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Abstract Naturally occurring antisense RNA has been detected for a range of eukaryotic genes. Its abundance
compared to levels of its complementary sense mRNA appears to be a factor indicating its possible regulatory function. In
previous studies, we detected appreciable levels of antisense RNA against the two isoforms (a and b) of the heavy myosin-
chain (MyHC) in the myocardium of rats. If this is to play a significant role in gene expression antisense levels should vary in
response to external and internal cellular influences. Recently, a bidirectional promoter located in the a/b MyHC
intergenic region was described, which was proposed to regulate coordinated transcription of a-MyHC sense and b-
MyHC antisense. To study MyHC antisense regulation in neonatal heart, we investigated cultivated myocytes stimulated
with either trijodthyronin (T3) as an inductor of a-MyHC or phenylephrine with stimulation of b-MyHC. RNA-
quantification of sense and antisense transcripts of both isoforms was performed by real-time RT-PCR. Stimulation by T3
led to an induction of both sense and antisense of a-MyHC and to a decrease of b-MyHC sense and antisense.
Phenylephrine increased sense and antisense b-MyHC but reduced antisense a-MyHC. The sense/antisense of a- and b-
MyHC ratio was unchanged compared to control. Results indicate a coregulation of sense and antisense MyHC RNA under
stimulation of T3 and phenylephrine in neonatal cardiomyocytes. J. Cell. Biochem. 94: 848–855, 2005.
� 2004 Wiley-Liss, Inc.
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When investigating relative MyHC-isoform
levels during ontogenesy in rats, we observed a
greater abundance of a-MyHC sense mRNA
compared to protein levels in the early neo-
natal phase [Luther et al., 1998]. We pro-
posed posttranscriptional regulation might
explain this non-coordinated expression, and
we looked for naturally occurring antisense-
mRNA which was first described by Boheler
et al. [1992]. Indeed, we were able to detect
antisense RNA for a-MyHC [Luther et al.,

1997a] and more detailed investigations re-
vealed antisense transcription of both a and
b-MyHC isogenes. Both antisense transcripts
were shown to have similar sizes of their sense
counterparts (approximately 6,000 bp). Quanti-
fication revealed a twofold less abundance
than their sense mRNA [Luther et al., 1998].
The high level of endogenous antisense RNA
in the neonatal rat heart suggests this plays a
role in the disproportionate expression of a-
MyHC and possibly b-MyHC mRNA and their
proteins in the growing heart.

If natural MyHC antisense RNA does play a
significant role, then one would expect anti-
sense RNA itself is regulated on external and
internal cellular conditions which are known
to affect MyHC expression. Since we did not
find altered antisense transcription during on-
togeny [Luther et al., 1997a], we investigated
now neonatal cardiomyocytes which were ex-
posed to T3 or phenylephrine in order to
stimulate a-MyHC and b-MyHC. T3 is well
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characterized as a strong inductor of a-MyHC.
The receptor of thyroxin and its biological active
form T3 is known to bind directly regulatory
motifs within the a- [Izumo andMahdavi, 1988]
and b-MyHC promoter [Edwards et al., 1994],
resulting in trans-activation and trans-repres-
sion, respectively. Phenylephrine is a potent
stimulator of b-MyHC [Waspe et al., 1990]. It
acts as an a1-adrenergic agonist via the PKC-
pathway. The zinc-finger early gene Egr-1
protein, which is upregulated upon a-adrener-
gic stimulation of heart cells [Iwaki et al., 1990],
interacts with the promoter region of the b-
MyHC gene increasing its transcription rate
[Kariya et al., 1994].The effect of phenylephrine
on MyHC expression in cultivated neonatal
cardiomyocytes, which are spontaneously beat-
ing, was shown to be independent of beating
rate or systolic/diastolic calcium fluctuation
[Luther et al., 1997b].
In recent years, there is an increasing atten-

tion for regulatory mechanisms in gene ex-
pression involving double-stranded RNA, such
as RNA interference (RNAi) and endogenous
antisenseRNA.Recently, cis-encoded antisense
RNA has been detected for an increasing
number of genes [Yelin et al., 2003; Røsok and
Sioud, 2004]. These antisense transcripts are
thought to form duplexes with the comple-
mentary sense strands and hence modulate
gene expression at transcriptional, posttran-
scriptional, or possibly translational levels
[Knee andMurphy, 1997]. Although the precise
molecular mechanisms involved in this control
are as yet unknown, it seems likely that the
amount of duplexed sense/antisense RNA dic-
tates the degree of modulation. Whether the
sense/antisense double-stranded RNAs evoke
rapid endonuclease digestion similar to the cel-
lular response inRNAi defensemechanisms is a
matter for discussion.

