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Abstract.
Background: Depending on the therapy approach and disease background, the heterogeneity of muscular tissues complicates
the development of targeted gene therapy, where either expression in all muscle types or restriction to only one muscle type
is warranted. Muscle specificity can be achieved using promotors mediating tissue specific and sustained physiological
expression in the desired muscle types but limited activity in non-targeted tissue. Several muscle specific promotors have
been described, but direct comparisons between them are lacking.
Objective: Here we present a direct comparison of muscle specific Desmin-, MHCK7, microRNA206- and Calpain3 promotor.
Methods: To directly compare these muscle specific promotors we utilized transfection of reporter plasmids using an in vitro
model based on electrical pulse stimulation (EPS) to provoke sarcomere formation in 2D cell culture for quantification of
promotor activities in far differentiated mouse and human myotubes.
Results: We found that Desmin- and MHCK7 promotors showed stronger reporter gene expression levels in proliferating and
differentiated myogenic cell lines than miR206 and CAPN3 promotor. However, Desmin and MHCK7 promotor promoted
gene expression also cardiac cells whereas miR206 and CAPN3 promotor expression was restricted to skeletal muscle.
Conclusions: Our results provides direct comparison of muscle specific promotors with regard to expression strengths and
specificity as this is important feature to avoid undesired transgene expression in non-target muscle cells for a desired therapy
approach.
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INTRODUCTION

Gene therapy is a promising strategy to treat
genetic diseases including muscular disorders, which
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are diagnosed with a prevalence of 20–25 per 100.000
births per year [1]. Limb-girdle muscular dystrophies
(LGMD) are a subgroup among those hereditary
myopathies. Their genetic background is heteroge-
nous with about 30 different loci known to cause
the disease. Autosomal recessive LGMDR1 (in pre-
vious classification LGMD 2A) is one of the most

ISSN 2214-3599 © 2023 – The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).

mailto:Eric.Ehrke-Schulz@uni-wh.de
https://creativecommons.org/licenses/by-nc/4.0/


576 J. Dietz et al. / Comparing Muscle Specific Promotors

frequent LGMD forms, caused by genetic variants in
the calpain3 (CAPN3) gene. Most LGMDR1 patients
have no detectable CAPN3 protein in the affected
skeletal muscle which makes gene replacement ther-
apy a principal therapeutical option for the disease.
Muscles are on the one hand, a convenient target
for gene therapy due to the long lifespan of muscle
fibers, high protein synthesis capacity and easy access
for intramuscular injections [2]. On the other hand,
muscles make up to 30–40% of body weight, there-
fore, high doses of gene therapy drugs are required
[3]. Additionally, muscle tissue is structurally het-
erogenous and is subdivided in cardiac, skeletal and
smooth muscles. This complicates the development
of gene therapy that would be either equally effec-
tive in different types of muscles or, restricted to
one of these muscle tissues [4, 5]. Therefore, tar-
geted gene expression is based on the vector used
for the gene transfer and on the regulatory elements
for tissue specific regulation of transgene expression.
The usage of viral vectors, such as adeno-associated
virus (AAV) are considered to be the most promising
and safe for in vivo delivery of therapeutic genes [6].
Naturally occurring AAV serotypes such as AAV9,
AAV8, AAV6, AAVrh74 and AAV1 have an intrin-
sic tropism for muscles and allow for better targeting
of affected tissues [7–10]. However, this popularity
of AAV for gene transfer makes a reduction of the
promotor size necessary because of the limited pack-
aging capacity of these viruses (4.7 kb) [6]. It has been
reported that AAV mediated Calpain3 (CAPN3) gene
transfer under control of a Desmin promotor variant
[11] provoke cardiac toxicity related to unregulated
proteolytic activity of calpain 3 in mouse model [5]
but not in nonhuman primates (NHPs) [12]. Hence,
it might be necessary to adjust promotor-transgene
combinations with restricted gene expression in the
heart, but unlimited skeletal muscle gene expression.
Furthermore, it seems to be essential to analyse those
promotor-transgene combinations not only in murine
muscle tissue but also in human muscle tissue. There-
fore, here we present a comparative in vitro study
on murine and human proliferating as well as far
differentiated/developed muscle cells.

Successful gene therapy relies on a properly
selected promotor for transgene expression. This pro-
motor should exhibit limited activity in non-targeted
tissue, while conferring long-term sustained, phys-
iological expression in the specific muscle types
affected by the disease. We performed an in vitro
study of different muscle specific promotors com-
pared to ubiquitous cytomegalovirus CMV-promotor

as potential regulatory elements for gene replacement
therapy. Promotors based on both, Desmin (DES)
as well as muscle creatine kinase (MCK) genes are
known to induce gene expression in skeletal and
cardiac muscle tissue. Desmin is a muscle-specific
cytoskeletal protein belonging to the intermediate fil-
ament family, encoded by the Desmin Gene (DES)
gene and one of the earliest myogenic markers [13].
This protein is unique in that it is expressed in satel-
lite cells and dividing myoblasts, while its abundance
in differentiated muscle cells is several times higher
[14]. The transcription of m-type muscle creatine
kinase (MCK) is activated when myoblasts differen-
tiate into myocytes leading to strong increase of the
MCK-mRNA [15]. Both, DES and MCK gene-based
promotors have been well characterized in vitro and
in vivo, and large number of variants have been devel-
oped so far [4]. One of these variants is the chimeric
MHCK7 promotor, which is composed of MCK pro-
motor variant CK7 and a 188-bp enhancer from the
mouse �-myosin heavy chain gene (�-Mhc), which
ensures a high expression level in the heart [16, 17].
Since Desmin (DES and myosin heavy chain-creatine
kinase promotor (MHCK7) are known to induce gene
expression in both, skeletal- and cardiac-myocytes
[18], we also wanted to test microRNA206 (miR206)
and CAPN3 promotors, which are described to pro-
mote gene expression restricted to skeletal myocytes
[5, 19]. We chose four well-studied immortalized cell
lines for our study. While murine C2C12 [20, 21] and
human HSKM-Ab1167 [22] myoblasts were used as
cell culture model for skeletal muscle tissue, H9C2
rat cardiomyocytes [23] served as cardiac muscle cell
culture model. For non-muscular reference, we used
HEK293 cell line.

RESULTS

Construction of dual reporter plasmids for
quantification of promotor strength

To construct reporter plasmids containing dif-
ferent promotors, we inserted a reporter gene
expression cassette, consisting of a GFP-P2A-
NanoLuciferase-T2A-neomycin coding region
(GLN) and a SV40polyA signal downstream of the
promotor sequences present in pZac2.1 plasmid
(Fig. 1A). Plasmid transfection protocols were
adjusted for the given cell lines (see Material
and Methods). To exclude variations in promotor
expression rates provoked by unequal plasmid copy
numbers due to plasmid size (Fig. 1B), promotor



J. Dietz et al. / Comparing Muscle Specific Promotors 577

Fig. 1. Muscle specific promotors and plasmid transfection ratios. (A) The pZac2.1 plasmid containing the respective promotor sequence
and the GLN expression cassette. (B) Four muscle specific promotors (MHCK7, DES, miR206 and CAPN3) were tested and compared to
a ubiquitous promotor (CMV). Blue arrows represent the relative lengths of promotor sequences. (C) Plasmid transfection protocols were
adjusted for HEK293, C2C12, HSKM-Ab1167 and H9C2 cell types and transfection ratios were measured by qPCR for tEGFP in relation
to B2M housekeeping gene. Scatter dot plot shows mean GFP/B2M ratios of the respective reporter plasmids in the given cell types (n = 4).
Black lines indicate the overall mean of reporter plasmid transfection rates in each cell line.

