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Abstract

A frameshift (fs) mutation in the natriuretic peptide precursor A (NPPA) gene, encoding a mutant
atrial natriuretic peptide (Mut-ANP), has been linked with familial atrial fibrillation (AF) but the
underlying mechanisms by which the mutation causes AF remain unclear. We engineered 2
transgenic (TG) mouse lines expressing the wild-type (WT)-NPPA gene (H-WT-NPPA) and the
human fs-Mut- NPPA gene (H-fsMut-NPPA) to test the hypothesis that mice overexpressing the
human APPA mutation are more susceptible to AF and elucidate the underlying electrophysiologic
and molecular mechanisms. Transthoracic echocardiography and surface electrocardiography
(ECG) were performed in H-fsMut-NPPA, H-WT-NPPA, and Non-TG mice. Invasive
electrophysiology, immunohistochemistry, Western blotting and patch clamping of membrane
potentials were performed. To examine the role of the Mut-ANP in ion channel remodeling, we
measured plasma cyclic guanosine monophosphate (cGMP) and cyclic adenosine monophosphate
(cAMP) levels and protein kinase A (PKA) activity in the 3 groups of mice. In H-fsMut-NPFA
mice mean arterial pressure (MAP) was reduced when compared to H-W7-NPPA and Non-TG
mice. Furthermore, injection of synthetic fs-Mut-ANP lowered the MAP in H-WT-NPPA and
Non-TG mice while synthetic WT-ANP had no effect on MAP in the 3 groups of mice. ECG
characterization revealed significantly prolonged QRS duration in H-fsMut-NPPA mice when
compared to the other two groups. Trans-esophageal (TE) atrial pacing of H-fsMut-NPPA mice

Corresponding Author Contact Information: Dawood Darbar, MBChB, MD, Division of Cardiology, 840 S. Wood St., 920S (MC
715), University of Illinois at Chicago Chicago, IL 60612, Telephone: +1-312-413-8870, Fax: +1-312-413-2948, darbar@uic.edu.

Disclosures: None

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Menon et al. Page 2

showed increased AF burden and AF episodes when compared with H-WT7-NPPA or Non-TG
mice. The cardiac Na* (NaV1.5) and Ca?* (CaV1.2/CaV1.3) channel expression and currents (/z
IcaL) and action potential durations (APDgy/APD5g/APD,g) were significantly reduced in H-
fsMut-NPPA mice while the rectifier K* channel current (/«,) was markedly increased when
compared to the other 2 groups of mice. In addition, plasma cGMP levels were only increased in
H-fsMut-NPPA mice with a corresponding reduction in plasma cAMP levels and PKA activity. In
summary, we showed that mice overexpressing an AF-linked A/PPA mutation are more prone to
develop AF and this risk is mediated in part by remodeling of the cardiac Na*, Ca2* and K*
channels creating an electrophysiologic substrate for reentrant AF.

Subject Terms:
atrial fibrillation; NMPPA; frameshift mutation; transgenic mouse models; APD; mechanisms
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INTRODUCTION

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia affecting over 3
million adults in the U.S. at an estimated cost of over 26 million dollars per day [1]. With the
aging of the population, the projected number of people with AF is estimated to be 12
million by 2050 [2]. The AF epidemic is further complicated by the lack of effective
therapies. Despite recent advances in catheter-based therapies, antiarrhythmic drugs (AAD)
continue to be commonly used to treat patients with symptomatic AF [3]. However, response
in an individual patient is highly variable and carries risks of proarrhythmia and extra-
cardiac toxicity. The limited efficacy of AADs is in part due to the poor understanding of the
pathophysiology of AF and failure to target therapy to the underlying mechanisms [4]. One
approach to unraveling the molecular pathogenesis of AF is by the identification of key
molecules and signaling pathways involved in familial (early-onset) forms of the arrhythmia.

Over the last 15 years, linkage analyses and candidate gene approaches have identified
mutations in cardiac ion channels, signaling molecules, and structural proteins linked with
familial AF [4]. KCNQ1, encoding the cardiac delayed rectifier K* channel current (/s),
was the first gene that segregated with familial AF [5]. Gain-of-function mutations in
repolarizing K* currents shorten action potential duration (APD) and refractoriness creating
a substrate for reentrant AF. In contrast, gain-of-function mutations in depolarizing Na* or
Ca®* increase APD and refractoriness and increase susceptibility to a triggered mechanism
of AF [4]. lon channel mutations also predispose to AF by triggering early
afterdepolarizations (EADs) and prolonging atrial action potential duration (APD). A third
mechanism of AF involves modulating expression of gap junction proteins important for
cell-to-cell communication with mutations in GJA5, encoding connexin-40, associated with
familial AF [6].
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In 2008, Hodgson-Zingman and colleagues reported a novel frameshift (fs) mutation in the
natriuretic peptide precursor A (AVPPA) gene in a large family of European descent where
familial AF segregated as an autosomal dominant trait [7]. The 2 base-pair deletion
abolished the normal stop codon resulting in 12 amino acid extension of atrial natriuretic
peptide (ANP). Circulating levels of the mutant (Mut)-ANP were 5-10 fold higher in
affected family members when compared with wild-type (WT)-ANP, in part, due to
resistance to proteolytic degradation of the mutant peptide [8]. While an isolated rat heart
model showed that the Mut-ANP shortened the monophasic APD and created a reentrant
substrate for AF, the specific ion channels modulated and the underlying molecular
mechanisms by which the MPPA mutation caused AF are poorly understood. To test the
hypothesis that mice overexpressing the human mutant AV/PPA are more susceptible to AF
and elucidate the underlying electrophysiologic and molecular mechanisms, 2 transgenic
(TG) mouse lines, one expressing the WT-NPPA gene (H-WT-NPFA), and the other
overexpressing the human fs-Mut- VPPA gene (H-fsMut-NPPA) were engineered.

METHODS

Generation of TG mouse lines:

All breeding and experiments were performed in accordance with protocols approved by the
institutional animal care and use committee (IACUC) at the University of Illinois at Chicago
(UIC) and Vanderbilt University Medical Center as per NIH guidelines. A triple FLAG-tag
(FLAG) DYKDHDGDYKDHDIDYKDDDDK was fused in-frame with the 3’ end of either
the H-WT-ANP cDNA as well as in H-fsMut-ANP containing the COOH-terminal 12 amino
acid extension isolated from the individuals with familial AF (RITAREDKQGWA-
DYKDHDGDYKDHDIDYKDDDDK). Thus, both H-WT-NPPA as well as H-fsMut-NPPA
TG mice have 22 extra amino acids. The sequence of the triple FLAG tag is:
DYKDHDGDYKDHDIDYKDDDDK-stop. WT and mutant FLAG-tagged NPPA sequences
were generated using PCR-based methods incorporating restriction enzyme sites, and
inserted into the Sal | site of a vector containing the a-myosin heavy chain (MHC) promoter
(GenBank Accession #U71441.1). Digestion with Ecil was used to differentiate between H-
WT-NPPA and H-fsMut-NPPA.

