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Hypochlorhydria reduces mortality in heart failure caused by
Kcne2 gene deletion
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Lee?, Angele De Silva?, Rian W. Manville4, Geoffrey W. Abbott?4, Torsten K. Roepkel®

1Experimental and Clinical Research Center, Berlin, Germany
?Department of Cardiology, Campus Virchow — Universitatsmedizin Berlin, Berlin, Germany
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“Bioelectricity Laboratory, Department of Physiology and Biophysics, School of Medicine,
University of California, Irvine, CA, USA

SDepartment of Cardiology and Angiology, Campus Mitte, Charité — Universitatsmedizin Berlin,
Berlin, Germany

Abstract

Heart failure (HF) is an increasing global health crisis, affecting 40 million people and

causing 50% mortality within 5 years of diagnosis. A fuller understanding of the genetic and
environmental factors underlying HF, and novel therapeutic approaches to address it, are urgently
warranted. Here, we discovered that cardiac-specific germline deletion in mice of potassium
channel B subunit-encoding Kcre2 (KcneZ“S-) causes dilated cardiomyopathy and terminal HF
(median longevity, 28 weeks). Mice with global Kcne2 deletion (KcneZC'°~/-) exhibit multiple
HF risk factors, yet, paradoxically survived over twice as long as KcneZ°S~/~ mice. Global
KcneZ deletion, which inhibits gastric acid secretion, reduced the relative abundance of species
within Bacteroidales, a bacterial order that positively correlates with increased lifetime risk of
human cardiovascular disease. Strikingly, the proton-pump inhibitor omeprazole similarly altered
the microbiome and delayed terminal HF in KcneZCS~/~ mice, increasing survival 10-fold at

44 weeks. Thus, genetic or pharmacologic induction of hypochlorhydria and decreased gut
Bacteroidales species are associated with lifespan extension in a novel HF model.
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1| INTRODUCTION

Heart failure (HF) is a devastating and increasingly common condition, affecting almost 40
million people worldwide and exhibiting a 50% mortality rate within 5 years of diagnosis.1-2
The chronic effects of HF involve cardiac muscle weakening to the extent that it can

no longer efficiently pump sufficient blood into the aorta, causing pooling of blood in

the heart. Coronary artery disease is the most common cause of HF; additional causes
include hypertension, dysfunctioning heart valves, cardiomyopathy, myocarditis, and cardiac
arrhythmias. The risk of HF increases with metabolic syndrome facets including diabetes
and obesity, other chronic diseases including hyper- or hypothyroidism, and lifestyle factors
such as inadequate exercise and excessive consumption of sodium- and cholesterol-rich
food.3°

Sequence variants in genes encoding ion channel pore-forming (a) subunits, or the proteins
that regulate them, are more commonly associated not with HF, but with sudden cardiac
death (SCD). Sequence variants in three human genes (KCNQ1, KCNHZ2, and SCN5A)
encoding ion channel a subunits account for the large majority of sequenced cases of

Long QT syndrome (LQTS), a body-surface electrocardiogram (ECG) anomaly indicative
of delayed ventricular repolarization, which underlies many cases of inherited SCD. These
causalities are well supported by genetic linkage analyses in large pedigrees.6=8 Many of the
remaining, rarer forms of inherited LQTS associate with ion channel regulatory proteins and
each accounts for <1% of sequenced cases. For some, disease association is disputed and
not supported by strong linkage analysis,2-1 for reasons including incomplete penetrance,
environmental influences, promiscuity of function, and multiple extracardiac roles. Disease
etiology can, therefore, be complex, and disease progression may involve structural heart
disease or other extracardiac defects that could exclude the individual harboring the
mutation from patient cohorts in studies focusing on “pure” electrical disturbances.

KCNE?2 is a prime example, encompassing all four factors. KCNE2 is a single
transmembrane domain ancillary () subunit that forms complexes with voltage-gated
potassium (Kv) channel a subunits, altering channel properties such as voltage-dependence,
conductance, gating, trafficking, and pharmacology, thereby generating K* currents with
properties functionally distinct from those of homomeric Kv channels.12:13 Inherited
variants in KCNEZ2 are putatively associated with <1% of LQTS cases, but often do

not prolong baseline QTc. Instead, they exhibit incomplete penetrance and/or predispose
to acquired LQTS only when the individual is challenged with a known QT-prolonging
agent such as hERG-blocking drugs including macrolide antibiotics, or electrolyte
imbalance.10:14.15 KCNE2 is a promiscuous B subunit, regulating KCNQ1, hERG, a
subunits from the Kv1, 2, 3, and 4 subfamilies,1016-23 and even HCN (pacemaker)
channels?* and L-type Ca?* channels.2® Finally, KCNE2 is widely expressed not only in
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cardiac myocytes in both the atria and ventricles, but also in multiple, extracardiac, excitable
and non-excitable cell types.12:26.:27

Consequently, rare human KCNEZ sequence variants, and more common polymorphisms,
associate not only with predisposition to acquired LQTS and in select cases possibly
baseline prolonged QTc,10:14.15 hyt also with coronary artery disease and/or myocardial
infarction.28-31 Global Kcne2 germline deletion in mice causes a spectrum of defects—
many of which arise from perturbation of its role regulating KCNQ1 in multiple epithelia—
including hypothyroidism (and related structural heart disease),32 achlorhydria,33:34 type

1 diabetes mellitus,3° hypercholesterolemia, hyperkalemia, anemia, elevated angiotensin
11,36 hyperhomocysteinemia, fatty liver,37 and increased seizure susceptibility.38 Global
Kcne2 knockout (KcneZC'°~/7) mice also exhibit impaired ventricular myocyte Kv currents,
predisposition to acquired LQTS and atherosclerosis—reflecting known human KCNE2

disease correlations—and western diet-induced SCD associated with atrioventricular (AV)
block.23.39.40

This constellation of defects may reflect potential disease states associated with human
KCNEZ sequence variants, but there are so many interacting lesions in Kcrne251°~/~ mice
that the mechanisms underlying the cardiovascular elements are difficult to fully elucidate.
Here, we developed and studied mice with cardiac-specific germline Kcne2 deletion
(Kcne2°S7I= mice) to differentiate, for the first time, between intrinsic myocardial effects
vs extracardiac effects. This led us to the discovery of an unexpected, early-onset dilated
cardiomyopathy phenotype culminating in terminal HF, exhibiting multisystem interactions
that suggest hypochlorhydria and associated changes in the gut microbiome as a novel and
much-warranted potential therapeutic avenue for delaying terminal HF.