MATERIALS AND METHODS

Heart Cell Culture

Cardiomyocytes from neonatal Wistar rats
were isolated according to established protocol
[Luther et al., 1997a] and cultivated for 2 days
without serum. They were then separated into
different samples and incubated with triio-
dothyronine (T3, 10 mM), or phenylephrine
(100 mM) for 48 h. To perform the subsequent
PCR experiments the cells were harvested and
lysed, essentially as described.

RNA Preparation and Reverse Transcription

Total RNAwas isolated, withminormodifica-
tions, according to the method of Chomczynski
and Sacchi [1987]. DNA degradation was per-
formed for 15 min at 378C on 1 mg RNA samples
with 1 ml DNase I (Ambion), 2 ml 10� DNase
buffer and water to adjust to a final volume of
20 ml. The reaction was stopped by adding 2 ml
DNase inactivation reagent for 2 min at room
temperature.

Following digestionwithDNase I 250ngRNA
was used for reverse transcription. In the re-
verse transcription (RT), reverse primers were
used for subsequent sense amplification and
forward primers for subsequent antisense
amplification. RNA was denatured for 10 min
at 708C and then incubated for 60 min at
428C in the presence of 0.5 mM dNTP, 10 mM
dithiothreitol, 25 pmol of the respective primer,
1 U MMLV superscript reverse transcriptase
(Invitrogen, Karlsruhe, Germany) in 50 mM
Tris-HCl, pH 8.3, 75 mMKCl, and 3 mMMgCl2
in a final reaction volume of 25 ml. The reaction
was stopped at 708C for 10 min.

Real-Time PCR

The GeneAmp1 5700 detection system (P.E.
Applied Biosystems, Darmstadt, Germany) was
used with SYBR Green I dye. This method is
based on the phenomenon that unbound dye
exhibits little fluorescence in solution. Binding
with double-strandedDNA during the polymer-
ization step increases the signal and falls off
when the DNA is denatured. Fluorescence is
monitored once each cycle after product exten-
sion and increasing signal depends on initial
template concentration. Plotting the fluor-
escence signal as a function of temperature
generates a specific melting curve. The shape of
melting curves depends on the GC-content,
length, and sequence. Unlike gel electrophor-
esis, melting curve analysis can distinguish
products of the same lengthbut differentGC/AT
ratio [Ririe et al., 1997]. Non-specific products
usually melt at lower temperature in broader
peaks [Morrison et al., 1998].

PCRwas carried out in 25 ml reaction volumes
containing 2.5 ml SYBR Green PCR reaction
buffer (10�), 0.1 ml (5 U/ml) AmpliTaqGold (P.E.
Applied Biosystems), 0.5 ml 10 mmol dNTP, 3 ml
25mmolMgCl2,200nmol forward,and200nmol
reverse primers, and 2.5 ml cDNA from the RT-
PCR above, with the following cycle profile:
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958C for 10 min, then 40 cycles of 958C for 15 s,
658C for 1 min. All reactions were carried out in
duplicate. Amplification efficiency was deter-
mined to be around 2 for all products what
meansdoubling of the cDNAproducts after each
cycle.

Ct-value is defined as the cycle number in
which the fluorescent signal is first recorded
as statistically significant above background. It
was normalized against the external control of
hypoxanthine-guanine-phosphoribosyltrans-
ferase (HPRT, a housekeeping gene) which is
performed by subtraction resulting in DCt-
values. Amplification of reverse transcribed
HPRTmRNAwas chosen as an external control
since validation experiments had shown that
this housekeeping gene is expressed at the very
same levels for both sense and antisense RNAs
(for more detailed description and discussion of
real-time PCRs see Bustin, 2000).

