microns. CK: creatine kinase.

higher than that at day 3, but still only
~50% of the level in uninjected muscle
(Fig. 3 A, B). H & E stains were per-
formed on frozen sections cut from the
same muscle pieces used to make the
tissue lysates described in Fig. 3A, B.
These showed extensive degeneration/
damage at day 3, characterised by my-
onecrosis and inflammatory infiltrates
(Fig. 3D). This was followed by a dra-
matic change at day 4, where exuberant
regeneration was evidenced by large
tracts of small fibres with centralised
nuclei and the re-emergence of of nor-
mal fasicular architecture (Fig. 3E).

In myositis biopsies, muscle cells

with high aldolase A levels have
features consistent with regeneration
The in vitro data shows that (i) undif-
ferentiated myoblasts and muscle cells
early in the differentiation process ex-
press high levels of aldolase A in the
absence of detectable CK, and (ii) at
subsequent stages of differentiation, al-
dolase A and CK are expressed togeth-
er in the same cells. Of note, the time
when cells express aldolase A in the
absence of CK is a brief window dur-
ing the differentiation process, making
it likely that detection of this pattern in
vivo would be less frequent than that
of co-expression of these proteins. To
address whether fibres preferentially
expressing aldolase A are indeed found
in vivo, we stained muscle paraffin

sections from myositis patients with
elevated aldolase A and normal CK
levels. Sections were double-stained
with a goat polyclonal antibody against
aldolase A and a mouse monoclonal
anti-CK antibody (Fig 4). Two distinct
types of staining pattern were noted:
(i) Muscle cells with strong aldolase
A staining and no CK staining, and (ii)
muscle cells expressing both aldolase
A and CK, a pattern more common
than the former. The aldolase A only
staining was exclusively detected in
muscle cells with large centralised
nuclei, a feature typical of regenerat-
ing fibres. Fibres expressing aldolase
A alone were not observed in normal
muscle biopsies, which demonstrated
overlapping patterns of aldolase A and
CK (data not shown).

Discussion

Detection of tissue-specific proteins
in serum has been a classic method
to identify and quantify tissue dam-
age (examples include leakage of tro-
ponin I or CK-MB from myocardium,
transaminases from the liver, and CK
and aldolase A from skeletal muscle).
Patterns of enzyme leakage are worthy
of investigation because they can be
associated with specific types of injury
and may provide important insights into
mechanisms and targets of damage. In
this regard, although CK and aldolase
A are frequently found together in the
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serum of patients with autoimmune
myopathies as well as in juvenile DM
(12), a substantial subpopulation of
these patients have elevated serum lev-
els of aldolase A in the absence of in-
creases in CK. Since CK and aldolase A
are both cytoplasmic and have similar
molecular weights, the subpopulation
of patients with isolated high levels of
aldolase A only may provide important
insights into the target of the immune
attack in such patients — possibly, cells
expressing aldolase A but not CK.
Recent findings that autoantigens tar-
geted in myositis are present at elevated
levels in muscle cells with features of
regeneration (10, 11, 13) indicates that
early regenerating muscle cells may be
an important target of the ongoing im-
mune response. Of note, muscle cell
differentiation recapitulates embryonic
development, with consecutive expres-
sion of gene cassettes guiding cells to
the mature phenotype (14). We there-
fore sought to define whether expression
levels of aldolase A and CK varied as a
function of muscle cell differentiation.
Our in vitro data demonstrate clearly
that aldolase A is expressed at highest
levels in myoblasts and immature mus-
cle cells, whereas CK is absent from the
former, but becomes robustly expressed
with progressive differentiation. We
confirmed these findings in vivo us-
ing the CTX model of mouse muscle
injury and repair (Fig. 3). Our immu-
noblotting data showed that aldolase A
is present in undamaged mouse muscle,
but is expressed at levels ~4-fold higher
in muscle 4 days after injury, at a time
when the repairing muscle consists al-
most exclusively of regenerating fibres.
In contrast, highest CK levels are as-
sociated with undamaged muscle, con-
sisting of mature, differentiated fibres.
Additional in vivo validation of our
findings was evidenced in the immu-
nohistochemical staining performed on
muscle biopsies from myositis patients.
In some regenerating muscle cells with
centralised nuclei, aldolase A was ex-
clusively expressed without significant
expression of CK in these fibres. Un-
like the mouse model, these regenerat-
ing cells were infrequent, reflecting the
asynchronous damage process evident
in human biopsies.
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Based on the in vitro immunoblotting
data, aldolase expression is highest in
early myoblasts, and remains robust
throughout differentiation. Thus it is
likely that detection of the skeletal
muscle-specific aldolase isoenzyme in
the serum of patients with myositis (in
the absence of CK) most likely reflects
damage restricted to that subset of cells
which express aldolase A only and not
yet CK. Importantly, it is not possible to
ascertain whether differentiating mus-
cle cells are targeted along with more
mature muscle cells in patients with
elevated serum levels of both aldolase
A and CK. This is because the number
of cells expressing aldolase A only as
a proportion of cells in the myositis
muscle appears to be low. Additionally,
expression of aldolase A and CK occur
together as differentiation proceeds,
and damage to such cells would release
both aldolase and CK, obscuring the al-
dolase-only population.

In conclusion, our findings indicate that
isolated elevated levels of serum aldo-
lase A in myositis patients reflects pref-
erential damage of early regenerating

muscle cells. In such patients, monitor-
ing aldolase A levels may provide im-
portant information about the damage
process. Additionally, aldolase A is po-
tentially of use as a biomarker of dam-
age targeting early muscle progenitors.
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