The DNA was injected directly into the pronuclei of fertilized B6D2 oocytes. TG founders
were identified by PCR using a set of primers for the a-MHC promoter and FLAG
sequences to verify the insertion/presence of the transgenes in the H-W7-NPPA and H-
fsMut-NPPA mice. TG founder mice were bred with B6D2 mice (Jackson Laboratories, Bar
Harbor, ME) and housed in a specific pathogen-free/viral antibody-free animal facility at
UIC. Mice used for the experiments were 16-28 weeks of ages. Tail biopsies from the TG
mice were isolated to genotype using the following set of primers:

1. NPPA human ORF_F [5’-ACAAGTGCTCAGTGAGCCGAATGAA-3]

2. NPPA human ORF_R [5’
CCCGCCCGAGGGCACCTCCATCTCTCTGGGC-3]

3. Alpha MYHC_F [5’-AAAAGAGGCAGGGAAGTGGT-3’]
4. HGH_R[5-ACTTGCCCCTTGCTCCATAC-3’]
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PCR analysis with forward and reverse primers in the a-MHC promoter and HGH sequence,
respectively, was used to verify the insertion/presence of the transgenes in the mouse strains.
We used PCR to confirm the expression of the transgenes using primers that crossed exon-
exon boundaries. Automated sequencing to confirm the presence of the SNP, double deletion
amino acid and 36 bp extension in the H-fsMut-NPFA of the TG mice.

1. Sequencing the DNA of the H-fsMut-NPPA Mouse Line: Sequencing of H-
fsMut-NPPA-Flag PCR fragments confirmed the presence of the genetic variant, the double
deletion amino acid and the 36-bp extension.

2. Determination of Number of Copies of H-NPPA Gene Inserted in the
Mouse DNA from the 2 TG Lines Generated: Quantitative real time PCR (qRT-PCR)
was used to determine the number of copies of NPPA for each TG mouse line using the
2(-AAC(T) Method [9, 10]. Human control genomic DNA (known to have 2 NPPA copies)
was used as the calibrator, with S-actin as the housekeeping gene.

3. Cardiac Tissue and Plasma Concentration of Human ANP in TG mouse
lines: We used an ANP-Competitive ELISA Kit (Thermo Fischer Scientific, Waltham, MA)
to measure the circulating levels of H-ANP in the plasma as per the manufacture’s
instruction. Blood samples from the 3 groups of mice were collected through cardiac
puncture and centrifuged immediately and isolated plasma samples were stored in EDTA
containing vials at —80°C until assayed. For cardiac tissue concentration we used an
immunoassay H-ANP a (1-28) EIA Kit, Phoenix Pharmaceuticals, Burlingame, CA). We
performed peptide extraction on the atrial cardiac tissue isolated from the 3 groups of mice
as per manufacturer’s instruction. The extracted peptides from the mice were then diluted
with 1x Assay buffer and used for the immunoassay. It is important to note that the 2 assays
detected both the WT-ANP which consists of 28 amino acids and the Mut-ANP containing
an additional 12 amino acids.

4. Invasive Electrophysiology: Mice were anesthetized with 1-2% isoflurane in 95%
O,. Trans-esophageal (TE) pacing was performed using a 1.1F octapolar catheter (ClBer
Cath; NuMED, Hopkinton, NY) inserted into the esophagus to the level of the heart.
Adequate catheter positioning was confirmed by TE pacing performed at 800 uV. ECG
channels were amplified (0.1 mV/cm) and filtered between 0.05 and 400 Hz [11]. A
computer-based data acquisition system (Emka Technologies) was used to record a 3-lead
body surface ECG, and 4 intraesophageal bipolar electrograms. TE pacing was performed
using 2-msec current pulses delivered by an external stimulator (STG3008-FA, Multichannel
Systems, Reutlingen, Germany). Standard clinical EP pacing protocols were used to induce
AF as previously described [12, 13]. Briefly, atrial burst pacing was performed with 300
cycles of 2 msec bursts at 800 mV and at a cycle length (CL) of 50 msec, 40 msec, 30 msec,
25 msec, 20 msec and 15 msec. Next, Verheule’s pacing protocol was performed utilizing 2
sec burst cycles at CL of 40 msec, and then decreasing in each successive burst with a 2
msec decrement down to a CL of 20 msec [12]. This was followed by TE atrial burst pacing
with eight 50 ms and four 30 ms CL train episodes repeated several times, up to a maximum
1 min time limit of total stimulation. The series of bursts were repeated twice. AF was
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defined as a period of rapid irregular atrial rhythm lasting at least 5 seconds. If one or more
bursts in the 2 series of bursts evoked an AF episode, AF was considered to be inducible in
that animal; otherwise, AF was considered to be non-inducible.

5. Blood Pressure (BP) Measurements: BP was recorded in conscious mice using a
noninvasive tail cuff BP System (CODA, Kent Scientific, Torrington, CT). Mice were placed
into restraint tubes over a warming plate, and the BP tail cuff was attached. After a period of
acclimation, a total of 30 cycles per animal was decided on to optimize the number of
measurements as previously described [14, 15]. The first 10 cycles were not used in the final
analysis. The remaining 20 cycles were evaluated according to the manufacturer’s
recommendations. Mean arterial pressure (MAP) was recorded in a proper environment
(room temperature, lighting, and noise-free atmosphere) for the 3 groups of mice with 12
animals in each group.

The synthetic peptide used in the BP measurements was the full length H-fs-Mut-ANP
consisting of 40 amino acids:
[NH2]SLRRSSCFGGRMDRIGAQSGLGCNSFRYRITAREDKQGWA-[COOH]. This was
synthesized, purified to 96% by high-performance liquid chromatography, and verified by
peptide sequencing and mass spectroscopy (Thermo-Fischer Scientific, Waltham, MA). This
peptide was injected (intraperitoneal, IP) at a physiological concentration (16 pmol/kg) to
the 3 groups of mice and MAP was re-measured 30 mins and 120 mins post injection. The
above experiment was repeated using synthetic WT-ANP peptide [NH2]
SLRRSSCFGGRMDRIGAQSGLGCNSFRY-[COOH] consisting of 28 amino acids. This
peptide was also injected at the same physiological concentration as described above.

