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Abstract Arrhythmogenesis from aberrant electrical remodeling is a primary cause of death

among patients with heart disease. Amongst a multitude of remodeling events, reduced expression

of the ion channel subunit KChIP2 is consistently observed in numerous cardiac pathologies.

However, it remains unknown if KChIP2 loss is merely a symptom or involved in disease

development. Using rat and human derived cardiomyocytes, we identify a previously unobserved

transcriptional capacity for cardiac KChIP2 critical in maintaining electrical stability. Through

interaction with genetic elements, KChIP2 transcriptionally repressed the miRNAs miR-34b and

miR-34c, which subsequently targeted key depolarizing (INa) and repolarizing (Ito) currents altered in

cardiac disease. Genetically maintaining KChIP2 expression or inhibiting miR-34 under pathologic

conditions restored channel function and moreover, prevented the incidence of reentrant

arrhythmias. This identifies the KChIP2/miR-34 axis as a central regulator in developing electrical

dysfunction and reveals miR-34 as a therapeutic target for treating arrhythmogenesis in heart

disease.

DOI: 10.7554/eLife.17304.001

Introduction
Cardiac excitability is controlled by a combination of depolarizing and repolarizing currents, whose

dysregulation during heart failure (HF) or myocardial infarction (MI) play a significant role in clinically

relevant arrhythmias (Tomaselli and Marbán, 1999; Wang and Hill, 2010). Aberrant remodeling cul-

minates in altered Ca2+ current (ICa) (Houser et al., 2000; Wang et al., 2008), Na+ current (INa)

(Pu and Boyden, 1997; Maltsev et al., 2002), and a host of outward K+ currents (IK) (Näbauer and

Kääb, 1998), creating impaired cardiac excitability and performance, accounting for high rates of

mortality in HF patients (Nattel et al., 2007; Tomaselli and Zipes, 2004). However, large variability

and breadth of electrical changes present challenges in determining which mechanisms are critical in

driving arrhythmias and disease progression. Intriguingly, loss of the Potassium Channel Interacting

Protein 2 (KChIP2) has proven to be a consistent event following cardiac stress, sparking interest

into understanding its contribution in disease remodeling (Näbauer and Kääb, 1998; Nass et al.,

2008; Jin et al., 2010).

It is well described that KChIP2 associates with and modulates the Kv4 family of potassium chan-

nels, which together define the fast transient outward potassium current (Ito,f), maintaining early car-

diac repolarization (An et al., 2000; Niwa and Nerbonne, 2010). However, emerging evidence

suggests KChIP2 may not be limited to this role (Thomsen et al., 2009; Li et al., 2005;

Deschênes et al., 2008). Investigations following KChIP2 knock-down show reduced transcript

expression for the cardiac sodium channel gene, SCN5A, and its accessory subunit SCN1B, in
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addition to Kv4.3 protein, prompting the loss of both Ito,f and INa (Deschênes et al., 2008). Consid-

erably, these changes reflect conditions observed in the diseased heart, but more importantly impli-

cate potential transcriptional significance for KChIP2 at the center of that remodeling. Indeed, other

members of the KChIP family not expressed in the myocardium behave as transcriptional repressors,

while also maintaining the ability to interact with Kv4 channels (An et al., 2000; Carrión et al.,

1999; Savignac et al., 2005; Gomez-Villafuertes et al., 2005; Ronkainen et al., 2011). Therefore,

we sought to identify the existence of cardiac KChIP2 transcriptional activity and its significance in

electrical remodeling and arrhythmia susceptibility. Here, we find KChIP2 transcriptionally represses

a set of miRNAs known as miR-34b and-34c. Through KChIP2 loss, miR-34b/c are elevated, subse-

quently targeting other ion channel genes defining INa and Ito densities. Either restoring KChIP2

expression or blocking miR-34b/c activity during cardiac stress reverses this remodeling and

completely negates the occurrence of re-entrant arrhythmias. Together, this work unveils a novel,

transcriptional mechanism for KChIP2, and defines it as a central mediator of cardiac electrical

activity.

Results

KChIP2 as a transcriptional repressor of miRNAs
This study was approached with the knowledge that acute KChIP2 loss affected the SCN5A

(Nav1.5), SCN1B (Navb1), and KCND3 (Kv4.3) genes in a manner suggesting miRNA activity

(Deschênes et al., 2008). We therefore performed a miRNA microarray following KChIP2 silencing

in neonatal rat ventricular myocytes (NRVMs), resulting in the induction of a number of miRNAs

(Figure 1A). We evaluated the miRNAs that achieved at least a two fold increase (Figure 1B) using

TargetScan 7.1 (Lewis et al., 2005) to identify potential targeting to the mRNAs SCN5A, SCN1B,

and KCND3. Ultimately, we identified miR-34b and �34c as the only miRNAs predicted to target

not just one of these ion channel genes, but notably target all three collectively (Figure 1C). Nota-

bly, we also observed 14 miRNAs decreased greater than two fold (Figure 1B). However, a loss in

miRNA expression is not consistent with the role of KChIP2 as a transcriptional repressor, and also

would not lead to a decrease in ion channel mRNA expression. Real-time qPCR was used to confirm

the array results, showing elevation in the mature transcripts for miR-34b and �34c (Figure 1D).

Importantly, we also performed overexpression of three different cardiac KChIP2 isoforms which

eLife digest The heart pumps blood throughout the body to provide oxygen and nourishment.

To do so, proteins in the heart create electrical signals that tell the heart muscles to contract in a

coordinated manner. Heart disease can cause cells to lose control of the production or activity of

these proteins, creating disorganized electrical signals called arrhythmias that interfere with the

heart’s ability to pump. Sometimes these arrhythmias lead to sudden death.

Researchers do not know exactly what triggers these changes in the heart’s normal electrical

rhythms. This has made it difficult to develop strategies to prevent these disruptions or to fix them

when they occur.

By studying rat and human heart cells, Nassal et al. now show that a protein called KChIP2 stops

working properly during heart disease. Most importantly, because of the decreased level of KChIP2

in heart disease, KChIP2 loses the ability to restrict the production of two microRNA molecules – a

role that KChIP2 was not previously known to perform. This loss of activity sets off a cascade of

signals that worsens the balance of electrical activity in the heart cells, creating arrhythmias.

Treatments that restored proper levels of the fully working KChIP2 protein to the heart cells or

that blocked the signals set off by a lack of KChIP2 returned the electrical activity of the cells back to

normal. This also stopped the development of arrhythmias. Further studies are now needed to

investigate whether these treatments have the same effects in living mammals. If effective, this could

ultimately lead to new treatments for heart diseases and arrhythmias.

DOI: 10.7554/eLife.17304.002
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reduced the expression of miRs-34b/c (Figure 1D). Together, these changes are consistent with the

novel idea that KChIP2 behaves as a transcriptional repressor.

Because KChIP2 is dominantly known as a modulator of Kv4 channels, with cytoplasmic localiza-

tion (Takimoto et al., 2002), we addressed whether it could also localize to the nucleus where it

could act as a transcriptional regulator. Indeed, fractionation of adult rat cardiomyocytes into nuclear
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Figure 1. miR-34 regulation linked to changes in KChIP2 expression. (A) Results of miRNA microarray showing the log2 of the fold changes in miR

expression following 72 hr of KChIP2 siRNA treatment. Arrow identifies miR-34b and �34c amongst the panel of altered miRNAs. Analysis of miRNAs

for mRNA targets using TargetScan 7.1 was restricted to those above two fold induction (dashed line) (B) Tables showing the list of those miRNAs

showing at least a two fold increase or decrease following KChIP2 silencing. (C) Alignment of the 3’-UTR of SCN5A, SCN1B, and KCND3 genes with

miRs-34b/c from rat, showing hybridization of the seed region. Grayed letters indicate variation in sequence between miR-34b and �34c. A single site

of interaction is indicated for SCN5A and SCN1B while two sites exist for KCND3. (D) Real-time qPCR analysis showing percent change of miR-34b/c

expression from control cells in NRVM transfected with KChIP2.3 (n = 5), KChIP2.6 (n = 6), KChIP2.4 (n = 4), or KChIP2 siRNA (n = 4–5). (E) Cytosolic,

membrane, and nuclear fractions of native adult rat heart tissue. KChIP2 nuclear localization was assessed by using lactate dehydrogenase (LDH),

Serca2a, and Lamin-B as cytoplasmic, membrane, and nuclear markers respectively. (F) Representative z-stack images of adult rat ventricular myocyte.

Nuclear stained regions (DAPI, blue) show the absence of cytosolic protein LDH (green), while KChIP2 (red) staining reveals significant colocalization.

