
RNA Interference and MicroRNA Modulation 
for the Treatment of Cardiac Disorders

Status and Challenges

W. Poller( ), L. Suckau, S. Pinkert, and H. Fechner

Abstract The current status and challenges of RNA interference (RNAi) and 
microRNA modulation strategies for the treatment of myocardial disorders are 
discussed and related to the classical gene therapeutic approaches of the past 
decade. Section 2 summarizes the key issues of current vector technologies 
which determine if they may be suitable for clinical translation of experimental 
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RNAi or microRNA therapeutic protocols. We then present and discuss examples 
dealing with the potential of cardiac RNAi therapy. First, an approach to block a 
key early step in the pathogenesis of a virus-induced cardiomyopathy by RNAi 
targeting of a cellular receptor for cardiopathogenic viruses (Section 3). Second, 
an approach to improve cardiac function by RNAi targeting of late pathway of 
heart failure pathogenesis common to myocardial disorders of multiple etiolo-
gies. This strategy is directed at myocardial Ca2+ homeostasis which is disturbed 
in heart failure due to coronary heart disease, heart valve dysfunction, cardiac 
inflammation, or genetic defects (Section 4). Whereas the first type of strategies 
(directed at early pathogenesis) need to be tailor-made for each different type of 
pathomechanism, the second type (targeting late common pathways) has a much 
broader range of application. This advantage of the second type of approaches 
is of key importance since enormous efforts need to be undertaken before any 
regulatory RNA therapy enters the stage of possible clinical translation. If then 
the number of patients eligible for this protocol is large, the actual transformation 
of the experimental therapy into a new therapeutic option of clinical importance 
is far more likely to occur.

Abbreviations AAV: Adeno-associated virus; AdV: Adenovirus; CAR:
Coxsackievirus–adenovirus-receptor; DCM: Dilated cardiomyopathy; DCMi:
Inflammatory cardiomyopathy; HF: Heart failure; miRNA: microRNA; 
misiRNA: miRNA-based shRNA; PLB: Phospholamban; RNAi: RNA interference; 
shRNA: Short hairpin RNA

1  Introduction to RNA-Based and Gene Therapeutic 
Strategies

In this chapter we will discuss the current status and challenges of using RNA 
interference (RNAi) and microRNA modulation strategies for the treatment of 
myocardial disorders and relate them to the classical gene therapeutic 
approaches of the past decade. The introductory Sect. 2 summarizes the key 
issues of current vector technologies which critically determine if they may be 
suitable for clinical translation of experimental RNAi or microRNA therapeutic 
protocols. We will then present and discuss two examples dealing with the 
potential of cardiac RNAi therapy. The first example deals with an attempt to 
block a very early step in the pathogenesis of a virus-induced cardiomyopathy 
and the resulting heart failure by RNAi targeting of a cellular receptor for car-
diopathogenic viruses (Sect. 3). The second examples deals with an approach 
to improve cardiac function by RNAi targeting a late, common pathway of heart 
failure pathogenesis which is common to myocardial disorders of multiple eti-
ologies. This strategy is directed at myocardiac Ca2+ homeostasis which is a 
major component of heart failure due to coronary heart disease (ischemic 
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cardiomyopathy), heart valve dysfunction (valvular cardio moypathy), cardiac 
inflammation (inflammatory cardiomyopathy), or genetic defects (dilated car-
diomyopathy) (Sect. 4). Whereas the first type of strategies (directed at early 
pathogenic steps) needs to be tailor-made for each different type of pathogene-
sis, the second type (which target late common pathways) has a much broader 
range of application. This advantage of the second type of approach is of major 
importance since enormous efforts need to be undertaken before an RNAi or 
micro RNA-based therapeutic protocol enters the stage of possible clinical 
translation. If, then, the number of patients eligible for this protocol is large, the 
actual transformation of the experimental therapy into a new therapeutic option 
of major clinical importance is far more likely to occur.

2 Key Issues of Current Vector Technologies

The classical first concept of gene therapy which has been developed for mono-
genic disorders caused by deficiency of a single gene is gene substitution therapy. 
In the field of cardiology, several monogenic disorders primarily manifested in 
the myocardium could theoretically be cured by this approach. Among them are 
the various long-QT syndromes, the arrhythmogenic right ventricular dysplasia, 
the Brugada syndrome, the hypertrophic cardiomyopathies caused by a host of 
mutations in various sarcomeric proteins, and the dilated cardiomyopathies. A 
second concept of gene therapy is the enhancement of gene functions to cells, 
tissues, and organs by overexpression of primarily endogenous genes using gene 
transfer vectors. Under appropriate conditions, a therapeutic effect may be 
achieved not only in genetically determined but also in acquired diseases. A third 
concept is the addition of truly novel gene functions to the target organ by vector-
based expression of foreign genes. Novel concepts of far more recent origin 
involve the use of non-protein-coding, small regulatory RNA molecules for thera-
peutic purposes. They include the fourth concept of short hairpin RNA transcrip-
tion from vectors for the suppression of gene functions in the diseased target 
organ or organism via the mechanism of RNA interference, and the fifth concept 
of using microRNA generation from vectors to achieve therapeutic modulation of 
cell and organ functions on the level of the cellular microRNA system (see Part I 
of this book). Naturally, all of the following key issues of classical gene therapy 
(concepts 1–3) also apply similarly to the RNA-based therapies (concepts 4 and 5). 
Figure 1 illustrates the fundamental difference in action between classical gene 
therapy vs. RNA therapy, but at the same time points to an important partial over-
lap between the two otherwise distinct strategies. Common to both is the need to 
deliver the therapeutic structure (cDNA-encoded protein vs. regulatory RNA) to 
the right place, at an appropriate concentration for a sufficient period of time, and 
with adequate safety features. This partial overlap allows to exploit advanced 
vector technologies, initially developed in the gene therapy field, for most types 
of RNA therapy, too.
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2.1 Targeting of Vectors for Regulatory RNAs or Genes

The first key issue of vector technology is the mere physical steering (targeting) of 
the vector (irrespective of expressing a protein-encoding cDNA, a short hairpin 
RNA or a pre-microRNA) to the target tissue, e.g., the myocardium, which proved 
to be a difficult task. Various approaches (Hoshijima et al. 2002; Rockman et al. 
1998; White et al. 2000; Kypson et al. 1999; Koch et al. 2000; Ikeda et al. 2002) 
including intracoronary application (Giordano et al. 1996; Maurice et al. 1999) 
have been employed to achieve this goal, including already in clinical trials (Ylä-
Herttuala and Alitalo 2003; Simons et al. 2000; Grines et al. 2002; Hedman et al. 
2003). A better understanding of the molecular and cellular determinants of vector 
targeting in the cardiovascular system has evolved during the past few years based 
on studies of the expression patterns of vector receptors (i.e. the receptors primarily 
mediating the cellular uptake of the virus from which the vector is derived) in ani-
mals (Fechner et al. 1999, 2003a) and humans (Noutsias et al. 2001; Poller et al. 
2002a,b), and on the discovery of anatomical barriers such as the vascular endothe-
lium or intracellular matrix (Fechner et al. 1999) inhibiting or preventing vector 
transfer to particular parts of the heart and other organs and tumors. Interestingly, 
the expression of a particularly important vector receptor, the Coxsackievirus–

Fig. 1 Strategic Concepts of Gene Therapy versus Regulatory RNA Therapy
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Adenovirus-Receptor (CAR), was found to be highly variable in human hearts 
(generalized induction in dilated cardiomyopathy) (Noutsias et al. 2001; Communal 
et al. 2003) and in animals (local induction after myocardial infarction) (Fechner 
et al. 2003a). Receptor-directed strategies (Curiel 1999) for the improvement of 
myocardial vector targeting have been evaluated but without significant success in 
vivo. If perfect physical vector targeting to the diseased tissue cannot be achieved, 
additional transcriptional confinement of the transgene may be achieved by using 
cardiac-specific promotors (Franz et al. 1997; Henderson et al. 1989; Reynolds et 
al. 2001). Recognition of the strong receptor-dependency of vector targeting has 
prompted investigation dealing with the possible therapeutic potential of tropism 
modifications by altering the receptor-interaction domains of the viruses used as 
vectors. A number of studies on the vector-susceptibility of different primary cell 
types for tropism modification have been conducted both for adenoviral (Wickham 
2000; Wickham et al. 1997) and AAV vectors (Nicklin and Baker 2002; Rabinowitz 
et al. 2002; Ponnazhagan et al. 2002; Ponnazhagan and Hoover 2004; Shi and 
Bartlett 2003; Perabo et al. 2003; Büning et al. 2003). Basically, these approaches 
employ alterations of viral surface structures mediating cellular receptor binding 
and internalization of the vector. This has been achieved by genetic engineering of 
vector genes encoding vector surface components (Ogorelkova et al. 2006; Poller 
et al. 2002b), by bi-functional antibodies binding both to a vector surface epitope 
and a cellular structure specific for the desired target cells (Noutsias et al. 2001), or 
by bi-specific targeting proteins conjugated to the vector surface via avidin–biotin 
complexes (Perabo t al. 2003). However, none of these approaches has achieved 
similar success in vivo as the most recent generation of pseudotyped AAV vectors 
(in particular AAV8 and AAV9 for cardiac targeting), although use of these vectors 
may be combined with further tropism optimization by introducing additional 
alterations in the pseudotyped AAV capsids, and with tissue-specific promoters.