6. Western blot: Atrial lysates were prepared from flash frozen hearts. Lysates were
prepared from Non-TG, H-WT-NPPA and H-fsMut-NPPA mice and were size fractionated
on 8-10% SDS polyacrylamide gels. The resolved gels were electro transferred on
nitrocellulose membrane. Membranes were probed with anti-FLAG rabbit polyclonal
antibody (#ab1170, Abcam, USA), anti-NaV1.5 rabbit polyclonal antibody (#ASCO005,
Almone, Israel), anti-CaV1.2 and anti-CaV1.3 polyclonal antibodies (#PA5-77297 and
#PAB-77299, Invitrogen Thermo-Fischer Scientific, USA) at 4°C overnight. The gels were
developed using anti-rabbit HRP (1:2500 dilution, Abcam, USA) and scanned on Biorad Gel
Doc (Hercules, USA). Protein signal densities were normalized to the corresponding Actin
signal densities and used for plotting data.

7. Isolation of Mouse Atrial Myocytes: The procedure for isolating mouse atrial
myocytes has been described previously [16]. Briefly summarizing, mice were administered
a 0.2 ml intraperitoneal injection of heparin (1000 1U/ml) to prevent blood clotting. Mice
were anaesthetized using isoflurane inhalation and then the heart was excised into Tyrode’s
solution (35°C) consisting of (in Mm)140 NaCl, 5.4 KCl, 1.2 KH,POy4, 1.0 MgCls, 1.8
CacCly, 5.55 glucose and 5 Hepes, with pH adjusted to 7.4 with NaOH. The right and the left
atrial appendage was dissected from the heart and cut into strips and then equilibrated and
washed in ‘low Ca2*, Mg2* free solution containing 140 NaCl, 5.4 KCI, 1.2 KH,PO4, 0.2
CacCly, 50 taurine, 18.5 glucose, 5 Hepes and 1 mg ml-1 bovine serum albumin (BSA), with
pH adjusted to 6.9 with NaOH. Atrial tissue strips were digested in 5 ml of ‘low CaZ*/Mg?*-
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free’ solution containing collagenase (type Il; Worthington Biochemical Corporation),
elastase (Worthington Biochemical Corporation, Lakewood, NJ, USA) and protease (type
XIV; Sigma Chemical Company, St. Louis, MO, USA) for 30 min. Then the tissue was
transferred to 5ml of modified KB solution containing: 100 potassium glutamate, 10
potassium aspartate, 25 KCI, 10 KH,POy, 2 MgSOy, 20 taurine, 5 creatine, 0.5 EGTA, 20
glucose, 5 Hepes and 0.1% bovine serum albumin, with pH adjusted to 7.2 with KOH. The
tissue was mechanically agitated using a wide bore pipette. This procedure yielded
individual atrial myocytes with cellular automaticity that was recovered after readapting the
cells to a physiological concentration of Ca2*.

8. AP Recording in Mouse Atrial Cells: Both left and right atrial myocytes were
isolated as described previously [22]. Atrial cells were studied in current-clamp mode by
injecting stimulus current (1-2 nA, 2 msec) at 1 Hz. APs were recorded at 37°C in Tyrodes
solution containing: 140 NaCl, 5.4 KCI, 1 MgCls, 1.8 CaCl,, 5.5 glucose, 10 HEPES (pH
adjusted to 7.4 with NaOH). The pipette solution contained: 125 K-glutamate, 20 KClI, 10
NaCl, 5 EGTA, 10 HEPES (pH adjusted to 7.2 with KOH).

9. Na* (Ina), Ca2* (Ical) and K* (Iks) Current Recordings in Mouse Atrial
Cells: Atrial myocytes from both the atria were isolated from all the 3 groups of mice using
a protocol described previously [22] for viable cardiac myocytes isolation from adult mouse
hearts. \Voltage-clamp measurements were performed in whole-cell configurations using an
Axopatch 200B amplifier controlled by pClamp10 software [23]. For Na* current (/ya)
recording, the external solution contained: 5 NaCl, 130 CsCl, 1 CaCl,, 1 MgCl,, 10 glucose,
20 HEPES, and 10uM nifedipine (pH adjusted to 7.3 with CsOH). An intracellular solution
contained: 5 NaCl, 135 CsF, 10 EGTA, 5 MgATP, 10 HEPES, with pH adjusted to 7.2 with
CsOH. Steady-state activation G-V for /y, were fitted by the Boltzmann equation as
previously described [24-25]: G/Gmax=1/(1+exp(V-V1/2)/K where G/Gmax is the relative
conductance normalized by the maximal conductance, VV1/2 is the potential of half
activation, V is test, and k was the Boltzmann coefficient. Pipettes had 2-4 MQ access
resistance. Current densities were calculated by whole-cell current amplitude and
capacitance value taken from readings of the amplifier after electronic subtraction of the
capacitive transients.

For calcium current (/Ca-L) recordings, the external solution contained 150 Tris, 10 glucose,
1 MgCl,, and 10 CaCl,, adjusted to pH 7.4 with methanesulfonic acid. An intracellular
solution contained 135 CsCl, 10 EGTA, 1 MgCl,, 4 Mg-ATP, and 10 HEPES adjusted to pH
7.3 with CsOH. /Ca-L are activated by depolarization to +10mV from a holding potential of
-80mVv

For /«srecording, the external solution contained: 140 NaCl, 4 KCl, 1.8 CaCl,, 1.2 MgCly,
10 glucose, 10 HEPES, supplemented with 10 pM nifedipine, adjusted to pH 7.4 with
NaOH. /xsrecordings were obtained as 100 UM chromanol 293B-sensitive current. An
intracellular solution contained: 100 potassium aspartate, 20 KCI, 2 MgCl,, 5 Mg-ATP, 5
EGTA, 10 HEPES, and adjusted to 7.2 with KOH. /x currents were elicited by using 4 s
voltage-clamp steps to test potentials of —30 to +50 mV, with 20 mV increments.
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10. Assessment of PKA Activation in Atrial Tissue: To determine PKA activation
we used an ELISA-based PKA kinase activity assay kit (Ab139435, Abcam, Cambridge,
UK). This kit was used for measuring the PKA activity in the lysates of frozen atrial cardiac
tissue. The frozen heart powders were mixed with the lysis buffer containing: 20 MOPS, 50
B-glycerol phosphate, 5 EGTA, 2 EDTA, 1% NP40, complete protease inhibitor cocktail
(Roche Diagnostics, West Sussex, UK) and phosphatase inhibitor cocktail 3 (Sigma,
Gillingham, UK). The samples were centrifuged at 2000 ¢ g for 5 min at 4°C to remove the
cell debris. Protein concentration was adjusted to 4 mg/ml using BCA protein assay. About 1
ug of protein of each sample were assayed according to the manufacturer’s instructions.

11. Plasma cAMP and cGMP Measurements: In-vitro assays (cGMP EIA Kkit,
Cayman Chemical Company Inc.) were performed as per manufactures instructions. The
cAMP complete enzyme immunoassay kit from Assay Designs was used as directed by the
manufacturer (#ab65355, Abcam, Cambridge, UK). Blood samples from cardiac puncture
were centrifuged immediately after collection, and isolated plasma was stored in EDTA-
containing vials at —80°C until assayed.