Data presented as mean ± SEM. *p<0.05; **p<0.01, compared to control.
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fractions reveals endogenous KChIP2 nuclear expression in the absence of contaminating cytosolic

(lactate dehydrogenase) and membrane associated proteins (Serca2a) (Figure 1E). This is reinforced

in the localization patterns of adult cardiomyocytes, showing marked endogenous KChIP2 colocaliza-

tion in the nucleus in the absence of the cytosolic marker lactate dehydrogenase (Figure 1F).

KChIP2 interaction with the miR-34b/c promoter
To assess whether the transcriptional changes seen in miR-34b/c were the consequence of KChIP2

activity on the promoter, a luciferase assay was conducted containing the cloned minimal miR-34b/c

promoter in the presence of KChIP2. Notably, both miR-34b and �34c are transcribed in tandem

under the regulation of a shared, intergenic promoter (Toyota et al., 2008). To identify potential

DNA binding locations for KChIP2, we borrowed from what is known about the putative nucleotide

binding sequence for the transcriptional repressor DREAM (KChIP3). This member of the KChIP fam-

ily shares a high degree of homology with KChIP2, but more importantly has known transcriptional

activity occurring through interaction with a nucleotide sequence known as the DRE motif

(Carrión et al., 1999). MatInspector software (Cartharius et al., 2005) was used to evaluate the

miR-34b/c promoter for occurrences of this motif, revealing a potential site beginning 254 bp

upstream of the miR-34b stem-loop (Figure 2A). A region of the promoter 500 bp to 191 bp

upstream of the miR-34b stem-loop was cloned into the pGL4.10 luciferase vector and co-trans-

fected with several KChIP2 isoforms into cos-7 cells. When compared to a GFP transfected control

without KChIP2, we observed significant repression in the presence of KChIP2.3, 2.4, and 2.6

(Figure 2A), showing that KChIP2 can directly act on the miR-34b/c promoter to impart repressive

action. To determine if physical KChIP2 interaction with the promoter mediates the repressive state,

native adult rat cardiomyocytes were used to perform chromatin immunoprecipitation, followed by

qPCR with a primer set flanking the identified DRE site. KChIP2 pull-down resulted in significant

enrichment of the DRE containing PCR fragment when compared to an IgG control (Figure 2B).

To identify if the DRE site within the promoter fragment is responsible for the repression caused

by KChIP2, the core nucleotide sequence was deleted from the promoter (Figure 2C). This attenu-

ated the repressive action of KChIP2, implying that KChIP2 is capable of recognizing the same puta-

tive DNA binding motifs as DREAM and uses it to induce repressive action. Additionally, it is known

that transcriptional derepression of DREAM is regulated through Ca2+ binding to EF-hand motifs

(Carrión et al., 1999). Therefore, to further characterize KChIP2 activity, the reporter assay was con-

ducted following incubation with 10 mM caffeine to induce global elevations in Ca2+. This led to sig-

nificant activation of the promoter (Figure 2D), reinforcing the transcriptionally repressive nature of

KChIP2 and its conserved mechanisms with DREAM. Together, this data demonstrates that KChIP2

behaves as a transcriptional repressor on the promoter of miR-34b/c by direct binding to the puta-

tive DRE motif.

SCN5A, SCN1B, and KCND3 targeted by miR-34b/c
Previous studies identified reduction in Nav1.5, Navb1, and Kv4.3 following KChIP2 silencing

(Deschênes et al., 2008). Having observed that KChIP2 knock-down elevates miR-34b/c, we next

sought to determine whether miR-34b/c targets these ion channel transcripts to mediate their loss in

expression. Precursor miRNAs for miRs-34b/c were transfected into NRVMs to directly elevate their

expression. Assessment of the resulting transcripts showed reduced mRNA for SCN5A and SCN1B

following miR-34 expression, compared to a non-targeting control miR (Figure 3A). While KCND3

levels remained unchanged (Figure 3A), Kv4.3 protein experienced significant reduction that reinfor-

ces the miRNA mode of translational inhibition without mRNA degradation previously noted

(Deschênes et al., 2008) (Figure 3B and C).

To determine if the changes in channel expression was the consequence of miR-34 targeting to

the 3’-UTR of these genes, and not the result of an indirect pathway, fragments of the 3’ region con-

taining the seed sequence were fused to the end of a luciferase reporter construct. This construct

was co-expressed with the miR-34b/c precursors in HEK293 cells, resulting in reduced activity in all

three constructs when compared to a control miR-precursor (Figure 3E). Subsequently, mutations

were made within the seed region where miR-34 targeting is predicted to bind (Figure 3D), which

significantly attenuated the repressive action (Figure 3E). This suggests that miR-34b/c are indeed
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targeting the predicted seed region in the SCN5A, SCN1B, and KCND3 genes and directly influenc-

ing their expression.

miR-34b/c functionally regulates INa and Ito density
Functional assessment of changes to INa and Ito were determined through patch clamp recordings in

NRVM. Reflecting the changes in mRNA and protein, expression of miR-34b/c precursor produced a

significant decline in INa (Figure 3F). Ito, however, while having trended reductions, did not produce

significant loss despite the loss in Kv4.3 protein levels (Figure 3G). This can be attributed to a num-

ber of reasons. The current evaluation was conducted in rodent myocytes, where Ito is comprised of

the shared alpha subunits Kv4.2 and Kv4.3, which comprise a fast component of Ito referred to as

Ito,f. Additionally, there are the contributions of Kv1.4, another potassium channel subunit, which
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Figure 2. KChIP2 represses miR-34b/c expression by direct interaction with a putative DRE motif in promoter. (A) A region from �500 to �191 of the

miR-34b/c promoter was cloned into the promoterless luciferase construct, pGL4.10. This construct was co-transfected into COS-7 cells in the presence

of KChIP2.3 (n = 3), KChIP2.6 (n = 8), or KChIP2.3 (n = 3) and compared to GFP alone. Renillin (pGL4.74) was used as a normalization control. Results

are depicted as a % change in activity compared to GFP alone. (B) IgG and KChIP2 ChIP-PCR conducted on native adult rat cardiomyocytes. The target

primer site residing within the cloned promoter was evaluated for enrichment following pull down (n = 3), showing significant enrichment of the target

region. (C) Luciferase assay conducted in COS-7 cells to evaluate the outcome of deleting the putative DRE site in the miR-34b/c promoter. COS-7 cells

were transfected with the same WT reporter construct inserted into the pGL4.10 vector or with the DRE motif deleted, both in the presence of

KChIP2.6. Activity was normalized to renillin (pGL4.74). Deletion of a putative KChIP2 interaction site (DRE motif) partially abolished the repressive effect

KChIP2.6 had over the miR-34b/c promoter (n = 4) compared to WT (n = 9). (D) COS-7 cells transfected with KChIP2.6 and the pGL4.10 containing the

WT miR-34b/c promoter were treated with or without 10 mM caffeine for 6 hr, leading to promoter activation (n = 4). Results were normalized to renillin

activity. Data presented as mean ± SEM. *p<0.05; **p<0.01, as indicated or compared to control.
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activity. (F) I/V curves for INa measured in NRVM over-expressing precursors for control (n = 24), miR-34b (n = 24), or miR-34c (n = 18). (G) I/V curves for

Ito,total measured in NRVM over-expressing precursors for control (n = 15), miR-34b (n = 12), or miR-34c (n = 11). (H) Ito,f was also assessed in NRVM

through kinetic subtraction of Ito,s. Resulting I/V curves now reveal a significant reduction in current density in miR-34b (n = 14) and miR-34c (n = 15)

Figure 3 continued on next page
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encodes a slow component, referred to as Ito,s. These descriptions are attributed to the respective

rates of recovery from inactivation for each of these channels (Niwa and Nerbonne, 2010). Notably,

our patch protocol in Figure 3G took into account the contributions of all three subunits, or Ito,total.

Therefore, despite reductions in Kv4.3 protein expression the change in current resists as it is not

the predominant channel contributing to Ito. Importantly, Kv4.2 and Kv1.4 do not contain a miR-34

seed region. In fact, in response to miR-34b/c expression, mRNA levels for Kv4.2 actually experi-

enced a trended elevation (Figure 3—figure supplement 1) which could also contribute to the lack

of reduction in Ito. We therefore modified our patch protocol to probe just Ito,f and remove the con-

tribution of Kv1.4, which now revealed a significant reduction in the Ito,f density (Figure 3H). To fur-

ther identify if the presence of Kv4.2, Kv4.3, and Kv1.4 in rats could explain the resisted change in

Ito, cardiomyocytes derived from human induced pluripotent stem cells (iCells) were used, since in

the human background, Kv4.3 is the dominant contributor to Ito (Niwa and Nerbonne, 2010).

Expression of miR-34b/c precursors now produced a significant loss in Ito density (Figure 3J), while

also maintaining reductions in INa (Figure 3I). Importantly, this not only satisfies why Ito loss was

resistant in the NRVMs, but identifies conservation of miR-34 activity across species, implicating the

importance of miR-34s in human cardiac ion channel regulation.