plasmid DNA was spiked with noncoding puc19
plasmid DNA to ensure that each cell line was not
only transfected with equal amount of DNA, but
also transfected with equal promotor plasmid copy
numbers. Transfection rates for each cell type were
determined by tEGFP-specific qPCR for in relation
to B2M housekeeping gene. Data revealed similar
reporter plasmid transfection rates in all four cell
lines with no significant difference (Fig. 1C). The
overall mean for each cell line was calculated from
the respective reporter plasmid transfection rates
and is represented by the black line in the graph
(Fig. 1C). The lowest transfection rate was measured
in HEK293 cells (7.8 ± 4.8 × 104 copies/cell),
followed by Ab1167 (1.9 ± 1.2 × 105 copies/cell)
and H9C2 (1.5 ± 0.9 × 106 copies/cell). Mouse
myocyte cell culture reached the highest transfection
rate with 1.8 ± 0.5 × 106 copies/cell (Fig. 1C).

Quantification of promotor dependent
GFP-expression in proliferating cells

To quantify promotor related reporter gene expres-
sion level and duration in proliferating cells, the GFP
expression mediated by the respective promotors was
documented by fluorescence microscopy on four con-
secutive days post transfection using life cell imaging.

In HEK293 cells the constitutive CMV pro-
motor showed the highest GFP expression. Over

four days, of the number of GFP positive cells
increased from 36% to 62% (Fig. 2A). In comparison,
the muscle-specific promotors showed significantly
lower activity. GFP expression under transcriptional
control of the MHCK7 promotor increased from 4%
on day 1 to a maximum of 10% on day 3. The
GFP expression under control of the DES promotor
reached a maximum of 11% GFP positive cells on
day 2 and decreased to 4 % on day 4. The miR206
and CAPN3 promotors showed the lowest activity in
HEK293 cells, with a slight increase in GFP positive
cells over 4 days. The miR206 and the CAPN3 pro-
motor induced GFP expression in 2.7% cells on day
4 and 3.2% on day 3 respectively (Fig. 2A).

In murine C2C12 myoblasts the CMV promo-
tor showed 37% GFP expressing cells on day 2
post-transfection (decreasing to 27% on day 4. For
MHCK7 and DES promotor, a value of 15% GFP
positive cells was measured at day 1, respectively.
While the activity of the MHCK7 promotor decreased
to 7.4% on day 4, the DES promotor reached a
peak value of 21% GFP positive cells on day 2
post transfection. In C2C12 myoblasts, the miR206
promotor showed the lowest GFP expression levels
with approximately 2.5% GFP positive cells over
all 4 days. For the CAPN3 promotor, 11.6% GFP
expressing cells were counted on day 1, but the num-
bers decreased to 6% on day 4 post transfection
(Fig. 2B).
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Fig. 2. Promotor dependent GFP-expression in proliferating cells. Proliferating HEK293 (A), C2C12 (B), HSKM-Ab1167 (C) and H9C2
(D) were transfected with either CMV, MHCK7, DES, miR206 or CAPN3 promotor plasmids. Promotor activity was measured by GFP
expression on four consecutive days. Percentage of GFP positive cells is given by number of GFP positive cells/total cell number. Datapoints
represent mean values ± SEMs (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0,001). (E) Representative overview of GFP expression in the given cell types
under CMV, MHCK7, DES, miR206 and CAPN3 promotor at post transfection day 1. NT represents non GFP transfected controls, cells
were transfected with equal amounts of puc19 spike plasmid. Left panel in each cell type column shows the GFP signal (green) only and
right panel shows an overlay of GFP positive cells (green), Hoechst stained nuclei (blue) and whole cells in phase contrast (grey). Scale
bar = 100�m.
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Regarding the number of GFP positive cells, the
CMV promotor showed lower activity in human
Ab1167 skeletal myoblasts cell line compared to
HEK293 and C2C12 cells (Fig. 2A–C). On day 1 post
transfection, 15% GFP positive cells were observed
for the CMV promotor and a slightly increasing to
17% on day 3. The MHCK7 promotor showed a
low but stable GFP expression with 3% GFP positive
cells in human myoblasts over four consecutive days.
Compared to this, the activity of the DES promotor
was slightly higher, with a maximum of 6.1 % GFP
expressing cells on day 1, slightly decreasing to 5%
on day 4. In skeletal myoblasts the miR206 promotor
reached a maximum of 1.6% GFP-positive cells on
day 4, showing the lowest activity. GFP expression
under the CAPN3 promotor showed highest number
of GFP positive cells on day 2 (5.1%) but decreased
to 1.6%day 4 (Fig. 2C).

In H9C2 cardiomyocytes, the CMV promotor
showed the highest number of GFP positive cells
(27%) on day 2 post transfection, decreasing to
17.5% on day 4. GFP expression induced by MHCK7
slightly increased from 5.6% positive cells on day
1 to a maximum of 7.5% on day 4. The DES pro-
motor showed a slightly higher activity than the
MHCK7 promotor, with 8.5% GFP positive cells on
days 1–3, increasing to 15% on day 4. The miR206
and CAPN3 promotors exhibited the lowest activ-
ity in H9C2 cardiomyocytes. The miR206 promotor
reached a maximum of 1 % GFP-positive cells at
day 4 and the CAPN3 promotor showed a maximum
number of green cells of 3.2% at day 3 (Fig. 2D).

The ubiquitous CMV promotor showed high rates
of GFP positive cells in all four cell lines, compared
to the GFP expression induced by muscle specific
promotors. However, MHCK7 and DES promotor
showed a higher activity than the miR206 and CAPN3
promotors, which exhibited even lower activity in
H9C2 cardiomyocytes. These data were consistent
with the representative overview of GFP expression
in the given cell types under CMV, MHCK7, DES,
miR206 and CAPN3 promotor 1 day post transfection
from the microscopic pictures (Fig. 2E).

Quantification of promotor mediated luciferase
activity in proliferating cells

Further quantification of promotor related reporter
gene expression level and duration in proliferating
cells was conducted using luciferase assay as this is
more sensitive than GFP fluorescence and allows to
quantify also low expression levels. Therefore, after

fluorescence microscopy documentation, the trans-
fected HEK293, C2C12, HSKM-Ab1167 and H9C2
cells were harvested on 4 consecutive days post trans-
fection. To compensate differences during sample
collection and processing, the total protein amount
for the luciferase assay was determined using a micro-
BCA assay and equal amounts of protein were used
for the subsequent quantification of luciferase activ-
ity.