12. Statistical Analysis: Data are presented as mean + standard error of the mean
(SEM) or mean + standard deviation (SD) as indicated. For datasets with normal
distributions, statistical significance was determined by Student’s t-test (two-tailed) for two
groups or analysis of variance (ANOVA) as appropriate.

H-fsMut-NPPA and H-WT-NPPA TG mice express FLAG-tagged ANP in the 4 cardiac
chambers and H-fsMut-NPPA mice show elevated ANP levels:

We generated 2 TG mouse models that overexpress the human-/APPA gene. The protein
expression of FLAG-ANP was confirmed by Western blot analysis by targeting the FLAG-
epitope (Figure 1A). DNA sequencing confirmed the presence of the variant (T>C), double
deletion of amino acid and the addition of 36-bp to the original sequence (Figure 1B). Copy
number of h-NPPA expressed in each one of the transgenic lines determined by gRT-PCR
showed H-fsMut-NPPA line expresses 3.3+1.9 copies of h-NPPA (mean = SD, n=3 mice),
which suggest that this line overexpresses NPPA. The h-WT-NPPA (n=3 mice) expresses a
similar number of copies (2) than human controls (n=5 human blood samples). In both
cases, H-NPPA is expressed in addition to the expression of the endogenous mouse Nppa

(Nppa-m).

Biological activity of H-ANP-FLAG tag:

cGMP values in cells exposed to ANP were normalized to baseline levels measured in
untreated cells and expressed as fold increase. Exposure of HL-1 cells to WT-ANP increased
cGMP production (1.9+0.8 fold; n=6 cells). This increase in cGMP was similar to the
increase observed when the cells were exposed to WT-ANP-FLAG (1.8+0.5 fold, n=6 cells;
Supplementary Figure 1). These findings strongly suggest that the FLAG-tag has no
biological activity.

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Menon et al.

Page 8

Intracardiac and plasma concentrations of H-ANP levels were higher in H-fsMut-NPFPA
mice as compared to H-WT7-NPPA mice. Intracardiac tissue concentration of H-a-ANP in
H-fsMut-NPPA mice (72.23+3.80 pg/ml, P<0.0001, n=12) was ~2.6-fold higher than in W7-
NPPA mice (27.17+2.147 pg/ml, n=12; Figure 1C). The plasma level of H-a.-ANP in H-
fsMut-NPPA mice (30.71 £0.81 pg/ml, P<0.0001, n=12) was ~3-fold higher than in H-WT-
NPPA mice (10.31 £0.70 pg/ml, n=12; Figure 1D) mice.

H-fsMut-NPPA mice have lower BP compared to H-WT-NPPA and Non-TG mice:

ANP is known to act as a cardiac hormone that regulates blood volume and BP. Studies have
shown that defects in the ANP pathway contribute to major diseases such as hypertension,
cardiac hypertrophy and heart failure (HF) [17-19]. To assess the role of WT-ANP and Mut-
ANP on the BP in H-WT-NPPA and H-fsMut-NPPA mice we used the non-invasive tail cuff
BP method. The MAP was lowest in H-fsMut-NPFA (76£4 mmHg, n=12) as compared to
H-WT-NPFA (10243 mmHg, n=12) and Non-TG (121 £2 mmHg, n=12) mice (Table 1). To
ensure the effect was indeed due to H-Mut-ANP, we injected the 3 groups of mice with a
synthetic fsMut-ANP at a physiological concentration (16 pmol/kg) and then re-measured
the MAP. Synthetic fsMut-ANP reduced the MAP in H-fsMut-NPPA (52+3 mmHg,
P<0.0001, n=12), H-WT-NPFA (802 mmHg, P0.0001, n=12) and Non-TG (107+3 mmHg,
P<0.0001, n=12). Importantly, 120 min post-injection the MAP in the 3 groups of mice
returned to baseline levels. We repeated the experiment with synthetic WT-ANP at a
physiological concentration (16 pmol/kg). Measurement of the MAP 30 mins post injection
revealed no change in the MAP in all 3 groups of mice (Table 1B). This data suggests that
the elevated levels of Mut-ANP seen in H-fsMut-NPPA mice leads to reduced MAP
observed in these mice.

Electrocardiogram (ECG) and echocardiographic characterization of H-fsMut-NPPA mice:

ECG characterization revealed significantly prolonged QRS duration in H-fsMut-NPFPA
mice when compared to H-WT7-NPPA and Non-TG mice (Table 2 and Supplementary
Figure 2A). In contrast, the PR interval (Table 2) and P-wave duration (Non-TG: 15.7+2.6
sec, H-WT-NPPA: 16.8 +4.3 sec; and H-fsMut-NPPA: 18.3+3.9 sec) were unchanged in
Non-TG, H-WT-NPPA and H-fsMut-NPPA mice. TTE showed no significant differences in
left ventricular (LV) function and left atrial (LA) diameter across the 3 groups of mice (n=6
mice/group; Supplementary Table 1 and Figure 2B). Thus atrial size and ventricular function
were preserved in the 3 groups of mice.

H-fsMut-NPPA mice are more prone to AF:

As the NPPA mutation in humans segregates with AF [7], we tested the hypothesis that H-
fsMut-NPPA mice are more susceptible to AF as compared with H-W7-NPPA and Non-TG
mice. To evaluate the arrhythmogenic phenotype of the 3 groups, we performed TE
programmed stimulation of the atria which is commonly used to experimentally induce AF
in mice [20]. Upon atrial stimulation (Figure 2A) H-fsMut-NPPA mice showed increased AF
burden per mouse (17656 sec, n=11; Figure 2B) as compared to AH-WT7T-NPPA (2048.4 sec,
n=10) and Non-TG mice (0 sec, n=8) and increased number of AF episodes per mouse
(6.18+3.4; AF inducibility) versus H-WT-NPPA mice (1.8+1.9) and Non-TG mice (0; Figure
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2C). H-fsMut-NPPA mice demonstrated AF incidence of 100% versus 50% in H-WT-NPPA
and 0% in Non-TG mice (Figure 2D). Thus, H-fsMut-NPFPA mice had more readily
inducible AF and a greater total burden of AF in each mouse.

Atrial fibrosis in H-fsMut-NPPA mice:

Atrial interstitial fibrosis has been implicated in conduction abnormalities that result in an
increase in AF vulnerability [21]. To investigate whether the increased inducibility of AF in
H-fsMut-NPPA mice is due to structural remodeling, atrial tissue from H-fsMut-NPPA, H-
WT-NPPA and Non-TG mice (n=5) was stained with Masson’s trichrome (Supplementary
Figure 3). There was no evidence of atrial fibrosis in both TG mouse models.