KChIP2 regulates miR-34b/c expression during cardiac stress
To begin to understand the pathogenic importance of this pathway, NRVMs were cultured in 100

mM phenylephrine (PE) for 48 hr to mimic neuro-hormonal overload in a stressed myocardium. PE

stimulation resulted in a dramatic decline of KCNIP2 (KChIP2), while also yielding significant eleva-

tion in miR-34b/c (Figure 4A and B). These conditions resulted in reductions in expression for

SCN5A, SCN1B, and KCND3 transcripts (Figure 4C). Critically, maintaining KChIP2 levels through

use of adenovirus encoding KChIP2 (Ad.KChIP2) normalized the expression of miRs-34b/c while

reversing the loss in SCN5A and SCN1B; however, KCND3 levels remained suppressed (Figure 4B

and C). Functional evaluation on both INa and Ito,f shows significant loss in density following PE treat-

ment (Figure 4D and E), reflecting the changes we see in transcript expression and mimicking ion

channel remodeling observed in HF. However, Ad.KChIP2 treatment restored the current density for

both currents, despite KCND3 transcript expression being unaffected by KChIP2 expression. These

observations strongly implicate a role for KChIP2 in maintaining proper electrical expression during

pathological remodeling in the stressed heart. Moreover, we were able to observe significant reduc-

tion of KChIP2 and elevation of miR-34b/c within failing human heart tissue compared to non-failing

(Figure 5A). Reinforcing this conservation was the identification of a predicted DRE motif proximal

to the transcriptional start site, in the human miR-34b/c promoter as evaluated by MatInspector

(Figure 5B). At the same time, significant loss of SCN5A and KCND3 transcripts in failing tissue

(Figure 5C) also show conservation of miR-34b/c targeting within their 3’-UTRs (Figure 5D). Interest-

ingly, SCN1B does not preserve its target site in humans, however, we also observed no significant

reduction in transcript expression from failing heart tissue (Figure 5C). Together, this reinforces the

concept of KChIP2 as a core transcriptional regulator of electrical activity under normal and patho-

logic conditions.

To address the specific activity of miR-34b/c in mediating these changes in ion channel expres-

sion, NRVMs and iCells were transfected with miR-34b/c antimir molecules during the duration of PE

treatment. Much like KChIP2 delivery which reduced miR-34b/c expression, directly blocking miR-

34b/c activity maintained INa in both rat and iCells (Figure 6A and D), further implicating miR-34b/c

in the direct regulation of these ion channel transcripts. However, Ito,total density in the NRVMs did

not observe the same rescue (Figure 6B). We believe this is once again explained by the

Figure 3 continued

precursor treated cells compared to control (n = 16). (I) The same experiments conducted in human derived cardiomyocytes (iCells) expressing either

control or miR-34b/c precursor together, measuring INa (control, n = 24; miR-34b/c, n = 21) and (J) Ito,total (control, n = 24; miR-34b/c, n = 25). Data

presented as mean ± SEM. *p<0.05; **p<0.01, as indicated or compared to control. See also Figure 3—figure supplement 1.

DOI: 10.7554/eLife.17304.005

The following figure supplement is available for figure 3:

Figure supplement 1. Kv4.2 (kcnd2) expression in NRVM following expression of miR-34b/c precursor.

DOI: 10.7554/eLife.17304.006
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contributions of Kv1.4 and Kv4.2, in addition to Kv4.3 in defining rodent Ito. In fact, by probing just

Ito,f, we revealed a significant, but incomplete restoration following miR-34b/c block (Figure 6C).

Notably, the same experiment conducted in iCells where Kv4.3 is the dominant subunit, resulted in

the full restoration of Ito (Figure 6E). To be more certain the restoration of current density was spe-

cific to miR-34b/c targeting the underlying subunits encoding INa and Ito, rather than a general res-

cue in the molecular state of the cell, the repolarizing current IKr was assessed in iCells. PE

successfully reduced this current, which is known to be reduced by cardiac stressors, however, it was

unable to be rescued by miR-34b/c block (Figure 6—figure supplement 1). Critically, this shows

that KChIP2 regulation of INa and Ito is enacted through specific targeting of miR-34b/c activity, while

the use of iCells displays mechanistic conservation in human derived cells.

Inhibition of miR-34b/c blocks arrhythmia induction
Dysregulation of INa and Ito have been previously associated with arrhythmogenesis (Starmer et al.,

2003; Kuo et al., 2001). Therefore, in order to test the consequence of INa and Ito loss and the

involvement of miR-34b/c in regulating susceptibility to arrhythmic events, optical mapping was per-

formed in NRVM monolayers. As before, cells were exposed to 100 mM PE for 48 hr following treat-

ment with either a control or miR-34b/c antimir. Using point stimulation, we submitted the

monolayers to baseline pacing (S1) followed by a single premature stimulus (S2) over a range of S1-

S2 coupling intervals. Immediately following S2 capture, the occurrence of rapid, non-paced activity

(arrhythmia) was assessed.

Figure 7A shows representative activation maps during S1 (top) and S2 (bottom) pacing. In all

conditions, activation during S1 pacing shows uniform wavefront propagation, with evidence of
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Figure 4. In vitro cardiac disease signaling links KChIP2 loss with miR-34 elevation. (A) Real-time qPCR evaluation of relative kcnip2 following treatment

with 100 mM PE for 48 hr in NRVM (n = 6). Results normalized to ribosomal protein RPL27. (B) Evaluation of miR-34b (n = 8) and miR-34c (n = 7) relative

expression in NRVM under control (no PE with Ad.GFP), 100 mM PE with Ad.GFP, or 100 mM PE with Ad.KChIP2 to maintain KChIP2 expression during

the 48 hr treatment. Expression levels were normalized to small nucleolar RNA, U87. (C) The same treatment conditions in (B), evaluating relative mRNA

expression for SCN5A (n = 10), SCN1B (n = 10), and KCND3 (n = 7). (D) Functional current-voltage measurements of INa from NRVM under control

(n = 29), PE+Ad.GFP (n = 27), and PE+Ad.KChIP2 (n = 30). (E) I/V curve for Ito,f recordings in control (n = 7), PE+Ad.GFP (n = 9) and PE+Ad.KChIP2

(n = 9). Data presented as mean ± SEM. *p<0.05, **p<0.01, as indicated or compared to control, #p<0.05, compared to PE+Ad.GFP.
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conduction slowing following PE + control antimirs, consistent with reduced INa density. Compared

to S1 pacing, propagation during S2 pacing was slower in all conditions; however, in PE + control

antimirs significant impulse slowing (isochrone crowding) and block (solid line) were observed. Criti-

cally, this block was sufficient to cause sustained reentrant excitation in 5 of 7 monolayers

(Figure 7B and C). Remarkably, PE + miR-34b/c inhibition prevented conduction block and miti-

gated conduction slowing, protecting all monolayers from sustained re-entry (Figure 7C).

To determine the electrophysiological substrate responsible for the reentrant activity observed,

monolayers were evaluated for changes in APD and conduction velocity. Reflecting the changes in

INa and Ito expression, exposure to PE for 48 hr significantly prolonged APD and slowed conduction

velocity compared to control dishes across multiple pacing cycle lengths (Figure 7D and E). APD

prolongation from PE was unresponsive to miR-34b/c inhibition; however, this was anticipated as we

previously determined Ito is not restored by miR-34b/c block in NRVM due to the additional Kv1.4

and Kv4.2 mediated current. However, treatment with miR-34b/c antimir, which maintained INa den-

sity in isolated myocytes (Figure 6A), produced a trend towards restoration of conduction velocity,
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suggesting other mechanisms of conduction slowing following PE treatment that are uninfluenced

by miR-34b/c activity.

Therefore, to more precisely assess changes in cellular excitability, we determined the effective

refractory period (ERP) under each condition. Reflecting the prolonged APD and reduced INa, PE

treated cells displayed a significantly longer ERP (Figure 7F) than control cells. However, treatment

with the miR-34 antimir significantly shortened ERP towards control. Notably, this recovery occurred

in the absence of a shortened APD, suggesting a significant recovery of INa excitability. Thus, even

without being able to rescue Ito, we were still able to restore cellular excitability through miR-34b/c

inhibition and limit the occurrence of conduction block and reentry. Overall, the observation KChIP2

can normalize electrical remodeling in a setting of myocardial stress highlights a much expanded

and multimodal role in establishing the cardiac electrical state.