2| MATERIALS AND METHODS

2.1| Animals

All experiments involving mice were carried out according to institutional and NIH
guidelines. The mice were housed and used according to the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH
Publication, 8th edition, 2011) and were approved by local authorities (LaGeSo Berlin

and Institutional Animal care and Use Committee, University of California, Irvine). Global
KcneZ !~ mice were generated as previously described33 and males studied up to 15 months
of age. In addition, homozygous mice from a Kcne2floxed mouse line (referred to herein
as KcneAox/1oXy generated by EUCOMM (The European Conditional Mouse Mutagenesis
Program, #41928) were bred with a mouse line expressing Cre-recombinase under the
control of the aMHC (alpha myosin heavy chain) promoter0 to generate a cardiac-specific
Kcne2 knockout strain (Kcne2¢5-17), which we first briefly described when we used it as

a negative control mouse line for a liver study.3” Exon 2 of Kcne2in Kcne2°X/1oX mice

is flanked by loxP sites, and therefore, the expression of Cre results in recombination

with deletion of exon 2 and inactivation of Kcne2by frameshift. Mice were backcrossed
into a C57BI/6 strain background and were maintained in individually ventilated cages
under standardized conditions with an artificial 12-hour light-dark cycle, with free access to
standard chow (0.25% sodium; SSNIFF Spezialitaten, Soest, Germany) and drinking water
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ad libitum. We studied the Kcre2¢5~~ colony mice at ages up to 8 months. Omeprazole
(Sigma Aldrich, St. Louis, MO) was administered via drinking water to give a mean

daily dose of 20 mg/kg bodyweight based on expected consumption of 5 mL water per
mouse per day. Omeprazole was suspended in a solution of 0.5% (w/v) methylcellulose and
0.2% (w/v) NaHCO3 (pH 9.0) before addition to drinking water. Gastrointestinal hormones
were quantified using standard assays by a commercial testing service (Labor 28, Berlin,
Germany).

2.2 | Transthoracic echocardiography

For echocardiography we used the Vevo 2010 system (VisualSonics Inc, Toronto, ON,
Canada) with a 45-MHz transducer mounted on an integrated rail system. Standard imaging
planes, M-mode, and functional calculations were obtained as described before.23 The LV
parasternal short axis view was used to derive fractional shortening (FS), ejection fraction
(EF), and ventricular dimensions and volumes as indicated.

2.3 | Electrocardiographic recording and analysis

Electrocardiographic (ECG) monitoring was performed in conscious, restrained mice during
the daytime using the EasyCG tools system (EMKA Technologies, Paris, France), as
described previously.#? The system consists of a four-sensor ecgTUNNEL system platform,
connected to a wireless transmitter and amplifier system (EMKAPACK). For each individual
mouse, continuous ECG registration was performed for 1 hour. For analysis we used the
ecg-AUTO software, version 3.3.0.12 (EMKA Technologies, Paris, France). Measurement of
standard ECG time-interval parameters was performed on averaged ECG lead Il waveforms.
The QT interval was corrected for heart rate using Bazett’s formula. ECG recording by
telemetry. For continuous ECG recording, ECG radio transmitters (TA10 ETA-F20; Data
Sciences International, Inc, Saint Paul, MN, USA) were implanted subcutaneously on

the backside of the mice under isoflurane anesthesia (Isofluran, Baxter, UnterschleiBheim,
Germany). Two leads were fixed in the standard lead Il position (right upper and left lower
thorax). After surgical procedure, the mice were housed in single cages placed over radio
receivers (RPC-1 receiver; DSI, Inc Saint Paul, MN, USA). A light-dark run of 12 hours-12
hours was realized to conserve circadian rhythm and excluded from statistical analysis. ECG
was performed 1 week after transmitter implantation. For analysis and arrhythmia detection,
we used the Ponemah software v. 5.20 (Data Sciences International, Inc, Saint Paul, MN,
USA).

2.4 | Patch clamp experiments

Whole-cell patch-clamp recordings were obtained from cardiomyocytes isolated from the
mid-ventricular apex. Procedures of ventricular cardiomyocyte isolation and patch clamp
recording of K* currents followed our standard protocols, which we previously described.*2
For pharmacological isolation of specific K* currents we used Hptx2 (500 nmol/L) (Abcam,
Cambridge, UK) and 4-AP (50 umol/L) (Sigma-Aldrich, Saint Louis, USA). Data were
analyzed using pClamp9.1 software (Molecular Devices, Sunnyvale, CA), and statistical
analysis (ANOVA) was performed using Prism 5.0 (GraphPad Software, Inc, San Diego,
CA, USA) and graphically displayed using Origin 8.6 (MicroCal, Northampton, MA, USA).
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Freshly dissociated mice cardiomyocytes were kept in a physiological solution with 1
mmol/L Ca?* and 0.5% bovine serum albumin at room temperature (22°-23°C) and used
within 6-8 hours. L-type CaZ* current (Ic,.) was recorded using the “whole-cell” variant
of the patch-clamp method at room temperature (22 + 2°C). Electrode resistance was 1.3—
1.5 MQ. K* currents were blocked by Cs*. The composition of the standard extracellular
solution was (mmol/L): 117 NaCl, 20 CsCl, 2 CaCl,, 1.8 MgCls, 10 glucose, 10 Hepes, and
pH 7.4. The pipette (“intracellular”) solution contained (mmol/L): 130 CsCl, 0.4 Na,GTP, 5
Na,ATP, 5 Naycreatine phosphate, 11 EGTA, 4.7 CaCl, (free Ca2* 108 nmol/L), 20 Hepes,
2 MgCl,; pH was adjusted to 7.2 with CsOH. The Ca2* current was routinely evoked with a
double pulse voltage-clamp protocol: from a holding potential of —80 mV a 50-ms prepulse
to —40 mV was applied to inactivate the fast Na* current. The prepulse was followed by

a 300-ms depolarization step to 0 mV. This double pulse was applied every four seconds.
After gigaohm seal formation and rupture of the patch, cells were allowed to stabilize for

at least 3 minutes before beginning the recordings. Currents were normalized to membrane
capacitance and data are presented as current density in pA/pF. We added isoprenaline
directly at the cardiomyocyte surface via a micro-pipette at a concentration of 100 nM.

2.5| Whole-transcript microarray analysis

After euthanasia, mouse ventricular tissue from 3 to 4-monthold mice was harvested, and
then, stored at —80°C. When all samples had been collected, total RNA was collected,
reverse-transcribed into cDNA, and then, analyzed by “wholetranscript transcriptomics”
using the GeneAtlas microarray system (Affymetrix, Santa Clara, CA, USA) and
manufacturer’s protocols. Mogene 1.1 ST array strips (Affymetrix) were used for
hybridization with newly synthesized sscDNA. Each microarray comprised 770 317 distinct
25-mer probes to probe an estimated 28 853 transcripts, with a median 27 probes per

gene. Gene expression changes that were associated with cardiac-specific Kcne2 deletion
were analyzed using /ngenuity Pathway Analysis (Qiagen, Hilden, Germany) to identify
biological networks, pathways, processes, and diseases that were most highly represented in
the differentially expressed gene (DEGS) identified. Expression changes of =1.5-fold and P
< .05 were included in the analysis.

2.6 | Conventional PCR and real-time qPCR

For genotyping PCR, we used the primers listed in Table S3. Total RNA of the

mouse left ventricle from 3 to 4-month-old mice was isolated and purified using the

RNeasy Mini kit (Qiagen), followed by cDNA synthesis using the High Capacity cDNA
Reverse Transcription Kit according to the manufacturer’s instruction (Applied Biosystems,
Foster City, CA, USA). Primers (FAM and TAMRA labels) utilized for quantifying
transcript remodeling were purchased from Applied Biosystems and are listed in Table

S4, except for 18s RNA (BioTez GmbH). The probe set for 18s RNA was the following:
ACATCCAAGGAAGGCAGCAG (forward), TTTTCGTCACTACCTCCCCG (reverse), and
FAMCGCGCAAATTACCCACTCCCGAC-TAMRA (probe). For amplification reaction, we
used TagMan Environmental Master Mix 2.0. For analysis we used REST software. For
SYBR Green PCR we used Power SYBR Green PCR Master Mix and Kcne2and Gapah
primer sets (Bio Tez GmbH, Table S3).
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2.7 Immunofluorescence analysis