Shortening of the APDgg is observed in H-fsMut-NPPA mice:

Electrical remodeling of the atria is considered as one of the substrate essential for AF [22,
23]. To investigate the role of APD in increased AF burden in H-fsMut-NPPA mice, we
conducted patch-clamp studies to measure atrial APD at 90% repolarization (APDg), and
the maximum upstroke of the AP in atrial myocytes isolated from the 3 groups of mice.
Representative APs for the 3 groups of mice are shown in Figure 3A. The maximum
upstroke velocity was reduced in H-fsMut-NPPA mice as compared to H-WT7-NPPA mice
(138.2 £ 4.57 mV/ms vs 159.7 + 6.707 mV/ms, P<0.05; n=6 mice/group; Figure 3B). APDgg
was significantly reduced in H-fsMut-NPFPA mice versus H-WT-NPPA mice (17.63 + 0.57
ms vs 20.73 + 0.45, P<0.01 n=6 mice/group; Figure 3C). APD,g and APDsg were also
reduced in H-fsMut-NPPA mice (2.05 + 0.14 ms and 5.97 + 0.38 ms respectively; n=6)
when compared to H-WT-NPPA (2.78 £ 0.12 ms and 7.22 + 0.34 ms respectively, n=6) and
Non-TG (2.76 + 0.1 ms and 7.16 + 0.26 ms respectively, n=6; Figure 3D-E). The resting
membrane potential (RMP) and maximum AP amplitude (APAmax) Were also measured in
the 3 groups of mice (Supplementary Figure 4A-B). Thus, H-fs-Mut-NPPA mice
demonstrated reduced APDgg, APDsg and APD,q and decreased maximum upstroke
velocity.

Downregulation of NaV1.5 and Iyg in H-fsMut NPPA mice with AF:

To explore the underlying electrophysiological mechanisms, protein levels of key ion
channels were measured in atrial tissue. In humans, only some SCN5A variants are
associated with alterations in cardiac repolarization, reduction of APD, and increased
susceptibility to AF [24]. Given this association, we sought to determine the role of NaV1.5
expression in H-fsMut-NPPA AF phenotype. Western blot of NaV1.5 in Non-TG, H-WT-
NPPA and H-fsMut-NPPA mouse atria revealed a significant reduction in NaV1.5 protein
expression in H-fsMut-NPPA and H-WT-NPPA mice as compared to Non-TG mice (Figure
4A-B). Representative /p; recordings and relative cell conductance are displayed in (Figure
4C-D). Statistical analysis of the normalized I-V plot of /5, density from the 3 groups of
mice showed a significant difference between Non-TG vs H-fsMut-NPPA (P<0.0001) as
well as H-WT-NPPA vs H-fsMut-NPPA (P<0.0001) by 1-way repeated measures ANOVA
with Tukey post hoc test (n=6 atrial myocytes/group). The reduction in NaV1.5 expression
was reflected in reduced peak /p;, density in H-fsMut-NPPA mice versus H-WT-NPPA and
Non-TG (Figure 4E). Our data showed that there were no significant alterations in Vy,
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among 3 groups of mice suggesting that H-WT-NPFPA and H-fsMut-NPPA did not alter the
gating process of the cardiac Na* channel (Figure 4F-G).

Reduced CaV1.2 and CaV1.3 expression and Icg | :

Several studies have reported that the electrophysiological remodeling accompanying
episodes of AF could be prevented by pretreatment with Ca2* channel blockers, suggesting
that Ca2* overload might initiate changes in gene expression that eventually lead to a
downregulation of atrial Ca2* current densities which may be a critical factor in
electrophysiological remodeling [24-26]. To further evaluate the electrophysiologic
mechanism for the observed shortening of the APDgq in H-fsMut-NPFPA mice, we examined
protein expression and density of the voltage-dependent /¢, ;. CaV1.2 and CaV1.3
expressions were significantly reduced in H-fsMut-NPPA mice as compared with H-WT-
NPPA and Non-TG mice (Figure 5A-C). We also showed that /c;; is markedly reduced in
H-fsMut-NPPA mice as compared with the other 2 groups of mice (Figure 5D-H). In
addition, statistical analysis of normalized 1-V plot of /., ; density from the 3 groups of
mice showed a significant difference between Non-TG vs H-fsMut-NPPA mice (P<0.0001)
and H-WT-NPPA vs H-fsMut-NPPA mice (P<0.05) by 1-way repeated measures ANOVA
with Tukey post hoc test; n=6 atrial myocytes/group (Figure 5E). Furthermore, conductance
V12 was also significantly reduced in H-fsMut-NPFA mice as compared with H-WT-NPPA
mice (Figure 5G).

Increased ks current density:

To further elucidate the electrophysiological remodeling we assessed the role of K*
channels. We showed there was an increase in /xsin H-fsMut-NPPA mice when compared
to H-WT-NPPA and Non-TG (Figure 6A-C). Thus, shortening of APD in H-fsMut-NPPA
mice is due to reduced expression of NaV1.5, CaV1.2 and CaV1.3 as well as reduced /\a
and /c, | and increased /x density.

Plasma cGMP and cAMP and PKA activity:

cAMP and cGMP are intracellular second messengers that are intimately involved in
humoral physiology of ANP. cGMP regulates cAMP signaling by phosphorylation of
distinct downstream targets like PKA and thus regulates its activity [27-30]. To evaluate the
role cGMP signaling pathway in cardiac ion channel remodeling in AF, we measured plasma
cGMP, cAMP and PKA activity in the 3 groups of mice. Baseline cGMP levels were higher
in H-fsMut-NPPA (21.70+1.68 pmol/ml, P<0.0001, n=12) mice versus H-WT-NPPA
(7.91£0.75 pmol/ml) and Non-TG mice (4.70+0.62 pmol/ml; Figure 7A). Plasma cAMP
level in H-fsMut-NPFA mice were markedly reduced (4.26+0.63 pmol/ml, P<0.0001, n=12)
when compared to the other 2 models (H-WT-NPPA. 20.62+0.75 pmol/ml, P<0.005; Non-
TG: 23.61£1.73 pmol/ml; P<0.001; Figure 7B). We also measured PKA activity /n vivo
using the atrial tissue homogenates from the mice. PKA kinase activity was significantly
reduced in H-fsMut-NPPA mice as compared to H-WT7-NPFA and Non-TG mice (Figure
7C). This data demonstrates that Mut-ANP modulates the cardiac Na* and Ca2* channels by
upregulation of cGMP thereby downregulating CAMP levels and PKA kinase activity
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DISCUSSION

The first link between a humoral peptide and AF was established when a novel mutation in
the gene that encodes ANP was identified in a large Caucasian family [7]. While an isolated
rat heart model showed that the Mut-ANP shortened the monophasic APD and likely created
a reentrant substrate for AF, the specific ion channels modulated and the underlying
molecular mechanism(s) by which the NPPA mutation caused AF were unclear. We
engineered 2 TG mouse lines expressing H-fsMut-NPFPA and H-WT-NPPA and showed that
mice overexpressing the A/PPA mutation were not only more prone to pacing-induced AF
but that this risk is, in part, mediated by remodeling of the cardiac Na*, Ca?* and K*
channels creating an electrophysiologic substrate for reentrant AF.