Discussion
This study established a novel transcriptional role for cardiac KChIP2, whereby it maintains a repres-

sive influence over the miR-34b/c promoter. KChIP2 loss either by direct silencing or pathologic
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Figure 6. miR-34 block reverses loss of both INa and Ito in disease signaling. (A) INa I/V curve measured in NRVM transfected with either non-targeting

antimirs (control, n = 26), non-targeting miR + 100 mM PE (PE+control antimir, n = 20), or miR-34b/c antimirs + 100 mM PE (PE+miR-34 antimir, n = 21)

for 48 hr. (B) Ito,total I/V measurements in NRVM showing current density is lost in PE+control (n = 16) and remains down in the PE+miR-34 antimir

(n = 16), compared to control (n = 17) cells. (C) Ito,f I/V measurements in NRVM. Cells treated with PE+control antimir (n = 22) have reduced current

density, that is now partially restored in the PE+miR-34 antimir (n = 23) cells compared to control (n = 27). (D) I/V curve for INa taken in iCells showing

that miR-34 antimirs (n = 6) can rescue current density back toward control (n = 6), when compared to PE+control (n = 6). (D) I/V curve for Ito,total
measurements in iCells showing miR-34b/c antimir in the presence of PE (n = 15) can rescue current density towards control (n = 15) while PE+control

(n = 15) remains reduced. Data presented as mean ± SEM. *p<0.05 versus control, **p<0.01, as indicated or compared to control antimir, #p<0.05,

##p<0.01 compared to PE+control antimir. See also Figure 6—figure supplement 1.

DOI: 10.7554/eLife.17304.009

The following figure supplement is available for figure 6:

Figure supplement 1. IKr is insensitive to miR-34 block following PE stimulation.

DOI: 10.7554/eLife.17304.010
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means, removes repression over miR-34b/c expression. Consequentially, reductions in transcript and

protein expression for Nav1.5, Navb1, and Kv4.3 are observed as an outcome of miR-34b/c target-

ing to seed regions present in the 3’-UTR of these genes, allowing KChIP2 to manipulate functional

expression of a host of critical cardiac ion channel genes, ultimately acting as a key regulator of car-

diac excitability and arrhythmia susceptibility.

While we evaluated a discrete pathway targeted by KChIP2 transcriptional activity, there are

doubtless many other gene targets. To begin to address this discussion, a gene expression array

was performed on NRVM following 48 hr of KChIP2 silencing. Evaluation of genes that experienced

at least a two fold change revealed an increase in expression for 293 genes and a decrease in

expression for 407 genes in response to KChIP2 silencing (Supplementary file 1). Notably, of the

genes experiencing increased expression, 192 of them (65.5%) were predicted to contain a DRE

motif within promoter elements, implicating the potential of KChIP2 transcriptional activity directly

mediating these changes. Additionally, of the genes responding with reduced expression, 71 of

them (17.4%) were predicted to contain a miR-34b/c target site within their 3’-UTR. Importantly, we

see significant reduction to SCN5A and SCN1B, consistent with previous data and the mechanisms

investigated here. Considerably, whether these changes are the direct consequence of KChIP2 tran-

scriptional repression, or more indirect KChIP2 dependent mechanisms, including prolonged APD

from loss in Ito density contributing to altered Ca2+ handling, the results are still relevant to cardiac

remodeling, particularly given the associated loss of KChIP2 in cardiac disease states. Notably, a

diverse range of gene pathways were implicated in response to KChIP2 loss, including cardiovascular

signaling, regulation to G-protein coupled receptor pathways, relaxation and contraction, TGFb sig-

naling, apoptotic, and NFkB dependent signaling mechanisms, all of which have a relevance in dis-

ease remodeling (Supplementary file 1). Importantly, these data are supportive of our conclusion

that KChIP2 is a key regulator of cardiac pathology. While our study focused on the transcriptional

pathway by which KChIP2 could exert a concerted regulation of INa and Ito, further investigations

pursuing some of the targets highlighted from this gene expression array will likely reveal a broader

role for KChIP2 as a transcriptional regulator of cardiac physiology much like is seen for KChIP3

(DREAM) in the brain.

Indeed, the role of KChIP2 as a multimodal regulator of cardiac ion channels has been an emerg-

ing topic. Recent work has identified KChIP2 regulation of Cav1.2 through direct interaction with an

inhibitory N-terminal domain on the channel, effectively reducing ICa,L in the absence of KChIP2

(Thomsen et al., 2009; Foeger et al., 2013). Our previous work has also suggested that KChIP2 is

part of a larger macromolecular complex that includes subunits for both Nav1.5 and Kv4 channels

that lead to functional increases in both currents when coexpressed with KChIP2

(DeschenesDeschênes et al., 2008). In the same study we also identified transcriptional changes in

SCN5A and SCN1B following acute knockdown of KChIP2 in NRVM, which provided the motiva-

tional basis for the work presented here. Taken together, these observations suggest a highly pro-

miscuous nature for KChIP2.

Notably, another member of the KChIP family, KChIP3, has also been discovered to interact with

multiple membrane proteins, including regulation of Kv4 channels (Mellström et al., 2008;

Buxbaum et al., 1998), while also displaying Ca2+ regulated transcriptional repression

(Carrión et al., 1999). Even the role of KChIP3 as a transcriptional repressor is multimodal, including

direct binding to DRE motifs, in addition to interacting with and suppressing the activity of the

cAMP response element-binding protein (CREB), an established transcriptional activator

(Ledo et al., 2002). Both of these processes are Ca2+ regulated, due to three functional high affinity

EF-hand motifs residing in the protein (Carrión et al., 1999). Occupancy of these sites upon

increases in intracellular Ca2+ lead to conformational changes that cause DNA binding release

(Carrión et al., 1999) or dissociation from CREB (Ledo et al., 2002), causing de-repression of down-

stream gene targets. Given that the entirety of the KChIP gene family displays strong conservation

around these EF-hand residues, suggests conservation of these Ca2+ regulated responses. Indeed,

we observed that caffeine stimulation produced increased activity of the miR-34b/c promoter

(Figure 2D) in the presence of KChIP2. Additionally, when we deleted the DRE element in the miR-

34b/c promoter, we observed an incomplete removal of suppression (Figure 2C). However, as

KChIP3 represses gene expression through alternative CREB dependent regulation, the partially

retained repressive activity may be attributed to this secondary function. Further analysis of the pro-

moter by MatInpsector revealed several potential sites of predicted CREB binding that may have
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allowed for partially maintained KChIP2 suppression, even in the absence of the DRE site. Given that

KChIP2 and KChIP3 share a high degree of homology only reinforces the observation of multiple

activities for KChIP2 as well.

The physiologic implications of KChIP2 targeting miR-34b/c expression is one of tremendous sig-

nificance for many cardiac pathologic states. Rapid depletion of KChIP2 protein is a widespread

event that underlies remodeling in many cardiac diseases, including chronic HF, MI, and atrial fibrilla-

tion (Nattel et al., 2007). Considerably, these diseases also present with reductions in Ito and INa.

The relationship between KChIP2 and Ito has been heavily studied, frequently identifying that KChIP2

loss induces the destabilization of Kv4.2/4.3 channels and mediates the decline in current density

(Foeger et al., 2013). However, the work presented here offers the unique alternative that transla-

tion block through miRNA interaction mediates the decline in Kv4.3. Given that Kv4.2 does not con-

tain a miR-34 target region in its 3’-UTR, but still experiences degradation following KChIP2 loss, it

is likely that both mechanisms contribute to the resulting loss in Ito,f. However, it is also observed

that reduced KChIP2 expression stimulated by phenylephrine + propranolol in in vitro cultures of

NRVM experienced increased Kv4.2 protein while KChIP2 and Kv4.3 levels were reduced

(Panama et al., 2011), supporting the opportunity for miRNA dependent translational block target-

ing Kv4.3, rather than just destabilization of all Kv4 channels.

In the same settings of cardiac disease where KChIP2 is down, there are also observations of INa

depletion (Valdivia et al., 2005; Zicha et al., 2004). Our data of miR-34 targeting Nav1.5 provides a

means for describing this loss in activity. Notably, others have shown a loss in the full length tran-

script for Nav1.5 mRNA and a corresponding increase in a truncated isoform without the miR-34b/c

target region present (Shang et al., 2007), reinforcing the observations for miR-34b/c mediating the

decline of SCN5A. Overall, the consequential loss of both INa, and Ito, suggests KChIP2 loss during

cardiac stress may be a nodal event in a cascade of gene regulation defining electrical remodeling in

the stressed myocardium. Indeed, earlier work was done that sought to determine the significance

of KChIP2 in the development of hypertrophic remodeling. In a rat TAC banding model, it was

observed that maintaining KChIP2 expression attenuated hypertrophy and pathogenic remodeling

that otherwise lead to a worsening myocardium during pressure overload (Jin et al., 2010). This

reverse in remodeling was attributed to changes in intracellular Ca2+ signaling brought on by resto-

ration of an abbreviated APD. Yet, we were able to observe that inhibition of miR-34b/c could also

attenuate adverse remodeling without influencing APD (Figure 7) implicating multiple pathways of

KChIP2 intervention. Indeed, the miR-34 family has recently been implicated in the development and

progression of hypertrophy and heart failure, in rodent models of both MI and pressure overload

(Bernardo et al., 2012). Critically, these studies, combined with our own data, show that blockade

of the miR-34 family can attenuate pathologic remodeling, expanding the significance of KChIP2

and miR-34 in cardiac pathogenesis.