Statistics

Values are based on data from n¼ 6 and
expressed as means�SEM. Significance was
tested by ANOVA including Tukey’s multiple
comparison test.

RESULTS

PCR using the outlined primers (Table I)
resulted in single products for a-MyHC (61 bp)
and b-MyHC (60 bp) (see Fig. 1A). Analysis of
melting curves revealed a sharp profile of each
product (Fig. 1B). Product sizes and melting
peaks were specific for a- and b-MyHC but
identical for sense and antisense.

Theoretically, amplification of cDNA products
can be described by the formula P¼m� 2DCt,
where P is the number of cDNA products
synthesized, m is the number of cDNA mole-
cules at the beginning of the reaction, and 2 is
the amplification factor (doubling of the cDNA
products after each cycle).

Sense MyHC level were changed by sti-
mulation inanexpectedmanner: sensea-MyHC
was significantly extended by T3 (DCt-valueþ
2.0� 1.3, what is calculated as a 4.0-fold incre-
ase of transcript number) and was not changed
by phenylephrine (Fig. 2a). Sense b-MyHC was
significantly induced by phenylephrine (DCtþ
1.7� 0.7¼ 3.3-fold) and significantly reduced
upon T3 (DCt� 2.1� 0.9¼ 4.3-fold) (Fig. 3a).

The amount of antisense transcripts of both
a- and b-MyHCwere changed in similar quality
and quantity like the corresponding sense tran-
scripts. Antisense a-MyHCwas increased by T3
(DCtþ 1.7� 0.9¼ 3.3-fold) and not significantly
affected by phenylephrine (DCtþ 1.0� 0.7¼
2.0-fold) (Fig. 2b). Antisense b-MyHC was re-
duced by T3 (DCt �2.3� 1.2¼ 4.9-fold) and
increased (DCtþ 1.5� 0.8¼ 2.9-fold) by phenyl-
ephrine (Fig. 3b).

Calculating sense/antisense relation reveal-
ed in controls ahighervalue (i.e., relativehigher
antisense level) for a-MyHC than for b-MyHC
in controls. T3 provoked a slight decrease of
relative a-MyHC antisense compared to control
or phenylephrine, but did not reach statistically
significance. Relative b-MyHC antisense was
unchanged under stimulation (Fig. 4).

DISCUSSION

For quantification of a-MyHC and b-MyHC
sense and antisense transcripts, we applied the
actual most accurate procedure, which is real-
time PCR. The detection of the PCR products
relied on SYBR Green I dye which quantita-
tively binds double-stranded DNA and is quan-
tified by fluorescence measurement. Since a
number of reaction steps performed in conven-
tional PCR reaction (gel electrophoresis, densi-
tometry, manual or automated analysis) are
carried out by the thermal cycler/detector, a
body of potential faults is excluded. The tran-
script specificity of PCR signals is based on the

TABLE I. Primers Used for Reverse Transcription and Real-Time PCR

Position

a-MyHC
(accession

no. X 15938) Position

b-MyHC
(accession

no. X 15939) Position

HPRT
(accession

no. XM_343829.1)

Forward 4973–4992 50-AACG CCCA AGCC
CACT TGAA-30

4942–4965 50-GAGC CTCC
AGAG TTTG
CTGA AGGA-30

304–325 50-CTTG CTCG
AGAT GTCA
TGAA GG-30

Reverse 5033–5042 50-CATT GGCA CGGA
CTGC GTCA-30

5001–5020 50-TTGG CACG
GACT GCGT
CATC-30

380–400 50-AATC CAGC
AGGT CAGC
AAAG A-30

Product length 61 60 76
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use of primer in RT, which are specific for
orientation and for the isogene. PCR products
were checked by gel electrophoresis in order to
exclude additional, non-specific fragments that
could interfere with the quantification using
SYBRGreen dye. Additionally, we analyzed the
melting curves for the same reason. The data of
product analysiswith a closematch of sense and
antisense is explainable with perfect comple-

mentarity of both transcript. It means that the
antisense transcript do not comprise intron
sequences since primerwere located in different
exons. Due to the identical parameters of PCR
products, relative quantification of antisense
and sense occurred under ideal conditions.