We showed that the H-fsMut-NPPA mice overexpressed Mut-ANP (3.3£1.9 copies) as
compared with H-WT-NPPA and Non-TG mice which expressed 2 copies. However,
cumulative evidence supports the elevated cGMP levels are more likely due to reduced
degradation of the Mut-ANP rather than differential expression of the 2 peptides. Support
for this hypothesis comes from our data showing that Mut-ANP not only elicits
electrophysiologic effects including remodeling of cardiac Na*, Ca2* and K* channels but
also physiologic effects with marked reduction in MAP when infused in H-fsMut-NPPA
mice (Table 1). Additional support is provided by a study showing that the WT-ANP and
Mut-ANP are not only preferentially degraded by neutral endopeptidase and serine
peptidases respectively but that the H-fs-mutation renders ANP resistant to proteolytic
degradation [8]. Further, human patients who are heterozygotes for the A/PPA variant carry
only one copy of the mutation [7].

Natriuretic peptides (NPs) with a longer carboxyl terminus have increased resistance to
degradation by neutral endopeptidase, in particular, Dendroaspis augusticeps natriuretic
peptide (DNP), a unique natriuretic peptide isolated from snake venom, which has a
carboxyl-terminal extension of 15 amino acids and increased cGMP-stimulating potency
[31, 32]. NPs elicit their effects by binding to NP receptors (NPR) including NPR-A, NPR-
B, and NPR-C. While NPR-A is activated by ANP, NPR-B is activated by CNP.
Furthermore, each receptor is associated with membrane-bound guanylyl cyclase (GC)
enzyme that increases the production of cGMP when a peptide is bound. The NPR-C
receptor binds to all NPs with similar affinity and activates inhibitory G-proteins (Gi) and
reduces intracellular cAMP levels. One study using MPR-C~~ knock-out mice showed that
ANP affects atrial electrophysiology via NPR-A, whereas the Mut-ANP signals via NPR-C
[33]. Furthermore, NPR-C expression is greater in human atria than that of NPR-A. In
addition, the same group reported that ANP increases /¢, via NPR-A and Mut-ANP
decreases /¢, via NPR-C. Thus, some of our observed changes in plasma cAMP and PKA
activity may in part be linked to changes in adenylyl cyclase/cAMP/PKA activity.

ANP binds to NPR-A, a GC-linked receptor mediating ANP-dependent natriuretic,
vasorelaxant and anti-hypertrophic effect [27-29, 34]. The mature 28 amino acid form of
ANP is highly conserved across species and hence interaction of H-ANP to mouse NPR-A
stimulates cGMP production [30, 35]. In our H-fsMut-NPPA mice we observed increased
cGMP levels when compared to H-WT7-NPPA and Non-TG mice along with a corresponding
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decrease in cCAMP levels and PKA activity. Collectively, these findings support our
hypothesis that cGMP activation not only leads to reduced hydrolysis of cAMP but also
diminishes PKA activity. Several studies have reported that cCAMP and PKA directly
modulate NaV'1.5 and thereby /5, density [36-39]. Furthermore, increased cGMP is reported
to reduce /¢, through activation of phosphodiesterase 3 by increasing cCAMP hydrolysis
[40].

ECG recordings in the 3 groups of mice showed that there was QRS prolongation in the H-
fsMut-NPPA mice which, in part, reflects downregulation of NaV1.5. A normal LA
diameter, atrial volume, LV function and the absence of increased atrial fibrosis in H-fsMut-
NPPA mice strongly suggests that the increased AF burden observed in our 4-6-month old
H-fsMut-NPPA mice is not related to atrial structural remodeling. Progressive electrical
remodeling of cardiac ion channels is the electrophysiologic hallmark of AF [5, 41].
Previous reports have convincingly showed that natriuretic peptides have potent effects on
cardiac electrophysiology [40, 42, 43]. Hua et al [33] showed increased AF inducibility in
mouse hearts exposed to Mut-ANP with atrial burst pacing: 62.5% (5/8) of the hearts
developed disorganized activation patterns with re-entrant and multiple ectopic foci. Our
findings are consistent with this result showing that H-fsMut-NPPA mice are more prone to
develop AF after atrial burst pacing. Studies have reported that the AP upstroke (dV/dtmax),
a major determinant of the conduction velocity in the atria [42], is regulated by the /5, and
Ic4,1 Which are major targets for natriuretic peptides in the atria [33, 40, 42, 43], Several
studies have shown that electrical remodeling of the atria characterized by the shortening of
APD is due to alteration in the expression and function of L-type Ca2* and inward rectifier
K* channels [44]. In chronic AF patients, /¢, decrease and /xs increase contribute to the
APD shortening [45]. Shortened APDqgy in atrial cells isolated from H-fsMut-NPPA mice in
combination with reduced NaV1.5 and CaV1.2/1.3 expression and decreased /yzand /o5,
densities strongly support ionic remodeling and reduced maximum upstroke velocity
creating a reentrant substrate for AF in our A/PPA mouse model.

Although the precise mechanism(s) by which A/PPA decreases expression of Na* and Ca2*
channels remain unclear a number of studies have shown that ANP plays an important role
in the expression of voltage-gated ion channels. One study showed that ANP reduced the a-
subunit of the epithelial Na* channel mRNA expression in mice [46] and the peptide
modulates KCNQ1 expression [47]. Another possible mechanism may relate to direct effects
of ANP on cardiac ion channels [48]. While there is tremendous interspecies variation of the
effect in part related to varied expression of ANP-interacting receptors and differential
protein expression levels of downstream targets, ANP directly modulates Na* and Ca2*
channels through cGMP signaling pathways [49, 50]. A third mechanism by which NVPPA
may decrease expression of Na* and Ca2* channels is by regulating expression of the
homeobox transcription factor PITX2, which has been associated with the development of
AF. PITX2works synergistically with Nkx2-51to activate the Nppa promoter [51] and as
such regulates remodeling of cardiac ion channels [52]. Thus, modulation of P/7.X2 gene
expression may be another potential mechanism by which NVPPA regulates Na* and CaZ*
channel gene expression.
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It is important to note that reduced PKA activity does not necessarily reduce peak /p;; and
Ic4,1 and depends to some extent on which residues are phosphorylated. Na* and Ca
channels are phosphorylated by specific kinases. Several studies have reported that
phosphorylation of NaV1.5 at hon-canonical PKA sites in loop I-11, S526 and S529 not only
increases NaV1.5 current but also expression [53, 54]. Since commercial antibodies are not
available for these sites, we were unable to show a direct correlation between reduced PKA
activity and decreased NaV1.5 channel expression and current in H-fsMut-NPFPA mice. In
the absence of PKA stimulation, the greatest density of NaV1.5 channels is in the
perinuclear area and activation of PKA promotes trafficking of Na* channels to the plasma
membrane. These studies suggest that activation of PKA is essential for trafficking of
NaV1.5 channels and current [54]. A reduction in /¢, is mediated by activation of the
cGMP pathway and cGMP stimulation of PDE2 activity causing inhibition of cCAMP/PKA
pathway [54, 55].