There are still some challenges in understanding the role of KChIP2 in the progression of hyper-

trophy and heart failure. Investigations conducted in KChIP2 null mice have shown that when submit-

ted to TAC banding, there is no worsened phenotype when compared to wild type mice

(Speerschneider et al., 2013). In fact, arrhythmia susceptibility was lowered in the KChIP2 null mice

during heart failure, believed to be the result of reduced dispersion of repolarization. At the same

time, there were no observed changes to INa. While our current understanding is unable to account

for this disparity, it may be that compensatory regulation exists in these mice as a consequence of

constitutive KChIP2 absence during development, fundamentally changing its regulatory signifi-

cance. Evidence for this is observed when restoring KChIP2 expression in myocytes isolated from

KChIP2 null mice, which resulted in no rescue of Kv4.2 protein expression or recovery of Ito,f
(Foeger et al., 2013). However, restoration of KChIP2 following acute loss from pathologic conse-

quences in a rat model was able to rescue Ito,f (Jin et al., 2010), consistent with what we see in our

own maintenance of KChIP2 following prolonged PE exposure (Figure 4E). The significance of this

begins to suggest deviations in KChIP2 regulatory impact depending on acute versus constitutive

loss.

Ultimately, our endpoint was to determine whether electrical dysregulation brought on by KChIP2

loss was able to influence arrhythmia susceptibility through the activity of miR-34b/c. Despite only

rescuing INa and not Ito in the NRVMs, as evidenced by the shortened ERP with sustained APD pro-

longation (Figure 7D and F), we found this was sufficient to rescue arrhythmia induction following

PE treatment (Figure 7C). Indeed, previous studies have revealed the relationship between changes
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in Na+ channel density and arrhythmia induction. As INa becomes compromised, it begins to resolve

an expanding interval of premature stimuli declared the vulnerability period. Within this interval,

reentry is more likely to occur as a result of non-uniform conduction block surrounding the point of

excitation (Starmer et al., 2003). Both theoretical (Starmer et al., 1991, 1993) and experimental

(Nesterenko et al., 1992; Starmer et al., 1992) studies show that when Na+ channel availability is

reduced, the vulnerable period increases. Therefore, by restoring Na+ channel through miR-34b/c

inhibition, we are effectively minimizing the vulnerable period and making unidirectional conduction

block less likely to occur.

Care must still be taken before translating these mechanisms to the clinical setting. Our investi-

gated pathway was developed using cultured rodent myocytes, differing from human electrophysiol-

ogy in its APD and the impact of underlying currents. We must also understand the electrical impact

of miR-34 inhibition in vivo. However, we know from this investigation that miR-34b/c are elevated in

native human HF tissue (Figure 5A), and that functionally, the inhibition of miR-34b/c in human

derived cardiomyocytes following stress can achieve restoration of both INa and Ito (Figure 6C and

D), reinforcing species dependent conservation. At the same time, conduction block due to compro-

mised cellular excitability has long been understood to be important for clinically relevant arrhyth-

mias (Shah et al., 2005). These observations together suggest strong therapeutic potential for

targeting miR-34 in the treatment of electrical instabilities. Currently, the use of locked nucleic acids

and related technologies have been used to successfully target miRNA activity in vivo (Olson, 2014).

While miR-34b/c is also expressed outside the heart, it is unclear what long-term consequences its

inhibition will have as a therapeutic. However, these outcomes will have to be weighed against the

potential therapeutic advantage it will have in alleviating cardiac events.

Overall, this newly identified KChIP2/miR-34 pathway reflects electrical remodeling observed

within multiple cardiac pathologies. Moreover, the events brought on by KChIP2 loss are critical in

initiating electrical instabilities and arrhythmias implicated in sudden cardiac death. The identification

of KChIP2 transcriptional capacity significantly reshapes its role in cardiac biology as a core mediator

of cardiac electrical activity and reveals KChIP2 and miR-34 as therapeutic targets for managing

arrhythmogenesis in heart disease.

Materials and methods

Isolation and cell culture of neonatal rat ventricular myocytes and
human derived cardiomyocytes (iCells)
Rat neonatal ventricular myocytes were isolated 1–2 days after birth as previously described

(Dennis et al., 2011). Briefly, hearts were minced in HBSS, and tissue fragments were digested over-

night with trypsin at 4˚C. Trypsinized fragments were treated repeatedly for short periods of time

with collagenase at 37˚C followed by trituration. Dissociated cells were pre-plated for 2 hr at 37˚C in

DMEM supplemented with 5% fetal bovine serum (FBS) and penicillin/streptomycin. NRVMs were

collected and replated in DMEM/5% FBS/penicillin/streptomycin with 0.1 mM bromodeoxyuridine

(BrdU) to suppress fibroblast growth and maintained at 37˚C, 5% CO2. These conditions were main-

tained for 24–36 hr, after which culture conditions deviated based on application of cells.

Human-induced pluripotent stem cell (hiPSC)-derived cardiomyocytes (iCell Cardiomyocytes; Cel-

lular Dynamics International, Madison, WI) were cultured in iCell Cardiomyocytes Maintenance

Medium (Cellular Dynamics International) in an atmosphere of 93% humidified air and 7% CO2 at

37˚C. For electrophysiological recordings, 20000–40000 cardiomyocytes were plated on glass cover-

slips coated with 0.1% gelatin as described (Ma et al., 2011).

Rat ventricular myocyte isolation
Single ventricular myocytes were isolated from adult rat hearts. Briefly, rats were anesthetized by

injection of ketamin. Hearts were quickly removed and perfused via the aorta with a physiological

salt solution (PSS) containing (in mmol/L) NaCl 140, KCl 5.4, MgCl2 2.5, CaCl2 1.5, glucose 11, and

HEPES 5.5 (pH 7.4). After 5 min, perfusate was switched to a nominally calcium-free PSS with colla-

genase (Roche, 0.5 mg/mL) being added after an additional 5 min. After 15–20 min of digestion,

hearts were perfused with a high K+ solution containing (in mmol/L) potassium glutamate 110,

KH2PO4 10, KCl 25, MgSO4 2, taurine 20, creatine 5, EGTA 0.5, glucose 20, and HEPES 5 (pH 7.4).
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Ventricles were minced in high K+ solution, and single myocytes were obtained by filtering through

a 115 mm nylon mesh. Myocytes were then plated on laminin coated coverslips for 1.5 hr before fix-

ing with 4% formaldehyde in PBS to be used for immunohistochemistry. Alternatively, cells were

resuspended in a 1% formaldehyde/PBS solution to be used for ChIP studies.

Transfection for KChIP2 overexpression, siRNA treatment, or miRNA-
precursor and inhibitor delivery
NRVM cultures used for transfection and total RNA and protein collection were conducted on 35

mm dishes seeded with 1.5 � 106 cells. Following the initial 24–36 hr of plating, NRVMs were trans-

fected with KChIP2.3 (NM_173192.2), KChIP2.4 (NM_173193.2), or KChIP2.6 (NM_173195.2) for the

overexpression of KChIP2, which was inserted into the pIRES2-EGFP plasmid from Clontech as previ-

ously conducted (Deschênes et al., 2002). The plasmid without the KChIP2 insert was used as the

control. Lipofectamine 2000 reagent (Invitrogen) was used to deliver the constructs according to the

manufacturer’s instructions. Following the transfection period, media was changed to DMEM/5%

FBS/penicillin/streptomycin. Cells were cultured for 72 hr total before collection for total RNA, with

a media change once after 48 hr of culture.

Knockdown of KChIP2 was conducted by transfecting with siRNA for KChIP2 (Ambion, Cat#:

4390771, ID: s132782), or a scrambled siRNA control (Ambion, Cat#: 4390843). 180 pmol of siRNA

was transfected using 15 mL of Lipofectamine 2000 reagent according to the manufacturer’s instruc-

tions. Following the transfection period, media was changed to DMEM/5% FBS/penicillin/streptomy-

cin. Cells were cultured for 72 hr total before collection for total RNA, with a media change once

after 48 hr of culture.

NRVM were also transfected with 180 pmol of miR-34b/c precursors (miR-34b MC12558, miR-34c

MC11039, Invitrogen) or a non-targeting control (negative control 4464058, Invitrogen) using 15 ml

lipofectamine RNAi Max (Invitrogen) according to the manufacturer’s instructions. Cells were left for

48–72 hr and then collected for RNA. NRVM were also used for patch clamp recordings to measure

INa and Ito. These were plated at 100,000 cells/dish in 35 mm dishes and the miR-precursors were

modified with an attached FAM reporter to visualize transfected cells. 25 pmol of miR-34 precursor

with 2 ml Lipofectamine RNAiMax was used according to the manufacturer’s instructions.