Using real-time PCR revealed some differ-
ences compared to results obtained with con-
ventional RT-PCR: investigating neonatal rat

Fig. 1. Analysis of real-time PCR products after 40 cycles
indicates absence of contaminating products (A) gel electro-
phoresis (polyacrylamide gel, 5%, silver staining) with the
expected size of PCR products: sense and antisense of a-MyHC

(61 bp), and b-MyHC (60 bp) ). M indicates the molecular weight
marker. B: Display of melting curves during PCR by monitoring
the fluorescence of dsDNA dyes as the temperature passes
through the product denaturation temperature.
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heart cells, whichwere cultivated for 4 days in a
serum-free medium showed in controls a sense
a/b-MyHC relation of 5.8 to 1 which is around
three times higher than detected by conven-
tional RT-PCR [Luther et al., 1997a]. Another
difference was the significantly elevated level of
antisense compared to sense level with 1.6 to 1
for a-MyHC and 1.9 to 1 for b-MyHC compared
to 0.5 to 1 (a- and b-antisense) in our prior
investigation [Luther et al., 1998]. Quanti-
fication of MyHC antisense RNA by RT-PCR
is intricate. For example, a RT-PCR protocol
which included coamplification of both isogene
antisense transcripts was seen to cause an
artificial underestimation of b-MyHC antisense
[Luther et al., 1998].

Toelucidateantisense regulation isogene spe-
cific MyHC inductors were chosen which are

well characterized. This design comprises posi-
tive control for both a- and b-MyHC detection
since the results of sense MyHC upon stimu-
lation were in the expected range: T3 increased
a-MyHC and decreased b-MyHC significantly,
phenylephrine increased b-MyHC and did not
affect a-MyHC. Quantification of antisense
transcripts revealed a coordinated regulation:
increased sense was accompanied by an in-
creased corresponding antisense level. This
coregulationwas not expected since—according
to a downregulating function of antisense—one
would expect an inverse regulation.

Our results are in contrast to a report of
Haddad et al. [2003], who investigated myo-
cardium of adult rats, which were exposed to
b-MyHC stimulating conditions (induction of
hypothyroidism or diabetes). Antisense b-MyHC

Fig. 2. Level of sense (a) and antisense (b) a-MyHC in neonatal
cadiomyocytes cultivated in a serum-free medium (control), in
presence of trijodidthyronin (T3), or phenylephrine (phe). Ct-
values were obtained by real-time-PCR and normalized against
the external control of a housekeeping gene (HPRT). The

resulting DCt-value is the difference of cycle-number between
specific product and housekeeping gene. Values are based on
data from n¼ 6 and expressed as means� SEM. Significance was
tested by ANOVA including Tukey’s multiple comparison test.
***P<0.001.

Fig. 3. Level of sense (a) and antisense (b) b-MyHC in neonatal cadiomyocytes cultivated in a serum-free
medium (control), in presence of trijodidthyronin (T3) or phenylephrine. (For further details see legend of
Figure 2).
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was shown to decrease under these conditions.
A possible explanation is the different mode of
stimulation. Hypothyroidism and diabetes are
assured conditions of b-MyHC induction but the
exact mechanism is unknown. It is not clear,
whether under this conditions a defined pro-
moter interaction is involved (what is described
for phenylephrine) or b-MyHCtranscription is a
result of a more complex process. According to
different mechanisms of sense induction anti-
sense transcription may be regulated in a
different manner.
An other explanation are differences due to

the ontogenesiswith different antisense regula-
tion in neonatal and adult rat. In the neonatal
heart, the MyHC phenotype switches from the
b-isoform into the a-MyHC isoform. This anti-
thetical shift is thought to be driven not only by
thyroid hormones but additional mechanisms,
which may be activated during this period.
However, Haddad et al. describe a bidirectional
promoter which was hypothized to be located in
the intergene region of the two isogenes. The
result of this promoter/gene architecture should
be an enhanced MyHC isoform switch in phy-
siological and pathophysiological situations
with increased b-MyHCantisense transcription
upon a-MyHC sense stimulation. Our results
of antisense transcription under T3 (which was
not investigated by Haddad et al.) revealed an
induction of a-MyHC antisense and a decrease
of b-MyHC antisense. This result is hardly

