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Abstract
The cation channel transient receptor potential melastatin 4 (TRPM4) is a calcium-activated non-selective cation channel and acts
in cardiomyocytes as a negative modulator of the L-type Ca2+ influx. Global deletion of TRPM4 in the mouse led to increased
cardiac contractility under β-adrenergic stimulation. Consequently, cardiomyocyte-specific inactivation of the TRPM4 function
appears to be a promising strategy to improve cardiac contractility in heart failure patients. The aim of this study was to develop a
gene therapy approach in mice that specifically silences the expression of TRPM4 in cardiomyocytes. First, short hairpin
RNAmiR30 (shRNAmiR30) sequences against the TRPM4 mRNA were screened in vitro using lentiviral transduction for a stable
expression of the shRNA cassettes. Western blot analysis identified three efficient shRNAmiR30 sequences out of six, which
reduced the endogenous TRPM4 protein level by up to 90 ± 6%. Subsequently, the most efficient shRNAmiR30 sequences were
delivered into cardiomyocytes of adult mice using adeno-associated virus serotype 9 (AAV9)-mediated gene transfer. Initially,
the AAV9 vector particles were administered via the lateral tail vein, which resulted in a downregulation of TRPM4 by 46 ± 2%.
Next, various optimization steps were carried out to improve knockdown efficiency in vivo. First, the design of the expression
cassette was streamlined for integration in a self-complementary AAV vector backbone for a faster expression. Compared to the
application via the lateral tail vein, intravenous application via the retro-orbital sinus has the advantage that the vector solution
reaches the heart directly and in a high concentration, and eventually a TRPM4 knockdown efficiency of 90 ± 7% in the heart was
accomplished by this approach. By optimization of the shRNAmiR30 constructs and expression cassette as well as the route of
AAV9 vector application, a 90% reduction of TRPM4 expression was achieved in the adult mouse heart. In the future, AAV9-
RNAi-mediated inactivation of TRPM4 could be a promising strategy to increase cardiac contractility in preclinical animal
models of acute and chronic forms of cardiac contractile failure.
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Introduction

TRPM4 is a Ca2+-activated, non-selective cation channel
whose expression has been detected in the human heart as
well as in the atrium and ventricle of the mouse [18, 22]. In
humans, gain-of-function mutations of the Trpm4 gene are
strongly associated with familial arrhythmia syndromes such
as Brugada syndrome and progressive familial heart block
type I [17, 20, 35]. Previous studies showed that TRPM4-
deficient mice have an increased β-adrenergic response com-
pared to wild-type mice [23]. In pressure-volume (PV-loop)
measurements, β-adrenergic stimulation with isoproterenol
(ISO) resulted in an increased left ventricular contractility
compared to control animals. In vitro studies on isolated
cardiomyocytes indicated that TRPM4 deficiency is associat-
ed with a faster repolarization of the action potential and an
increased Ca2+ influx via L-type channels with isoproterenol
stimulation [23]. Recently, we could show that the increased
ISO-evoked inotropy and elevated Ca2+ transient can only be
observed in TRPM4-deficeint mice on the 129SvJ genetic
background and the TRPM4 protein expression level is about
80% higher in wild-type 129SvJ mice than in mice with
C57B/6N background [26]. The results of this study indicate
that the relevance of TRPM4 for cardiac contractility depends
on homeostatic TRPM4 expression levels or the genetic back-
ground of different mouse strains. Studies of cardiac contrac-
tility on isolated left ventricular papillary muscles also showed
an increased contractile force in the papillary muscle of
TRPM4-/- mice compared to wild-type controls under β-
adrenergic stimulation [37]. In the same study, it was addi-
tionally observed that the activation of adenylate cyclase in the
papillary muscle of the TRPM4-/- mouse resulted in a stronger
contraction force than in papillary muscles of wild-type con-
trols. In summary, both studies suggest that TRPM4 reduces
the driving force for Ca2+ to enter cells via the L-type Ca2+

channels [23, 37]. From a translational point of view,
inactivating cardiac TRPM4 function in cardiomyocytes is a
promising approach to increase the ventricular contractility of
the heart. Blocking cardiac TRPM4 function, especially at
elevated catecholamine levels, as they occur in patients with
chronic heart failure, could lead to an improvement in cardiac
function. So far, there are no small compounds blocking
TRPM4 channels with sufficient specificity. However, if such
TRPM4 blockers existed, adverse effects could be expected
from ubiquitous TRPM4 inactivation arising from other
TRPM4-expressing cell types. Blocking the TRPM4 channel
in chromaffin cells of the adrenal medulla could lead to hy-
pertension, in mast cells to increased release of pro-
inflammatory substances, and in immune cells to increased
activation [22, 38]. Therefore, molecular inhibition of
TRPM4 biosynthesis using RNA interference (RNAi) in com-
bination with viral vector delivery to defined cell types is a
suitable alternative to modify TRPM4 function in selected