Ventricular cardiomyocytes were isolated and seeded as described previously#? and fixed in
4% of PFA. Eight-um cryo-sections from snap-frozen tissue were used for staining and fixed
with ice-cooled acetone for 10 minutes. After fixation, cells and sections were blocked and
permeabilized in 10% of serum (goat or donkey), 0.3% of Triton X-100, 0.2% of BSA for 1
hour, before overnight incubation at 4°C with primary antibodies (Table S5). Secondary
antibodies used were Alexa-Fluor555 goat anti-rabbit, AlexaFluor647 goat anti-mouse
(1:1000), or AlexaFluor488 goat anti-chicken. To stain nuclei we used DAPI (1:1000),
wheat germ agglutinin AlexaFluorA555 (1:500) or phalloidin AlexaFluorA488 (1:500). For
Kcne2 staining, we used a donkey anti-goat biotin-conjugated secondary antibody following
by streptavidin AlexaFlourA555 (1:500). All listed fluorescent antibodies and reagents
were purchased from Invitrogen (Carlsbad, USA) and were incubated for 60 minutes at

RT. Stained cells and respectively cryo-sections were mounted with fluorescent mounting
medium (Dako Cytomation, Carpinteria, USA) and imaged on confocal laser scanning
microscope (TSC SP5 Leica Microsystems with software version LAS AF 2.632, Wetzlar,
Deutschland). Images were assembled using Photoshop CS4 and CoreDRAW X4.

2.8 | Histology and electron microscopy

Hearts and lungs were dissected, rinsed in PBS, fixed overnight in phosphate-buffered 4%
of paraformaldehyde (PFA), dehydrated successively in an alcohol series with increasing
concentrations of ethanol, and embedded in paraffin. Five-um sections were deparaffinized
and stained with Masson's Trichrome (Sigma-Aldrich, Saint Louis, USA) or H&E using
standard procedures. Electron microscopy was performed as previously described.40

29| Microbiome analysis

Stool samples were collected from male and female mice of ages 10-22 months (mean

of three stool samples collected over a 24 hour period per mouse before and after 1

month treatments of proglumide or omeprazole), and then stored at —80°C until all samples
were ready for sequencing. Except for two individuals, genotypes were not mixed in the
same cage. All mice used for microbiome studies were housed in the same room in UC
Irvine animal housing facilities. The sample DNA was isolated using the Zymaobiomics
DNA mini kit from Zymo Research. 16S rRNA amplicon PCR was performed targeting
the V4-V5 region using the EMP primers (515F (barcoded) and 926R).4344 The library
was sequenced at the UC Irvine Genomics High-Throughput Facility using a miseq v3
chemistry with a PE300 sequencing length. Sequencing resulted in 21.9 M reads passing
filter (of which 18.4% are PhiX) with and overall Q30 > 76.7%. The raw sequences

were imported into giime2 (giime2. org); 14.3 M paired end reads were binned into the
designated barcodes. All samples (including the mock) showed abundant reads. After initial
sample quality check and trimming (DADAZ in giime2) there were 7.89 million paired

end reads. These reads were used for further analysis. From the sequences the first 5

bp were trimmed and the forward read truncated at 299 bp, the reverse read at 238 bp.

The sequences were assigned a taxonomic classification using the May 2013 “greengenes”
database (greengenes.secondgenome.com), trained with the primer pairs that were used to
amplify the 16S region.
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2.10 | Data analysis and statistics

For statistical analysis other than for microbiome studies, Prism 5.0 software (GraphPad
Software, Inc) was used. Results are presented as means £ SEM. Statistics was generally
analyzed using Student’s #test or two-way ANOVA followed by Bonferroni. For
microbiome studies, statistical analyses were performed in R studio using the vegan,
ggplot2, Ecolutils, and biomformat packages (all open source). Shannon diversity analysis
was used to quantify alpha-diversity. Bray-Curtis distance matrices were used to calculate
beta-diversity. The most influential bacteria types with respect to explaining gut microbiome
differences between groups were identified using Simper (Similarity-percentage) analysis
with Bray-Curtis dissimilarities.

3| RESULTS

3.1| Kcne2CS~~ mice exhibit premature mortality

We generated a cardiac-specific Kcne2knockout (Kcne’®/IoXp1HC+) strain, hereafter
referred to for simplicity as Kcne2¢5~~, using the Cre-loxP system. In the floxed allele,
exon 2 of KcneZis flanked by loxP-sites. Floxed mice were crossed with a MHC-Cre-mice,
and cardiac Cre-expression resulted in recombination with deletion of exon 2; disruption of
the KcneZ gene resulted in an inhibition of LacZ expression. The alpha-myosin-heavy-chain
(aMHC)-Cre transgene is active from mid-gestation and restricts expression of the Cre-
recombinase to cardiomyocytes (Figure 1A,B). We observed almost complete loss of Kcne2
mRNA expression in ventricular tissue from Kcre2¢S~~mice (Figure 1C). Immunostaining
for B-galactosidase (Figure 1D) and Kcne2 (Figure 1E) protein revealed similar loss of
expression in Kcne2SS™~ ventricular cardiomyocytes. Unexpectedly, cardiac-specific Kcne2
deletion resulted in a steep onset of death in the cohort at 6 months of age, with a median
longevity of 28 weeks (Figure 1F).

3.2 | Cardiac-specific Kcne2 deletion diminishes ventricular Kv currents

To elucidate the basis for the steep increase in mortality caused by cardiac-specific Kcne2
deletion, we first quantified ventricular myocyte Kv currents at 3-4 months of age, a stage
at which the mice exhibited no echocardiographic or other outward clinical abnormalities
(Table S1). Peak Kv current densities were decreased in Kcrne2¢S~~ cardiomyocytes (15
cells, n = 5 mice) compared to Kcre2¢5** mice (12 cells, n = 5 mice, £< .05) with

the most robust effect at +60 mV (Figure 2A). Mean myocyte-membrane capacitances

were not altered by cardiac-specific Kcne2 deletion (Kcne2CS*#, 123 + 5.6pF; Kcne2cS"-,
127 + 7.1pF). Functional effects of cardiac-specific Kcne2 deletion were further dissected
pharmacologically as we described previously,23 using Kv current inhibitors to specifically
eliminate /4, (heteropodatoxin 2; HpTx2) (500 nmol/L) and /xsjow1 (4-aminopyridine; 4-AP)
(50 umol/L) (Figure 2B,C). The 4-AP-sensitive Kv current density was halved by cardiac-
specific KcneZ2 deletion (at +60 mV, P< .001; Figure 2B). The HpTx2-sensitive current
density was not reduced at positive voltages, but its voltage dependence of activation was
negative-shifted by 20 mV (Figure 2C). Quantification of inactivation rate at 0 mV yielded
a Tinactivation Of 95.6 = 18.3 ms for MHC- vs 50.64 + 7.0 ms for MHC + mice (P=.03).
Thus, Kcne2€S~~ doubled inactivation rate and shifted activation by —20 mV, exactly as
would be predicted for loss of Kcne2 from ventricular myocyte Kv4.2 channel complexes.4®
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Similar to our previous findings from KcreZS'°~~mice,23 in Kcne2“S~~ mice we also
observed reduced Kv1.5 protein at the intercalated discs (ICDs) (Figure 2D-F), explaining
the reduced Kv1.5 current density.