compatible with a significant impact of the pos-
tulated bidirectional promoter. However, the
relative a-MyHC sense/antisense level was
slightly decreased. A conclusive interpretation
of the results is difficult but it is reasonable to
state that (1) the results of antisense levels are
not explicable by a regulation model with one
promoter: beside the described bidirectional
promoter in the intergenic region, whose activ-
ity might reflect the relative b-MyHC antisense
increase, one has to postulate another mech-
anism of transcription regulation. A sequence
analysis identified a potential reverse poly-
merase II promoter for b-MyHC [Luther et al.,
1998], which may be a factor of regulation to
explain the parallel increase of absolute level of
sense and antisense b-MyHC. However, a cor-
responding element for a-MyHC has as yet not
been detected, but a-MyHC antisense levels
are changing in same manner. (2) The distinct
change in MyHC isoform expression from fetal
to neonatal and adult rat hearts is the result of
an altered activity of different regulationmech-
anism, so that MyHC antisense regulation may
be different in neonatal and adult rat heart. (3)
MyHC antisense level detected by RT-PCR
(conventional or real-time) in a whole RNA pre-
paration may not reflect the functional activity
of the transcripts. Since the quantity of sense
and antisensewas equal it is hardly conceivable
that all detected antisense transcripts form
duplex with the corresponding sense transcript
to inhibit translation. One would expect no
changes in protein expression under thyroxin
and phenylephrine, but in fact they do arise.

In human ventricle with nearly exclusively
b-MyHC protein, antisense pattern was shown
to be coregulated as well: a high abundance of
b-MyHC sense corresponded to an antisense ex-
pression of exclusively b-MyHC, a-MyHC anti-
sense was not detected: the expression of sense
and antisense was not changed in failing myo-
cardium [Ritter et al., 1999; Luther et al.,
2001]. Although a number of examples describe
cases with inverse relationship [Kimelman and
Kirschner, 1989], there are examples of sense
and antisense coexpression [Shi et al., 2000;
Podlowski et al., 2002], also for coordinated re-
gulation [Armstrong and Krystal, 1992].

The effect of natural MyHC-antisense seems
to be different compared to that of artificial
antisense: an inhibition of b-MyHC transla-
tion by synthetic antisense oligonucleotide was
clearly demonstrated by an in vitro-assay. The

Fig. 4. Antisense/sense relation for a- and b-MyHC. Relative
level of antisense/sense RNA determined by subtraction of mean
Ct-value of sense from referred antisense product. A higher value
indicates a lower relative antisense level and vice versa.
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issue was shown to be dependent on concentra-
tion and on the position of oligonucleotide in
the cDNA [Luther et al., 2001]. Therefore it is
reasonable, to assess that the interaction be-
tween sense RNAwith long natural antisense is
more complex than with a small oligonucleo-
tide. Hence, one could hypothize that duplex
formation reflects functional activity in a
better way than natural antisense level itself.
In this context, duplex formation would not be
a random event as a result of stoichimetric
amounts of sense and antisense transcript but a
regulated process, that takes place in a cell
compartment [Krystal et al., 1990]. Investigat-
ing antisense of troponin I, another core protein
of heart muscle function, it was possible to de-
monstrate a small fraction of transcripts to be in
the duplex state [Podlowski et al., 2002].

Again further studies will be needed to deter-
mine control elements responsible for antisense
transcription modulation by endogenous and
exogenous signals. The role of RNA-binding
proteins and the differentiation of cell specific
antisense transcription have to be in the focus.
Taken together, we were able to show that
enhanced transcription of a/b-MyHC sense
RNA is paralleled by an increased level of the
respective isoform specific antisense RNA in
neonatal cardiomyocytes. The coregulation of
sense and antisense RNA challenge the hypoth-
esis of a translation inhibiting function of
natural MyHC antisense transcripts.
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