organ functions. Today, targeted RNAi strategies not only
are used in basic research to downregulate gene expression,
but also are becoming increasingly important for therapeutic
use to inhibit expression of pathological relevant genes by
harnessing the endogenous RNAi processing pathway [1,
13]. Classical short hairpin RNAs (shRNAs) under the control
of strong RNA Pol III promoters can lead to saturation of the
endogenous miRNA processing pathway, resulting in down-
regulation of endogenous miRNAs that fulfill vital functions
[9, 11]. shRNAs embedded in an miRNA background
(shRNAmiR) enable the shRNA sequence to be transcribed
efficiently by a tissue-specific RNA Pol II promoter. In con-
trast to Pol III promoter-driven shRNAs, less toxic effects
were observed when using shRNAmiR constructs [5, 24].
This may be due to weaker RNA Pol II promoters, which lead
to a lower expression level of the shRNAmiR cassette. Overall,
the artificial shRNAmiR has an improved safety profile com-
pared to classic shRNA, which is particularly important for
gene therapy approaches. Because of the short DNA sequence
and the simple design, shRNA and shRNAmiR expression cas-
settes can be packaged in AAV vectors to ensure stable and
long-term expression in non-dividing cells [10]. For targeting
of the myocardium in rodents, the AAV serotype 9 is partic-
ularly well suited after intravenous administration via the tail
vein, evidenced by the finding that an AAV9 dose of 1011

vector genome copies per mouse typically results in robust
transduction of over 90% of the cardiomyocytes in the mouse
heart [14, 34]. However, it should be noted that AAV9 trans-
duction is not limited to cardiomyocytes, and that other organs
including the liver and brain can also be transduced to a high
extent [43]. By using a cardiomyocyte-specific promoter, ex-
pression can be further restricted to cardiomyocytes [27, 32,
34, 41].

The aim of our work was to develop a highly efficient
therapeutic AAV9-RNAi strategy to abrogate TRPM4 expres-
sion in the adult heart.

Methods

Plasmid construction

Four commercially available shTRPM4miR30 (#1-#4) con-
structs from Thermo Scientific (USA) were selected and de-
livered in a lentiviral pGIPZ vector. shTRPM4mir-30 sequences
(Table S1) were flanked by recognition sites for the restriction
enzymes XhoI (5′) and MluI (3′), to facilitate an exchange of
the specific stem sequences. Two additional shTRPM4mir-30

(#5-# 6) constructs were generated. Their sequences were de-
rived from commercially available shRNAs (shRNA-#5 -
TRCN0000068684, shRNA-#6 - TRCN0000068687,
Sigma, USA), and the sequence of shRNA #5 has already
been shown to mediate robust downregulation of TRPM4 in
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mouse cells [29, 30]. The stem sequences of the two shRNAs
were synthesized and cloned into the pGIPZ vector via a di-
rected ligation using the flanking restriction enzyme recogni-
tion sites XhoI (5′) and MluI (3′). In a negative control vector,
the shRNAmiR30 sequence was removed using XhoI andMluI.

The shTRPM4miR30-tandem cassettes, containing
shTRPM4miR30-#3 and shTRPM4miR30-#4, were synthesized
with the restriction site XhoI (5′ direction) and SalI (3′ direc-
tion). The eGFP cDNA was PCR amplified containing the
restriction sites XhoI (5 ′) and SalI (3 ′). Next, the
shTRPM4miR30-tandem cassettes of the PCR-amplified
eGFP were subcloned an XhoI-cut and SalI-cut scAAV recip-
ient plasmid [4]. In addition, the expression cassettes compris-
ing three different classic shRNAs against TRPM4
(shTRPM4-#7, shTRPM4-#8, and shTRPM4-#4) under the
control of three different Pol III promoters were synthesized.
shTRPM4#-4 has the s ame sense sequence a s
shTRPM4mir30-#4. The other two shRNAs (shTRPM4-#7,
shTRPM4-#8) were generated via the online programs
siRNA Wizard (https://www.invivogen.com/sirnawizard/)
and Block-it RNAi Designer (https://rnaidesigner.
thermofisher.com/rnaiexpress/rnaiDesign.jsp). Again, the
expression cassette including the restriction sites XhoI (5′
direction) and SalI (3′ direction) was synthesized and
subcloned into the EcoRI-cut and SalI-cut scAAV backbone.

Generation and quantification of AAV9 viral particles

Recombinant AAV9 (rAAV9) vector particles were generated
and purified using the iodixanol gradient ultracentrifugation
method [8, 44]. The rAAV9 production was carried out using
HEK293T cells. First, 1.8 × 108 HEK293T cells were seeded
in a ten chamber CellStack® (Corning, USA) and cultured in
DMEM+Glutamax (Gibco, Thermo Fisher Scientific,
USA) supplemented with 10% fetal bovine serum
(FBS) and 1% Pen/Strep. After 48 h, a 1:1 molar ratio
of rAAV vector plasmid and the rep-cap AAV9 helper
plasmid (pDP9rs) was mixed and transfected using
polyethyleneimine (PEI). The cells were harvested in
3 ml lysis buffer and lysed by four freeze-thaw cycles
72 h after transfection. The vector particles were purified
using an iodixanol gradient consisting of four phases
with decreasing density (60%, 40%, 25%, 15%) and ul-
tracentrifugation at 50.000g for 135 min at 4 °C.
Approximately 3 ml of the 40% phase, in which predom-
inantly full virus particles accumulate, was recovered
with a 27G needle. Finally, the vector solution was buff-
ered into PBS using dialysis tubes (Zeba Spin Desalting
Columns 7K MWCO, Thermo Scientific, USA) and con-
centrated (VivaSpin 10K MWCO, Sartorius, Germany).
Vector titer was determined by quantifying vector ge-
nomes using a qPCR SYBR-Green assay (Biorad) and
primers listed in Table S2 [16].