Transfection of control or miR-34b/c antimirs were also used during the phenylephrine induction

assays for evaluation with patch-clamp recordings in NRVM and iCells and optical mapping in NRVM

only. NRVM seeded at 100,000 cells/35 mm dish for patch-clamping received 22.5 pmol of miR-34b

inhibitor (Invitrogen, MH12558) with 22.5 pmol of miR-34c inhibitor (Invitrogen, MH11039) or 45

pmol of a non-targeting miR-inhibitor (Invitrogen, 4464076) using 3.75 ml Lipofectamine RNAi Max

(Invitrogen). NRVM used for optical mapping were seeded at 1.5 � 106 cells/35 mm dish and 225

pmol each of the miR-34b and �34c inhibitor or 450 pmol of the non-targeting control miR-inhibitor

were delivered using 22.5 ml of Lipofectamine RNAi Max.

miR-inhibitors were also delivered in iCells, for cells seeded at 20,000–40,000 cells per each well

of a 12-well for patch-clamp studies. 5 pmol each of the miR-34b and �34c inhibitor or 10 pmol of

the non-targeting control miR-inhibitor were delivered using 1.0 ml of Lipofectamine RNAi Max.

RNA preparation, quantitative RT-PCR of miRNA/mRNA targets,
miRNA array, and whole-transcriptome microarray
Total RNA was isolated from NRVM using Trizol Reagent (Invitrogen) according to the manufac-

turer’s instructions. RNA was also collected from human control and heart failure tissue samples. Tis-

sue samples were first pulverized using liquid N2 and mortar and pestle to assist in the

homogenization with Trizol. Subsequent RNA was used as a template for cDNA synthesis in reverse

transcriptase reactions using the Multiscribe Reverse Transcriptase kit (Invitrogen) for detecting both

mRNAs and miRNAs. The quantitative PCR reactions were performed with the ABI 7500 Real-Time

PCR system using either SYBR green technology for coding genes or Taqman reagent for detecting

mature miRNAs. mRNAs were normalized with GAPDH or ribosomal protein 27 (RPL27) and miRNAs

with small nucleolar RNA U87 or U6. All miRNA primer sets were designed and provided by Invitro-

gen Taqman Assays. Real-time PCR reactions were conducted using TaqMan Universal Master Mix II

(Invitrogen). miRNA primer sets for real-time PCR detection were as follows:

Rat miR-34b: Assay name, mmu-miR-34b-5p; Assay ID, 002617; Catalogue #, 4427975
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Human/Rat miR-34c: Assay name, hsa-miR-34c; Assay ID, 000428; Catalogue #, 4427975

Rat U87 (housekeeping gene): Assay name, U87; Assay ID, 001712; Catalogue #, 4427975

Human miR-34b: Assay name, hsa-miR-34b; Assay ID, 000427; Catalogue #, 4427975

Human U6 (housekeeping gene): Assay name, U6 snRNA; Assay ID, 001973; Catalogue #, 4427975

Primer sets used in the detection of mRNA transcripts were designed in Primer 3 Plus and specificity

to the intended target verified using Primer Blast (NCBI).

Rat Scn5a

Forward primer, 5’-TCAATGACCCAGCCAATTACCT-3’, Reverse primer, 5’-CCCGGCATCAGAGC

TGTT-3’

Rat Scn1b

Forward primer, 5’-ACGTGCTCATTGTGGTGTTAACC-3’, Reverse primer, 5’-CCGTGGCAGCAG-

CAATC-3’

Rat Kcnd3

Forward primer, 5’-GCCTTCGAGAACCCACA-3’, Reverse primer, 5’-GATCACCGAGACCGCAATG-

3’

Rat Kcnip2

Forward primer, 5’-ACTTTGTGGCTGGTTTGTCG-3’, Reverse primer, 5’-TGATACAGCCGTCCTTG

TTGAG-3’

Rat GAPDH

Forward primer, 5’-AGTTCAACGGCACAGTCAAG-3’, Reverse primer, 5’-ACTCCACGACATAC

TCAGCAC-3’

Rat Rpl27

Forward primer, 5’-GCTGTCGAAATGGGCAAGTT-3’, Reverse primer, 5’-GTCGGAGGTGCCATCA

TCAA-3’

Human Kcnip2

Forward primer, 5’-TGTACCGGGGCTTCAAGAAC-3’, Reverse primer, 5’-GGCATTGAAGAGAAAAG

TGGCA-3’

Human Scn5a

Forward primer, 5’- CTGCGCCACTACTACTTCACCAACA-3’, Reverse primer, 5’- TCATGAGGG-

CAAAGAGCAGCGT-3’

Human Scn1b

Forward primer, 5’- GACCAACGCTGAGACCTTCA-3’, Reverse primer, 5’- TCCAGCTGCAACACC

TCATT-3’

Human Kcnd3

Forward primer, 5’- TCAGCACGATCCACATCCAG-3’, Reverse primer, 5’- CTCAGTCCGTCGTCTGC

TTT-3

Human GAPDH

Forward primer, 5’- TCCTCTGACTTCAACAGCGA-3’, Reverse primer, 5’- GGGTCTTACTCC

TTGGAGGC-3’.

RNA collected from NRVM following KChIP2 and control siRNA treatment were submitted to miRNA

microarray analysis to determine miRNAs regulated by the loss of KChIP2. The array was performed

by the Gene Expression and Genotyping Facility at Case Western Reserve Univesity using the Affy-

metrix GeneChip miRNA 4.0 array. The resulting. CEL files were used with ExpressionConsole to

conduct RMA analysis to derive the relative intensities of the miRNA probe set. The raw datasets are

available from the Gene Expression Omnibus (Accession GSE75806).

Additionally, RNA collected from NRVM following KChIP2 silencing with an adeno-shRNA expression

system with non-targeting (control) and KChIP2 targeting constructs were used to assess global

gene changes following KChIP2 loss. A total of 1.5 x 106 cells were plated on 35 mm dishes. Cells

were cultured in DMEM/5% FBS/penicillin/sptreptomycin with 0.1 mM BrdU for 24 hrs. After 24 hrs,

media was replaced with fresh DMEM/5% FBS/penicillin/sptreptomycin and the corresponding con-

trol and KChIP2 shRNA virus. Cells were cultured for 48 hrs (with a media change after 24 hrs) and

collected for total RNA and evaluated using a whole-transcriptome microarray. The array was per-

formed by the Gene Expression and Genotyping Facility at Case Western Reserve University using

the Affymetrix rat Clariom S Assay. The resulting. CEL files were used with Expression Console and

the Transcriptome Analysis Console provided by Affymetrix (available here: http://www.affymetrix.

Nassal et al. eLife 2017;6:e17304. DOI: 10.7554/eLife.17304 16 of 24

Research article Cell Biology Human Biology and Medicine

http://www.affymetrix.com/support/technical/software_downloads.affx
http://dx.doi.org/10.7554/eLife.17304


com/support/technical/software_downloads.affx) to derive the relative changes in gene expression.

The raw datasets are available from the Gene Expression Omnibus (Accession GSE94623)

Design of shRNA viral construct
The design of non-targeting (control) and KChIP2 shRNAs was conducted as described

(Campeau et al., 2009) with modifications. shRNA inserts were optimally designed using a compila-

tion of the RNAi Consortium and Invitrogen design algorithms. To begin the design, oligos were

ordered that contained the shRNA sequence for control: 5’- GTTGACAGTGAGCGATCTCGC

TTGGGCGAGAGTAAGTAGTGAAGCCACAGATGTACTTACTCTCGCCCAAGCGAGAGTGCCTAC

TGCCTC-3’ and KChIP2: 5’- GTTGACAGTGAGCGCGAGCTGGGCTTTCAACTTATATAGTGAAGC-

CACAGATGTATATAAGTTGAAAGCCCAGCTCATGCCTACTGCCTC-3’. These oligos were modified

in a PCR reaction to add on cloning sites for insertion into the pSM2 vector using the primer set: 5’-

CAGAAGGCTCGAGAAGGTATATGCTGTTGACAGTGAGCG-3’ and 5’- CTAAAGTAGCCCC

TTGAATTCCGAGGCAGTAGGCA-3’. Underlined are the XhoI and EcoRI restriction sites used for

cloning. Following the insertion of this sequence into the pSM2 vector, the insertion was cloned out

again using the primer set 5’- GAGCTCGCTAGCGCTACCGGTCGCCACCATGGTGAGCAAGGGC-

GAGG-3’ and 5’-GATTGCCAAGCTTCTAGATAAACGCATTAGTCTTCCAATTG-3’. Underlined are

the NheI and HindII restriction sites, which were then used to clone the inserts into the adenovirus

construct, Ad.CGI. During insertion, the GFP encoded by the viral vector was digested out as the

shRNA system expression GFP in tandem with the shRNA. The modified Ad.GFP construct was

transfected with the psi5 vector into CRE8 cells for the production and amplification of packaged

viral constructs to then be used for silencing studies.