It should be emphasized that in order for the above tropism modifications to 
become useful in vivo the vectors first need to get direct access to the desired target 
cells, which may be prevented, however, by anatomical barriers (vascular endothe-
lium, basal membrane, extracellular matrix). In addition to studies addressing the 
receptor issue, a number of approaches to overcome the anatomical barriers have 
been evaluated (Vale et al. 1999; Boekstegers et al. 2000; Beeri et al. 2002; 
Davidson et al. 2001; Price et al. 1998; Donahue et al. 1997; Hajjar et al. 1998), but 
none of these methods is simple or as yet appropriate for application in the clinical 
setting. In myocardial gene therapy, the final target cells – beyond the anatomical 
barriers – are particularly difficult targets as compared to other cell types and, at the 
current state of the art, viral vectors are the only option to achieve transfer rates 
sufficient for therapeutic efficacy. So far, no report on successful in vivo treatment 
of cardiac diseases using non-viral systems (including nanoparticles) has been pub-
lished. Given the obstacles against efficient and targeted vector delivery, the recent 
development of imaging techniques for the in vivo detection of transgene expres-
sion may greatly facilitate the further development, monitoring, and assessment of 
cardiac gene therapeutic procedures (Wu et al. 2002; Inubushi et al. 2003; Auricchio 
et al. 2003).
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2.2 Stability of Regulatory RNA or Transgene Expression

The second key issue of vector technology is the stability of transgene function (be 
it transgenic protein expression or short hairpin or pre-microRNA transcription). 
If genetic therapy for heart failure is not only meant to serve as a bridge-to-
transplant or bridge-to-recovery, then long-term stability of the therapeutic vector 
plus transgene is required. Among the virus-based vector systems used for myocar-
dial gene transfer, the currently most promising systems to achieve long-term 
stability are derived from adeno-associated viruses (AAVs). AAV vectors – although 
still difficult to produce at the high titers needed for in vivo applications – have 
shown stability for than a year in fully immunocompetent hemophilic dogs treated 
intramuscularly with a coagulation factor IX-producing AAV vector (Monahan et al. 
1998; Herzog et al. 2002). Based on the experimental data a factor IX AAV vector 
has been evaluated in a clinical phase I trial (Kay et al. 2000). The high stability 
appears to be a consequence of inherent fundamental biological properties of the 
AAV genome (Afione et al. 1996). Although it is not always clear whether trans-
gene expression occurs from integrated or episomal vector genomes, sequencing of 
vector–genome junctions has demonstrated the presence of integrated AAV 
genomes in cultured human cells and in mice after treatment with AAV vectors 
(Miller et al. 2002; Rutledge and Russell 1997; Nakai et al. 1999, 2001, 2003). 
AAV vectors have only recently been employed for the cardiac genetic treatment of 
heart failure (Hoshijima et al. 2002), for the systemic treatment of Fabry disease 
(Takahashi et al. 2002), and for substitution gene therapy of an inherited cardiomyo-
pathy due to a δ-sarcoglycan gene defect (Kawada et al. 2002), with transgene 
expression over several months in all cases.

2.3 Safety of RNA-Based and Gene Therapeutic Approaches

The third key of vector technology – of paramount importance before any clinical 
application may be considered – is the safety of the gene transfer protocols. One 
safety feature under intense investigation is approaches towards regulation of the 
transgene after injection into the host. This may not be required for any application 
but is necessary in situations when adaptation of transgene activity to the physio-
logically required level is desired. An option to shut down the transgene completely 
at any time in the case of serious adverse effects is highly desirable under safety 
considerations (Bliznakov 2002). Vectors systems that can be shut off by with-
drawal of an inducer drug have been described, most of them using doxycycline as 
inducer (Fechner et al. 2003b; Srour et al. 2003; Chtarto et al. 2003).

Safety issues inherent to specific vector types are, e.g., the inflammatory 
responses against adenoviral vectors which were transient, however, and appeared 
to be of no clinical significance in two recent cardiological clinical trials in 2002 
and 2003 employing intracoronary injection of adenoviral vectors expressing 
VEGF (Grines et al. 2002; Hedman et al. 2003). In a previous trial in the year 1999 
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(Raper et al. 2002); a liver-targeted gene therapy protocol aiming at the treatment 
of ornithin transcarboxylase deficiency had used vector doses three orders of mag-
nitude higher than those in the recent cardiological trials. The highest dose used 
therein was 3.3 × 1,010 vector particles (Grines et al. 2002), whereas in the former 
liver-directed study the multiorgan failure and death occurred in one patient who 
had received the highest dose of 3.8 × 1,013 particles (Raper et al. 2002). That 
tragic event prompted thorough additional investigations (Lehrman 1999; Marshall 
2000) into the risks of adenovector-mediated gene therapy including serious 
adverse events even if they may occur only very rarely, in predisposed individuals, 
or at very high vector doses. A survey of clinical trials in 100 cancer patients 
employing intravascular adenoviral vectors reports that doses up to 2.5 × 1,013 had 
an acceptable safety profile (Reid et al. 2002). Even very rare serious side effects 
will be considered unacceptable, however, for non-malignant diseases.

The safety of AAV vector-based cardiac gene therapy is currently under investi-
gation in a Phase I safety trial at the Mount Sinai Hospital in New York (unpub-
lished data). With respect to possible risks specific to the AAV vectors their 
immunogenicity is low as compared to adenovectors (Sun et al. 2002, 2003). 
Another possible risk has been deduced from the capacity of wild-type AAV for 
chromosomal integration which appears to be lost, however, in recombinant AAV 
vectors such as used for gene therapy (Rutledge and Russell 1997; Rutledge et al. 
1998; Miller et al. 2002, 2004). A recent study has searched for possible chromo-
somal effects of AAV vector integration (Miller et al. 2002) which deserve particu-
lar attention after a recent report on the late and unexpected occurrence of leukemia 
in children treated with retroviral vectors for severe combined immmunodeficiency 
(SCID), after successful correction of the primary genetic defect (Kohn et al. 2003). 
Whereas retroviral vectors such as used in the SCID study are integrating into the 
human genome at random sites, wild-type AAV shows a preference for chromo-
some 19 (Miller et al. 2002; Nakai et al. 1999). The possible consequences of 
genomic integration of AAV vectors deserves close attention over years, since the 
retrovector-associated leukemia occurred only years after successful ex vivo gene 
therapy for SCID by retrovirally mediated transfer of the γc gene into CD34+ cells 
(Kohn et al. 2003; Check 2003; Hacein-Bey-Abina et al. 2002, 2003).

3  RNA Interference Targeting Early Pathogenic 
Steps in Cardiomyopathies

3.1 Overview

Since coxsackievirus B3 (CoxB3) and adenoviruses may cause acute myocarditis 
and inflammatory cardiomyopathy, isolation of the common Coxsackievirus–
Adenovirus-Receptor (CAR) has provided an interesting new target for molecular 
antiviral therapy. Whereas many viruses show high mutation rates enabling them to 
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develop escape mutants, mutations of their cellular virus receptors are far less 
likely. We report on antiviral efficacies of CAR gene silencing by short hairpin 
(sh)RNAs in the cardiac-derived HL-1 cell line and in primary neonatal rat cardio-
myocytes (PNCMs). Treatment with CAR-shRNA-generating vectors resulted in 
almost complete silencing of CAR expression both in HL-1 cells and PNCMs. 
While in HL-1 cells, CAR was already silenced 24 h after transduction of CAR-
shRNA expressing vector in PNCMs CAR downregulation becomes visible only at 
day 6 and thereafter. CAR knockout resulted in strong inhibition of CoxB3 infec-
tions by up to 97% in HL-1 cells and by up to 90% in PNCMs, while adenovirus 
infections were inhibited by only 75% in HL-1 cells but up to 92% in PNCMs. We 
conclude that CAR knockout by shRNA vectors is promising against CoxB3 and 
adenovirus infections, but cell type specific CAR silencing by vector expressed 
shRNAs needs to be considered for the antiviral approaches.