Mouse experiments and genotyping

Exper imenta l procedures were approved by the
Regierungspräsidium Karlsruhe according to the
Tierschutzgesetz (T-64/18, G-89/15). TRPM4-deficient
mouse lines were described previously [38] and housed at
the Interfaculty Biomedical Faculty (IBF) Heidelberg. Mice
were kept under specified pathogen-free conditions on a 12-h
light/12-h dark cycle with water and standard food (Rod18,
LASvendi GmbH, Germany) available ad libitum. Injections
of AAV9 at 3 × 1012 vector genomes per mouse (vg/mouse)
were performed in 3-week to 8-week-old male mice. Tail vein
(TV) injections were performed in conscious-restrained mice
by injecting 200 μl vector solution into the lateral vein. Retro-
orbital sinus injections of 100 μl vector solution were per-
formed in anesthetized mice using 2% isoflurane.
Genotyping of mice carrying a trpm4− (null) allele, a trpm4-
flox allele [38], and the a-MHC-CreERT2 transgene [36] and
their wild-type siblings was carried out by PCR using the
primer pairs listed in Table S2. To obtain template genomic
(g)DNA, ear biopsies were taken and transferred into 97.5 μl
of DirectPCR buffer (Viagen, USA) supplemented with 2.5 μl
proteinase K (10 mg/ml, AppliChem, Germany) and lysed
overnight at 55 °C. Proteinase K was denatured for 45 min
at 85 °C. Taq PCR (0.3 μl Taq DNA Polymerase (lab made),
1x reaction buffer (100 mM Tris pH 8.3, 15 mM MgCl2,
500 mM KCl), 200 μM dNTPs, 500 nM primer forward and
reverse and 1.0 μl gDNA) was performed using the following
PCR protocol: 94 °C 30 s denaturation, 35 cycles of denatur-
ation at 94 °C for 10 s, annealing at 58 °C for 30 s, and
elongation at 72 °C for 30 s.

Microsomal membrane preparation

Mice were sacrificed using cervical dislocation. The thorax
was opened and the still beating heart was washed out with
0.9% NaCl (Braun, Germany) injected via the apex. Mouse
hearts were transferred in PBS and atria were removed.
Ventricular tissue was homogenized in 1 ml lysis buffer
(100 mM TRIS-HCl, 1 mM MgCl2, pH 8.0 supplemented
with 1 mM iodacetamide, 1 mM phenantholin, 0.1 mM
PMSF, 1 μg/ml antipain, 1 μg/ml leupeptin, 0.7 μg/ml
pepstatin, 1 mM benzamidine, 0.3 μM aprotinin,
AppliChem, Germany) using a 2-ml tissue grinder
(Tenbroeck Tissue Grinders, Wheaton, USA). Homogenates
were filled up to 3 ml with lysis buffer and were frozen at −80
°C for 20 min following by thawing on ice for about 1 h.
Afterwards, 15 ml of sucrose buffer (0.25 M sucrose;
10 mM TRIS-HCl; pH 7.4 supplemented with 1 mM
iodacetamide, 1 mM phenantholin, 0.1 mM PMSF, 1 μg/ml
antipain, 1 μg/ml leupeptin, 0.7 μg/ml pepstatin, 1 mM
benzamidine, 0.3 μM aprotinin, Applichem, Germany) was
added and the samples were centrifuged for 30 min at
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6000g. Subsequently supernatant was centrifuged at 50.000g
for 1 h and 45min. The resulting microsomalmembrane pellet
was dissolved in 200-400 μl sucrose buffer. Protein concen-
tration was determined by BCA assay (Thermo Scientific,
USA). Microsomal membrane fractions were supplemented
with 4x Laemmli buffer (60 mM TRIS-HCl, 10% (v/v) glyc-
erol, 5% (v/v) β-mercaptoethanol, 4% (w/v) SDS, 0.005%
(w/v) bromophenol blue; pH 6.8) and incubated at 60 °C for
20 min. Afterwards, microsomal membrane fractions were
stored at −80 °C.

Immunoblotting

Microsomal membrane fractions (50 μg/well) were loaded on
a 4-12% Bis-Tris Plus or 10% Bis-Tris Plus gel (Invitrogen,
USA) followed by gel electrophoresis at 130 V for 90 min.
Resolved proteins were electroblotted onto a 0.45-μm protran
nitrocellulose membrane (GE Healthcare, USA) at 12 mV for
60 min. Subsequently, the membrane was blocked in 5% non-
fat milk with TBST (50 mM TRIS-HCl, 150 mMNaCl, 0.1%
(v/v) Tween-20, pH 7.5) for 1 h. Membranes were incubated
in anti-GAPDH (1:500 dilution, Acris, USA), anti-TRPM4
[38] (1:100, ab578), and anti-Calnexin (1:200, ab1039) anti-
bodies at 4 °C for 24 h. Membranes were washed three times
for 10 min in TBST and were then incubated in horseradish
peroxidase-conjugated anti-rabbit antibody (1:50000, GE
Healthcare, USA) at room temperature for 2 h. Membranes
were washed two times for 10 min in TBST and once for
10 min in TBS (50 mM TRIS-HCl, 150 mM NaCl, pH 7.5).
Afterwards, membranes were incubated in SignalFire Elite
ECL (Cell Signaling, USA) for 1 min followed by the detec-
tion of chemiluminescence using digital imaging (GE
Healthcare, ImageQuant LAS 4000 mini). Protein expression
levels were measured by densitometry analysis using the
ImageJ software.