Adult rat heart tissue fractionation to assess nuclear localization of
KChIP2
Fractionation of adult rat heart tissue was performed as described (Baghirova et al., 2015) with

slight modifications. Briefly, freshly isolated heart tissue was minced in ice cold PBS. Tissue was

washed several times to remove residual blood from sample. Approximately 300 mg of tissue was

weighed out and suspended in cytosolic lysis buffer, consisting of 150 mM NaCl, 50 mM HEPES (pH

7.4), 25 mg/mL Digitonin, and 10% Glycerol. Tissue pieces were homogenized then filtered through

a QIAshredder homogenizer column (Qiagen, 79656). Filtered lysate was then incubated at 4˚C on

an end-over-end rotator for 10 min. Samples were then centrifuged at 4000 x g for 10 min at 4˚C.
Supernatant was collected as the cytosolic fraction. The remaining pellet was resuspended in mem-

brane lysis buffer consisting of 150 mM NaCl, 50 mM HEPES (pH 7.4), 1% IGEPAL, and 10% glycerol.

Sample was incubated for 30 min in end-over-end rotator at 4˚C, followed by centrifugation at 6000

x g for 10 min at 4˚C. The supernatant was collected as the membrane associated fraction, while the

remaining cell pellet was resuspended in the nuclear lysis buffer consisting of 150 mM NaCl, 50 mM

HEPES (pH 7.4), 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and 10% glycerol. Lysate

was placed on an end-over-end rotator for 10 min at 4˚C, which was then followed by brief sonica-

tion. The lysate was then centrifuged at 6800 x g for 10 min at 4˚C. The supernatant was collected

as the nuclear fraction. Roche protease inhibitor tablets were added fresh before the addition of

each lysis buffer.

Immunoblotting
In order to perform western blot experiments looking at KChIP2 nuclear expression, cytosolic, mem-

brane, and nuclear extracts were isolated as described above. 20–30 mg of protein extracts were

loaded into SDS-PAGE gels, transferred to nitrocellulose membranes, and western blotting per-

formed using lactate dehydrogenase (Abcam Cat# ab52488 RRID:AB_2134961, 1:1000) to represent

the cytosolic fraction, Lamin-B1 (Abcam Cat# ab16048 RRID:AB_443298, 1:1000) representing the

nuclear fraction, Serca2a (1:1000, Dr. Periasamy, Ohio State University) and KChIP2 (UC Davis/NIH

NeuroMab Facility Cat# 75–004 RRID:AB_2280942, 1:50) to observe localization.

Western blot performed on NRVM was conducted to assess Kv4.3 protein expression following

miR-34 precursor treatment. NRVM were rinsed with PBS then scraped and collected. Cell pellets

were re-suspended in RIPA Buffer (150 mM sodium chloride, 1.0% NP-40 or Triton X-100, 0.5%

sodium deoxycholate, 0.1% SDS (sodium dodecyl sulphate), 50 mM Tris, pH 8.0, plus Roche Inhibitor
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tablet) and then sonicated on ice to disrupt cell membranes. 30–40 mg of whole cell extract was

loaded into SDS-PAGE gels, transferred to nitrocellulose membrane, and western blotting per-

formed using Kv4.3 (UC Davis/NIH NeuroMab Facility Cat# 75–017 RRID:AB_2131966, 1:500), and

actin (Sigma-Aldrich Cat# A4700 RRID:AB_476730, 1:1000).

Immunofluorescence
Freshly isolated adult rat ventricular myocytes were plated on laminin coated coverslips for 1.5 hr to

allow for attachment. Cells were quickly rinsed with room temperature PBS before being fixed by

4% formaldehyde in PBS for 15 min. Cells were permeabilized for 10 min in PBS + 0.03% Triton

X-100 and blocked for 2 hr in a solution of PBS, 5% normal goat serum, and 1% BSA. Cells were

incubated overnight with primary antibody lactate dehydrogenase (Abcam Cat# ab52488 RRID:AB_

2134961, 1:100) and KChIP2 (UC Davis/NIH NeuroMab Facility Cat# 75–004 RRID:AB_2280942,

1:50) in PBS with 2% normal goat serum and 1% BSA. Cells were rinsed 3x in PBS then incubated

with secondary antibody (Alexa-568 Thermo Fisher Scientific Cat# A11036 RRID:AB_10563566 1:500

against LDH and Alexa-647 Thermo Fisher Scientific Cat# A-21236 RRID:AB_2535805 1:500 against

KChIP2) in PBS with 2% normal goat serum and 1% BSA for 2 hr at room temperature. Coverslips

were mounted onto glass slides with mounting media containing DAPI. Labeled cardiomyocytes

were scanned with a Leica DMi8 confocal microscope.

Reporter assays and designing reporter constructs
miR-34b/c promoter reporter assays
miR-34b/c promoter reporter assays were performed in COS-7 cells (ATCC Cat# CRL-1651, RRID:

CVCL_0224). 0.4 � 105 cells were plated in 24-well plates. 24 hr later cells were transfected with Pol-

yfect transfection reagent (Qiagen) according to manufacturer’s instructions. 75 ng of either the

pGL4.10 promoter-less control, the pGL4.10+miR-34b/c promoter, or the pGL4.10 + 500 bp DRE

deleted construct was transfected with 225 ng of KChIP2.3, KChIP2.4, KChIP2.6, or GFP control vec-

tors. 5 ng of pGL4.74 renillin construct was co-transfected as a normalizing control. Cells were cul-

tured for an additional 48 hr before they were prepared for measuring luciferase activity normalized

to renillin.

3’-UTR reporter assays
3’-UTR reporter assays were performed in HEK293 cells (ATCC Cat# CRL-1573, RRID:CVCL_0045).

0.4 � 105 cells were plated in 24-well plates. 24 hr later cells were transfected with Lipofectamine

2000 (Invitrogen) according to the manufacturer’s instructions. Cells were transfected with 50 ng of

the pmirGlo construct containing either the 3’-UTR for SCN5A, SCN1B, or KCND3. Reporter con-

structs were co-expressed with the rno-miR-34b and �34c precursors together (0.75 pmol each pre-

cursor) or the non-targeting control precursor (1.5 pmol). The cells were cultured for an additional

48 hr, after which they were prepared for measurement of luciferase and renillin activity for

normalization.

All reporter assays made use of the Promega Dual-Luciferase Reporter Assay system (Promega).

Reagents and cells were prepared according to the manufacturer’s instructions. Data was collected

using a Perkin-Elmer EnSpire 96-well plate reader.

Designing miR-34b/c promoter
The miR-34b/c promoter was cloned from chromatin isolated from rat liver. Forward (5’-

GAGCTCGCTAGCTAAACGTGTTCACATTTTGTTGCC- 3’) and reverse (5’-TGCCAAGCTTCAG

TCCCCGGAGACCCTC-3’) primers containing NheI and HindIII restriction sites respectively, indi-

cated by underlined regions, were used to amplify the promoter region and allow cloning into the

Promega pGL4.10 promoterless luciferase vector. Deletion of the putative DRE site identified by

MatInspector software (RRID:SCR_008036) (Cartharius et al., 2005) was conducted using the Quick-

Change II Site-Directed Mutagenesis kit (Stratagene) according to the manufacturer’s instructions

using the primers listed: 5’- TTAACGGAGACGGGACCCGGCGTGAG-3’ and 5’- CTCACGCCGGG

TCCCGTCTCCGTTAA-3’. All plasmids were sequenced to confirm the presence and integrity of

inserted elements. MatInspector is a commercially available software from the Genomatix software

suite (https://www.genomatix.de/).
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Designing 3’-UTR constructs
3’-UTRs for SCN5A, SCN1B, and KCND3 genes were also cloned from rat liver chromatin. A series

of primers were used to clone genomic fragments that flanked the region of the 3’-UTR containing

the miR-34b/c target site into the pmirGLO Dual-Luciferase miRNA target expression vector (Prom-

ega). Scoring and identification of the target sites was done using TargetScan 7.1 (RRID:SCR_

010845) (Lewis et al., 2005) (available here: http://www.targetscan.org/vert_71/). Forward and

reverse primers for SCN5A, with XhoI and XbaI sites underlined, were: 5’- GCTAGCCTCGAGGCA-

GAGTTCCGCGTCTCTGT-3’ and 5’-GGGGCAGCTCTCTAGAGCTTTTAATTCTGGC-3’. Forward and

reverse primers for SCN1B, with NheI and XbaI sites underlined, were: 5’- CTCGCTAGCTTCCCA-

CACGCACTGCCA-3’ and 5’- GAGTCTAGAGAGATGAGGCCCAGAACCC-3’. Forward and reverse

primers for KCND3 with the NheI and XbaI sites underlined, were: 5’-CTCGCTAGCGTGAGGTCACC