3.2 Introduction to Viral Cardiomyopathies

Initially, cardiac viral infections were documented in the clinical context of acute 
myocarditis. Coxsackievirus B3 (CoxB3) was the first virus detected in this condi-
tion in humans (Bowles et al. 1986), and adenoviruses of serotypes 2 and 5 were 
later described as common agents of myocarditis in children (Bowles et al. 2003). 
Systematic screening of patients with dilated cardiomyopathy (DCM) has recently 
revealed that a rather broad spectrum of viruses may also chronically persist in 
human myocardium (Kühl et al. 2005a). It is therefore assumed that acute cardiac 
viral infections may not only cause acute illness, but also chronic heart disease if 
not definitely eliminated from the heart (Kühl et al. 2005b). The disease may 
progress to terminal heart failure and then require heart transplantation as a last 
therapeutic option.

RNA interference (RNAi) is a process of posttranscriptional gene silencing medi-
ated by double-stranded RNA (dsRNA). The introduction of double-stranded small 
interfering RNAs (siRNA) or vectors expressing short hairpin RNA (shRNA) have 
already been successfully used to inhibit the replication of multiple viruses in vitro 
and in vivo including respiratory viruses (Bitko et al. 2005), hepatitis B (Carmona et 
al. 2006; Weinberg et al. 2007; Chen et al. 2007) and C viruses (Takigawa et al. 2004), 
human herpes virus-6 (Yoon et al. 2004), cytomegalovirus (Wiebusch et al. 2004), 
SARS coronarvirus (Lu et al. 2004), HIV-1 (Hayafune et al. 2006a,b) and CoxB3 
(Merl et al. 2005; Werk et al. 2005). However, the efficiency of RNAi depends on 
exact homology of the siRNA to the target sequence. A single mismatch can be suffi-
cient to abrogate silencing by RNAi (Sabariegos et al. 2006).

Many RNA viruses encode polymerase enzymes that lack proof reading abilities 
and as a result have a high mutations rate. Thus, there is a high probability that 
viruses will rapidly develop resistance to a particular siRNA during virus replica-
tion by incorporation of nucleotide mutations within the target sequence of the 
siRNA. Furthermore, it has been shown that hepatitis C virus becomes resistant 
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against a particular siRNA after several cycles of replication by the incorporation 
of point mutations within the siRNA target sequence (Wilson and Richardson 
2005). Similar data have been reported for HIV-1 (Boden et al. 2003, 2007) and 
poliovirus infections (Gitlin et al. 2005). Therefore, therapeutic targeting of non-
variable virus-binding receptors on susceptible cells or other host cell molecules 
directly or indirectly involved in virus infections is an interesting alternative to tar-
geting of the virus itself (Werk et al. 2005; Murray et al. 2005; Anderson and 
Akkina 2005; Arrighi et al. 2004; Gao et al. 2004; Ping et al. 2004; Kameoka et al. 2004). 
One approach of this type showed that downregulation of the CD4-independent 
 attachment receptor (DC-SIGN) significantly inhibited HIV infection of dendritic 
cells (DC) and prevented the transfer of infectious HIV-1 particles from DC to T 
cells (Arrighi et al. 2004).

Adenoviruses of types 2 and 5 and CoxB3 use the Coxsackievirus–Adenovirus-
Receptor (CAR) to infect their target cells, either for virus attachment (adenovi-
ruses) or virus internalization (CoxB3) (Bergelson et al. 1998). Therefore, CAR 
represents an attractive target for the inhibition of cardiac CoxB3 and adenovirus 
infections. It has been shown recently that suppression of CAR by RNAi results in 
inhibition of CoxB3 infections (Werk et al. 2005; Coyne and Bergelson 2006). These 
studies were carried out with cells of non-cardiac origin and chemically synthesized 
siRNAs were used to inhibit CAR expression. However, the therapeutic use of syn-
thetic siRNAs is significantly limited by their rapid degradation in target cells result-
ing in only transient gene silencing (Watanabe et al. 2004). Moreover, most cells of 
cardiac origin are very difficult to transfect with chemically synthesized siRNAs 
even in vitro. These problems are significantly aggravated in vivo. Despite intense 
efforts during recent years systemic and target organ-specific delivery of siRNAs 
remains a major hurdle for in vivo applications of RNAi.

Therefore, we investigated the antiviral potential of CAR gene silencing in 
cells of cardiac origin by use of newly developed AdVs generating shRNA 
against murine or rat CAR (shCAR). shCAR treatment of HL-1 cells and primary 
neonatal rat cardiomyocytes (PNCMs) led to almost complete silencing of CAR 
gene expression and efficient inhibition of CoxB3 infection, while efficient inhi-
bition of adenovirus infections was only seen in PNCMs. The studies also 
revealed cell type-specific responses of cellular CAR protein to shCAR treatment 
which need to be considered as important determinants of this new antiviral 
approach in vivo.

3.3 Results of an Anti-Virus Receptor Approach

3.3.1 Selection and Specificity of Mouse CAR shRNAs

To investigate the efficacy of CAR silencing for the inhibition of adenovirus and 
CoxB3 infection in cardiac HL-1 cells, we generated a total of three shRNAs 
(shCAR2m, shCAR3m, shCAR4m) directed against extracellular domains of the 



140 W. Poller et al.

mCAR splice variants mCAR-1 (Bergelson et al. 1998) and mCAR-2 (Tomko et al. 
1997) (Fig. 2) following published siRNA selection criteria (Reynolds et al. 2004). 
DNA oligonucleotides encoding these shRNAs were then cloned into expression 
plasmids under the control of a murine RNA polymerase III U6 promotor. To test 
their efficacies, we co-transfected 293T cells with shCAR2m, shCAR3m, or 
shCAR4m-expressing plasmid, together with plasmids expressing recombinant 
mCAR1 and mCAR2. As a transfection control a plasmid expressing an irrelevant 
shRNA was used. To determine the extent of recombinant mCAR1- and mCAR2-
mRNA downregulation, total cellular RNA was isolated 48 h after transfection and 
Northern blot hybridization was carried out. These experiments showed that two 
shRNAs were highly efficient: shCAR2m with 93% silencing, and shCAR4m with 
97% silencing of mCAR1- and mCAR2-mRNA. The control shRNA affected nei-
ther mCAR1- nor mCAR2-mRNA expression (Fig. 3a). To analyze the specificities 
of shCAR2m and shCAR4m, both were also tested for downregulation of human 
CAR (hCAR) by co-transfection with a plasmid expressing recombinant soluble 
hCAR. None of the mouse CAR-specific shRNAs influenced human CAR-mRNA 
expression. In contrast, a human-specific shRNA efficiently silenced hCAR-mRNA 
expression (Fig. 3b). Considering that shCAR2m has only one mismatch and 
shCAR4m three mismatches as compared to hCAR-mRNA, these experiments 
indicate very high species-specificity of the selected mCAR-shRNAs.
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Fig. 2 Structure of adenovectors for shRNA transcription. Schematic illustration of recombinant 
AdshCARm and the sequence of shCAR: the 5′-ITR represents nucleotide positions 1–342 of 
adenovirus type 5; the shCAR expression cassette is composed of an U6 = RNA polymerase III 
promoter and an shCAR sequence; the individual shCAR motifs consist of 19 (shCAR2m,
shCAR3m) or 21 nucleotides (shCAR4m) corresponding to the coding regions of mCAR1 and 
mCAR2. The two motifs that form the sense and antisense strand of the shRNA are separated by 
a loop of nine nucleotides. A transcriptional termination signal of five tymidines is added at the 
3′-end of the inverted repeat. Whereas shCAR2m and shCAR3m are directed against the IG1 extra-
cellular domain of CAR (shCAR2m = nucleotides 246–264; shCAR3m = nucleotides 311–329), 
shCAR4m is directed against the nucleotides 448–468 of the IG2 extracellular domain; 3′-ITR
right inverted terminal repeat of adenovirus 5. Note: siRNA sequence in shCAR2m matches com-
plete to mouse and rat CAR target sequences
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3.3.2 Silencing of mCAR in Mouse Cardiac HL-1 Cells

To determine the optimal AdV dose for transduction of mouse cardiac HL-1 cells, we 
first transduced HL-1 cells with a GFP-expressing marker AdV at an MOI from 5 to 
1,000. At an MOI from 60 to 100 GFP expression was seen in 76–80% of the cells, 
whereas no cytotoxic effects were observed. Further dose escalation resulted in an only 
slight further increase of transduction rate (Fig. 4a), and at an MOI of 500 or higher 
cytotoxic effects became evident (increase of apoptotic cells, reduction of cell growth). 
HL-1 cells express mCAR1 but no mCAR2 on their cell surface (not shown). Therefore, 
the silencing capacity of the new AdshCAR4m (Fig. 2) which expresses the above 
evaluated most efficient shCAR4m was investigated with respect to mCAR1 expression 
in HL-1 cells only. To assess the amount of AdV-generated shCAR4m, HL-1 cells were 
transduced with AdshCAR4m at an MOI from 5 to 1,000. Twenty-four, 48, and 72 h 

Fig. 3 Efficiency and specificity of shCARm-mediated mCAR silencing. (a) Selection of 
shCARm. 293T cells were co-transfected with mCAR1 (upper panel) or mCAR2 (lower panel)
plus shCAR2m, shCAR3m, or shCAR4m expression plasmid. Northern blot analysis performed 
48 h after transfection showed efficient downregulation of both mCAR1- and mCAR2-mRNA 
expression by shCAR2m and shCAR4m as compared to untransfected and control-shRNA 
(shPLBr) transfected cells. Experiments are made in triplicates (upper panel) and duplicates 
(lower panel). (b) Specificity of shCARm. 293T cells were co-transfected with human soluble 
CAR (hCAR) plus shCARm or human CAR-shRNA (pAdshCARh) expression plasmids. 
Northern blot analysis was performed as above. None of the shCARm downregulated hCAR, 
whereas human CAR-shRNA led to strong downregulation of hCAR-mRNA. Determination of 
β-actin expression was included as loading control. Experiments were made in duplicate
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Fig. 4 Downregulation of mCAR mRNA in HL-1 cells by AdshCAR4m. (a) AdV-mediated gene 
transfer efficacy. HL-1 cells were transduced with Ad5CMVGFP (MOI from 5 to 1,000) and the 
fraction of cells expressing GFP was quantified by flow cytometry 48 h later. (b) AdV-mediated 
shCAR4m expression levels. HL-1 cells were transduced with AdshCAR4m (MOI from 5 to 
1,000) and the shCAR4m expression level (shown as arbitrary units, aU) was then measured by 
real-time RT-PCR (upper panel) and agarose gel electorphoresis (lower panel, 24 h after transduc-
tion) at the indicated time points. HL-1 cells transduced with the vector AdshPLBr served as 
controls. (c) Downregulation of mCAR-mRNA expression by AdshCAR4m. HL-1 cells were 
transduced with AdshCAR4m or AdshPLBr (MOI from 5 to 1,000) and mCAR-mRNA expres-
sion was measured by real-time RT-PCR at the indicated time points
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later the expression of shCAR4m was analyzed. A time- and dose-dependent transcrip-
tion of shCAR4m was detected (Fig. 4b). As a consequence of shRNA expression, 
strong downregulation of mCAR1-mRNA was observed 48 and 72 h after transduction. 
Near maximal reduction of 85–90% was observed at an MOI of 100. Higher doses did 
not result in  significant further downregulation of mCAR1-mRNA (Fig. 4c). These 
results indicate that an MOI of 100 was optimal for HL-1 transduction, since this dose 
allowed strong downregulation of mCAR1-mRNA in HL-1 cells, while cytotoxicity of 
the viral vector was still very low.

We next investigated mCAR1 protein expression after transduction of HL-1 cells 
with AdshCAR4m at an MOI of 100. To disrupt pre-existing membrane-associated 
mCAR1, HL-1 cells were trypsinized 24 h after AdshCAR4m transduction and then 
re-seeded. This procedure led to ablation of mCAR1 protein at the cell surface 2 
days after transduction (Fig. 5a/b). In contrast, control cells rapidly re-expressed 
mCAR1 (Fig. 5b). Two days after AdshCAR4m treatment, a few cells still dis-
played some membrane-associated mCAR1 immunoreactivity (Fig. 5b), probably 
reflecting residual mCAR1 domains still anchored in the cell membrane after 
trypsinization. At days 3 and 4 after AdshCAR4m transduction mCAR1 immuno-
reactivity disappeared from HL-1 cells, whereas it remained permanently detectable 
in the control cells (Fig. 5b). Interestingly, CAR was only expressed at cell-to-cell 
contact sites in HL-1 cells suggesting that the observed stability of CAR in intact 
monolayers is determined by homophilic or heterophilic CAR interaction at cell-to-
cell contact sites. Together, the results indicate that AdshCAR4m treatment effi-
ciently inhibits de novo synthesis of mCAR1.

3.3.3 Inhibition of CoxB3 Replication in HL-1 Cells by AdshCAR4m

The antiviral effect of mCAR1 silencing was now investigated with respect to 
CoxB3 for which cellular CAR constitutes the internalization receptor. For this 
purpose, we first investigated the CoxB3 protective efficacy of AdshCAR4m as a 
function of dose, at an MOI of AdshCAR4m ranging from 10 to 100, using the 
same trypsin-involved experimental procedure as described above. HL-1 cells 
were infected with CoxB3 48 h after transduction with AdshCAR4m and the 
amount of new generated progeny virus determined six days later. Virus plaque 
assays clearly demonstrated that CoxB3 replicates in HL-1 cells, but at a rather 
low frequency, since no cytopathogenic effect was visible during the 6-day inves-
tigation period. As expected, the strongest reduction of CoxB3 progeny virus 
production by 97% was observed at the highest AdshCAR4m dose with an MOI 
of 100. Nevertheless, MOIs of 50 and 25 still led to significant inhibition of 
CoxB3 replication by 85 and 75%, respectively, whereas a MOI of 10 showed no 
significant effect (Fig. 6a). To investigate whether disruption of pre-existing CAR 
affects CoxB3 infection we treated HL-1 cells with the trypsin-involved experi-
mental procedure as described above or omitted the trypsin step after AdshCAR4m 
transduction. Titers of CoxB3 progeny virus generated 5 and 6 days after CoxB3 
infection were strongly reduced by about 97% in AdshCAR4m-transduced cells, 
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irrespective of whether membrane-associated CAR was disrupted by trypsiniza-
tion or not (Fig. 6b). These experiments indicate that AdshCAR4m inhibits 
CoxB3 replication in HL-1 cells with high efficacy. Moreover, proteolysis of 
membrane-associated CAR seems to be not affect CoxB3 infection.

3.3.4 Inhibition of Adenovirus Infection of HL-1 Cells by AdshCAR4m

CAR is also involved in adenovirus infection as attachment receptor. To inves-
tigate the long-term efficacy of AdshCAR4m with respect to the inhibition of 
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Fig. 5 Downregulation of mCAR1 protein in HL-1 cells by AdshCAR4m. (a) Detection of 
mCAR1 ablation by Western blot analysis. HL-1 cells were transduced with AdshCAR4m or the 
control vector AdshPLBr (MOI of 100) for 24 h. Cells were then trypsinized, re-seeded, and inves-
tigated using the polyclonal rabbit-anti-CAR antibody H-300 directed against the extracellular 
domain of CAR. mCAR1 protein became undetectable as early as 2 days after transduction with 
AdshCAR4m, whereas in the controls mCAR1 protein was abundantly expressed. (b) Detection 
of mCAR1 knockdown by indirect immunofluorescence. HL-1 cells were treated as in (a).
mCAR1 expression was detected by indirect immunofluorescence using the polyclonal rabbit-
antibody RP-291 (Sollerbrant et al. 2003) directed against the CAR variant with intracellular SIV 
tail (mCAR variant 1, accession no. NM_001025192). mCAR1 was abundantly expressed over the 
whole investigation period (4 days after transduction) in HL-1 cells transduced with control vector 
(left-hand panels). In contrast, mCAR1 was visible at low levels 2 days after transduction but 
became undetectable at later time points (right-hand panels). Cell nuclei are stained with DAPI 
and overlayed images are shown. Notably mCAR1 was localized only at cell–cell contact sites 
(white arrows), whereas cell membrane regions not in contact with other cells displayed no 
mCAR1 protein (yellow arrows). mCAR2 expression was not detectable in HL-1 cells by using 
polyclonal rabbit-antibody RP-194 [56] directed against the CAR variant with intracellular TVV 
tail (mCAR variant 2, accession no. NM_009988) (not shown)
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Fig. 6 Inhibition of CoxB3 infection by mCAR silencing in HL-1 cells. (a) Inhibition of 
CoxB3 replication as a function of AdshCAR4m dose. HL-1 cells were transduced with 
AdshCAR4m or control vector at variable MOIs ranging from 10 to 100. The cells were trypsi-
nated 24 h later, re-seeded and infected with with CoxB3 (at an MOI of 1) 24 h later. Plaque 
assays were carried out 6 days post infection. Asterisks indicate significant differences (p < 
0.05). (b) Inhibition of CoxB3 replication by AdshCAR4m as a function of trypsin treatment. 
HL-1 cells were transduced with AdshCAR4m or control vector (MOI of 100) as in Fig. 5. 24 h 
later cells were trypsinated and re-seeded (with trypsinization) or medium was changed (with-
out trypsinization). 48 h after transduction the cells were infected with CoxB3 at an MOI of 1. 
Five and six days later cells were lysed by three freeze/thaw cycles and virus titers were deter-
mined by plaque assay on HeLa cells (left-hand diagram). Right side Example for plaque assay 
on HeLa cells using a dilution of 1:500 of HL-1 cell lysate from AdshCAR4m and control vec-
tor transduced cells
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adenovirus infection and to investigate whether proteolysis of pre-existing CAR 
affects adenovirus infection, HL-1 cells were transduced with AdshCAR4m 
versus the control vector at an MOI of 100. Twenty-four hours later, cells were 
either trypsinized and re-seeded, or the medium was changed (treatment with-
out trypsinization). At 2, 3, 4 and 5 days after transduction, the cells were 
infected with a luciferase marker adenovirus (MOI of 5). The measurement of 
luciferase activity 24 h later revealed persistent reduction of marker gene 
expression of about ≈75% in AdshCAR4m-treated HL-1 cells during the 5-day 
investigation period. This clearly demonstrates that CAR-shRNA treatment 
inhibits adenovirus uptake into HL-1 cells, but markedly less efficient than for 
CoxB3. Inhibition of adenovirus infections was closely similar between 
trypsinized and non-trypsinized cells (Fig. 7) indicating that proteolysis of 
CAR does not affect the function of CAR in adenovirus infections.
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Fig. 7 Inhibition of adenovirus infection by mCAR silencing in HL-1 cells. (a) Inhibition of 
adenovirus infection by AdshCAR4m (with trypsinization). HL-1 cells were treated as in Fig. 5. 
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marker adenovirus (MOI of 5) and luciferase expression was measured 24 h later
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3.3.5 The Anti-Adenovirus and Anti-CoxB3 Effect of CAR Silencing in PNCMs

As HL-1 cells represent a permanent tumor cell line from heart, we were also inter-
ested in investigation of the effect of CAR silencing onto viral infection in primary 
cardiac cells. For this reason, PNCMs were transduced with AdshCAR2m, which 
shRNA sequence complete matches with mouse and rat CAR sequences or the 
control vector AdshGFP, both at an MOI of 100. At this dose nearly 80% of 
PNCMs are transduce with AdV (results not shown), which is closely similar to the 
HL-1 cells. Following treatment of PNCMs with AdshCAR2m CAR expression 
was unaffected up to day 3 after transduction, but it becomes strongly downregu-
lated 6 days and 8 days after transduction (Fig. 8a). As a consequence of delayed 
CAR downregulation challenge of AdshCAR2m-treated PNCMs with CoxB3 
(MOI of 1) resulted in delayed inhibition of CoxB3 replication. In fact, significant 
reduction of CoxB3 replication was seen if PNCMs were infected with CoxB3 at 
day 6 and 8 but not at day 3 after AdshCAR2m transduction. Moreover, inhibition 
of CoxB3 replication strongly depended on the initially used AdshCAR2m dose. 
An MOI of 100 of AdshCAR2m resulted in reduction of CoxB3 titers of about 66 
and 90%, while an MOI of 25 resulted in reduction of CoxB3 titers of only 16 and 
34% at day 6 and 8, respectively (Fig. 8b). Very similar results were obtained if 
AdshCAR2m (MOI 100) transduced PNCMs were infected with AdVs. Adenovirus 
uptake was reduced of about 85% at day 6 and about 92% at day 8 after 
AdshCAR2m transduction, while no effect was seen at day 3 (Fig. 8c).

3.4 Discussion of Anti-Viral Strategies

CoxB3 and adenoviruses are common agents of acute myocarditis and inflammatory 
cardiomyopathy (Bowles et al. 1986; Kühl et al. 2005a). Although interferon-β treat-
ment has the potential to eliminate cardiotropic viruses and to improve heart function 
in patients with myocardial persistence of viral genomes (Kühl et al. 2003), no spe-
cific treatment against CoxB3 and adenovirus infections is available to date. With 
respect to antiviral therapy, RNAi is a promising new technology. Its therapeutic 
potential against viral infections has been demonstrated in multiple in vitro and in 
vivo studies (Bitko et al. 2005; McCaffrey et al. 2003; Carmona et al. 2006; Park et 
al. 2003; Merl et al. 2005; Werk et al. 2005). Despite encouraging results, however, 
several reports have revealed a fundamental general problem of siRNA-based antivi-
ral therapy. Due to the requirement for strict sequence-specificity between therapeutic 
siRNA and target mRNA, even single point mutations in the viral target sequence 
may result in the rapid selection of escape mutants during persistent viral infections 
(Wilson and Richardson 2005; Boden et al. 2007; Gitlin et al. 2005).

In this study, we show that inhibition of CoxB3 and adenovirus infections is possible 
via silencing of the CAR receptor by means of vector-generated CAR-shRNA. This 
strategy is an attractive alternative to siRNA-based silencing of virus-encoded gene, 
since it drastically reduces the probability of escape mutant development (Arrighi et al. 



148 W. Poller et al.

2004). In contrast to previous work (Werk et al. 2005), our investigations were carried 
out in myocardial cells representing the actual targets for CoxB3 and adenovirus infec-
tions in acute myocarditis and inflammatory cardiomyopathy (Kandolf 2004). 
Treatment of HL-1 cells with the shCAR vector led to efficient and stable removal of 
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Fig. 8 Inhibition of CoxB3 and adenovirus infection in PNCMs by CAR silencing. (a) Detection 
of rat CAR downregulation by Western blot analysis. PNCM’s were transduced with AdshCAR2m 
or the control vector AdshGFP (each MOI of 100) for 3, 6, and 8 days and than investigated for 
CAR expression using the polyclonal rabbit-anti-CAR antibody H-300. (b) PNCMs were trans-
duced with AdshCAR2m or the control vector AdshGFP (MOI of 25, 50 and 100) for 3, 6 and 8 
days and then infected with CoxB3 (MOI of 1). Cells were harvested 3 days later and CoxB3 
plaque titers determined by plaque assay. Asterisks indicate significant differences (p < 0.05). (c)
PNCMs were transduced with AdshCAR2m or the control vector AdshGFP (each at MOI of 100) 
for 3, 6 and 8 days and then transduced with a luciferase marker adenovirus (MOI of 5). Luciferase 
expression was measured 24 h later. Asterisks indicate significant differences (p < 0.005)
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mCAR protein from the cell surface and consequently, to significant inhibition of 
CoxB3 and adenovirus infection of these cells. Remarkably, adenovirus internalization 
was reduced by only ≈75% despite near complete silencing of mCAR expression, while 
CoxB3 infection was inhibited by up to 97%. In PNCMs, however, CAR silencing 
resulted in up to 92 and 90% inhibition of adenovirus and CoxB3 infection, respec-
tively. Adenovirus binding to cells is not exclusively mediate by CAR. Type 2 and 5 
adenoviruses use CAR to attach to the cell surface (Bergelson et al. 1997), while its 
internalization occurs through αvβ1, αvβ3, and αvβ5 integrin (Tomko et al. 1997; 
(Wickham et al. 1993; Li et al. 2001). Others have shown that heparan sulfate gly-
cosamino-glycans and MHC class I molecules may also be involved in the binding of 
adenovirus 2 and 5 (Hong et al. 1997; (Dechecchi et al. 2001). Moreover, expression of 
receptors involved in adenovirus infection is highly variable between different cell types 
and tissues (Fechner et al. 1999). Thus, variable receptor expression levels and interac-
tion of adenoviruses with cell type specific expressed alternative receptors is the most 
likely explanation for the failure of complete CAR silencing to achieve efficient block-
ade of adenovirus infection in HL-1 cells. To enhance efficacy in inhibition of adenovi-
rus infection via the anti-receptor approach, therefore, it seems to be necessary to 
simultaneously inhibit CAR and its co-receptors.

In contrast to the anti-adenovirus experiments, the anti-CAR approach was 
efficient with respect to CoxB3 in both HL-1 cells and PNCMs. The magnitude of 
inhibition of CoxB3 infection correlated well with the vector-induced ablation of 
mCAR from the cell surface and emphasizes the key role of CAR for CoxB3 infec-
tions of cardiac cells. The molecular reason for the differences of anti-CAR treatment 
in adenovirus versus CoxB3 infections may be due to the unique role playing CAR 
during CoxB3 infection as it induces conformational changes in the virus capsid that 
are essential for CoxB3 entry into the target cell (Coyne and Bergelson 2006). The 
high efficacy of the shCAR vector against this virus indicates, that CAR silencing is 
a promising therapeutic approach against CoxB3 infections of the myocardium. 
Previous studies have shown a similar degree of inhibition when using siRNAs 
directed against CoxB3 viral genomic RNA or its RNA intermediate (Merl et al. 
2005; Werk et al. 2005; Yuan et al. 2005). Combination of direct anti-viral approaches 
which are prone to escape mutant development with the current anti-receptor strategy 
are likely to further increase the efficacy of RNAi-based antiviral therapy.

Recently, it has been shown that silencing of CAR by chemically syntheti-
sized siRNA inhibited CoxB3 infection in human cells of non-cardiac origin 
(Werk et al. 2005). However, this approach decreased virus titers by only ≈60% 
which is markedly less than in the present study employing AdV-generating 
shCAR. This difference should be the result of high transduction efficacy of 
AdVs and the prolonged high-level expression of the shCAR. A bottleneck of 
chemically synthesized siRNAs is its transient silencing activity of ≈3 days in 
cardiac cells (Watanabe et al. 2004). Viral vectors expressing shRNAs, however, 
enable long term silencing of target genes in cells of cardiac origin (Fechner et 
al. 2007) and allow efficient delivery of transgenic sequences to the heart (Ikeda 
et al. 2002; Wang et al. 2005). Between them, pseudotyped AAV2/9 vectors 
seems to be most promising vectors for cardiac gene transfer as they enable 
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highly efficient transduction of the heart by use of the simple intravenous application 
route (Pacak et al. 2006; Inagaki et al. 2006).

CAR is a cell adhesion protein mediating homotypic (Cohen et al. 2001; Honda 
et al. 2000) and heterotypic (Zen et al. 2005) intercellular interactions. It is a com-
ponent of specialized intercellular junctions including epithelial tight junctions 
(Cohen et al. 2001), neuro-muscular junctions (Shaw et al. 2004), and myocardial 
intercalated discs (Noutsias et al. 2001). We found it to be localized exclusively at 
cell-to-cell contact sites between HL-1 cells, possibly as a consequence of cell 
membrane-associated CAR stabilization through homotypic (CAR–CAR) or heter-
otypic (CAR–protein) intercellular protein interactions. In contrast to previous 
CAR silencing attempts using synthetic siRNAs, the newly developed viral vectors 
AdshCAR4m and AdshCAR2m achieved near complete and stable knockout of 
CAR. This was an essential prerequisite to reveal significantly different kinetics of 
CAR protein ablation in different cell types, in particular an unexpectedly high sta-
bility of CAR in primary cells versus a stable cell line. These data may be explained 
by cell type-specific CAR protein kinetics. But, differences in CAR mRNA stabil-
ity or processing of the CAR-shRNA through the RNA interference machinery also 
have to be taken into account. The delayed downregulation of CAR following vec-
tor-mediated CAR-shRNA delivery into primary cardiomyocytes is relevant for in 
vivo investigations, since the time lag between vector application and CAR silenc-
ing needs to be taken into consideration in antiviral therapy studies.

One important concern associated with downregulation of a cellular receptor mol-
ecule for antiviral therapy is possible side effects resulting from ablation of the nor-
mal cellular functions of the receptor. During organogenesis, CAR is highly expressed 
in the heart, but rapidly downregulated post partum (Fechner et al. 2003a). In a 
recently published genomic mouse knockout model, cardiomyocyte-specific CAR 
deletion resulted in severe cardiac anomalies and death between day 11.5 and 13.5 of 
embryonal development (Chen et al. 2006; Dorner et al. 2005). If the CAR gene 
became ablated late in embryonic development, however, the CAR-deficient animals 
survived into adulthood and had no evident cardiac anomalies (Chen et al. 2006). This 
finding suggests that CAR silencing by RNAi as employed in our study should be 
well tolerable over considerable periods of time, during which virus migration and 
spreading were efficiently inhibited. Furthermore, treatment of HL-1 cells with AdV-
generating shCAR revealed no side effects since we found no changes in cell growth, 
cell morphology, or F-actin cytoskeleton protein expression (not shown). However, as 
CAR is an integral component of the tight junctions and may play an important role 
in cell methabolism in several tissues and organs, experiments have to confirm that 
shRNA-mediated CAR knockdown does not have undesirable side effects in vivo.

In summary, high efficacy of CAR gene silencing by shRNAs in cardiac-derived 
cells was observed against CoxB3, while variable results were obtained for adeno-
viruses. In contrast to previous silencing attempts using siRNAs or shRNA-plasmid 
the newly developed shRNA-vectors were able to achieve near complete and stable 
knockout of CAR transcription. This in turn revealed significantly different 
responses of cellular CAR protein to CAR-shRNA treatment which need to be 
considered as important determinants of this new antiviral approach in vivo.
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4  RNA Interference to Improve Cardiac Function in Advanced 
Heart Failure

4.1 Overview

Impaired function of the phospholamban (PLB)-regulated sarcoplasmic reticulum 
(SR) Ca2+ pump (SERCA2a) contributes to cardiac dysfunction in heart failure 
(HF). PLB downregulation may increase SERCA2a activity and improve cardiac 
function. Small interfering (si)RNAs mediate efficient gene silencing by RNA 
interference (RNAi). However, their use for in vivo gene therapy is limited by 
siRNA instability in plasma and tissues, and by low siRNA transfer rates into target 
cells. To address these problems we developed an adenoviral vector (AdV) tran-
scribing short hairpin (sh)RNAs against rat PLB and evaluated its potential to 
silence the PLB gene and to modulate SERCA2a-mediated Ca2+ sequestration in 
primary neonatal rat cardiomyocytes (PNCMs). Over a period of 13 days, vector 
transduction resulted in stable >99.9% ablation of PLB-mRNA at an MOI of 100. 
PLB protein gradually decreased until day 7 (7 ± 2% left), whereas SERCA, Na+/
Ca2+ exchanger (NCX1), calsequestrin (CSQ2), and troponin I (TnI) protein 
remained unchanged. PLB silencing was associated with a marked increase in ATP-
dependent oxalate-supported Ca2+ uptake at 0.34 µM of free Ca2+, and rapid loss of 
responsiveness to PKA-dependent stimulation of Ca2+ uptake was maintained until 
day 7. In summary, these results indicate that AdV-derived PLB-shRNA mediates 
highly efficient, specific, and stable PLB gene silencing and modulation of active 
Ca2+ sequestration in PNCMs. The availability of the new vector now enables 
employment of RNAi for the treatment of HF in vivo.

4.2  Regulatory RNA- and Gene-Based Therapies of Heart 
Failure

Heart failure (HF) remains a leading cause of mortality in the developed world. 
Deteriorated function of the failing heart has been partially attributed to dysfunc-
tion of the PLB-controlled SERCA2a (Piacentino et al. 2003). Reduction of both 
SERCA2a expression and PLB phosphorylation (Wolska et al. 2002; Schmidt et al. 
1999) may contribute to this dysfunction. Nonphosphorylated PLB keeps the Ca2+

affinity of SERCA2a low resulting in decreased SR Ca2+ uptake, slowed relaxation 
and decreased SR Ca2+ load, while PLB phosphorylation in response to β-adrener-
gic stimulation relieves this inhibition. Germline transgenic approaches for ablation 
of PLB expression and function in mice (Luo et al. 1994), and somatic gene transfer 
for dominant negative PLB mutants (Iwanaga et al. 2004; Hoshijima et al. 2002), 
PLB-antisense-RNAs (Eizema et al. 2000; Li et al. 2005; He et al. 1999; delMonte 
et al. 2002), or intracellular inhibitory PLB antibodies (Dieterle et al. 2005; Meyer 
et al. 2004) were employed to increase cardiac SR Ca2+ transport activity and hence 
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the contractile function of cardiomyocytes under physiological and diseased condi-
tions. RNA interference (RNAi) mediated by chemically synthesized siRNAs was 
recently employed to silence PLB expression in cardiomyocytes (Watanabe et al. 
2004). RNAi relies on post-trancriptional, sequence-specific gene silencing via 
small homologous double-stranded RNAs (Leung and Whittaker 2005). Its silenc-
ing efficacy is higher than that of antisense RNAs (Ogorelkova et al. 2006). 
Nevertheless, therapeutic use of synthetic siRNAs is significantly limited by their 
rapid degradation in target cells, resulting in only transient gene silencing (Watanabe 
et al. 2004), and by the difficulties in achieving sufficient transfer rates into multiple 
cells of therapeutic interest including cardiomyocytes. These limitations are 
significantly aggravated in vivo and despite intense efforts in recent years systemic 
delivery of siRNAs remains a major hurdle for in vivo applications of RNAi (Lewis 
et al. 2002). Since viral vector systems have been shown to be suitable to overcome 
these limitations in vitro and in vivo, we have developed a novel adenoviral vector 
(AdV) suitable for transcription of shRNA targeting PLB. Treatment with this vec-
tor resulted in highly efficient and specific PLB gene silencing in primary neonatal 
rat cardiac myocytes (PNCMs) which was stable over 2 weeks and associated with 
a marked increase in the SERCA2a-catalyzed SR Ca2+ sequestration.

4.3  RNAi-Based Modulation of Cardiac Ca2+ Homeostasis 
in Heart Failure

In order to select potential PLB-siRNA sequences for the generation of PLB-shR-
NAs, we initially co-transfected Cos-7 cells with an GFP-rat PLB fusion con-
struct plus different siRNAs directed against rat PLB. Among five tested siRNAs, 
three were highly efficient in downregulating the fusion transcripts. The most 
efficient of these siRNAs was then cloned into a shRNA expression plasmid, as a 
DNA sequence encoding the PLB-shRNA. The co-transfection experiments with 
the GFP-rat PLB fusion constructs showed the very high efficacy of PLB-
shRNA17 (Fig. 9). Based on these results we constructed an AdV designated 
AdshPLBr which generates PLB-shRNA17 (Fig. 10). To assess the efficacy of the 
vector AdshPLBr in downregulating endogenously expressed PLB in the actual 
target cells, we transduced primary neonatal rat cardiomyocytes (PNCMs) with 
AdshPLBr and investigated the dose- and time-dependency of its action. A con-
trol AdV (AdshCAR4m) generating an shRNA irrelevant for PLB and cardiac 
Ca2+ metabolism was employed to test for target specificity of AdshPLBr. The 
treatment of PNCMs with AdshPLBr resulted in strong dose-dependent down-
regulation of PLB-mRNA expression, by 27% at an MOI of 10 and by 87% at an 
MOI of 100, 2 days after transduction (Fig. 11a). Rapid, strong, and enduring 
PLB silencing was observed after treatment of PNCMs with AdshPLBr (MOI = 
100) over a prolonged 13-day investigation period. PLB-mRNA abundance was 
extremely low <0.1% of baseline as quantitated by real-time-RT-PCR (not shown) 
as early as day 1 and remaining at this level until day 13 (end of experiment). By 
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contrast, PLB-mRNA expression stayed at baseline level both in non-transduced 
controls and AdshCAR4m-treated PNCMs (Fig. 11b). Similar but delayed 
changes occurred at the PLB protein level. A decrease in PLB protein became 
first visible on day 3 (51 ± 4% remaining) as compared to controls. PLB protein 
then further decreased continuously until day 7 (7 ± 2% remaining). By contrast, 
the protein levels of SERCA2, NCX1, TnI, and CSQ2 remained unchanged indi-
cating the absence of unspecific side effects on these cardiac proteins of both the 
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Fig. 10 Map of AdshPLBr vector and PLB-shRNA sequence
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vector itself and of the shRNA that it generates (Fig. 12a/b). To examine the 
functional consequences of the PLB-shRNA-induced decline in the PLB protein 
level, PNCMs were transduced with AdshPLBr or control vector AdshCAR4m 
(each at an MOI of 100). Cell homogenate SR Ca2+ uptake rates were determined 
at submicromolar (0.34 µM) and saturating (3.68 µM) free Ca2+ concentrations. 
At the latter, the SR Ca2+-ATPase is known to be insensitive to non-phosphor-
ylated PLB, whereas at submicromolar Ca2+ non-phosphorylated PLB has been 
shown to decrease the Ca2+ affinity of this enzyme 17. The rate of Ca2+ uptake 
determined at 0.34 µM free Ca2+ and normalized to the maximum uptake rate 
(Vmax) values at saturating Ca2+ (relative Ca2+ uptake rate) did not differ between 
non-transduced and AdshCAR4m- or AdshPLBr-treated PNCMs one day after 
transduction day 1 (approximately 45% of Vmax each). The relative Ca2+ uptake 
rate remained at this level both in non-transduced and AdshCAR4m-transduced 
PNCMs until day 7 after transduction. In contrast, it increased steadily in 
AdshPLBr-transduced PNCMs reaching 100% of Vmax on day 5 after transduc-
tion and remaining at this high level until the end of the experiment on day 7 (Fig. 
13a). This indicates an increase in the Ca2+ affinity of the SR Ca2+-ATPase in the 
PLB-deficient PNCMs.

Fig. 11 Silencing of PLB-mRNA expression by AdshPLBr-generated PLB-shRNA. (a) Dose-
dependency of AdshPLBr-mediated PLB-mRNA downregulation. PNCMs were transduced with 
AdshPLBr or a control vector as indicated. Cells were harvested 48 h later and Northern-blot car-
ried out using a rat PLB specific probe. To confirm equal RNA, loading blots were striped and 
rehybridized with an α-actin specific probe. (b) Time-dependency of AdshPLBr-mediated PLB-
mRNA downregulation. PNCMs were transduced with AdshPLBr or a control vector at an MOI 
of 100. Cells were harvested at indicated time points after transduction and Northern-blot carried 
out as described above. Note: PLB-mRNA was undetectable during the complete 13 days investi-
gation period in PNCMs transduced with AdshPLBr while its expression stayed unaffected in cells 
transduced with the control vector
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As shown in Fig. 13b, a linear relationship between the relative rates of Ca2+

uptake and the respective relative PLB protein levels was observed in AdshPLBr-
transduced PNCMs. In addition we investigated the degree of stimulation of Ca2+

uptake by protein kinase A (PKA)-dependent in vitro phosphorylation following 
transduction of PNCMs with AdshPLBr at an MOI of 100. On day 1 after transduc-
tion the PKA-induced increase in the rate of Ca2+ uptake was 82% both in 

Fig. 12 Time-dependency of AdshPLBr-mediated PLB protein downregulation. (a) Western blot 
analysis of PLB protein expression. PNCMs were transduced with AdshPLBr or a control vector 
at an MOI of 100. Cells were harvested at indicated time points after transduction and Western-
blots carried out. Significant PLB downregulation became visible 3 days post-transduction while 
the expression levels of SERCA, NCX1, TnI, and CSQ2 were unaffected during the 7-day inves-
tigation period (b) Relative expression levels of PLB, SERCA, NCX1, TnI, and CSQ2 protein 
normalized to the respective Western blot signals at the corresponding time points in control vec-
tor-transduced PNCMs
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non-transduced and in AdshPLBr-transduced PNCMs. In homogenates of AdshPLBr-
transduced PNCMs this PKA stimulation became completely lost around day 4/5 
after transduction, whereas approximately 1.5-fold stimulation of Ca2+ uptake was 
observed on days 4–7 in non-transduced PNCMs (Fig. 14).
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Fig. 13 SR Ca2+ uptake in PNCM homogenates after AdshPLBr-mediated PLB silencing. 
(a) Relative Ca2+ uptake at 0.34 µM free Ca2+ in homogenates of PNCMs. PNCMs were transduced 
with AdshPLBr or a control vector at an MOI of 100. Cells were harvested at indicated time points 
and SR Ca2+ uptake rates were determined at submicromolar (0.34 µM) and saturating (3.68 µM) free 
Ca2+ concentrations. Values after 3 min of uptake were normalized to the maximum uptake at a satu-
rating Ca2+ of 3.68 µM. Control Non-transduced cells. (b) Relative Ca2+ uptake versus percent 
change in PLB protein in PNCMs homogenates on days 1–7 post-transduction. Data were calculated 
from the results obtained from Ca2+ uptake experiments (a) and PLB protein expression (Fig. 12b)
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4.4  Discussion of an RNAi-Based Approach to Heart Failure 
Therapy

We demonstrated highly efficient and specific ablation of endogenous PLB expres-
sion in PNCMs by PLB-shRNA expressed from an AdV. shRNA transcription 
resulted in downregulation of endogenous PLB-mRNA below 0.1% of baseline, 
persisting for 13 days. No changes of the expression of other cardiac proteins 
including Ca2+ handling proteins occurred, indicating high target specificity of the 
PLB-shRNA vector. A control vector had no effect on PLB indicating absence of 
unspecific effects of shRNA per se on PNCMs. At the functional level, the 
SERCA2a Ca2+ affinity was markedly increased after PLB silencing accompanied 
by a loss of responsiveness to PKA-dependent stimulation of Ca2+ uptake. 
SERCA2a and PLB form a functional complex regulating Ca2+ uptake. Altered lev-
els of either protein may therefore have profound effects by changing the PLB/
SERCA2a ratio and thereby altering intracardiac Ca2+ homeostasis. This was 
demonstrated in normal and diseased hearts by use of transgenic animal models 
or gene transfer approches targeting PLB or SERCA2a (Iwanaga et al. 2004; del-
Monte et al. 2001; Vetter et al. 2002; Miyamoto et al. 2000). Reduction of the 
PLB/SERCA2a ratio was achieved by classical overexpression of cDNAs encod-
ing SERCA2a, a dominant negative PL mutant, or PLB-targeted antibodies. We 
and others have employed antisense RNAs directed against PLB-mRNA (Eizema 
et al. 2000; He et al. 1999).

In contrast, RNAi-based therapeutic strategies are not yet widely employed in 
the cardiovascular field. Synthetic siRNAs were recently employed to downregulate
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PLB in cardiomyocytes (Watanabe et al. 2004). Since siRNAs enable only transient 
gene silencing, we have developed an AdV generating shRNAs mediating efficient, 
specific, and stable PLB silencing. With respect to the duration of silencing a strik-
ing difference between previous work using synthetic siRNAs (Watanabe et al. 
2004) and the current AdV-based approach was observed. siRNAs resulted in 
downregulation of PLB-mRNA to 5% of baseline within 12 h, but this effect was 
almost completely lost after 4 days. In contrast, PLB-mRNA levels remained below 
0.1% of baseline over a 2-week period after PLB-shRNA-AdV treatment. Vector-based
shRNA generation was clearly superior to synthetic siRNAs with respect to silencing
stability. With respect to the efficacy of silencing the PLB-shRNA-AdV resulted in 
>99.9% ablation of PLB-mRNA, whereas a former study using a PLB-antisense-
RNA-AdV achieved maximal PLB-mRNA ablation ≈75% (Eizema et al. 2000). 
In line with previous reports, we found PLB ablation to improve SERCA2a depend-
ent intracellular Ca2+ handling. Significant upregulation of SERCA2a Ca2+ affinity 
was first observed when PLB protein was down to 50% of baseline. Interestingly, 
PLB downregulation to 20% was sufficient to mediate maximal increase in the Ca2+

affinity of SERCA2a, further reduction had no additional effect. There was a steady 
loss of responsiveness to PKA-dependent Ca2+ uptake stimulation by PLB-shRNA, 
and complete loss of responsiveness was observed on day 4–7. There was no loss 
of responsiveness to PKA-dependent Ca2+ uptake stimulation in the control groups. 
This indicates that the RNAi-mediated PLB silencing was linked to the anticipated 
loss of responsiveness of the SR Ca2+ transport system to PKA-dependent phospho-
rylation normally mediated through PLB.

Although RNAi is a powerful method for gene silencing, its implementation for 
therapeutic purposes in humans requires that two technical problems are solved. First, 
instability of chemically synthesized siRNAs in plasma and cells requires their repeti-
tive administration in vivo. The loss of initially efficient target gene silencing in cardio-
myocytes within 3 days allows an estimate of the required siRNA application frequency 
for this specific target tissue. The problem may be overcome by viral vector systems 
producing shRNAs over long time periods in vivo. For intermediate stability, AdV-
shRNA systems as used here may suffice, and even provide advantages over long-term 
stable AAV vectors (Wang et al. 2005; Minamisawa et al. 1999a,b) if the RNAi effect 
is needed only temporarily in an acute and potentially reversible condition (e.g., heart 
failure due to viral or autoimmune myocarditis). Second, cardiac targeting of synthetic 
siRNAs is currently only possible by experimental methods unsuitable for possible 
transfer to any clinical setting (Lewis et al. 2002). In contrast, recent developments in 
vector technology (e.g., pseudotyped AAVs with cardiotropic properties) are likely to 
allow cardiac targeting of transgene and shRNA expression cassettes by simple intrave-
nous injection (Inagaki et al. 2006; Pacak et al. 2006). Importantly, the small expression 
cassette and specific PLB-shRNA sequence used in this study can easily be incorpo-
rated in different AAV and other vectors selected for purpose. Within the framework of 
our proof-of-concept study which introduces a novel PL-shRNA tool we have not per-
formed in vivo work, since the efficacy of PLB ablation for heart failure therapy in ani-
mal models has already been demonstrated (Iwanaga et al. 2004; delMonte et al. 2001; 
Vetter et al. 2002; Miyamoto et al. 2000). In future cardiac gene therapy studies, we will 



RNA Interference and miRNA Modulation in Cardiomyopathies 159

use pseudotyped AAV8 and AAV9 vectors, since two recent studies (Inagaki et al. 
2006; Pacak et al. 2006) have demonstrated important advantages of these pseudotypes 
over lentiviruses, adenoviruses, and previously used AAV vectors. One remaining chal-
lenge is the modification of the cassette in such a way as to allow exogenously regulat-
able shRNA expression and adjustment of the degree of PLB modulation to changing 
physiological conditions. This appears to be particularly important in humans since 
chronic PLB deficiency due to genomic mutations was associated with cardiomyopa-
thies (Schmitt et al. 2003; Zhao et al. 2006; Haghighi et al. 2003, 2006). Whereas in 
mice complete knockout of PLB (as may also be achieved by RNAi) was able to rescue 
the severe cardiomyopathic phenotype of MLP knockout mice (Minamisawa 1999a,b), 
suggesting that unregulated PLB silencing is appropriate in this species, application in 
humans most probably requires regulatable RNAi. Recent studies by our group have 
extended the repertoire of RNAi vector for the suppression of PLB by a series of AAV9-
based vectors. A long-term in vivo study of both the original AdV described above and 
analogous AAV9 vectors have demonstrate that over periods of 1 month (for the AdV 
vector) and 3 months (for the AAV9 vector) these RNAi vector significantly improve 
systolic and diastolic cardiac function, reduce cardiac hypertrophy and dilation, and 
improve survival (in the case of the AAV vectors only) (unpublished data). Furthermore, 
the catecholamine-induced deregulations of several functionally relevant miRNA in 
cardiomyocytes were restore to normal by RNAi vector treatment (unpublished data).

5 Clinical Perspectives and Unanswered Questions

5.1 Three Levels of Cardiac Targeting

During the past decade, the molecular and structural foundations and the key prob-
lems associated with cardiac gene therapy – and thereby also many of those encoun-
tered in regulatory RNA-based approaches – have been defined in considerable detail. 
It has become obvious that efficient and selective transport of any regulatory RNA or 
cDNA vector to the myocardium (Targeting) is a first key issue and major problem. 
Future clinical cardiac RNA and gene therapy protocols will probably involve direct 
intracoronary vector infusion to achieve target selectivity (level I of targeting). This 
may be enhanced by the use cardiac-specific promotors resulting in further confine-
ment of regulatory RNA or cDNA expression (level II). Importantly, for regulatory 
RNA, e.g., shRNA transcription common tissue-specific type II polymerase promot-
ers cannot be used since proper shRNA transcription has until recently only been 
achieved with type III promoters none of which was tissue-specific. This problem 
may be overcome, however, by the introduction of microRNA-based shRNA expres-
sion systems which also allow the use of cardiac-specific and drug-regulatable type 
II polymerase promotors. This makes level II of targeting also available for regulatory 
RNA-based therapies. Another major breakthrough in the field of cardiac RNA and 
gene therapy was the discovery that certain pseudotyped AAV vectors (in particular 
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AAV9 and derivates thereof) are cardiotropic even after simple intravenous injection 
(level III of targeting). Although AAV9 is not yet absolutely cardiac-specific but also 
reaches the liver by the intravenous route, further modification of the AAV capsid 
may solve or alleviate this issue. Currently, the use of AAV9 in combination with 
level I and II targeting already enables highly cardiac-specific RNA and gene therapy 
protocols one of which is evaluated in a first clinical trial.

5.2  Stability and Control of Regulatory RNA
and Gene Therapy

Depending on the target disease, the therapeutic goal may be achieved by regulatory 
RNA or transgene expression for only few days or weeks or require long-term of even 
life-long stability. Currently available adenovectors are capable of achieving the 
short-term goal which may also suffice in bridge-to-recovery or bridge-to-transplant 
situations. Nevertheless, even for short-term therapies the generally better safety 
profile of AAV vectors will lead to the use of this vector type in any clinical RNA or 
gene therapy protocol. For all long-term therapies AAV vectors are a priori the system 
of choice due to their impressive long-term cardiac stability and function in several 
experimental studies. Whereas control of transgene expression is available for some 
years via drug-regulatable system, this goal has only recently been achieved for regu-
latory RNA therapies. As for conventional gene therapy, optimized clinical RNA 
therapy protocols are also likely to involve drug-regulatable systems since under cer-
tain conditions shRNAs (and likely also other regulatory RNA, e.g., miRNAs) have 
shown serious adverse effects. The option to shut off their expression will therefore 
significantly add to therapeutic safety in the clinical setting.

5.3 Practical Issues of Clinical Translation

Even when the above basic issues are solved satisfactorily, the intensity of efforts to 
establish a regulatory RNA or gene therapeutic regime in the clinic will be critically 
influenced by four determinants. First, that the specific therapeutic target is not accessi-
ble by other means, e.g., conventional pharmacotherapy. Second, that the target disease 
is sufficiently severe to justify the efforts and risks of any experimental therapeutic 
approach. Third, that the number of patients which may possibly benefit from the 
experimental therapy to be established is relatively high since this will greatly facilitate 
fundraising and incorporation of industrial partners. Fourth, any therapeutic protocol 
which addresses a pathomechanism (e.g., disturbed cardiac Ca2+ homeostasis) common 
to cardiac diseases of diverse etiologies will have a broader range of application than 
strategies which target specific pathogenic steps, and need to be tailor-made for every 
different type of pathogenesis. Without doubt, in cardiovascular medicine in general and 
specifically in the fields of cardio-myopathies and heart failure, a large number of 
patients are in urgent need of improved treatment, and the first regulatory RNA and 



RNA Interference and miRNA Modulation in Cardiomyopathies 161

gene therapeutic protocols adequately fulfill the above criteria. Thus, actual clinical 
translation of first therapies of this type is likely to occur within the next decade.
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