In HEK293 cells the constitutive CMV promo-
tor showed the highest activity of the five promotors
tested. It reached the highest value of 5.1 ± 1.1 × 106

RLU/�g total protein on day 2 post transfection, but
the activity decreased to a 2.2 ± 0.4 × 106 RLU/�g
total protein at day 4. In HEK 293 cells, the highest
luciferase activity mediated by the muscle-specific
promotors MHCK7 and DES was 4.9 ± 2.1 × 104

and 6.3 ± 2.2 × 104 RLU/�g total protein, on day
2 respectively. Activity decreased slightly on sub-
sequent days to a minimum of 1.0 ± 0.3 × 104

RLU/�g total protein on day 3 for MHCK7 and
2.4 ± 0.5 × 104 RLU/�g total protein for DES pro-
motor (Fig. 3A). A similar trend was observed for
the miR206 and CAPN3 promotor. HEK293 cells
transfected with the miR206 promotor or CAPN3
promotor construct showed the highest activity on
day 2 with 1.0 ± 0.3 × 104 RLU/�g total protein
and 2.4 ± 0.5 × 104 RLU/�g total protein respec-
tively. Mir206 promotor showed a minimum value
of 2.8 ± 0.7 × 103 RLU/�g total protein on day
4 and CAPN3 promotor activity was significantly
decreased with 5.7 ± 1.8 × 103 RLU/�g total pro-
tein on day 3 (Fig. 3A). The CMV promotor induced
luciferase activity of 5 × 106 to 2 × 106 RLU/�g
total protein on four consecutive days was signifi-
cantly higher than the luciferase activity induced by
the muscle-specific promotors showing 2 × 103 to
6 × 104 RLU/�g total protein respectively (Fig. 3A,
E).

In C2C12 myoblasts luciferase activity mediated
the CMV promotor reached 1.5 ± 0.6 × 106 RLU/�g
total protein 1 day post transfection), decreasing
significantly 7.7 ± 2.6 × 104 RLU/�g total protein
on day 4 post transfection(Fig. 3B, E). Luciferase
expression under control of the MHCK7 promo-
tor reached a maximum of 8.4 ± 3.1 × 105 RLU/�g
total protein on day 2 and decreased to a value
of 6.9 ± 2.8 × 104 RLU/�g total protein on day 4
post transfection. Luciferase activity mediated by
the DES promotor reached 7.0 ± 2.0 × 105 RLU/�g
total protein on day 1 post transfection and decreased
slightly to 3.9 ± 1.7 × 105 RLU/�g total protein on
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Fig. 3. (Continued)
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day 4. Compared to MHCK7 and DES promotor,
the miR206 and CAPN3 promotor showed similar
overall luciferase activity in C2C12 myoblasts, reach-
ing highest values of 4.2 ± 2.1 × 105 RLU/�g total
protein and 3.2 ± 1.3 × 105 RLU/�g total protein on
day 2, respectively. Luciferase activity then decreased
to 5.1 ± 2.5 × 104 RLU/�g total protein for miR206
and 5.0 ± 2.1 × 104 RLU/�g total protein for CAPN3
promotor (Fig. 3B).

In HSKM-Ab1167 myoblasts, the CMV pro-
motor mediated the highest luciferase activity of
1.6 ± 0.4 × 106 RLU/�g total protein at 2 days post
transfection, with decreasing luciferase activity on
subsequent days. The luciferase activity induced
by the MHCK7 promotor reached a maximum of
2.5 ± 0.6 × 104 RLU/�g total protein on day 2, indi-
cating a significant lower expression compared to
CMV promotor 1, 2 and 3 days post transfection
(Fig. 3C, E). The DES promotor exhibited signif-
icantly higher activity than the MHCK7 promotor,
with luciferase activity of 6.8 ± 1.5 × 104 RLU/�g
total protein on day1 increasing to 1.3 ± 0.2 × 105

RLU/�g total protein on day 4. DES promotor medi-
ated luciferase expression was significantly higher
than that of the MHCK7 promotor on day 3 post
transfection (Fig. 3C, E). The skeletal muscle specific
promotors miR206 and CAPN3 exhibited the lowest
activity in Ab1167 cell line. The miR206 promo-
tor mediated luciferase activity reached a maximum
of 1.1 ± 0.3 × 104 RLU/�g total protein on day 2,
and the CAPN3 promotor reached the highest value
of 1.1 ± 0.3 × 104 RLU/�g total protein 1 day post
transfection. Compared to CMV promotor, miR206
and CAPN3s mediated luciferase activity was signif-
icantly reduced, respectively (Fig. 3C, E).

In H9C2 cardiomyocytes, CMV promotor medi-
ated luciferase activity exhibited 2.2 ± 1.8 × 105

RLU/�g total protein on day 2 post transfection,
decreasing on subsequent days to 5.8 ± 0.7 × 104

RLU/�g total protein on day 4 post transduction.
The luciferase activity induced by MHCK7 promotor
fluctuated slightly over 4 days, reaching a maxi-
mum value of 1.4 ± 0.3 × 104 RLU/�g total protein
on day 2. The DES promotor showed significantly
higher activity than the MHCK7 promotor 1 day

post transfection (Fig. 3E) reaching a maximum of
3.2 ± 0.9 × 104 RLU/�g total protein. The miR206
and CAPN3 promotors induced the lowest luciferase
activity in H9C2 cardiomyocytes reaching a maxi-
mum luciferase activity of 3.0 ± 0.9 × 103 RLU/�g
total protein and 8.2 ± 2.5 × 103 RLU/�g total pro-
tein respectively on day 3 post transfection. On day
4, luciferase activity activity induced by both pro-
motors decreased to 1.4 ± 0.4 × 103 RLU/�g total
protein for miR206 and 4.4 ± 1.0 × 103 RLU/�g total
protein for CAPN3 promotor. The activity of all five
promotors tested in Ab1167 myoblasts and in H9C2
cardiomyocytes was more constant over 4 days than
in the HEK 293 and C2C12 cell lines.

Quantification of promotor activity in
differentiated skeletal muscle cells

To investigate the long-term promotor activity,
we quantified the promotor related reporter gene
expression level and duration in differentiated murine
C2C12 and human Ab1167 myotubes by luciferase
assay and RT-qPCR.

In differentiated C2C12 myotubes the muscle-
specific MHCK7 and DES promotor promotors
induced a luciferase activity of 6.3 ± 1.5 × 104

RLU/�g total protein and 6.1 ± 1.4 × 104 RLU/�g
total protein respectively. Both promotors revealed
significantly higher luciferase activity levels than
constitutive CMV promotor that mediated a
luciferase activity of 1.0 ± 0.3 × 104 RLU/�g total
protein. The skeletal muscle specific promotors
miR206 and CAPN3 exhibited the lowest luciferase
activity in differentiated C2C12 cells. The luciferase
activity induced by the miR206 and CAPN3 promotor
reached 6.4 ± 2.5 × 103 RLU/�g total protein, and
7.2 ± 2.7 × 104 RLU/�g total protein res (Fig. 4A).
Regarding the relative gene expression of GFP
encoded by promotor constructs analysed by RT-
qPCR, the CMV promotor showed the lowest activity
after 10 days of differentiation in C2C12 myotubes
(10.0 ± 0.9 fold change) compared to non-transfected
cells (NTC). The highest relative gene expres-
sion was measured for DES promotor (57.8 ± 8.6
fold change), followed by miR206 (33.4 ± 3.1 fold

Fig. 3. Promotor activity and specificity measured by luciferase assay in different proliferating cell types. (A–D) Proliferating HEK293
(A), C2C12 (B), HSKM-Ab1167 (C) and H9C2 (D) were transfected with the constructs encoding luciferase under control of respective
promotors. Luciferase activity was measured on day 1, 2, 3 and 4 post transfection. All samples were normalized to 1 �g total protein
and datapoints represent mean values ± SEMs using a log10 scale (n = 4). Asterisks represent significant differences over 1–4 days within
each promotor group (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0,001). (E) Overview of all significant differences (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0,001;
∗∗∗∗p < 0,0001; ns = not significant) derived by the promotor driven luciferase activity at day 1, 2, 3 and 4, respectively.
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change) and MHCK7 promotor (24.5 ± 3.1 fold
change). The CAPN3 promotor showed the low-
est gene expression rate among the muscle specific
promotors (19.3 ± 2.8 fold change), but still almost
2-fold higher relative gene expression compared to
CMV promotor (Fig. 4B).