Droplet digital PCR

Droplet digital PCR (ddPCR) was carried out to determine the
AAV genome copy number per host genome using the
Magel2 gene as a diploid reference [28]. Primers and an
FAM-labeled probe specific for the bGHpA (bovine growth
hormone polyadenylation signal) sequence were used to de-
termine the AAV genome copies (Table S2). Primers and an
HEX-labeled probe were designed to determine the reference
Magel2 gene copy number (Table S2).

Genomic DNA (gDNA) from the heart, liver, and skeletal
muscle (musculus vastus lateralis) was isolated and purified
by DNAeasy Blood and Tissue kit (Qiagen, USA), and then
digested with HindIII (New England Biolabs, USA) for 1 h at
37 °C. ddPCR multiplex master mix was prepared by adding
11 μl 2 × Supermix for Probes (no UTPs) (Bio-Rad, USA),
1.1 μl 900 nM forward and reverse primers, 1.1 μl bGHpA

Probe (250 nM), 1.1 μl Magel2 Probe (250 nM), 3.3 μl
digested gDNA (7.5 ng/μl), and 3.3 μl ddH2O. Droplets were
generated using a QX200 Droplet Generator (Bio-Rad, USA)
according to the manufacturer’s protocol. The resulting drop-
lets were transferred to a 96-well PCR plate (Thermos
Scientific, USA) and end point PCR was performed using a
C1000 Touch PCR thermal cycler (Bio-Rad) and the follow-
ing PCR program: 95 °C for 5 min, 30 cycles of 95 °C for 30 s
and 54 °C for 60 s, 4 °C for 5 min, 90 °C for 5 min, and then
cooling down to 4 °C. Fluorescence FAM and HEX signals of
end point PCR products were analyzed using the QX200
droplet reader (Bio-Rad, USA) and the gene copy numbers
were analyzed using the QuantaSoft™ software (Bio-Rad,
USA, version 1.7.4.0917). The AAV genome copy number
per host genome was calculated as follows: bGHpA positive
droplets/(agel2 positive droplets/2).

Statistical analysis

Statistical analysis was performed using OriginPro 8.5 and
Excel 2010. Data are expressed as mean ± standard deviation
(SD). Statistical significance between the two groups was test-
ed using a two-sample t-test: ***p < 0.0001, **p < 0.001, *p <
0.05.

Results

Maximum achievable myocardial TRPM4 protein
knockdown: evaluation in Trpm4fx/fx/αMHC-CreERT2

mice

We reasoned that complete inactivation of the Trpm4 expres-
sion in cardiomyocytes via Cre-LoxP-mediated gene deletion
represents the most useful indicator for a maximum achiev-
able TRPM4 protein knockdown in ventricular tissue.
Provided that a specific antibody is available, the easiest
way to estimate the amount of protein present is by Western
blotting. Our experience from analysis of other low abundant
membrane proteins including TRPM4 tells that a membrane
protein fraction must first be prepared from cells or tissues
before running these proteins on SDS-PAGE and blotting
them onto a membrane for reliable detection and
quantification.

For the induction of the αMHC-CreERT2 recombinase, ta-
moxifen was administered intraperitoneally once a day on 5
consecutive days to 6-week-old Trpm4flox/flox/αMHC-
CreERT2-positive mice (Fig. 1a). Trpm4flox/flox/αMHC-
CreERT2-negative siblings served as controls and were also treat-
ed with tamoxifen. A reduction in TRPM4 protein levels was
observed in ventricular microsomal membrane fractions of
αMHC-CreERT2-positive animals already 2 weeks after the last
tamoxifen injection (Fig. 1b). Quantitative Western blot
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analysis in samples of three Cre-negative and six Cre-positive
mice showed a TRPM4 reduction of 90 ± 1% in mice with
induction of Cre expression in cardiomyocytes (Fig. 1c).
Assuming efficient Cre-mediated recombination in
cardiomyocytes, the remaining TRPM4 proteins must origi-
nate from cardiac cells other than cardiomyocytes, for exam-
ple from cardiac fibroblasts and endothelial cells [36]. The
result shown in Fig. 1b-c therefore suggests that a 90% reduc-
tion of TRPM4 is the maximum level that can be achieved by
the intended knockdown approach.

Evaluation of different shTRPM4miR30 sequences
in vitro

To achieve a specific reduction of TRPM4 protein expression
with the help of an RNAi strategy, four different commercially
available microRNA-30-based shRNAs (shTRPM4miR30)
targeting murine TRPM4 were chosen. The shTRPM4miR30

sequences were purchased from Thermo Scientific Open
Biosystems in the lentiviral pGIPZ vector (Fig. 2a). In addi-
tion, two classic shRNA sequences (shRNAmiR30 #5 and #6,
Table S1) were tested based on previously published work
[29, 30] and cloned into the lentiviral pGIPZ backbone. In
order to evaluate their TRPM4 knockdown potential, individ-
ual shTRPM4miR30 sequences were subsequently tested in
murine B16F10 cells. Screening of various cell lines regarding
TRPM4 expression revealed that murine B16F10 cells do en-
dogenously express TRPM4 proteins (Fig. 2c). All pGIPZ-
shTRPM4miR30 constructs as well as a pGIPZ control con-
struct, in which the shTRPM4miR30 cassette was removed,
were packaged into lentiviral particles (Fig. 2a). The
B16F10 cells were seeded at 100.000 cells per well and trans-
duced 24 h later with a multiplicity of infection (MOI) of 1
(Fig. 2b). All pGIPZ-shTRPM4miR30 constructs contained a
puromycin resistance cassette and selection was performed 6
days after transduction using puromycin (1 μg/ml). According
to a FACS analysis, more than 99% of cells were GFP-

positive on day 13 after selection (Fig. 2b and Fig. S1).
Such cultures of B16F10 cells expressing the individual
pGIPZ-shTRPM4miR30 constructs were expanded for
Western blotting.