Our study has a number of limitations. The best model in which to study the
pathophysiology of the AF-linked A/PPA mutation is the patient. However, challenges
associated with procuring LA tissue, in-vivo imaging of thin-walled atria, and heterogeneity
of the underlying substrate render animals an attractive model to study the underlying
mechanisms of AF. Furthermore, TG murine models expressing cardiac ion channel
mutations and signaling proteins have identified shortening of the APD, creation of a reentry
substrate, and generation of early- and delayed afterdepolarization triggered activity
associated with ryanodine receptor-2 dysfunction as important mechanisms underlying AF
[56-58]. In our H-fsMut-NPPA mice we observed increased cGMP levels when compared
with H-WT-NPPA and Non-TG mice along with a corresponding decrease in CAMP levels
and PKA activity (Figure 7). Although we did not show this directly, several studies have
reported that both cAMP and PKA directly modulate NaV1.5 and /p;, density [36-39].
Furthermore, increased cGMP reduces /¢, through activation of PDE3 by increasing
cAMP hydrolysis [40]. Combining existing studies and our findings collectively support the
hypothesis that cGMP activation leads to reduced hydrolysis of cAMP and diminishes PKA
activity. Demonstrating that upregulating cGMP and downregulating cCAMP levels/PKA
activity would lead to the same effects would conclusively confirm the role of the cGMP
signaling pathway in the pathogenesis of AF in our H-fsMut-NPPA mice. Another potential
limitation is that we did not measure plasma and cardiac tissue concentrations of the H-Mut-
ANP in our H-fsMut-NPPA mice as the both the assays we used measured both the H-WT-
ANP and H-Mut-ANP. However, we showed that there was a graded increase in both tissue
and plasma concentrations of ANP levels across the 3 groups of mice (Figure 1C-D)
supporting elevated H-Mut-ANP levels in H-fsMut-ANP mice. A more contemporary
approach to generating a TG mouse model would use CRISPR to knock-in the mutation.
However, this technology was not available when the A/PPA mouse model was first
generated in 20009.

In conclusion, we showed that mice overexpressing an A/PPA mutation linked with familial
AF are more susceptible to pacing-induced AF and this risk is mediated, in part, by
remodeling of the cardiac Na*, Ca2* and K* channels creating an electrophysiologic
substrate for reentrant AF and modulation of the cGMP signaling pathway.
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HIGHLIGHTS

JMCC11927R1: Electrophysiologic and Molecular Mechanisms of a Frameshift NPPA
Mutation Linked with Familial Atrial Fibrillation

. The underlying mechanisms by which an A/PPA mutation causes AF are
poorly understood

. We engineered 2 transgenic mouse models expressing the wild-type and
humanized AVPPA mutation

. Mice expressing the A/PPA mutation were more prone to AF

. This risk was mediated by remodeling of cardiac Na*, Ca2* and K* channels
creating a substrate for AF
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Figure 1: Generation of transgenic (TG) lines expressing human atrial natriuretic peptide (H-

ANP):

A: Western Blot analysis of FLAG-tagged H-ANP (wild-type [WT] and mutant [Mut]) in
the TG lines H-WT-NPPA and H-fsMut-NPFA respectively. WT-ANP and Mut-ANP are
expressed in all 4 cardiac chambers: right atrium (RA), left atrium (LA), right ventricle
(RV), and left ventricle (LV). B: Sequencing of H-fsMut-NPPA-Flag PCR fragments
confirms the presence of the genetic variant (T>C), double deletion (delAA) and the
extension of the 36 base pairs that results in the anomalous 12-residue carboxyl-terminal tail
in Mut-ANP (RITAREDKQGWA). C: Cardiac tissue concentration of Human a-ANP was
measured in the purified protein fraction of heart harvested from the 3 groups of mice using
ELISA Kit; n=12/group. D: Circulating levels of H-ANP measured in the plasma of the
blood collected from the 3 groups of mice using Human-a (1-28 amino acid) ELISA Kit;
n=12/group. H-WT-NPPA vs H-fsMut-NPPA; ***P<0001; data is presented as mean + SD.
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Figure 2: H-fsMut-NPPA mice are more prone to pacing-induced atrial fibrillation (AF).
A: Atrial electrograms showing sinus rhythm (*P-wave) at baseline (top) and pacing-

induced AF in H-fsMut-NPPA mice (bottom). B: Burden (duration) of pacing-induced AF in
individual mice across the 3 groups; n = 8, 10, and 11 respectively for Non-TG, H-WT-
NPPA, and H-fsMut-NPPA mice. C: Number of AF episodes per mouse among the 3
groups. D: Incidence of AF among the 3 groups of mice. *P<0.05, **P<0.01; ***P<0.001;
****pP<0.0001; data is presented as mean = SD.
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Figure 3: Mut-ANP increases susceptibility to AF by shortening the atrial action potential
duration (APD).

A: Schematic representation of atrial AP and electrophysiologic parameters measured in
Non-TG, H-WT-NPPA and H-fsMut-NPPA mice. Measured parameters included: B:
Maximum upstroke velocity; C: APD at 90% repolarization (APDg); and D-E: APD at
20% (APDy) and APD at 50% (APDsg) repolarization, n=6 mice/group, *P<0.05;
**P<0.01; ***P<0.001; data is presented as mean * SD.
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Figure 4: Downregulation of expression of NaV1.5 leads to reduced Na™ current (I g) in H-
fsMut-NPPA mice.

A: Western blot of NaV1.5 expression in Non-TG, H-WT-NPPA and H-fsMut-NPPA mice,
n=6 mice/group. B: Fold change in NaV1.5 expression in the 3 groups of mice. C:
Representative /5, recordings in atrial cells from Non-TG, H-WT7-NPPA and H-fsMut-NPPA
mice, n=6 mice/group; currents were activated by depolarization to —50 mV for 50 ms from
a holding potential of —100 mV. D: Normalized I-V plot of current densities from atrial cells
in the 3 groups; statistical analysis of /x; I-V plot shows *** P<0.0001 (Non-TG vs H-
fsMut-NPPA) as well as (H-WT-NPPA vs H-fsMut-NPFA) with 1-way repeated measures
ANOVA with Tukey post hoc test; n=6 atrial cardiomycocytes. E: Comparison of maximum
peak /p;; density at =50 mV in the 3 groups of mice. F: V1, (mV) for conductance. G:
Relative cell conductance normalized for maximal conductance (G/Gmax); curves are
Boltzmann fits of the data points. *P<0.05; ***P<0.001; ****P<0.0001; data is presented as
mean + SD.
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Figure 5: Downregulation of CaV1.2 and CaV1.3 expression leads to reduced L-type Ca current
(Ica,L) in H-fsMut-NPPA mice.