3.3 | Cardiac-specific Kcne2 deletion causes progressive bradycardia, AV-Block and
electromechanical dissociation

Because their ventricular myocyte Kv current defects were quantitatively similar to

those we previously observed in age-matched global KcreZ5'°~~mice,23 which we did
not previously (albeit non-quantitatively) observe to exhibit such early mortality,32 we
postulated that LQTS-associated ventricular arrhythmias were unlikely to be the primary
mechanism for early mortality in Kcne2¢S~~mice. This hypothesis was confirmed using
24-hour Holter monitoring. In the 5 days prior to death, Kcne2¢S~~ mice at age 6 months
initially displayed normal sinus rhythm with similar heart rate to that of Kcne2°S*”* mice,
before the former descended into progressive bradycardia (Figure 3A—C). This transitioned
from sinus bradycardia to progressive AV-block (1°, 11° and finally 111°) and finally broad
and deformed QRS complexes as a sign of ventricular escape rhythm and electromechanical
dissociation (Figure 3D). Rather than ventricular arrhythmogenesis arising primarily from
delayed repolarization, these ECG findings are instead consistent with terminal HF.

3.4| Kcne2CS~~ causes early-onset dilated cardiomyopathy-type transcript remodeling

Having eliminated the possibility of ventricular arrhythmias underlying early mortality in
Kcne2°S5~~ mice, we conducted unbiased transcriptomic analysis of ventricular tissue from
mice at 3-4 months of age, to detect potential concerted transcript expression changes that
might give clues as to the molecular basis for premature mortality. Using this approach,

we uncovered extensive transcriptome remodeling highly suggestive of cardiomyopathy and
early molecular remodeling prior to dilated cardiomyopathy (DCM), including a return

to fetal gene programing and a shift to glycolytic metabolism (Figure 4A-C; Table S2;
Figures S1 and S2). Because these changes were apparent at 3—-4 months, in the absence

of echocardiographic abnormalities (Table S1), it suggests they arose as a primary response
to KcneZ2 deletion rather than secondarily as a response to DCM or HF. In particular,

genes related to DCM were differentially expressed in the ventricles of Kcne2¢S~~ mice,
including dystrophin (Dmad, —2.18) (Table S2). Differentially expressed genes also included
sarcomeric proteins myotilin (Myot, —1.8), and those known to play a role in initializing the
fetal gene program,*6 including ANP (+1.57), skeletal al1-actin (+1.65), and the T-type Ca2*
channel a 1H subunit-encoding Cacnalh (+1.78).

In the failing heart, anaerobic glucose oxidation is increased and fatty acid

oxidation inhibited.4” Accordingly, in Kcne2S~~ mouse ventricles, expression was

altered of glucokinase (Gck, +2.39), phosphofructokinase (Pfkp, +1.54), and genes
encoding enzymes involved in glycogen metabolism, including 6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 1 (Pfkfb1, —1.71), or gluconeogenesis, including Aldolase B
(Aldob, -1.86). Fatty acid synthase (Fasn, +1.69) was upregulated, presumably as a
counterpart to fatty acid oxidation. Real-time gPCR analysis (Figure 4D) confirmed the
key findings of the microarray analysis and uncovered downregulation of Kcna5, consistent
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with the observed downregulation of /ksjow1. We also confirmed downregulation of protein
expression, but not altered localization, for dystrophin and myotilin (Figure 4E,F).

3.5| Kcne2CS~'~ causes early-onset DCM and terminal HF

Strikingly, but consistent with the Holter and transcriptomic findings, echocardiographic
evaluation of Kcne2°S~~ mice at age ~25 weeks confirmed severe, early-onset DCM,
characterized by severe chamber dilation and thinned ventricular walls (Figure 5A,B).
Kcne2°5~~ mice also exhibited significant HF evidenced by severely reduced global
systolic pump function at ~25 weeks (Figure 5B). ECG analysis of Kcne2cS™~ mice

with HF indicated significant QRS prolongation in Kcrne2S~~ mice (age ~25 weeks)
compared to Kcne2CS** littermates, which could reflect bundle branch block due to DCM
and failing ventricles (Figure 5C,D). Kcne2¢S~~ mice at ~25 weeks also exhibited signs of
backward HF, defined as inability of the heart to pump sufficient blood unless heart filling
pressures are abnormally high. These included manifestations consistent with severe global
HF, including myocardial fibrosis, global heart dilation, pleural effusions, cardiomegaly,
hepatomegaly, cirrhosis of the kidneys, and pulmonary edema (Figure 5E-I, and see Videos
S1-83). Finally, Kcrne2¢S~~ mice at ~25 weeks exhibited focal and diffuse stages of
myofilament derangement and lysis in left ventricular muscle (Figure 5J), a lesion directly
correlated to increased HF deaths in DCM patients.*8

3.6| Kcne2Clo~/~ mice exhibit DCM, HF, and 49% mortality by 60 weeks of age

Having established that cardiac-specific KcneZ2 deletion causes early, terminal HF, we
revisited the effects of global KcneZ deletion. We previously found that at 3-6 months

of age, global Kcne2deletion reduces ventricular myocyte 4, and /ksjow CUrrent density.23
These defects did not prolong baseline QT,, but predisposed to sevoflurane-induced LQTS,
and the majority of mice lived well beyond 6 months of age (although we did not at that
time perform quantitative survival analysis). We also previously qualitatively observed cases
of cardiomegaly in 15-m-old Kcne2G/0'~ mice.32 Here, we quantified these changes using
echocardiography. While young Kcne26/0-/~ mice from heterozygous crosses had normal
cardiac morphology and contractile function, and no baseline arrhythmias,23 we found

that 12—15-m-old Kcne2G/0-/~ mice from heterozygous crosses exhibit severe cardiomegaly
(Figure 6A). Transthoracic echocardiography revealed significant chamber dilation and HF,
as evidenced by reduced left ventricular ejection fraction (LVEF) and fractional shortening
(FS), in aging (12-15-m-old) Kcne2G/o= mice (Figure 6B-D).

We next performed quantitative survival analysis of Kcne2G/0~/~ mice for the first time,
finding that global KcneZ2 deletion, concomitant with causing HF in aging mice, also
accelerated mortality. However, effects were delayed by 32 weeks compared to those

of cardiac-specific Kcne2 deletion (median longevity 60 weeks, compared to 28 weeks

in Kcne2°S-'~ mice, P< .01; Figure 6E). This result is highly unexpected, that is,
cardiac-specific KcneZ2 deletion caused a similar but more severe phenotype, and much
earlier terminal HF, than global Kcne2 deletion. Because of its importance and the

ubiquity of its expression, global Kcne2 deletion causes multiple phenotypes not present in
Kcne2¢S= mice, all of which would either be expected to not alter HF onset (eg, increased
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seizure susceptibility3®) or to accelerate HF (eg, diabetes,3° hypercholesterolemia,38
atherosclerosis,3° and hypothyroidism32).

3.7| Effects of Kcne2 deletion on ventricular myocyte L-type Ca2* current

We next compared effects of global vs cardiac-specific Kcne2 deletion on L-type Ca2*
current in ventricular myocytes. Both cardiac-specific and global Kcne2 deletion increased
inactivation time constants (slowed inactivation) of L-type Ca2* currents in ventricular
myocytes from 3 to 6-month-old mice (P < .05) (Figure 7A,B). Global KcneZ deletion
increased peak Ca2* current at baseline and after isoproterenol stimulation, in 3-6-month-
old mice (P < .05). Cardiac-specific Kcne2 deletion had similar effects although less
pronounced at positive membrane potentials and failing to reach £< .05 (Figure 7C).
Cardiac-specific Kcne2 deletion also produced small (~2.5 mV) negative-shifts in the
midpoint voltage dependence of L-type Ca2* current activation compared to wild-type,
although the physiological significance of this small shift is not known, and statistical
analysis was not possible because curves were fit to mean data for greater fit accuracy
(Figure 7D).

By 12—15 months of age, KcneZ3'°~~ mice showed decreased peak L-type Ca?* current at
baseline compared to wild-type (P < .05) (Figure 7E) while similar to younger mice, the
inactivation time constant was increased by global KcneZ2 deletion (P < .05) (Figure 7F).

3.8 | Hypergastrinemia does not alter the time course of terminal HF caused by Kcne2
deletion in mice

The other major phenotype caused by global Kcne2 deletion is hypochlorhydria, which in
turn causes hypergastrinemia in Kcne2G/0-I~ mice.33:3449 Reduced gastric acid secretion,
for example, due to use of proton-pump inhibitors (PPIs) can also cause changes in gut
microbiota.5%-51 We therefore hypothesized that HF occurs later in Kcre26/0~~ mice than
in Kcne2¢S~~ mice either because of hypergastrinemia or altered gut microbiota in the
former. Interestingly, prior work suggested cardiac infusion of gastrin in pigs®2 or activating
the gastrin/CCK receptor in rat heart®>® may have positive inotropic effects, so we tested
this eventuality first. Serum gastrin was 10-fold elevated in Kcne25/0~~ mice at 20 weeks
compared to age-matched Kcne2C/0*/# littermates, but unexpectedly, by 60 weeks (the
median longevity for Kcne2G/0~~ mice), their serum gastrin had returned to normal (Figure
8A). In contrast, no such pattern was observed for histamine or C-peptide (insulin) in
Kcne2Go~~ mice (Figure 8B,C). This suggested that hypergastrinemia might be protective
in Kcne2G0~~ mice. However, inhibiting gastrin receptors by treating Kcre260~~ mice
via drinking water with gastrin receptor antagonist proglumide (20 mg kg™1) for a mean
duration of 33 weeks did not alter mean longevity, suggesting against a protective role for
hypergastrinemia in KcneZ-linked HF (Figure 8D).

3.9| A hypochlorhydria-linked decrease in gut Bacteroidales species is associated with
delay of terminal HF

We next quantified the effects of global Kcne2 deletion on the gut microbiome using 16s
next-generation sequencing followed by taxonomic classification. Global KcneZ2 deletion
did not affect alpha diversity (ie, overall species diversity, or species richness) (Figure
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9A). In contrast, global KcneZ deletion altered the beta diversity (ie, the abundance of
some species relative to others, or the dissimilarity between two samples), evident by the
relative lack of overlap between the untreated KcneZC'°** and KcneZS1°~/~ groups in the
Principal Coordinates Analysis (PCoA) plot (Figure 9B). The altered beta diversity was
likely unrelated to hypergastrinemia, as the gastrin receptor antagonist, proglumide (20 mg
kg™1) had no effect on beta diversity in KcrneZC'o~/~ mice (Figure 9B). Taxa analysis using
the Qiime2 platform identified two specific effects of global KcneZ2 deletion—a relative
decrease in abundance of a subset of Bacteroidales species (Figure 9C,D) and increased
relative abundance of Lactobacillaceae; Figure 9E,F). Simper analysis in the R statistical
package also identified the importance of Bacteroidales, in particular Bacteroidales f24-7, in
generating the dissimilarity between wild-type and Kcne2G!°~~ mice (Table S6).

To determine which, if any, of the microbiome changes arose from impaired gastric

acid secretion, we treated wild-type mice with omeprazole, a proton-pump inhibitor
activated by the low pH of the gastric lumen, for 4 months, and then sequenced their

gut microbiomes. Omeprazole treatment altered wild-type mouse gut microbiome beta
diversity such that it now more resembled that of KcreZ5'°~~ mice (Figure 9B). Strikingly,
omeprazole also decreased the relative abundance of the same Bacteroidales subset of
which abundance was decreased by global Kcne2 deletion but did not alter the relative
abundance of Lactobacillaceae (Figure 9C—F). These findings were supported by Simper
analysis in the R package, which identified the importance of Bacteroidales f24-7 in
generating the dissimilarity between untreated and omeprazole-treated mice (Table S7).
In contrast, proglumide treatment did not alter the relative abundance of Bacteroidales or
Lactobacillaceae (Figure 9C,E).

Gut Bacteroidales were recently found to be relatively enriched in people with a

high lifetime cardiovascular risk profile,>* suggesting the hypothesis that the reduced
Bacteroidales in KcneZ5'°~~ mice contributes to the delay in terminal HF. We therefore
examined the effects of omeprazole on longevity in KcrneZXS~'~ mice. Strikingly, treatment
of Kcne2°S~~mice with omeprazole for 20 weeks beginning at mean age 24 weeks (ie,
when HF is already apparent and mortality begins to accelerate) increased survival 10-fold,
from 4% to 43%, at 44 weeks (P < .05), extending longevity to match that of KcreZo—/-
mice (Figure 10).

4| DISCUSSION

Our findings support three unexpected conclusions. First, Kcne2 deletion (cardiac-specific
or global) causes DCM and terminal HF. Second, cardiac-specific KcneZ deletion (median
survival 28 weeks) is more severe than global Kcne2 deletion (median survival 60

weeks). Third, terminal HF is delayed in Kcrne2¢S~~ mice by administering omeprazole,
which mimics the hypochlorhydria, decreased relative abundance of gut Bacteroidales and
increased longevity induced by global KcneZ2 deletion.

Mutations in >50 genes have been associated with familial DCM, and disruption of ion
channel function (observations of patients with ion channel mutations, and from transgenic
mouse models), more often associated with arrhythmias, can cause cardiomyopathy and
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HF. What makes the KcreZ5!°~~ mouse model unique is that in addition to directly
causing HF via a myocyte-based mechanism (as evidenced by HF in KcneZX5~~ mice),
global Kcne2 deletion also causes other HF risk factors, including hypercholesterolemia,36
hyperhomocysteinemia, fatty liver,3” atherosclerosis,3® and type 2 diabetes.3° Thus,
KcneZ191= mice exhibit many features representative of the typical human HF scenario,
including risk factors associated with myocardial ischemia, and also a progressive increase
in severity of these factors, features important for the utility of animal HF models.5® It is
nonetheless important to note that human KCNEZ sequence variation has not to date been
associated with HF, and gene knockout in mice is a very different scenario to the typical
substitutions observed in human gene sequence variation.

Interestingly, heterozygous Scn5a-knockout mice develop extensive myocardial fibrosis
and upregulation of hypertrophic markers as they age. Nav1.5 interacts with cytoskeletal
components such as the dystrophin protein complex°® and it has been proposed that sodium
channel mutations causing cardiomyopathy cause loss or weakening of such interactions.
Additionally, the titin N-terminal domain binds to T-cap (telethonin) and the Kv channel g
subunit KCNE1, within the Z-band region of the sarcomere.>” This suggests a mechanistic
link between structural proteins such as sarcomere proteins and ion channel proteins,
potentially favoring the development of ventricular arrhythmias in patients with DCM.

The primary causes of DCM-associated arrhythmias are not well understood. In DCM,
disruption of the link between the sarcolemma and the sarcomere has been shown to

be associated with disease progression, whereas the “smoking gun” in rhythm disorders

is disturbance of ion channel function.>* Interestingly, Kv1.5 binds to the structural Z-
band protein a.-actinin.?8 Although Kv1.5 so far has not been linked to DCM, Kv1.5
currents could be affected in individuals with DCM harboring a-actinin mutations, thereby
predisposing affected individuals to malignant ventricular arrhythmias and SCD. Here, we
found that cardiac-specific Kcne2 deletion reduces Kv1.5 protein expression at the ICDs
(Figure 2D-F), as we previously observed in ventricular myocytes of global Kcre2'~
mice.23 In contrast, in global Kcne3™'~ mice, in which we observed neither DCM nor HF,
hypoaldosteronism-dependent increase in Kv1.5 expression at the ICDs contributed to a
reduced atrial refractory period and atrial fibrillation.>’

Our microarray data clearly show sarcomeric and metabolic transcript remodeling, and

a return to fetal gene reprograming, characteristic of DCM. However, we do not yet

know whether this remodeling is directly triggered by a gene reprograming/transcriptional
effect of Kcne2 deletion, subsequently leading to DCM, or alternatively whether Kcne2
deletion directly disrupts functionality of the sarcomere or other elements of the contractile
apparatus, leading to the associated remodeling and ultimately DCM and HF. We do know
that the molecular remodeling occurs before echocardiographic abnormalities are apparent
and is not, therefore, secondary to structural changes in DCM. One possibility is that

the increased PFKFBI expression we observe in KcneZS~'~ mice contributes to myocyte
dysfunction.58 Another is that loss of Kcne2 interaction with filamin eliminates a protective
mechanism and contributes to loss of myocyte structural integrity under hypoxic conditions,
exacerbating HF following disease onset.>?
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Interestingly, in addition to its established role as a Kv channel ancillary subunit, KcneZ2 also
regulates the cardiac L-type calcium channel, Cav1.2.25 This is particularly relevant to the
present study, because genetic manipulation of Cav1.2 (mutation of the 1Q motif, abolishing
calmodulin-dependent inactivation and facilitation) was previously found to induce lethal
DCM in mice.>® We found that both global and cardiac-specific Kcne2deletion increased
peak L-type CaZ* current in ventricular myocytes from young (3-6-month-old) mice, in line
with the previously reported effects of Kcne2 knockdown?®; interestingly, this had reversed
by 12—-15 months in Kcne2S/o-/~ mice, suggestive of opposite remodeling later in life. In
addition, we found that both cardiac-specific and global Kcne2 deletion slowed L-type Ca2*
channel inactivation, regardless of age, which could contribute to greater cytosolic Ca?*
accumulation or disrupt timing of other processes, as could the negative shift in the voltage
dependence of L-type calcium channel activation we observed. Thus, it is possible that

loss of specific aspects of Cav1.2 regulation at least contributes to early lethal DCM/HF in
cardiac-specific Kcne2'~ mice.

New therapeutic approaches to HF are urgently warranted, given the increasingly large
burden it places on quality of life and healthcare systems worldwide. Previously,
intracoronary infusion of gastrin was found to increase cardiac output in pigs,2 and
increased serum gastrin levels were tentatively associated with decreased cardiovascular
mortality in an elderly human cohort.5® Here, we essentially ruled out hypergastrinemia as a
factor in the hypochlorhydria-linked HF delay because proglumide did not reduce longevity.
Instead, we found that similar gut microbiome changes were caused by KcneZC'o~/= or

by omeprazole treatment, either of which delayed terminal HF compared to untreated
KcneZCS~I= mice. To our knowledge, the current study is the first to demonstrate a
therapeutic effect of genetically or pharmacologically induced hypochlorhydria in HF. The
only detectable change in gut flora common to both pharmacologic and genetically induced
hypochlorhydria was a decrease in the relative abundance of Bacteroidales (especially f24—
7), which constitute a major bacterial order in human gastrointestinal gut flora.

There is currently much interest in understanding the role of gut flora in human health

and disease. Bacteroidales were recently found to be relatively more abundant in the

Gl tracts of people with a higher lifetime cardiovascular risk profile, 54 suggesting that
reduced Bacteroidales abundance might be beneficial at least in some contexts. In a study
of elderly Chinese, reduced Bacteroidales abundance was found in those on a high-fiber
diet.50 In a recent meta-analysis incorporating almost 135 million person-years of data, the
highest-fiber diet was associated with 15%—-30% decreased all-cause and cardiovascular
related mortality, further cementing the health value of dietary fiber.51 In mice, the

relative abundance of gut Bacteroidales was higher in mice administered Porphyromonas
gingivalis to mimic gum disease; the higher Bacteroidales also associated with insulin
resistance and systemic inflammation.52 Furthermore, raspberries, a fruit rich in phenolic
and polyphenolic compounds and consumption of which confers numerous cardiovascular
benefits in mice and people®3 were recently also found to decrease the relative abundance of
gut Bacteroidales in obese diabetic mice.%

Our findings in mice of the apparent benefits of omeprazole in HF reflect findings in some
human studies, although there is not absolute consensus in clinical studies. In a recent study
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of 1191 HF patients, proton-pump inhibitor (PPI) use was associated with better outcome
compared to the nonacid suppressive therapy group or to the group taking histamine

H, receptor antagonists (H2RAS).55 In other studies, omeprazole was not found to alter
cardiovascular event risk in high-risk cardiovascular patients,56 nor did omeprazole increase
mortality in coronary angioplasty patients concomitantly taking clopidogrel.8? Furthermore,
esomeprazole has been shown to decrease blood pressure and endothelial dysfunction and
exhibit antioxidant and anti-inflammatory actions in human tissues and animal models.8 In
contrast, in a study of 42902 PPI initiators vs 3296 histamine H, receptor antagonist (H2RA)
initiators, H2RA use was associated with lower mortality in HF patients than was PPI
use.89 In a study of 706 patients, PPI use was associated with increased HF incidence and
mortality’?; in a study of all-cause mortality associated with taking PPIs conducted in more
than 200 000 US veterans, PPI use was associated with a “small excess” of cause-specific
mortality including deaths from cardiovascular disease.”®

If the positive effects we observe in mice are repeated in a large animal model, the
possibility of assessing the worth of altering the gut microbiome for HF patients could

be considered, perhaps with dietary modifications or fecal transplantation rather than with
PPIs, given the potential health concerns. While we do not yet understand the molecular
basis for hypochlorhydria-associated cardioprotection, including the importance of gut
microbiome changes and the potential gastric vs non-gastric benefits of omeprazole, one
possible factor is constitutive induction of the cardioprotective RISK pathway, which we
previously observed in KcneZC'0~/~ mice.”2

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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heart failure

HpTx2
heteropodatoxin 2

ICD
intercalated disc

Kcne2 €S-
cardiac-specific KcneZ knockout

Kcne2 Glo-/-
global Kcne2 knockout

LQTS
long QT syndrome

MHC
myosin heavy chain

SCD
sudden cardiac death
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Cardiac-specific Kcne2knockout causes early mortality. A, Targeting strategy using the
Cre-loxP system. Wild-type (WT) allele is shown with exons depicted as black boxes.

The targeting construct contains a neomycin cassette (neo) and LacZ gene (LacZ), flanked
by frt and loxP sites. A mouse line expressing Cre-recombinase under the control of the
aMHC (alpha myosin heavy chain) promoter was used to generate a heart-specific Kcne2
knockout strain (Kcne2¢S~~ mice). Cardiac Cre-expression results in recombination with
deletion of exon 2 and inactivation of KcneZ by frameshift. B, Examples of genotype PCRs
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of heterozygous (wt/lox) and homozygous (lox/lox) Cre™ and Cre* animals. Mice can be
genotyped through a combination of separate PCR reactions that detect Cre-recombinase
(400 bp), LacZ (108 bp), the gene-specific wild-type allele (372 bp), a mutant allele-specific
short range PCR (Lox, 176 bp). Note, the WT allele is only detectable in heterozygous,

but not in homozygous animals. C, Quantitative real-time PCR (upper) and PCR-product
agarose gel (lower) of Kcne26S**vs Kene2CS~~ ventricles. D, Immunofluorescence

with specific antibody against B-Gal (green) revealed signal in Kcre2CS*#, but not in
Kcne26S~~ mouse cardiomyocytes. Bar = 75 pm. DAPI was used to stain nuclei (blue).

E, Immunofluorescence with specific antibody against KcneZ2 (red) revealed signal in
Kcne2CS**, but not Kcne2SS~~ cardiomyocytes. Anti-a-actinin-antibody (green) was used
to stain z-disc of sarcomeres. Bar = 20 um. F, Kaplan-Meier survival curve demonstrating

a significant increase in spontaneous death in Kcrne2¢5~~ mice (red) compared to their
Kcne2CS** littermates (blue) (n = 25-33 mice per group at time-point zero) ***P< .001
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FIGURE 2.
Cardiac-specific Kcne2 deletion decreases ventricular myocyte Kv current density. A, Left.

Exemplar whole cell Kv currents recorded from single ventricular cardiomyocytes isolated
from Kcne2¢S** and Kene2SS~~ mice. Right. Mean 1/V/relationship for peak Kv currents
recorded in Kcne2C5** and Kcne2CS~~ ventricular cardiomyocytes. Peak outward Kv
current densities were decreased in cardiomyocytes from Kcne26S~~ (15 cells, n = 5 mice)
compared to Kcne2¢5** (12 cells, n = 5 mice) mice. *P< .05 vs Kcne2C5** cells. B and

C, Effects of cardiac-specific Kcrne2 deletion on mouse ventricular Kv currents sensitive to
4-AP (panel B; 11-15 cells, n = 5 mice per genotype) and HpTx2 (panel C; 9-10 cells,n=5
mice per genotype). Kv currents were recorded from Kcne265** and Kcne2¢5~~ myocytes
during a 4.5-s depolarizing voltage step to =60 to +60 mV from holding potential of -=70 mV
(protocol inset). Antagonist-sensitive current traces for each cell were obtained offline by
digital subtraction of traces recorded from those recorded before application. Left Exemplar
traces of antagonist-sensitive currents recorded from ventricular cardiomyocytes from
Kcne2CS** and Kene2SS~~ mice as indicated. Right: Mean //V/relation for antagonist-
sensitive currents recorded in isolated ventricular cardiomyocytes from Kcne2“5** and
Kcne2°S~~ mice. 4-AP-sensitive currents are significantly reduced in Kcne2SS~~ mice
compared to Kcne2C5*# littermates. In contrast, peak HpTx2-sensitive currents remained
unchanged between genotypes (but see further analysis in Results section). Data expressed
mean + SEM. ***P < 001 vs Kcne2cS** cells. D, Double immunostaining with antibodies
against Kv1.5 and N-cadherin revealed localization of Kv1.5 (red) and N-Cadherin (green)
at the ICD. In Kcne2°S** cardiomyocytes Kv1.5 was predominantly detectable within the
ICD region. DAPI was used for nucleus staining (blue) Scale bar 25 um. ROI, regions

of interest (containing ICDs). E, Exemplar intensity plots for regions of interest (ROI). F,
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Quantitative immunofluorescence analyses of Kv1.5 signals in ROI, 4-6 cells per group).
Data expressed mean + SEM. **P < .05 vs matched Kcne2°S** mice
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FIGURE 3.
Cardiac-specific Kcne2 deletion causes progressive bradycardia, AV-Block, and

electromechanical dissociation. A, Holter monitor-recorded heart rate over 5 consecutive
days for an exemplar conscious Kcrne2“S** mouse (black) and for the final 3.5 days before
death of an exemplar conscious Kcne2“S~~ mouse (blue) at 6 months of age. B, At the
beginning of ECG registration both groups display normal sinus rhythm with similar heart
frequency. C, Holter monitor-recorded ECG of representative Kcne2°S~~mouse on the day
of death, and for a Kcre2C5** mouse over 24 hours. Right, ECG recordings in higher
magnification. Compared to Kcne2°S**, Kcne2CS~~ mice display progressive bradycardia
over the time period of ECG registration which at first is sinus arrhythmia, with sinus
bradycardia followed by progressive AV-block (1°, 11°, and finally I11°) and finally broad and
deformed QRS complexes as a sign of ventricular escape rhythm and electromechanical
dissociation. D, ECG pathologies on the day of death in Kcre2¢5~~ mice: 1) Sinus
bradycardia (prolonged RR-interval up 500 ms). I1) Sinus arrhythmia with bradycardia
(every P-wave is followed by a QRS complex; red line indicates irregular RR-Interval).

Red circles indicate artifacts in ECG registration with a frequency of 15 per min represent
gasping of the animals as a sign of dyspnea due to severe heart failure. I11) Spontaneous
ventricular extrasystole indicated by arrows as a sign of enhanced ectopic ventricular
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activity. 1) Higher degree AV-block with different AV-conduction. V) Broadened and
deformed QRS complexes irregularly appearing during agony phase. V1) Isoelectric line
without electrical activity
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Cardiac-specific KcneZ2 deletion causes DCM-like ventricular remodeling. A, Volcano plot
showing DEGs with significant alteration (P < .05) in Kcne2cS~~vs Kene2°S** mouse
hearts, generated from the results of microarray transcriptomic analysis (n = 4 mice per
genotype). B, Heatmap showing the results of hierarchical analysis of filtered data from
microarray analysis. C, Pathway analysis showing DEGs in pathways associated with
cardiac hypertrophy, extracted from the results of microarray transcriptomic analysis as in
A, using Ingenuity Pathway Analysis. D, Real-time qPCR panel of expression changes for
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select genes in Kcne2C5~~ ventricle vs Kcne2CS** controls. Genes suggested by microarray
data are shown in red. Data expressed as mean + SEM, *P< .05 and **P< .01 vs
Kcne2CS** hearts, n = 4-6 mice per genotype). See Table S2 and Supplementary references
for full gene names and details. E, Co-immunostaining of dystrophin and wheat germ
agglutinin (WGA) to visualize the cell membrane in Kcne2¢S~~ heart sections compared

to wild-type controls. Bar = 50 um. F, Co-Immunostaining of myotillin and a.-actinin in
ventricular sarcomeres of Kcne2¢S~~vs Kene2CS** controls. Bar = 50 pm
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FIGURE 5.
Cardiac-specific Kcne2 deletion causes early-onset DCM and terminal HF. A, Exemplar

2D parasternal long axis echocardiography traces showing dilation of left ventricle

in Kcne2¢S~~ mice compared to normal parameters in Kcne2¢S*/* mice. B, Mean
echocardiographic parameters for mice as in panel A, from M-mode echocardiograms (or
2D parasternal long axis echocardiograms, for ejection fractions). d/s, diastolic/systolic;
upper panel, internal diameters: LVAW, left ventricular anterior wall thickness; LVID,
left ventricular internal diameter; LVPW, left ventricular posterior wall thickness; lower
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panel, functional parameters: EF, ejection fraction; FS, fractional shortening and cardiac
output; n = 4 per group. *P< .05; **P<.001; ***P< .001. C, Representative ECG

traces from Kcne2°S~~vs Kcne2¢S*/* mice. D, Mean ECG parameters from traces as

in panel ¢. RR: interbeat interval; PR: PR interval; P: P-wave; QRS: QRS complex;

QT,: corrected QT interval by Bazett’s formula; values represent means £+ SEM. n =4

per group. *P<.05; **P< .001. E, Postmortem gross anatomy of the cardiorespiratory
system, liver, kidney, and stomach. Right, organs from Kcne2“S~~mice. Left, wild-type
controls. F, Heart and lung weights for wild-type vs Kcne2¢S~~ mice in the presence of
terminal heart failure. *P< .05; **P< .01; ***P< 001 Kcne2°S~~vs control mice.

G, Masson trichrome staining demonstrates fibrosis, dilatation of all chambers, and atrial
thrombus in Kcne2°5~~ hearts. Bar = 1 mm. H, H&E staining shows lung edema in
Kcne2°5~~ lung parenchyma. Bar = 500 um. I, Annotated exemplar M-mode transthoracic
echocardiography trace pleural effusion in Kcrne2¢S~~ mice. See associated video files
(Videos S1-S3) showing echocardiographic evidence of the severity of HF in Kcne2CS~~
mice. J, Ultrastructural features of left ventricle in Kcne2¢5~~ mice. Left, exemplar
ultrastructure of wild-type cardiomyocytes showed normal sarcomere structure. Right site:
Ultrastructural analysis of left ventricle biopsies showed different stages of derangement of
myofilaments in Kcrne2¢S~~ hearts indicated by focal sarcomere damage (1 and I1), loss of
sarcomere structure (I11) and complete loss of sarcomere structure and swollen mitochondria
(IV). Bar =2 um
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FIGURE 6.

Kcne2510~~mice live longer than Kcne2SS~~mice. A, Macroscopic gross anatomy shows
cardiomegaly in 1-y-old Kcne2G/0~~mice. Bar: 5 mm. B, Exemplar echocardiographic
M-mode traces showing chamber dilation in aged Kcne2G/0~~ mice compared to wild-type
littermates. LVAW: anterior left ventricular wall, PW: posterior left ventricular wall, LV:
diameter of left ventricle in systole (s) and diastole (d). C, Transthoracic echocardiography
reveals DCM with reduced systolic function in aged Kcne2G/0~~ mice (12-15 months).
Chamber quantification from traces revealed significant LV dilation in 12-15 months

old Kcne2™~ mice (n = 10 mice per genotype) with a significant increase in left wall
thicknesses. *P < .05; ***P< .001, student’s ftest. D, Global systolic function was impaired
in Kcne2G0~~ mice as indicated by mildly reduced left ventricular ejection fraction (EF)
and fractional shortening (FS). Values represent means + SEM. * P < .05, student’s #test.
E, Kaplan-Meier survival curves for Kcne2G/0*/*, Kcne2G!0%, and Kcne2G0~~ mice (n =
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50 mice per genotype at time-point zero). Data for untreated Kcne26S** and Kcne2CS~~
(blue curves) from Figure 1 (n = 25-33) shown for comparison. Statistical comparisons
were performed for untreated Kcne2°S~~ mice vs omeprazole-treated Kcrne2“S~~ mice and
untreated Kcne2G0~~ mice; **P< .01, student’s ftest
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FIGURE 7.

Effects of global vs cardiac-specific Kcne2 knockout on L-type Ca?* current. A,
Representative (of n = 9-11 cells per genotype) patch-clamp recordings from isolated
ventricular cardiomyocytes freshly isolated from 3 to 6 month-old wild-type, Kcne2G0~/~
or Kcne2°S~~ mice as indicated, using voltage protocol shown (upper right). Dashed line
indicates zero current level. B, Comparison of inactivation kinetics for baseline currents
shown in panel A; n = 9-11 cells from at least three mice per genotype, *P < .05 vs
wild-type, same treatment group, student’s ¢test. Time constants generated by double
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exponential fit. C, L-type calcium current densities in isolated ventricular cardiomyocytes
from 3 to 6 month-old wild-type, Kcne26/0~~ or Kcne2“S~~ mice as indicated, at baseline
or following isoproterenol treatment (+1s0); n = 9-11 cells from at least three mice per
genotype, *P < .05 vs wild-type, same treatment group, student’s #test. D, Normalized
G/Gmax plot for currents as in panel C. E, L-type calcium current densities in isolated
ventricular cardiomyocytes from 12 to 15-month-old wild-type and Kcre26/0~~ mice as
indicated, at baseline or following isoproterenol treatment (+1s0); n = 16-17 cells of at least
three mice per genotype, *P < .05 vs wild-type, same treatment group, student’s Ztest.

F, Comparison of inactivation kinetics for baseline currents shown in panel C; n = 16-17
cells from at least three mice per genotype, *P < .05 vs wild-type, same treatment group,
student’s ttest. Time constants generated by double exponential fit
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FIGURE 8.

Gastrin receptor inhibition does not alter survival of Kcne2G/0~~mice. A-C, Serum
concentrations of gastrin (a), histamine (b), and C-peptide (c) in 20- vs 60- week-old male
Kcne2C10*/* and Kcne2G0~/~ mice (n = 5-11). *P< .05; **P< .01 vs all other groups;
both after Bonferroni correction; all other comparisons 2> .05 after Bonferroni correction.
D, Kaplan-Meier survival curves for untreated Kcne2G/0~~mice (n = 50 mice per genotype
at time-point zero), compared to proglumide-treated Kcne2G/0~~mice (n = 19 mice at
time-point zero); > .05
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Omeprazole treatment and global Kcne2knockout similarly decrease relative abundance of
a subset of Bacteroidales in the gut. A, Shannon alpha diversity of the gut microbiomes in
the genotypes and treatment groups indicated (n = 5-18). B, Principal Coordinates Analysis
(PCoA) plot of dissimilarity (beta diversity) of the gut microbiomes in the genotypes and
treatment groups indicated (n = 8-18). C, Relative frequency in the genotypes and treatment
groups shown of the Bacteroidales group “g-, f-,” subset (n = 5-18). Each bar represents
the gut microbiome of one mouse; the size of each bar on the y axis scale represents
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the relative frequency of Bacteroidales species. D, Box plots showing statistical analysis

of data in panel c. Error bars indicate SEM; n = 5-18. *P< .05; **P < .01. E, Relative
frequency in the genotypes and treatment groups shown of the Lactobacillaceae (n = 5-18).
Each bar represents the gut microbiome of one mouse; the size of each bar on the y axis
scale represents the relative frequency of Lactobacillaceae. F, Box plots showing statistical
analysis of data in panel E. Error bars indicate SEM; n = 5-18. **£ < .01 vs other groups
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Omeprazole delays terminal HF in Kcne2¢S~~ mice. Kaplan-Meier survival curves for
untreated Kcne2¢S~~mice (n = 25; from Figure 1) and omeprazole-treated Kcne2cS~~

mice (n=7); *P<.05
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