In differentiated human Ab1167 myotubes, con-
stitutive CMV promotor as well as muscle cell
specific MHCK7 and Desmin promotors showed
similar luciferase activity levels. MHCK7 pro-
motor exhibited the highest luciferase activity of
1.3 ± 3.3 × 104 RLU/�g total protein, followed by
CMV (8.9 ± 2.2 × 103 RLU/�g total protein) and
DES promotor (8.3 ± 1.9 × 103 RLU/�g total pro-
tein). Luciferase activity of the miR206 promotor
(3.2 ± 0.2 × 102 RLU/�g total protein) and CAPN3
promotor (7.8 ± 2.4 × 103 RLU/�g total protein)
was significantly lower than activity levels of CMV,
MHCK7 and DES (Fig. 4D). In differentiated
human Ab1167 myotubes the relative GFP expres-
sion induced by the different promotor constructs,
revealed the highest relative gene expression for
DES promotor (63.6 ± 2.4 fold change), followed
by MHCK7 (50.8 ± 1.4 fold change) and CAPN3
promotor (50.7 ± 6.5 fold change) compared to non-
transfected cells. The activity of DES promotor in
human myotubes was 2-fold higher than the activity
of CMV promotor. The lowest activity was detected
for the CMV promotor (36.8 ± 1.0 fold change) and
miR206 promotor (32.8 ± 4.4 fold change) compared
to non-transfected cells (Fig. 4E).

To investigate the long term GFP-expression
among the various promotors in myotubes, HSKM-
Ab1167 myotubes were processed for immunocyto-
chemistry after 7 days of differentiation (Fig. 4C)
and C2C12 myotubes after a total of 11 days
post application of the EPS protocol (Fig. 4F).
Electrical pulse stimulation (EPS) was applied to
C2C12 cells to induce sarcomere formation in
2D-cell culture differentiation assay and titin anti-
body staining revealed straited C2C12 myotubes,
expressing GFP under the respective promotors
(Fig. 4C). The promotor related GFP expression in
human myotubes is shown in the representative pic-

tures (Fig. 4F). In differentiated Ab1167 cells, titin
antibody staining confirmed successful differentia-
tion and myotube formation. Compared to C2C12
myotubes, the Ab1167 myotubes exhibited less stri-
ation than C2C12 (Fig. 4C, F).

DISCUSSION

The right choice of the regulatory elements pro-
moting the expression of therapeutic transgenes for
targeted gene therapy approaches is crucial to achieve
treatment success and to avoid unwanted side effects.
When it comes to muscle gene therapy this becomes
challenging with regard to promotor size and activity
and tissue specificity. Constitutive promotors, such
as the promotors of the respiratory syncytial virus
(RSV), cytomegalovirus (CMV), or elongation fac-
tor 1a (EF1a), are compact in size and achieve high
expression levels in a variety of tissues [24, 25].
However, it has been demonstrated that expression
in non-target tissues induced cytotoxicity resulting
from an immune response to the transgene. Moreover,
CMV promotor driven Calpain 3 transgene expres-
sion has been shown to induce cytoskeleton damage
by transgene overexpression in non-myogenic cells
[26, 27]. To overcome such phenomena for mus-
cle gene therapeutic approaches muscle specific
promotors have been investigated to allow more phys-
iological and targeted gene expression [15–17, 19,
27]. In the present study, we therefore focused on
the comparison of the DES, MHCK7, miR206 and
CAPN3 promotor as potential regulatory elements
for efficient muscle gene therapy [5, 14, 17]. There
are a number of further muscle-specific promotors or
variants thereof. An expansion of this panel with fur-
ther muscle specific promotors would be desirable,
but patents or interests of the developers impede a
fair comparison with other systems. To compare the
available muscle promotors with non-specific promo-
tors we included constitutive CMV promotor, one of
the most commonly used ubiquitous promotors [4].

For the study we used HEK293 cells as non-
muscular control as well as the well-studied immor-
talized murine C2C12 skeletal muscle cells [20, 21]

Fig. 4. Long-term promotor activity in mouse and human differentiated myotubes. (A–C) Promotor activity in C2C12 mouse myotubes after
10 days of differentiation. (D–F) Promotor activity in human Ab1167 myotubes after 7 days of differentiation. (A,D) Luciferase expression
under control of respective promotors, based on luminescence normalized to 1�g total protein. (B,E) Relative normalized gene expression
of tEGFP encoded by promotor constructs was analysed by RT-PCR. Datapoints represent mean values ± SEMs (n = 3). Asterisks represent
significant differences (∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001). (C,F) Representative pictures of GFP expressing myotubes under
control of respective promotors. (C) C2C12 myotubes, treated with EPS ten days post differentiation and (F) human Ab1167 myotubes
without any EPS treatment after 7 days of differentiation. GFP expressing myotubes (green) were immunostained with anti-titin antibody
(red). NT = non transfected control. Scale bars = 50�m.
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and human HSKM-Ab1167 skeletal myoblasts [22,
23]. To include also a cardiac cell line we included
H9C2 rat cardiomyocytes. Rats are frequently used
to study heart disease. H9C2 cell have good trans-
fection properties compared to other cardiac cells.
Alternative cell lines would have been a good con-
tribution to the study, but availability of alternatives
was limited as we couldn’t find partners who could
provide such cells. Commercial providers do not
guarantee stability after serial passaging and but
charge extraordinarily high prices for these cells.
Therefore it seemed reasonable for us to include rat
cells here.

As a comparison of promotor mediated reporter
gene expression efficiencies in different cells can be
difficult to accomplish we optimized transfection pro-
tocols for each plasmid and cell line with regard to
DNA amount, transfected plasmid copy numbers and
ratios of DNA to transfection reagent to obtain as sim-
ilar transfection efficiencies as possible. We achieved
robust transfection rates in all 4 cell lines with no sig-
nificant difference from one experiment to another,
allowing us to compare promotor related reporter
gene expression and duration in several cell types
by assessing GFP and luciferase expression [28, 29]
(Fig. 1C). Even though transfection rates were sim-
ilar it will never be completely identical. Therefore
we tried to avoid comparisons between cell lines.

Compared to the number of GFP positive cells, the
results from luciferase assay revealed much higher
signals for the respective promotors in all 4 cell
types. This is mostly due to a higher sensitivity
of the luciferase assay compared to fluorescence
microscopy allowing us to detect even small differ-
ences at low expression levels. Nevertheless, the trend
of promotors driven GFP and luciferase expression
of each promotor was comparable for both assays in
each cell line (Figs. 2, 3).

The constitutive CMV promotor showed highest
numbers of GFP positive cells in all four undiffer-
entiated cell lines. In HEK293 cell transfected with
DES or MHCK7 promotor driven reporter plasmids
revealed low but detectable numbers of GFP posi-
tive cells, whereas cells transfected with miR206 or
CAPN3 promotor plasmids showed even less no GFP
positive cells (Fig. 2A). Luciferase assays confirmed
very strong CMV promotor activity in HEK293 cells,
whereas muscle specific promotors displayed 100-
fold to 500-fold lower, but not completely absent
reporter gene expression (Fig. 3A, E). In myogenic
cell lines analysed here muscle specific promotors
promoted higher reporter gene expression than in

HEK293 cells indicating some degree of muscle
specificity.

The choice of the right promotor is not only depen-
dent on the desired target tissue/muscle type. It should
also be considered in the context of the therapeu-
tic approach. Gene replacement/addition requires a
long-lasting, physiological expression level, whereas
for gene editing a rather short but strong expression
would be desired. Therefore, we tried to investigate
promotor activity over time as far as this is feasible
in a cell culture setup. All promotors showed high-
est luciferase signals on days 1 and 2 followed by a
decrease on day 3 and 4 or some fluctuation over time
that were not really significant within each promo-
tor group (Fig. 3B). Whether this is due to promotor
properties, decreasing cell viability over time or a
dilution effect due to cell division remains undeter-
mined. To address this we cultured the cells under
reduced serum conditions/supplementation follow-
ing transfection to avoid overgrowth and contact
inhibition or fusion. Therefore, one could speculate
that the effects seen here were at least partially related
to the respective promotor properties.

Since the therapeutic effect of muscle gene ther-
apy requires long-term expression in differentiated
muscle tissue, we aimed to comparing the promo-
tor activity in myotubes. We differentiated human
and mouse myoblasts applying electrical pulse stim-
ulation (EPS) in our 2D-cell culture differentiation
protocol to provoke sarcomere and myotube forma-
tion. Using immunocytochemical staining for Z-disc
titin T12 on human and murine myogenic cells,
we could visualize striation and monitor myotubes
formation, as well as GFP expression under con-
trol of the respective promotors (Fig. 4C) [30–34].
Compared to mouse myotubes, the human myotubes
exhibited only slight striation, likely evoked by spon-
taneous contraction (Fig. 4F) [22]. Fluorescence
microscopy did not only show the GFP expressing
myotubes, but also accumulated GFP outside the
myotubes (Fig. 4C, D), probably as a result of the
in vitro differentiation process and several days in
myotube cell culture. Therefore, we analysed the pro-
motor activities in myotubes also on mRNA levels, to
compare relative GFP expression under the respective
promotors. In human AB1167 derived myotubes the
MHCK7 and DES promotors induced equal or even
higher signals than the CMV promotor, whereas the
miR206 and CAPN3 promotors exhibited the lower
activity comparable to CMV (Fig. 4A). In C2-mouse
myotubes miR206 promotor induced the second
highest m-RNA transcription but lowest luciferase



J. Dietz et al. / Comparing Muscle Specific Promotors 585

activity. These inconsistent observations might be
due to aberrant translation of mRNA expressed by
one of the promotors or posttranslational process-
ing as GFP and luciferase are encoded on the same
plasmid as the same expression cassette separated by
p2A. In this experiment cells underwent differentia-
tion protocol inducing a dynamic processes leading
to significant changes such as cell fusion and death
of some myoblasts possibly influencing quality of
sample material and assay results. Differentiation
efficiency or speed of the two cell lines might con-
tribute to lower CMV activity compared to myogenic
promotors while less differentiation and higher num-
ber of undifferentiated cells in Ab1167 leads to higher
relative activity from CMV versus muscle promotors.
This is partially supported by the different intensity
of titin striation in AB1167 and C2C12 after com-
pleting the differentiation protocol. So the timing of
the measurement could also impact the results of the
measurements. Therefore this observation has to be
regarded in the context of the dynamically chang-
ing environment within the differentiating culture,
making it difficult to obtain a clearer picture here.
Nevertheless, the overall trend shows that all myo-
genic promotors showed increased activity relative
to CMV promotor driven expression after differen-
tiation. This supports their usefulness to drive gene
transgene expression in differentiated muscle tissue.
It will be interesting to investigate whether our in vitro
result can be recapitulated in preclinical animal mod-
els to get more information on the in vivo performance
of the different regulating elements.

It has been shown that viral promotors, such as the
CMV promotor are prone to transcriptional silenc-
ing due to methylation [35]. In accordance with this,
our results demonstrate that compared to superior
short-term CMV promotor activity in proliferating
myoblasts cells, it shows decreased activity in differ-
entiated myotubes (Figs. 3, 4). Whether this is due to
methylation or other mechanisms such as changes in
transcription factor setup of differentiated myotubes
requires further investigation.

The DES promotor is one of the most prominent
muscle specific promotors offering robust muscle
specific gene expression. A DES promotor variant
was used in preclinical studies to develop gene ther-
apy for patients with the Barth syndrome [36, 37].
Desmin promotors also were used in a number of
studies focussing on Pompe disease, one of them
(rAAV9.DES.hGAA) is so far successfully undergo-
ing clinical trials [38]. In preclinical studies to treat
LGMD 2A (Calpain 3 deficiency) using the DES

promotor to regulate Calpain 3 expression described
cardiac toxicity related to unregulated proteolytic
activity of Calpain 3 in mouse model for LGMD 2A
[5], but not in non-human primates (NHPs) [12]. In
this study the DES promotor showed highest reporter
gene expression in proliferating skeletal and cardiac
cells, as well as in human and mouse myotubes
compared to the other muscle specific promotors
analysed here. For the MHCK7 promotor we saw
comparable but slightly lower reporter gene expres-
sion compared to DES promotor. However, it showed
more consistent transgene expression in proliferating
myoblasts as well as in far differentiated myotubes.
Due to its specificity and activity, promotors based
on the MCK gene are also widely used in gene ther-
apy and underwent extensive preclinical and clinical
testing. Clinical studies to treat Duchenne Muscular
Dystrophy patients with rAAVrh74.MHCK7.micro-
dystrophin have shown to be well tolerated with
minimal adverse events and showed robust expres-
sion of micro-dystrophin accompanied by functional
improvement [39]. Clinical trials to treat LGMD
type E (�-sarcoglycan deficiency) and B (dysferlin
deficiency), where a functional copy of either �-
sarcoglycan or dysferlin under the control of MHCK7
promotor is delivered to the patients, are currently in
progress [8, 40]. Furthermore, the MHCK7 promotor
is included in a vector undergoing preclinical studies
for the treatment of Pompe disease [41]. In contrast to
Desmin promotor the MCK promotor variant tMCK
did not provoke any cardiotoxicity in LGMDR1/2A
mouse model [9], indicating that it can serve as a valu-
able alternative to the Des promotor for gene therapy
of Calpainopathies.

However, although our data have shown that the
CAPN3 promotor is less active compared to DES or
MHCK7 promotors, it could be assumed that Calpain
3 expression from its natural promotor (CAPN3) bet-
ter reflects the expression levels found in the human
body. Therefore, it could play a role in gene therapy
aiming at Calpain 3 gene addition, especially as its
activity is more restricted to skeletal muscle, which
might be beneficial to avoid cardiac complications.
Unfortunately, the CAPN3 promotor is relatively
large compared to the other promotors in this study, so
that it does not fit into an AAV genome when com-
bined with the Calpain 3 coding sequence. Hence,
other delivery platforms such as adenoviral vectors
have to be used, that might be limited with regard
to muscle transduction efficiencies. Nevertheless, our
study showed that the CAPN3 promotor activity were
very similar to the miR206 promotor with regard to
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expression strength and skeletal muscle specificity as
described before [5, 42]. Being significantly shorter
than the CAPN3 promotor the miR206 promotor
offers the opportunity to be combined with the Cal-
pain 3 coding sequence for gene replacement therapy
using the AAV vector system. Therefore, the miR206
promotor might be another promising candidate to
regulate Calpain 3 gene expression since it is specif-
ically expressed in skeletal muscle and functions
in proliferating cells and differentiated muscle in
mouse, chicken and human [42–44]. Some promising
studies using microRNA206 promotors have shown
to slow Amyotrophic lateral sclerosis (ALS) progres-
sion in an ALS mouse model and their involvement
in the regeneration and maturation of skeletal mus-
cle fibers in mdx mouse and CXMD(J) dog model
of Duchenne muscular dystrophy (DMD) [5, 45, 46].
Despite relatively low activity compared to MHCK7
and DES promotors the Mir206 and CAPN3 promo-
tors could provide functional improvements for gene
addition approaches as it was shown that already low
levels of transgene products can lead to beneficial
effects as shown in animal models for DMD [47–50].

Efforts to develop optimal muscle specific pro-
motors started more than 30 years ago and are
still ongoing. Up to now there is no universal pro-
motor that could be used to develop gene therapy
vectors intended for the treatment due to the het-
erogeneity of genetic muscular disorders. This is
largely related to the differences in the pathogene-
sis and the related deficiencies or dysfunctions such
as differences affected muscle groups or fiber types.
Unfortunately, effective treatment for such genetic
muscle disorders does not exist so far [51].

The in vitro data presented here, might be fur-
ther investigated by vector mediated in vivo studies
to gain more information of the cell type specificity
and long-term efficacy of the here tested promotors.
However, comparing myogenic promotor activities in
vivo is also challenging. Simple plasmid transfection
is not feasible in vivo, so that gene transfer vectors
have to be produced. Difficulties may arise from lim-
itation through vector cargo capacity. For example,
AAV Vectors are too small to carry the Calpain 3
promotor together with the reporter gene expression
cassette used in this study. Furthermore, undesired
tissue tropism of the vector or inadequate adminis-
tration routes can bias the results. Species specific
restrictions could also influence experimental results,
since both the activity of human promotors and the
complexity of protein related physiological processes
may differ between mouse, dogs, pigs, non-human

primates and the human organism. Therefore, exper-
imental results obtained in different species cannot
necessarily be translated to the human situation and
have to be regarded with caution. However, carefully
planned animal studies comparing different myo-
genic promotors could provide more detailed insight
into promotor activity in terminally differentiated
muscle and cardiac tissue. Our in vitro data supports
the necessity of such experiments.

Nevertheless, the development of muscle spe-
cific promotors, such as naturally occurring [14],
chimeric or hybrid promotors [10, 17], as well as
synthetic promotors [52, 53] provides hope that fur-
ther research eventually brings up constructs that
mimic the unique expression profile, to efficiently
restore the function of affected muscle proteins. Note-
worthy it should be considered that the expression
of therapeutic genes not only depends on promotor
activity but also on other factors. Many factors influ-
ence transgene expression at the post-transcriptional
level. Expression of the target gene can be enhanced
due to the presence of an intron in the vector, which
increases the RNA stability in the nucleus [53] or
post-transcriptional regulatory elements such as the
woodchuck hepatitis virus (WPRE), that promotes
mRNA export from the nucleus and prevents post-
translational gene silencing [54, 55]. The right choice
of viral vector also plays an important role in the
delivery of the transgene. In addition to the naturally
occurring AAV serotypes, new capsids were devel-
oped to improve muscle transduction [56, 57]. Finally
an elaborate combination of the a proper choice of
the vector, promotor, and further regulatory elements
in the transgene expression cassette and an optimal
delivery route into the body can significantly improve
muscle gene therapy approaches in terms of transgene
expression strength, duration and tissue-specificity.

MATERIAL & METHODS

Cells

The AB1167 immortalized human skeletal
myoblast cell line was received from Vincent Mouly
(Institut de Myologie, Paris, France) AB1167 human
skeletal myoblast were established as described
previously [22]. Ab1167 were cultured in Skeletal
Muscle Cell Growth Medium (PromoCell, Heidel-
berg, Germany). HEK293, murine myoblast C2C12
and rat cardiomyocyte H9C2 cell lines were cultured
in DMEM with high glucose (4.5 g/L glucose; PAN
Biotec, Aidenbach, Germany). HEK293 and rat
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cardiomyocyte H9C2 were supplemented with 10 %
FBS (PAN Biotec) and C2C12 with 15% FBS and
100 �g/�l non-essential amino acids (NEAA; PAA,
Cölbe, Germany). All cells were cultured at 37◦C
and 5% CO2 in a humidified atmosphere. Medium
was changed every second day.

Construction of reporter plasmids

To construct reporter plasmids containing
different promotor we inserted a reporter gene
expression cassette consisting of a GFP-P2A-
NanoLuciferase-T2A-neomycin coding region
(GLN) and a SV40polyA signal downstream of
the CMV promotor present in pZac2.1 using
In-Fusion cloning (Takara, Saint-Germain-en-
Laye, France). Briefly pZac2.1 plasmid containing
CMV promotor was linearized by PCR (5’-
TGTTTCAGGTTCAGGGGGAGATGTG-3’ and
3’-TGTCAGAAGCACTGACTGCGTT-5’) and
GLN-SV40pA sequence was amplified from original
plasmid pR6K-hyg-GLN [29] using primers 5’-
TCAGTGCTTCTGACATTCTGTGGCTGCGT
GAAAGC-3’ and 3’-CCTGAACCTGA
AACATATTCGCACCGTGCACGAAT-5’, generat-
ing overlaps to the terminal base pairs of linearized
plasmid, followed by annealing the homologous
ends of plasmid and insert in an In-Fusion cloning
reaction, resulting in pZac2.1-CMV-GLN-SV40pA.
Further plasmids were prepared by exchanging the
CMV promotor from pZac2.1-CMV-GLN-SV40pA
with specific promotors of choice as follows. The
MhCK7 promotor was amplified by PCR from
pRRL-MHCK7-GCaMP6 plasmid, using primers
5’-AGCTAGCCTAGAGCTTGCATGTCTAAGCTA
GACCC-3’, 3’-GCAGGTACCTCGAGGCTGGCT
GGCTCCTG-5’. pRRL-MHCK7-GCaMP6 was
a gift from Nenad Bursac (Addgene plasmid
# 65042; http://n2t.net/addgene:65042; RRID:
Addgene 65042) [18]. The resulting PCR product
was inserted into pJET1.2/blunt plasmid (Clone-
Jet PCR Cloning Kit; Thermo Fisher Scientific,
Waltham, MA, USA) resulting in pJET1.2-
MHCK7. The MHCK7 promotor was amplified
by PCR from pJET1.2-MHCK7 using primers 5’-
GTCCAATATGACCGCCCCTTCAGATTAAAAA
TAACTGAGGTAAGGGC-3’ and 3’-
ACGGTTCACTAAACGGCTGGCTGGCTCCTGA-
5’. The pZac2.1-CMV-GLN-SV40pA
was linearised using primers 5’-
CGTTTAGTGAACCGTCAGATCACTAG-3’
and 3’-GCGGTCATATTGGACATGAGCC-5’

excluding the CMV promotor and generating homol-
ogous terminal regions for subsequent In-Fusion
reaction.

pZac2.1-DES-GLN, pZac2.1-CAPN3-GLN and
pZac2.1-miR206-GLN plasmids were prepared by
eliminating the CMV promotor from pZac2.1-CMV-
GLN-SV40pA using BsrGI and HindIII restriction
enzymes (NEB, Frankfurt/M, Germany) to lin-
earize the plasmid backbone. Promotor sequences
were amplified by PCR using primers generating
homologous ends to BsrGI and HindIII restriction
sites of the linearized pZac2.1-GLN-SV40pA. The
sequence encoding Desmin promotor (DES) was
synthesized (GeneScript, Leiden, Netherlands)
and subsequently amplified using primers 5’-
TATCATAATATGTACAACCTTGCTTCCTAGCT
GG-3’ and 3’-CTACCGCAATAAAGCTTGGTGGC-
5. The Calpain3 promotor (CAPN3) was amplified
from the pGG16 6Fi MuSeAP pG3-12561 plasmid
using primers 5’-TATCATAA TATGTACACT-
CACTAAAGGGAACAAAAGCTG G-3’, 3’-
TACCGCAATAAAGCTTCCTTGATACTTACAGA
TCTGGCAAGTGG-5’. The miR206 pro-
motor (miR206) was amplified from the
pCRII Promhmir206FL plasmid using primers 5’-
TATCATAATATGTACAGCTATGCATCAAGCTTG
GTACCC-3’, 3’-TACCGCAATAAAGCTTCGACA
AGCCCAGTTTCTATTGG-5’. pGG16 6Fi
MuSeAP pG3-12561 and pCRII Promhmir206FL
plasmids were kindly provided by Isabelle Richard
[5].

Homologous ends of linearized pZac2.1-GLN-
SV40pA and amplified promotor sequences were
annealed in an In-Fusion cloning reaction (Takara),
followed by transformation and amplification in
StellarTM chemically competent E. coli HST08
strain (Takara Bio, Saint-Germain-en-Laye, France)
using ampicillin (100 �g/ml) for selection. Plasmids
were purified following manufacturer’s instructions
using ZymoPURE II Plasmid Midiprep Kit (Zymo
Research, Freiburg, Germany).

Transient transfection

Prior to transfection proliferating cells were plated
and cultivated until 60–80% confluence was reached.
Cells were transfected using jetOPTIMUS® transfec-
tion reagent (Polyplus, Illkirch, France) according to
the manufacturer’s instructions as described below.

To overcome variations caused by cell-size, growth
rates and cell type specific susceptibility, plas-
mid transfection protocols were adjusted for the

http://n2t.net/addgene:65042; RRID: Addgene_65042
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given cell lines. Therefore, HEK293 (45.000 cells
/ cm2), murine myoblast C2C12 (25.000 cells /
cm2), human skeletal myoblast Ab1167 (35.000
cells / cm2) were plated on a 24-well plate and
rat cardiomyocyte H9C2 cells (25.000 cells / cm2)
were plated on a 12-well plate, 24 hours prior
to transfection. To exclude variations in promo-
tor expression rates provoked by unequal plasmid
copy numbers due to reporter plasmid size (pZac2.1-
CMV-GLN: 6984 bp; pZac2.1-MHCK7-GLN: 7165
bp; pZac2.1-DES-GLN: 7321 bp; pZac2.1-miR206-
GLN: 7228 bp; pZac2.1-CAPN3-GLN: 8038 bp) we
transfected all cell lines with equal reporter plasmid
copy numbers (6.63 × 106 copies/�l) and spiked the
reporter plasmid DNA with noncoding puc19 plas-
mid DNA to ensure that each cell line was also
transfected with equal amounts of DNA. The fol-
lowing DNA:JetOPTIMUS® ratios were used for
transfection 1:1.5 for HEK293 and C2C12 and 1:1
for Ab1167 and H9C2. After promotor plasmid DNA
was diluted in jetOPTIMUS® buffer correspond-
ing amounts of jetOPTIMUS® reagent were added.
After 10 min incubation at room temperature (RT),
jetOPTIMUS® complexes were added dropwise to
the cells. Medium was exchanged 4 hrs after trans-
fection. To diminish further cell proliferation, growth
medium with reduced Serum (2% FBS) was applied
to HEK293, C2C12 and H9C2 cells. For Ab1167
cells Skeletal Muscle Cell Growth Medium Supple-
mentMix was reduced to 25% in Skeletal Muscle Cell
Growth Medium (PromoCell).

To assess promotor efficiency in differentiated
muscle cells, C2C12 cells (25.000 cells / cm2)
were plated on 35 mm glass-bottom dishes (�-
Dish 35 mm; ibidi, Gräfelfing, Germany). Cells were
cultivated in proliferation medium for 24 hours
until 60–80% confluence was reached and trans-
fected using jetOPTIMUS® transfection reagent
(Polyplus) as described above. Once, cultured cells
reached 95% confluency, proliferation medium was
replaced by C2C12-differentiation medium, consist-
ing of DMEM high glucose (4.5 g/L glucose; PAN
Biotec) supplemented with 2 % horse serum (Sigma,
Taufkirchen, Germany) as well as 1% NEAA (PAA)
and were differentiated to myotubes for 10 days until
further processing.

For human skeletal muscle myotube formation
Ab1167 cells (35.000 cells / cm2) were seeded
on 35 mm glass-bottom dishes (�-Dish 35 mm;
ibidi) with Matrigel precoating (Matrigel® Basement
Membrane Matrix; Corning, Kaiserslautern, Ger-
many) diluted in Serum free Medium (DMEM/F12;

PAN Biotec) and cultured in Skeletal Muscle Cell
Growth Medium (PromoCell). Once, 95% conflu-
ency was reached proliferation medium was replaced
by Skeletal Muscle Cell Differentiation Medium
(PromoCell). On day three of HSKM differentiation,
evolving pe-myofibrils were transfected in Skeletal
Muscle Cell Differentiation Medium (PromoCell) as
described above. After transfection, Skeletal Mus-
cle Cell Growth Medium (PromoCell) was added
to the cells for 24 hours. To obtain far evolved
HSKM-Ab1167 myotubes, cells were cultured for
three more days in a Skeletal Muscle Cell Differenti-
ation Medium (PromoCell) until further processing.

Electrical pulse stimulation

Electrical pulse stimulation (EPS) was applied
to C2C12 cells to provoke sarcomere formation
in 2D-cell culture differentiation assay. Ten days
post transfection, the differentiated C2C12 myotubes
were placed in a C-Dish chamber for electrical
stimulation (C-Dish, IonOptix, Amsterdam, Nether-
lands). Electrical stimulation was applied using
a C-pace pulse generator (C-Pace 100, IonOp-
tix). Two consecutive stimulation protocols were
applied. The overnight stimulation protocol (12 hrs;
4.0 ms/10 V/0.5 Hz) was used to induce an equal dif-
ferentiation status in all myotubes, followed by a 4 h
twitching protocol (10 ms/10 V/1 Hz) to provoke sar-
comere assembly.

Cell harvest and processing

To quantify promotor related reporter gene expres-
sion level and duration in proliferating cells, the
transfected HEK 293, C2C12, Ab1167 and H9C2
cells were harvested on 4 consecutive days post
transfection. Before harvesting, the nuclei were
visualized by Hoechst 33342 (Thermo Fisher Sci-
entific, Waltham, MA, USA; 1:1000) staining and
the GFP expression among the respective promotors
was documented by fluorescence microscopy (IX83
microscope, Olympus, Tokyo, Japan). To maintain
cell viability, the cells were analysed using life cell
imaging microscope incubator (OKOLAB USA Inc.;
Ambridge, PA, USA) at 37◦C and 5% CO2.

For cell harvesting the medium was removed,
cells were washed with PBS, detached in PBS
using a cell scraper and the cells were divided into
three fractions. Cells were pelleted by centrifugation
(300 × G/3 min) and cell pellets were snap frozen
in liquid nitrogen and stored at –20◦C until further
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use. C2C12 and Ab1167 myotubes were either har-
vested as described above or directly processed on the
35 mm glass-bottom dishes (�-Dish 35 mm; ibidi) for
further immunocytochemical staining, see below.

Fluorescence microscopy and
Immunocytochemistry

To investigate the long term GFP-expression
among the various promotors in Myotubes, HSKM-
Ab1167 myotubes were processed for immunocyto-
chemistry (ICC) after 7 days of differentiation and
C2C12 myotubes after a total of 11 days post appli-
cation of the EPS protocol. Cells were washed in
PBS and fixed for 10 min in ice-cold acetone. After
blocking using 5% BSA in PBS for 1 h at RT and
incubation with an Z-disk titin antibody (mouse-anti
T12), kindly provided by Peter van der Ven and Dieter
O. Fürst [33, 34] diluted 1:25 in 5% BSA/PBS at 4◦C
over night, an incubation with a corresponding sec-
ondary antibody (Alexa fluor 594 anti-mouse; 1:500;
Jackson ImmunoResearch Europe Ltd., Ely, Cam-
bridgeshire, UK) followed in 5% BSA/PBS at RT
for 1 h. Between each antibody treatment cells were
washed with PBS three times to remove previous
antibody solutions. Imaging was performed on a flu-
orescence microscope (IX83 microscope, Olympus,
Tokyo, Japan).

Quantification of Luciferase activity

For the luciferase assay, snap frozen cells were
thawed and resuspended in 200�l RIPA-lysis buffer
(pH8. 50 mM Tris; 150 mM NaCl; 0,5% DOC;
1% NP-40; 0,1% SDS) supplemented with pro-
tease inhibitors (cOmplete Tablets, Mini EDTA-free,
Roche, Basel, Switzerland) and cell debris was pel-
leted by centrifugation (300 × G/3 min). Total protein
amount from the aqueous phase of lysed samples
were determined using Micro BCA Protein Assay Kit
(Thermo Fisher Scientific) following manufacturer’s
protocol. Absorbance was measured at 562 nm in a
ELX808 Ultra microplate reader (Agilent Technolo-
gies, Santa Clara, CA, USA) and total protein amount
was calculated using a standard curve.

The total amount of protein in the individual sam-
ples was used to equalize the amount of protein
from each sample for subsequent luciferase assay
(Nano-Glo® Luciferase Assay System; Promega
GmbH, Walldorf, Germany). Individual samples
were diluted in water to yield a total protein
concentration of 0.5 �g/�l. Diluted samples were

transferred to 96-well flat-bottom luminometer-
compatible plates (costar®, Corning Incorporated,
Kennebunk, ME, USA), followed by addition
of Nano-Glo® Luciferase Assay Substrate mixed
with Nano-Glo® Luciferase Assay buffer (dilu-
tion: 1:50). After incubation for 10 min at RT the
relative light units (RLU) were measured using
a 96 microplate Luminometer (Orion Microplate
Luminometer; Berthold Technologies, Bad Wildbad,
Germany) and normalized to the total protein amount
of the corresponding sample.

Real-time qPCR

To determine the plasmid transfection rates in the
respective cell lines, a fraction from the samples
of one day post transfection was lysed using a
qPCR-Lysis buffer (3M KCl; 1M Tris ph8.5; 0.45
% Tween-20; 0.45% NP40) and cell debris was
pelleted by centrifugation (300 × G/3 min). Aqueous
phase of lysed samples was diluted 1:25 in water
and RT-qPCR was performed using of 0.3 �M each
primer and my-Budged 5x Eva-Green qPCR-Mix
(Bio-Budged Technologies, Krefeld, Germany)
accordingly to manufacturer’s instructions in a
RT-PCR cycler (CFX96 Touch Real-Time PCR
Detection System; Bio-Rad, Hercules, CA, USA).
Plasmid DNA transfection rates in each cell line
were measured by the ratio of tEGFP plasmid copies
to B2M housekeeping genes using specific primers
(tEgfp: 5’-GTACTTCTCGATGCGGGTGT-3’,
3’-GCCGCATGACCAACAAGATG-5’; B2M:
5’- GGAATTGATTTGGGAGAGCATC-3’, 3’-
CAGGTCCTGGCTCTACAATTTACTAA-5’).
Standard curves using 101–107 copies of a Plasmid
carrying either GFP or B2M DNA sequence were
used to determine starting quantities of respective
GOI’s. To assess promotor efficiency regarding to
the relative gene expression of tEGFP encoded
by promotor constructs in Ab1167 and C2C12
myotubes, a fraction of the snap frozen cells was
thawed to analyse the samples on mRNA levels. Total
RNA was isolated with the Quick-RNATM MiniPrep
Plus Kit (Zymo Research, Irvine, CA, USA)
with a DNase digestion step and equal amounts
of RNA (200 ng) of each sample were reverse-
transcribed into cDNA using High-Capacity cDNA
Reverse Transcription Kit (Applied-Biosystems by
Thermo Fisher Scientific). The mRNA levels of
tEGFP and GAPDH were measured using specific
primers (tEgfp: 5’-GTACTTCTCGATGCGGGTGT-
3’, 3’- GCCGCATGACCAACAAGATG-5’;



590 J. Dietz et al. / Comparing Muscle Specific Promotors

gapdh: 5’-AGCCACATCGCTCAGACAC-3’,
3’-GCCCAATACGACCAAATCC-5’). Real-time
qPCR was performed using 0.3 �M of each primer
and iTaq Universal SYBR® Green Supermix (Bio-
Rad) accordingly to manufacturer’s instructions in
a CFX96 Touch Real-Time PCR Detection System
light cycler (Bio-Rad). The relative expression
of tEGFP to GAPDH was calculated using CFX
MaestroTM Software.

Statistical analysis

Statistical analysis was performed with GraphPad
Prism software. For all in vitro experiments in pro-
liferating cells the activity of each construct was
measured with four independent experiments and at
least 3 technical replicates each. For in vitro experi-
ments in myotubes the activity of each construct was
measured with 3 independent biological and 3 tech-
nical replicates each. Mean values with SEM were
calculated and are presented on graphs. To calculate
statistical significance either One-way ANOVA test
or Two-way ANOVA, mixed effects analysis with the
Greenhouse-Geisser correction and Tukey’s test for
multiple comparison was used, depending on partic-
ular experimental data distribution.
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