In total, the shTRPM4miR30-expressing B16F10 cells were
expanded three times to obtain three independent replicates of
microsomal membrane preparations andWestern blot analysis
(Fig. 2b-c and Fig. S2). Densitometric analysis of all three cell
preparations showed that shTRPM4miR30-#4 generated the
strongest TRPM4 reduction of 90 ± 6% in B16F10 cells com-
pared to the pGIPZ- tGFP cont ro l , fo l lowed by
shTRPM4miR30-#3 with an average TRPM4 reduction of 70
± 5% and shTRPM4miR30-#1 with a reduction of 69 ± 14%
(Fig. 2d).

Myocardial TRPM4 knockdown obtained by a single-
stranded AAV9-CMV-shTRPM4miR30-tandem construct

To use the shTRPM4miR30 constructs for TRPM4 knockdown
in murine hearts, the constructs were transferred to an adeno-
associated virus (AAV) vector system, and packaged as AAV
serotype 9 that leads to highest transduction efficiency in
cardiomyocytes when applied at doses of 1 × 1011-1.8 ×
1012 vg/mouse via the lateral tail vein [14, 31, 34]. For the
RNAi-based reduction of TRPM4, high cardiac transduction
efficiency as well as a high AAV9 copy number per cardio-
myocyte should be achieved by the application of 3 × 1012 vg/
mouse.

For the AAV9-mediated shTRPM4miR30 transfer into the
mouse heart, an AAV vector was cloned, which contained the
two mos t p romis ing shTRPM4miR3 0 sequences
(shTRPM4miR30-#3 and shTRPM4mir30-#4) as a tandem con-
struct (termed “shTRPM4miR30-tandem”) under the control of
the cardiomyocyte-specific MLC260 promoter (Fig. 3a, upper
panel). Based on the size of the expression cassette and the
packaging limit of AAV, a single-stranded AAV vector
(ssAAV) had to be used.

Fig. 1 Evaluation of maximum achievable myocardial TRPM4 protein
knockdown in cardiomyocyte-specific TRPM4 knockout mice. a Course
of tamoxifen treatment in TRPM4fx/fx/αMHC-CreERT2-postive and
TRPM4fx/fx/αMHC-CreERT2-Cre negative mice. b Western blot analysis
with anti-TRPM4 and anti-Calnexin 2 weeks after tamoxifen injections.

c Quantification of the relative TRPM4 protein level in the heart of
TRPM4fx/fx/αMHC-CreERT2-positive (Cre+) mice in comparison to
TRPM4fx/fx/αMHC-CreERT2-negative (Cre−) mice. Relative protein level
of TRPM4 is expressed as mean ± SD. ***p <0.005
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Six 8-week-old male wild-type mice were treated with 3 ×
1012 vg/mouse of the shTRPM4miR30-tandem construct. The
vector was administered as single intravenous injection to the
tail vein. As a control group, four untreated siblings were
used, which were kept under the same conditions as the
AAV9-treated mice. Western blot analysis of TRPM4 protein
expression from microsomal membrane fractions of the myo-
cardium was carried out 11 weeks after AAV9 application
(Fig. 3b). Examination of the TRPM4 levels in the heart
showed a significant reduction of 46 ± 17% in TRPM4 protein

expression in the AAV9-shTRPM4miR30-tandem-treated mice
compared to untreated siblings (Fig. 3b-c).

Self-complementary scAAV9-CMV-shTRPM4miR30-
tandem-mediated knockdown of TRPM4 in the
myocardium of the mouse

Since the ssAAV-shTRPM4miR30-tandem construct did not
achieve a sufficiently high knockdown efficiency, we consid-
ered to use a self-complementary AAV (scAAV) that is often

Fig. 2 Evaluation of shTRPM4miR30 constructs in the murine B16F10
cell line. a Schematic representation of the lentiviral pGIPZ-
shTRPM4miR30 vector and the pGIPZ control vector. b Experimental
course of lentiviral transduction and analysis of the GFP fluorescence
signal in puromycin-selected B16F10 cells. cWestern blot analysis using

microsomal membrane fractions of B16F10 cells expressing either of the
six shTRPM4miR30(#1-#6) constructs to evaluate shRNAmiR30-mediated
TRPM4 knockdown. d Quantification of the relative TRPM4 protein
expression level compared to pGIPZ-tGFP control-transduced B16F10
cells
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more efficient [25]. Due to the limited packaging capacity of
the scAAV genome (2.2 kb), the WPRE sequence, the IRES,
and the reporter gene used in the previous construct were
omitted. In addition, the cardiac MLC260 promoter was re-
placed by the enhanced human CMV promoter (Fig. 3a,
middle panel), which is considered to convey higher expres-
sion levels in mouse cardiomyocytes [27]. In an alternative

approach using the same vector backbone, an expression cas-
sette consisting of three different classic shRNAs
(shTRPM4-#7, shTRPM4-#8, and shTRPM4-#4) against
TRPM4 under the control of three different RNA Pol III pro-
moters was cloned (Fig. 3a, lower panel). In this construct,
shTRPM4-#4 has the same sense sequence as in
shTRPM4mir30-#4, which achieved 90% TRPM4 reduction

Fig. 3 Evaluation of TRPM4 knockdown-mediated AAV9-RNAi con-
structs in the mouse heart 11 weeks after tail vein injection. a Schematic
representation of AAV-RNAi vectors used. b-g Western blot analysis
with anti-TRPM4 and anti-Calnexin antibodies in ventricular microsomal
membrane fractions. Single lanes represent myocardial protein fractions
of individual mice. b, c Analysis of TRPM4 expression in hearts of

ssAAV9-MLC260-TRPM4miR30-tandem treated mice compared to un-
treated siblings. d, e Quantification of the relative TRPM4 protein level
in TRPM4 protein expression in hearts of scAAV9-CMV-TRPM4miR30-
tandem-treated mice. f, gQuantification ofWestern blot analysis in hearts
of scAAV-shTRPM4-triple-treated mice. Relative expression of TRPM4
is expressed as mean ± SD. ***p <0.005
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in B16F10 when expressed after lentiviral transduction. The
other two shRNAs (shTRPM4-#7, shTRPM4-#8) were gen-
erated via the online program siRNA Wizard and Block-it
RNAi Designer.

The two experimental groups were treated with scAAV9-
shTRPM4-triple and scAAV9-shTRPM4miR30-tandem vector
particles, respectively. Four to five 8-week-old male mice were
treated with 3 × 1012 vg/mouse, and four to five untreated
siblings served as controls. Vectors were again applied by sin-
gle intravenous injection via the tail vein. Analysis of TRPM4
protein expression was carried out 11 weeks after AAV9 appli-
cation. Microsomal membrane proteins were prepared from
hearts and the TRPM4 protein levels were analyzed by
Western blotting. Densitometric evaluation of the antibody
stain intensities showed a significant reduction in TRPM4 pro-
tein expression by 50 ± 7% in the heart of mice treated with the
scAAV9-shTRPM4mir30-tandem vector (Fig. 3d-e) and by 46 ±
16% when treated with the scAAV9-shTRPM4-triple (Fig. 3f-
g) vector compared to untreated controls.

To further study the kinetics and longevity of
shTRPM4miR30-tandem expression and TRPM4 knockdown,
animals treated with additional scAAV9-shTRPM4mir30-tan-
dem production batch 2 and 3 were analyzed at a later time
point, 16 weeks after AAV9 application (Fig. 4), using
Western blotting (Fig. 4b) to evaluate whether the TRPM4
reduction would be even more pronounced after extended
shRNA expression. Indeed, densitometric analysis 16 weeks
after AAV application showed a downregulation of TRPM4
expression by 61 ± 9% in scAAV9-shTRPM4mir30-
tandem treated mice compared to untreated siblings (Fig. 4c).

Optimization of the scAAV9-CMV-shTRPM4miR30-
tandem-mediated knockdown of TRPM4 in the
myocardium of the mouse

Next, we studied the routes of AAV9 application and com-
pared tail vein injection with AAV9 injection via the retro-
orbital venous plexus. In a pilot study, mice in both experi-
mental groups were treated with 1 × 1011 vg/mouse of a
scAAV9-eGFP vector (Fig. 5a). Four weeks later, transduc-
tion efficiency was assessed using a droplet digital PCR
(ddPCR) copy number variation assay using gDNA of the
heart and other organs with high AAV9 tropism (Fig. 5c-g).
The transduction efficiency was calculated by quantifying
bGHpA (Fig. 5c) and Magel2 sequences (Fig. 5d) to deter-
mine AAV viral genome and host genome copies, respective-
ly. The analysis of normalized viral genome copies indicated
that AAV application via the retro-orbital sinus yielded a 2-
fold higher transduction efficiency (1.2 AAV copies/host ge-
nome) in the myocardium, compared to tail vein injections in
which 0.6 AAV copies/host genome were detected (Fig. 5e).
In addition, the viral load in the liver, the organ with the
highest AAV9 tropism, was significantly reduced by retro-

orbital application (7.8 AAV copies/host genome) compared
to tail vein injections (12.4 AAV copies/host genome, Fig. 5f),
while the route of application showed no significant difference
in skeletal muscle transduction (Fig. 5 g).

We then injected juvenile wild-type mice showing high
cardiac transduction efficiency with the scAAV9-
shTRPM4miR30-tandem construct via the retro-orbital sinus.
As an AAV9 transduction control, siblings were treated with
a scAAV9-eGFP in the same way (Fig. 5h). As before, the
mice were analyzed 16 weeks after AAV9 application (Fig.
5i). Hearts were subjected to microsomal membrane purifica-
tion and TRPM4 protein expression was analyzed byWestern
blotting (Fig. 5j). Densitometric analysis showed a significant
reduction in TRPM4 protein levels by 90 ± 7% in mice treated
with scAAV9-CMV-shTRPM4mir30-tandem compared to sib-
lings treated with the scAAV9-eGFP control (Fig. 5k).

Discussion

Heart failure represents one of today’s largest global health
problems and improved therapy options are urgently required.
In light of the recent clinical success of several gene therapies
for monogenic diseases, cancer gene therapy is primed to be a
most promising future option for the treatment of heart failure
[7, 33, 42]. Target molecules for this include regulators of
myocardial Ca2+ signaling, which is often derailed in the fail-
ing heart. Several previous studies have indicated that activa-
tion of the TRPM4 cation channel in cardiomyocytes nega-
tively modulates the L-type Cav channel-mediated Ca2+ in-
flux. Global knockout of TRPM4 in mouse led to increased
cardiac contractility under β-adrenergic stimulation, both un-
der basal conditions and after induced myocardial infarction
[15, 23, 37]. This raised the hypothesis that inhibition of
TRPM4 in the heart could lead to an increase in cardiac con-
tractility in patients with elevated catecholamine levels. So far,
no specific low molecular weight TRPM4 blockers are avail-
able. Since TRPM4 is expressed not only in cardiomyocytes
but also in many other cells, the use of such blockers might
lead to severe adverse drug effects, such as increasing arterial
blood pressure [22], triggering an anaphylactic reaction
through the release of pro-inflammatory factors from mast
cells [38], and increasing activation of immune cells such as
dendritic cells [2] or T cells [19, 40]. Therefore, gene transfer
of an RNAi sequence using recombinant AAV9 vectors to
specifically target the TRPM4 transcript in cardiomyocytes
may be a safer strategy. Cardiomyocytes can be transduced
with high efficiency using AAV9 vectors and, with the help of
cardiomyocyte-derived promoters in the corresponding vec-
tors, the expression and the associated knockdown of TRPM4
can be confined to the contractile myocardium with only lim-
ited expression in other organs even when AAV particles are
applied systemically [27, 41].
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In this work, specific shRNAmiR30 sequences against the
mRNA of the murine TRPM4 and distinct vector designs were
evaluated. These included a microRNA-based RNAi design,
which has an advantageous safety profile with respect to over-
saturation of miRNA processing pathway [5, 9] and can also
be expressed by tissue-specific promoters as a multi-
shRNAmiR30 transcript [39].

At the beginning of our study, various shRNAmiR30 se-
quences were screened in vitro for their efficiency in
degrading the murine Trpm4 mRNA and in thus causing
TRPM4 knockdown. We used the murine cell line B16F10,
because they were found to exhibit sufficiently high endoge-
nous expression of TRPM4 proteins for our screening of
knockout approach with shRNAmiR30 constructs. Compared
to cardiomyocytes or heart tissue, the B16F10 cells are avail-
able in unlimited amounts or can be expanded indefinitely.
This is important because for a reliable quantitative determi-
nation of TRPM4 protein levels usingWestern blotting, mem-
brane protein fractions of B16F10 cells must first be prepared.
In order to avoid a dilution of the knockdown effect after
several rounds of cell division, as would have been the case
with transient transfection approaches as well with an AAV6-
mediated gene transfer in which the transgene is not transmit-
ted to daughter cells, the shRNAmiR30 constructs were pack-
aged as lentiviruses. The benefit is that transduction with
lentiviral vectors leads to stable integration of the transgene

cassette into the host genome. The lentiviral approach has the
additional advantage that daughter cells also carry the trans-
genic information and that the transduced cells can be expand-
ed. In addition, the transgenic cassette contained a puromycin
resistance gene, which allowed for a depletion of non-
transduced cells before expansion. As a result, despite a low
initial transduction efficiency, cells that expressed the
shRNAmiR30 construct could be specifically expanded and
analyzed, which alleviated the expression analysis of low
abundant TRPM4 proteins. Using the lentiviral-based
in vitro screen, we identified three shRNAmiR30 sequences
from a total of six, which reduced the endogenous TRPM4
protein level by up to 90 ± 6%.

The primary goal of this work was to downregulate the
TRPM4 protein level in the adult murine heart to a maximum
extent that is comparable to complete gene deletion as obtain-
ed by Cre - loxP-dependen t TRPM4 de le t ion in
cardiomyocytes. The two most potent shRNAmiR30 sequences
from the in vitro screen were therefore selected for an in vivo
TRPM4 knockdown strategy suitable for therapeutic ap-
proaches and subcloned as a tandem construct under the con-
trol of the cardiomyocyte-specific MLC260 promoter. For
in vivo gene transfer, we chose AAV9 vectors at a dose of 3
× 1012 viral genomes per mouse and initially tested applica-
tion via intravenous administration, since this strategy has
already been described to achieve homogeneous and effective

Fig. 4 Evaluation of TRPM4 knockdown mediated by the scAAV9-
CMV-TRPM4miR30-tandem vector in the mouse heart 16 weeks after
tail vein injection. a Schematic representation of the vector used. b
Western blot analysis with anit-TRPM4 and anti-Calnexin antibodies in
ventricular microsomal membrane fractions after the application of
AAV9 batch 2 (upper blot) or batch 3 (lower blot). Single lanes represent

myocardial protein fractions of individual mice. c Quantification of the
densitometric Western blot analysis of TRPM4 protein expression in
hearts of scAAV9-CMV-TRPM4miR30-tandem treated mice compared
to controls. Relative expression of TRPM4 is expressed as mean ± SD.
*p<0.05, **p<0.01
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transduction efficiency in the left ventricle [3, 14, 21, 34, 41,
43].

In a first series of experiments, an ssAAV genome was
used, which contained the shRNAmiR30-tandem construct.
TRPM4 knockdown efficiency was less than 50%, 11 weeks
after AAV9 application. Since this degree of reduction is
probably too low to expect an increased cardiac contractility,
various features of the AAV-shRNA construct were further
optimized.We aimed to enhance knockdown efficiency by the
use of scAAV vectors which can achieve a faster and more
efficient expression of the transgenic cassette [25]. Because
scAAVs allow only reduced packaging capacity, we had to
remove the expression reporter (tdTomato) as well as the
WPRE sequence so that the transgene cassette was reduced
to the promoter , the shRNAmiR- tandem, and the
polyadenylation sequence.