A: Western blot of CaV1.2 and CaV1.3 expression in Non-TG, H-WT-NPPA and H-fsMut-
NPPA mice, n=6 mice/group. B-C: Fold change in CaV1.2 and CaV1.3 expression in the 3
groups of mice. D: Representative /c, | recordings in atrial cells from Non-TG, H-WT-
NPPA and H-fsMut-NPPA mice; n=6 mice/group. Ca2* currents are activated by
depolarization to +10mV from a holding potential of —-80mV. E: Normalized I-V plot of
current densities from atrial cells in the 3 groups of mice. Statistical analysis of /o, IV
curve: *** P<0.0001 (Non-TG vs H-fsMut-NPPA) and *P<0.05 (H-WT-NPPA vs H-fsMut-
NPPA) with 1-way repeated measures ANOVA with Tukey post hoc test; n=6 atrial
myocytes/group. F: Comparison of peak /., density in the 3 groups of mice. G: V2 (mV)
for conductance. H: Relative cell conductance normalized for maximal conductance (G/
Gmax); curves are Boltzmann fits of the data points. *P<0.05; **P<0.01; ***P<0.001;
****pP<(0.0001; data is presented as mean * SD.
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A Representative /x,recordings in atrial cells from Non-TG, H-WT-NPFPA and H-fsMut-
NPPA mice, n=6 mice/group. /xswere elicited by using 4 s voltage-clamp steps to test
potentials of =30 to +50 mV, with 20 mV increments. B Comparison of peak /xsdensity in
the 3 groups of mice. **P<0.01; ****P<0.0001; data is presented as mean £ SD. C
Normalized I-V plot of current densities from atrial cells in the 3 groups of mice. Statistical
analysis of /x¢ IV curve: **P<0.01 (Non-TG vs H-fsMut-NPFA), and *P<0.05 (H-WT-
NPPA vs H-fsMut-NPFPA), with 1-way repeated measures ANOVA with Tukey post hoc test;

n=6 atrial myocytes/group.
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Figure 7: Mut-ANP modulates cardiac ion channels by activating cGMP-cAMP-PKA signaling
pathway.
Baseline plasma cGMP levels were measured in Non-TG, H-WT-NPPA and H-fsMut-NPFPA

using an in-vitro cGMP EIA kit. A: Plasma cGMP levels were higher in H-fsMut-NPFPA
mice versus H-WT-NPPA and Non-TG mice. B: cCAMP levels were reduced in H-fsMut-
NPPA mice when compared to H-WT-NPPA and Non-TG mice. C: PKA activity was
reduced in the atrial tissue of H-fsMut-NPFA mice when compared to H-WT7-NPPA and
Non-TG mice. n=12/group; **P<0.01 and ***P<0.0001; data is presented as mean * SD.
CcAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; PKA,
protein kinase A.
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Table 1:
Mean arterial pressure (MAP) in the 3 groups of mice at baseline and post-infusion of synthetic fs-Mut-ANP
and WT-ANP.
STRAIN MAP 30 min post 120 min post P-value
(mmHg) fs-mutant ANP  fs-mutant ANP  (MAP pre ANP vs 30 min post ANP treatment
Non-TG 1212 107 +£3 125+ 2 <0.0001
H-WT-NPPA 102+3 80%2 99 +5 <0.0001
H-fsMut-NPPA 76+4 52+3 71+4 0.0009
STRAIN MAP 30 min post 120 min post P-value
(mmHg)  Wildtype ANP  Wildtype ANP  (MAP pre ANP vs 30 min post ANP treatment
Non-TG 127 4 121+3 131+4 ns
H-WT-NPPA 106 +3 101+4 104+ 6 ns
H-fsMut-NPPA 72+6 69 5 74+3 ns

H-fsMut-NPPA, humanized frameshift natriuretic precursor peptide A; H-WT-NPPA, humanized wild-type NPPA; ns, non-significant; TG,

transgenic. n=12 mice/group; data is presented as mean + SD.
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Electrocardiographic (ECG) characterization of the 3 groups of mice.

Table 2:

Strain PR interval (msec) | QT interval (msec) | QRS duration (msec)
Non-TG 39.8+3.7 68.3+29 223+16
H-WT-NPPA 415+2.6 73.8+1.9 28321
H-fsMut-NPPA 47.2+3.2 81.2+3.1 38.6 £3.1*

ECG parameters measured in the 3 groups of mice, n=12 mice/group. QRS duration in H-fsMut-NPPA mice (*) was significantly prolonged versus
H-WT-NPFPA mice (P<0.05) and Non-TG mice (P<0.001). Other abbreviations as in Table 1.

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 July 01.




	Abstract
	INTRODUCTION
	METHODS
	Generation of TG mouse lines:
	Sequencing the DNA of the H-fsMut-NPPA Mouse Line:
	Determination of Number of Copies of H-NPPA Gene Inserted in the Mouse DNA from the 2 TG Lines Generated:
	Cardiac Tissue and Plasma Concentration of Human ANP in TG mouse lines:
	Invasive Electrophysiology:
	Blood Pressure (BP) Measurements:
	Western blot:
	Isolation of Mouse Atrial Myocytes:
	AP Recording in Mouse Atrial Cells:
	Na+ (INa), Ca2+ (ICaL) and K+ (IKs) Current Recordings in Mouse Atrial Cells:
	Assessment of PKA Activation in Atrial Tissue:
	Plasma cAMP and cGMP Measurements:
	Statistical Analysis:


	RESULTS
	H-fsMut-NPPA and H-WT-NPPA TG mice express FLAG-tagged ANP in the 4 cardiac chambers and H-fsMut-NPPA mice show elevated ANP levels:
	Biological activity of H-ANP-FLAG tag:
	H-fsMut-NPPA mice have lower BP compared to H-WT-NPPA and Non-TG mice:
	Electrocardiogram (ECG) and echocardiographic characterization of H-fsMut-NPPA mice:
	H-fsMut-NPPA mice are more prone to AF:
	Atrial fibrosis in H-fsMut-NPPA mice:
	Shortening of the APD90 is observed in H-fsMut-NPPA mice:
	Downregulation of NaV1.5 and INa in H-fsMut NPPA mice with AF:
	Reduced CaV1.2 and CaV1.3 expression and ICa,L:
	Increased IKs current density:
	Plasma cGMP and cAMP and PKA activity:

	DISCUSSION
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Table 1:
	Table 2:

