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Abstract

Background: hTERT/cdk4 immortalized myogenic human cell lines represent an important tool for skeletal muscle
research, being used as therapeutically pertinent models of various neuromuscular disorders and in numerous
fundamental studies of muscle cell function. However, the cell cycle is linked to other cellular processes such as
integrin regulation, the PI3K/Akt pathway, and microtubule stability, raising the question as to whether genetic
modification related to the cell cycle results in secondary effects that could undermine the validity of these cell models.
Results: Here we subjected five healthy and disease muscle cell isolates to transcriptomic analysis, comparing
immortalized lines with their parent primary populations in both differentiated and undifferentiated states, and testing
their myogenic character by comparison with non-myogenic (CD56-negative) cells. Principal component analysis of
global gene expression showed tight clustering of immortalized myoblasts to their parent primary populations, with
clean separation from the non-myogenic reference. Comparison was made to publicly available transcriptomic data
from studies of muscle human pathology, cell, and animal models, including to derive a consensus set of genes
previously shown to have altered regulation during myoblast differentiation. Hierarchical clustering of samples based
on gene expression of this consensus set showed that immortalized lines retained the myogenic expression patterns of
their parent primary populations. Of 2784 canonical pathways and gene ontology terms tested by gene set enrichment
analysis, none were significantly enriched in immortalized compared to primary cell populations. We observed, at the
whole transcriptome level, a strong signature of cell cycle shutdown associated with senescence in one primary
myoblast population, whereas its immortalized clone was protected.
Conclusions: Immortalization had no observed effect on the myogenic cascade or on any other cellular processes,
and it was protective against the systems level effects of senescence that are observed at higher division counts of
primary cells.

Background
Research on neuromuscular disorders, including poten-
tial therapeutic options, depends on the careful observa-
tion of clinical symptoms and of biopsy material from
human subjects, and also on the availability of disease
models that both accurately reflect aspects of the
pathology and facilitate experimental intervention. Ani-
mal models allow the experimental manipulation of fully

vascularized, innervated muscle tissue, and they often
recapitulate to a large extent the complexity of interac-
tions between human cell and tissue types, and how
those interactions change in disease and development.
In contrast, the relative homogeneity of isolated and
purified cell lines has a double-edged significance: it
renders them pertinent only to certain aspects of certain
pathologies, but it also facilitates the close study of
specific molecular mechanistic events. In addition, where
they are understood to closely recapitulate some meas-
urable aspect of the pathology, cell models can be highly
amenable to high-throughput studies.
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From a systems biology perspective, compared with
whole organisms, cell lines more closely (however im-
perfectly) represent a single enclosed apparatus in which
changes to one or more component(s) have direct mech-
anistic impact on connected components. This is par-
ticularly true of pathologic muscle, in which processes
such as regeneration, inflammation, fibrosis, and adipo-
genesis all conspire to a general loss of order and in-
crease in tissue heterogeneity. These changes in whole
muscle composition can be observed in transcriptomes
and other omics profiles, and may obscure underlying
mechanistic details. However, isolated primary myoblasts
suffer the disadvantage that they undergo senescence
with amplification in tissue culture. Immortalization
avoids senescence and thereby facilitates subsequent
cloning to select a highly pure model cell line.

Adult human primary myoblasts senesce after approxi-
mately 25 rounds of division in tissue culture due to cell
cycle suppression by the p16Ink4a-dependent stress path-
way and progressive telomere shortening which triggers
cell cycle exit mediated by activation of p53 [1–3]. We
showed that immortalization of human myoblasts re-
quires bypassing of both of these senescence mecha-
nisms, and we achieved this by transduction of the
murine cyclin-dependent kinase (cdk)-4, which over-
comes the p16 pathway, and of human telomerase re-
verse transcriptase (hTERT) which preserves telomere
length [4].

Using this method, we have created a large collection
of immortalized human myoblasts isolated from a wide
range of neuromuscular disorders. Several have been val-
idated as experimental models for Duchenne muscular
dystrophy (DMD) [5–8], limb girdle muscular dystrophy
type 2B (LGMD-2B) [9], facioscapulohumeral muscular
dystrophy (FSHD)—including mosaic-origin control
lines from the same patient [10–12], and excitation-
contraction coupling and calcium homeostasis [13].
These cell lines have contributed to the development
of therapeutic approaches such as oligonucleotide-
mediated exon skipping [5], read-through of non-sense
mutations [6], and gene correction [7, 8] for DMD, to
the study of ryanodine receptor 1 (RyR1) deficiency in
congenital myopathies [14], cell senescence in myotonic
dystrophy type I [15], the involvement of IL-6 and Akt
in the pathogenesis of myasthenia gravis [16], the
dysregulation of DUX4c [11] and the role of FAT1 [12]
in FSHD, and the shutdown of quiescence pathways in
ageing [17]. They have also been used to explore funda-
mental aspects of muscle cell physiology including: the
role of �-arrestins in myogenesis [18], the role of MMP-
14 in human myoblast collagen invasion [19], nuclear
protein spreading between nearby myonuclei [20], the
effects of oxidative stress on myoblast calcium-
dependent proteolysis [21] and the proteome [22],

engineering of 3D micro-muscles [23], and the function
of miRNAs during myoblast differentiation [24], this list
being non-exhaustive. Thus, they have become an im-
portant resource to the muscle research community.

To validate the use of immortalized myoblasts, we pre-
viously confirmed the expression of myogenic markers
MyoD, NCAM, desmin, and various myosin isoforms, in
differentiated myotubes, the morphology of myotubes by
immunostaining of sarcomeric myosin, and their cap-
acity to contribute to myofibre formation in vivo [4, 25].
A separate validation was carried out on two lines of
healthy and four of dysferlin-deficient (LGMD-2B)
immortalized clones: relative to their parent primary
populations, they showed unaltered expression of
myogenic markers MHC, alpha-tubulin, desmin, and
caveolin-3, unaltered sarcomere formation and subcellu-
lar localization on immunofluorescence imaging of these
same markers, and unaltered membrane repair processes
[9]. In a third study, the physical properties of Ca2+ re-
lease and its response to pharmacological intervention
were unaltered in immortalized lines compared with pri-
maries [13].

However, the cell cycle is a major pathway that is
linked to other cellular processes, including integrins
[26], the PI3K/Akt pathway [27], apoptosis [28], and
microtubule stability [29], each of which may be import-
ant to muscle cell function and pathology. Perturbations
to the cell cycle may impact on these and on other less
directly associated processes. Furthermore, it is increas-
ingly understood that cyclin-dependent kinases are im-
plicated in roles beyond the cell cycle, including aspects
of transcription, metabolism, and stem cell self-renewal
(reviewed [30]). Despite the wide use of our cdk4/hTERT
immortalized human myoblasts, the potential secondary
effects of immortalization have been tested only for
those parameters listed above, relating to myogenesis
and the functioning of membrane repair and calcium
homeostasis. Secondary effects of cdk4/hTERT transduc-
tion on other processes that have not yet been tested
would challenge the usefulness of these immortalized
lines as experimental models and could undermine
previous and ongoing studies that use these cell lines.

A second risk to the representativeness of these cell
models occurs when we select a clonal line from the im-
mortalized population: despite that the purity of our pri-
mary cell isolates is monitored by immunostaining
against the myogenic marker desmin, the immortalized
population may still exhibit cell-to-cell variability, so that
any given clone may represent only part of its parent
primary population. A third risk is that, relative to
primary populations, immortalized clonal lines that
undergo long-term experimental use are repetitively
amplified and maintained for prolonged periods in tissue
culture conditions, whereas time in tissue culture has
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been associated to loss of myogenic potential [31–33].
Thus, it is important to determine whether immortalized
clonal myogenic lines diverge from their mortal parent
primary populations.

Here we use extensive transcriptomic profiling of
cdk4/hTERT immortalized human myoblasts in their
undifferentiated and differentiated states, comparing
them with their mortal parent populations, and with a
non-myogenic reference population. In this way, we ob-
tain a systems level view of cellular processes, allowing
us to determine whether secondary effects are incurred
by cdk4/hTERT immortalization.

Results
Immortalized clonal lines retain the system profile of
their primary parent population
We generated microarray gene expression profiles for 94
samples comprising primary myoblasts and their corre-
sponding immortalized clones in both differentiated and
undifferentiated states (average of 4 cell culture repli-
cates each) from 5 human subjects (Table 1; 2 healthy
and 3 with Duchenne muscular dystrophy—DMD), to-
gether with primary populations of non-myogenic
(CD56-ve) cells from the muscles of 8 other human sub-
jects. Prior to analysis, each of the populations was
sorted for CD56 using magnetic beads and confirmed to
be >94% desmin-positive for myogenic cells (Fig. 1) or
100% desmin-negative for the CD56-ve populations. To
maximize the maturity and the expression levels of late
myogenic markers, myotubes were maintained for 9 days
in differentiation conditions, at which time no notable
cell death or detachment had occurred.

Data complexity reduction using principal component
analysis (PCA) showed that samples clustered into three
groups: myoblasts and myotubes were separated from
each other across principal components 1 and 2,
whereas the CD56-negative population was separated
from the others by principal component 3 (Fig. 2). An
overall view of the three groups, with primaries and
clones indicated, is presented (Fig. 2a), and the same
data are shown again for myoblasts (Fig. 2b) and
myotubes (Fig. 2c) alone (for comparison, CD56-neg are
included in each case). Replicate culture dishes clustered

tightly. Importantly, immortalized clones clustered
closely to their parent primary populations, and data-
points representing clones were not shifted in any
particular direction relative to their parent primary
population. Among the myoblasts, the primary C25
population was an outlier, clustering separately from the
other myoblast populations (including from its own
immortalized clonal line)—this primary population is
analyzed and discussed further below.

Differentiation of immortalized clonal lines follows the
normal myogenic cascade
To study the behavior of genes involved in the myogenic
cascade in immortalized and primary cell lines, we cre-
ated a consensus set of genes that were differentially
expressed in four previously published studies of myo-
blast differentiation (Additional file 1: Table S1). These
studies included human and mouse primary myoblasts,
and C2C12 myoblasts, and we retained genes that were
strongly up or downregulated after five or more days of
differentiation in at least three of the four datasets. For
the consensus downregulated genes, a heatmap showing
their relative expression levels across our samples is
shown: note the rows near the top of the figure that in-
dicate the cell_type and clonal_state (Fig. 3). Hierarchical
clustering analysis of the samples is presented on the
same plot (branch lines at top of figure) and shows that
these genes neatly separated myoblasts (cyan in the
cell_type row) from myotubes (lilac in the cell_type row)
with no effect of immortalization (green and yellow in
the clonal_state row)—myoblast clones showed similar
expression values to the myoblast primary populations,
and myotube clones showed similar expression values to
the myotube primary populations.

Differentiation induced consistent downregulation
in both primaries and immortalized clones of
genes involved in cell cycle regulation and DNA
replication, such as centromere components (CENPA,
CENPK), mini-chromosome maintenance (MCM3),
DNA topoisomerases (TOP2A), regulation of mitotic
spindle formation (CDCA8), G2/mitotic-specific cyclin-B2
(CCNB2), and the MyoD regulator ID2 [34]. Genes such as
cyclin-dependent kinase 1 (CDK1) and cyclin dependent

Table 1 Cell populations used, with their origins and division counts
Cell line Phenotype Mutation Age of subject Sex of subject Muscle of origin Division countsa (prim./immort.)

CHQ Healthy � 5.5 days Female Quadriceps 29/83

C25 Healthy � 25 years Male Semitendinosus 16/86

DMD6594 Duchenne MD Del 48�50 20 months Male Quadriceps 7.5/51

DMD6311 Duchenne MD Del 45�52 23 months Male Quadriceps 10/50

DMD8036 Duchenne MD Del 48�50 6 years Male Biceps 8.5/46
aNumber of divisions undergone by primary and immortalized clonal cells at the time of harvesting for transcriptomic analysis
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kinase regulators (e.g., CKS1B) were downregulated nor-
mally in clonal lines despite the presence of the murine
cdk4 transgene.