Furthermore, an increase in the expression level of
the shRNAmiR30-tandem should be achieved by using
the CMV RNA Pol II promoter. Compared to promoters
derived from cardiomyocytes, the CMV promoter medi-
ates a significantly higher expression level in the mouse
myocardium [6, 27, 34]. However, the degree of
TRPM4 downregulation using this shRNAmiR30-tandem
construct in the scAAV backbone under the control of
the CMV promotor was also only in the range of 50%
after 11 weeks, and slightly improved (~ 60%) when
evaluated 16 weeks after vector application, supporting
the idea that extending the life-span period is beneficial.
In addition to the shRNAmiR30 RNAi approach, a clas-
sical shRNA design was developed as an alternative
RNAi approach and tested directly in vivo without prior
in vitro evaluation. However, the analysis of the

shRNA-triple construct did not increase the TRPM4
knockdown efficiency compared to the previous
ssAAV-shRNAmiR30-tandem vector. Due to concerns
about shRNA toxicity and the restriction to expression
from RNA Pol III promoters, no further test groups
were treated with the classic shRNA-triple vector in
order to increase the TRPM4 knockdown.

Since the knockdown potential of shRNA-#4 was in
the range of 90% in B16F10 cells, we reasoned that the
lower knockdown efficiency in the heart observed so far
might result from inefficient delivery to the heart and
cardiomyocytes by application to the peripheral circula-
tion via the tail vein. We therefore tested whether injec-
tion via the retro-orbital sinus may lead to improved
transduction efficiency with a given AAV9 vector. In
a first experiment, we thus compared head to head the
application via the retro-orbital sinus with injections via
the lateral tail vein and found 2-fold more AAV viral
copies per host genome with the application route via
the retro-orbital sinus. This result strengthens the hy-
potheses that the injection via the retro-orbital sinus
improves cardiac AAV9 transduction by allowing the
vector solution to reach the heart more directly without
significant dilution in the circulation. The reduced trans-
duction efficiency in the liver observed with injection
via the retro-orbital route is an additional argument for
this hypothesis. Since the retro-orbital injection can al-
ready be carried out accurately in 3-week-old mice, ju-
venile mice were used in order to minimize the distri-
bution volume of the vector solution as much as possi-
ble although it has been reported that the AAV vector
transduction is more stable in adult animals [12].
Indeed, a ~90% reduction in TRPM4 protein expression
was achieved with the latter approach.

Given that no more than 90% reduction in the ven-
tricle was obtained by Cre-loxP-mediated gene deletion
in a cardiomyocyte-specific knockout mouse, it can be
assumed that the improved AAV9-shTRPM4miR30-tan-
dem-induced knockdown of TRPM4 in cardiomyocytes
should be close to 100%. This result suggests that the
retro-orbital application route in combination with the
small distribution volume of juvenile mice achieves an
improved AAV9 transfer into the heart of the animals
and consequently leads to an increased cardiac TRPM4
knockdown. This gene silencing strategy can now be
used to treat preclinical mouse models of acute and
chronic systolic heart failure in order to restore cardiac
contractile function.

Taken together, we have successfully developed a highly
efficient AAV9-mediated RNAi strategy to achieve a vector-
induced knockdown of TRPM4 in the adult mouse heart.
Combining the robust AAV9-shRNAmiR30 design with an op-
timal route of application yielded a 90% reduction of TRPM4

�Fig. 5 AAV9 application via the retro-orbital sinus elevates cardiac trans-
duction efficiency and results in efficient scAAV9-CMV-
shTRPM4miR30-tandem-mediated TRPM4 knockdown in the moue heart.
a Comparison of the intravenous AAV9 application methods via the tail
vein (sv) and the retro-orbital sinus (ro) of the mouse. b Schematic rep-
resentation of the experimental course. c-gDetermination of AAV9 trans-
duction efficiency using droplet digital PCR (ddPCR). Droplet count
view for c viral genomes and d host genomes in hearts injected via tail
vein or retro-orbital sinus. Positive droplets are displayed in blue (viral
genome counts of the AAV containing bGHpA, bovine growth hormone
polyadenylation signal sequence) or green (host genome counts of the
Magel2 reference gene) and negative droplets in black. AAV9 transduc-
tion efficiency was quantified as viral genomes/host genome in the e
heart, f liver, and g skeletal muscle (musculus vastus lateralis). h
Schematic representation of the scAAV-CMV-shTRPM4miR30-tandem
and scAAV9-CMV-GFP control vector used. i Analysis of TRPM4 ex-
pression followed 16 weeks after AAV9 application. jWestern blot anal-
ysis with anti-TRPM4 and anti-GAPDH antibodies of ventricular micro-
somal membrane fractions. Single lanes represent myocardial protein
fractions of individual mice. k Quantification of the relative TRPM4
protein in hearts of scAAV9-CMV-TRPM4miR30-tandem-treated mice
compared to AAV9-CMV-GFP treated controls. Relative expression of
TRPM4 is expressed as mean ± SD. *p <0.05, ***p <0.005
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in the mouse myocardium. This strategy represents a promis-
ing approach to test whether TRPM4 knockdown leads to an
increase in inotropic response in healthy animals and particu-
larly in heart failure models. If successful, the strategy could
be transferred to patients with heart failure associated with
elevated catecholamine levels.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00424-021-02521-6.
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