For the consensus upregulated genes, a similar
heatmap is shown (Fig. 4). Similarly to the consensus
downregulated genes, immortalization had no effect on
the upregulation of the myogenic regulator MEF2C,
metabolic genes such as creatine kinase (CKM) and
ATPase 1A2 (ATP1A2), nor on contractile components
and their regulators, including alpha-actinin (ACTN2),
calpain-3 (CAPN3), myosins and their partners (MYBPH,
MYL2, MYL4, MYLPF, MYH1, MYH3, MYH7, MYH8),
troponins (TNNC1, TNNC2, TNNI1, TNNI2, TNNT1,
TNNT3), myomesins (MYOM1, MYOM2), myozenin 2
(MYOZ2), and titin (TTN). Markers of mature myotube
formation such as the dihydropyridine receptor calcium
channel (CACNA1S), and the RYR1, were also unaffected
by immortalization.

There were few exceptions to the clustering of
myoblasts separately from myotubes. The myotubes

(both primary and immortalized) of one subject
(DMD8036) showed stronger upregulation of myogenic
genes and clustered separately from the other myotubes.
The outlier myoblast primary line (C25) clustered with
myotubes in the heatmap for downregulation, suggesting
that this line had shutdown its cell cycle. The myotubes
of two lines (DMD6311 clones and DMD 6594 primar-
ies), despite strong downregulation of the cell cycle,
showed relatively weak upregulation of the myogenic
cascade and clustered with myoblasts in the upregulated
heatmap. As a general rule, the normal myogenic cas-
cade was maintained in immortalized clonal lines.

Immortalization has no effect on other systems processes
and has no effects that are similar to previously reported
perturbations of muscle cells
We used rank-based gene set enrichment (GSEA) of
2784 canonical pathways and gene ontology terms to
test for effects of immortalization on systems processes,
separately in myoblasts and myotubes. Immortalized
clones of neither myoblasts nor myotubes showed any
significantly enriched rank distributions with FDR q
values < 0.05 for any of the canonical pathways and gene
ontology terms. Since we expected the cdk4 transgene to
elicit changes to cell cycle regulation in myoblasts, we
specifically checked rank distribution patterns for related
gene sets. Of 22 cell cycle-related gene sets, none were
significant (all had FDR q values > 0.2), but 6 had nom-
inal p values < 0.05 (a measure that does not adjust for
gene set size or multiple hypothesis testing). As these
can be considered borderline significant, we include a
heatmap (Additional file 1: Figure S1) showing the ex-
pression levels of genes that are driving this effect (de-
fined by the overlap of GSEA leading edges). These
genes generally showed some upregulation in immortal-
ized myoblast clones relative to primary myoblasts, but
with the C25 primary outlier showing relatively very
strong dysregulation (most genes were downregulated in
C25 relative to all of the other lines and a few were
upregulated).

To test for effects on gene expression that were similar
to previously reported perturbations of muscle cells, we
applied GSEA to muscle gene sets (http://sys-myo.
rhcloud.com/muscle_gene_sets.php). These gene sets
were comprised of 393 lists of genes that were up- or
downregulated in a large variety of genetic and experi-
mental comparisons in published muscle microarray
studies, mainly of human or murine tissue and cell samples.
These lists were obtained from more than 100 studies, and
included the 4 in vitro differentiation datasets from which
our consensus set was derived as described above. When
immortalized clones of myoblasts or myotubes were
compared to their respective primary cells, neither
showed any significantly enriched rank distributions with

Fig. 1 Representative images of primary and immortalized human
myotubes. Myogenic cells were purified by magnetic bead sorting
of CD56 expression then differentiated for 5 days. Examples here are
from primary (a) and immortalized (b) populations of a healthy
subject (CHQ). Myotubes were immunostained for desmin (green) to
determine the percentage of myogenic purity (>94% for all
samples). Magnified region shows the structure of desmin
filaments in both primary and immortalized cells. Nuclei are
DAPI-stained (blue). Scale = 100 � m
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