TTAGCCGG-3’ and 5’- GAGTCTAGACCAGGCACAAGTCTGCAGTA-3’. Mutagenesis was con-

ducted on the identified miR-34b/c seed region to disrupt miRNA interaction. The following primers

were used with the QuickChange II Site-Directed Mutagenesis kit. SCN5A: 5’-AACATCTTTTTTCCA

TGAACATCAGCAGTTCAGAGTCGGTCTCCTTAACCCTGAGC-3’, 5’-GCTCAGGGTTAAGGAGACC-

GACTCTGAACTGCTGATGTTCATGGAAAAAAGATGTT-3’; SCN1B: 5’-GCTTCCCACACGC

TCGGGCAGGCCAGCCGGC-3’, 5’-GCCGGCTGGCCTGCCCGAGCGTGTGGGAAGC-3’; KCND3

site 1: 5’-ACCTTAGCCGGGCCCTGAGTCGGCAGCTGACCTGCACAG-3’, 5’-CTGTGCAGGTCAGC

TGCCGACTCAGGGCCCGGCTAAGGT-3’; KCND3 site 2: 5’-GGACAGTAAATCCTTCTCCGTGAG

TCGGAAGTACTGCAGACTTGTGCCT-3’, 5’-AGGCACAAGTCTGCAGTACTTCCGACTCACGGA-

GAAGGATTTACTGTCC-3’.

All plasmids were sequenced to confirm the presence and integrity of inserted elements.

Chromatin immunoprecipitation
Chromatin Immunoprecipitation was performed as described with minor modifications

(Schmidt et al., 2009). Briefly, freshly isolated adult rat cardiomyocytes were fixed in a 1% formalde-

hyde solution in PBS for 14 min and quenched with 0.125 M glycine for 5 min. Cells were treated

with a 0.05% trypsin/0.02% EDTA 1x PBS solution for 8 min at 37˚C to partially digest the cells aiding

in removal of cytoplasmic extract and purification of nuclear extract during cell lysis steps. Trypsin

was inactivated by the addition of 10% FBS, and the cell pellet was rinsed 3x in ice cold PBS. Chro-

matin was extracted by the treatment with several lysis buffers. Lysis buffer 1 (50 mM Hepes-KOH,

Ph7.5; 140 mM NaCl; 1 mM EDTA; 10% Glyerol; 0.5% Igepal; 0.25% Triton-X) was added to the cells

for 10 min with rocking, followed by 15–20 dounces with a glass teflon douncer on ice. This cell

lysate fraction was discarded and the remaining cell pellet was resuspended in Lysis buffer 2 (10 mM

Tris-HCl, pH 8,0, 200 mM NaCl; 1 mM EDTA; 0.5 mM EGTA) for 5 min with rocking. This was again

followed by 15–20 dounces with a glass teflon douncer on ice. Lastly, remaining cell pellet was resus-

pended in Lysis buffer 3 (10 mM Tris-HCl, pH 8.0; 100 mM NaCl; 1 mM EDTA; 0.5 mM EGTA; 0.1%

Na-Deoxycholate; 0.5% N-lauroylsarcosine). Cell suspension was split in half to be used for IgG or

KChIP2 ChIP. Samples were then sheared on a BioRuptor (Diagenode, total 18 cycles, hi-power, 30 s

on/off). The sonicated chromatin was immunoprecipitated with 15 ug of antibody (either a-KChIP2

or IgG control) bound to Dynabeads (Invitrogen) followed by washing and elution. Immuoprecipitate

and input chromatin samples were then reverse crosslinked followed by purification of genomic

DNA. Target and nontarget regions of genomic DNA were amplified by qRT-PCR using SYBR Green.

Data were analyzed by calculating the immunoprecipitated DNA enrichment normalized to a region

8 kb upstream of the target site in the KChIP2-IP compared to the IgG-IP. Antibodies used in ChIP

were KChIP2 (UC Davis NeuroMab 75–004) and IgG (Millipore Cat# 12–371 RRID:AB_145840) ChIP-

PCR primer sequences were: miR-34b target site: forward 5’- GGTCACTCGGCCAGTAGGA-3’,

reverse 5’- GGAGTCCTGCTCTCCCTCA-3’. miR-34b 8 kb upstream: 5’- CCACCCTCTCAGTAGC

TTGC-3’, reverse 5’- CAGTGCCAGGGGATAGGAAG-3’

Phenylephrine stimulation of myocytes with adenovirus or antimir
treatment
Phenylephrine stimulation experiments were performed to evaluate gene expression changes, func-

tional changes in ionic current by patch-clamp technique, or conduction properties by optical map-

ping. RNA studies for gene expression changes were conducted in 6-well plates with 1.5 � 106 cells
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plated per well for the collection of RNA. For patch-clamp recordings, NRVMs were on coverslips

coated with laminin (Sigma, L2020) inside of 35 mm dish at a density of 100,000 cells/well. For opti-

cal mapping 1.5 � 10^6 NRVMs were plated on aclar coverslips (Electron Microscopy Sciences)

coated with fibronectin (BD Biosciences, 356008) in a 35 mm dish. Following the initial 24–36 hr of

plating, media was switched to 1:1 DMEM:F12 (without serum or BrdU) and supplemented with 1x

insulin-transferrin-selenium-X (Invitrogen), 1% PS, and 142 mM Na+ Ascorbate for an additional 24–

36 hr. After this time, treatment media was applied, consisting of the same DMEM:F12 media with

supplements and 100 mM phenylephrine. At the same time, control cells without phenylephrine were

transduced with adeno.GFP, while phenylephrine treated cells received either the adeno.GFP or

adeno.KChIP2.6 to restore KChIP2 expression during phenylephrine treatment. Alternatively, cells

were transfected using Lipofectamine RNAi Max using manufacturer’s protocol to deliver a control

or combination of miR-34b and �34c antimir. In the case of transfected cells, the transfection was

performed prior to the initiation of phenylephrine treatment. Phenylephrine treatment was sustained

for 48 hr (fresh media was swapped after 24 hr, maintaining phenylephrine treatment, but no more

virus was applied). Phenylephrine studies were also performed on iCells. iCell Cardiomyocyte Main-

tenance Medium was supplemented with 142 mM Na+ Ascorbate. iCells were only treated with the

antimirs and submitted to patch-clamp recordings with the same treatment conditions applied to

the NRVM. Notably, cells used for patch clamp recordings or optical mapping were washed at least

three times over a minimum of 20 min in media without phenylephrine present for washout.

Patch clamp experiments
Macroscopic INa and Ito were recorded using the whole-cell configuration of the patch clamp tech-

nique. INa was recorded in the solution containing 50 mM NaCl (for NRVM) and 25 mM (for iCells),

80 or 105 mM N-methyl D-glucamine, 5.4 mM CsCl, 1.8 mM MgCl2, 1.8 mM CaCl2, 10 mM glucose,

10 mM HEPES, pH 7.3. 1 mM of nisodipine was used to block L-type Ca currents. INa was elicited

from a holding potential of �80 mV with depolarizing voltage pulses from �60 mV to 45 mV for 16

ms. To measure Ito, cells were placed in the Tyrode’s solution containing (mmol/L) NaCl 137, KCl

5.4, CaCl2 2.0, MgSO4 1.0, Glucose 10, HEPES 10, CdCl2 0.3, and TTX 100 mM, pH to 7.35 with

NaOH. Patch pipettes were pulled from borosilicate capillary glass and lightly fire-polished to resis-

tance 0.9–1.5 MW when filled with electrode solution composed of (mmol/L) aspartic acid 120, KCl

20, MgCl2 2, and HEPES 5, NaCl 10, EGTA 5, Na-GTP 0.3, Phosphocreatine 14, K-ATP 4, Creatine

phosphokinase two and brought to a pH of 7.3. Ito,total amplitude was measured as the difference

between peak current and steady-state current during a 400 ms voltage step ranging from –30

to +60 mV from a holding potential of –70 mV. Recording Ito,f used a modified protocol to kinetically

isolate the current. A 150 ms voltage step to �80 mV from a holding potential of �20 mV was used

to allow recovery of Ito,f but not Ito,s. This was followed by a 50 ms prepulse to �20 mV to eliminate

INa. Ito,f amplitude was then measured as the difference between peak current and steady-state cur-

rent during 500 ms voltage steps ranging from �30 to +40 mV. Ionic current density (pA/pF) was cal-

culated from the ratio of current amplitude to cell capacitance. All experiments were performed at

35˚C except INa (room temperature). Low-resistance electrodes (<2 MW) were used, and a routine

series resistance compensation was performed to values of >80% to minimize voltage clamp errors.

The uncompensated Rseries was therefore <2 MW. Command and data acquisition were operated

with an Axopatch 200B patch clamp amplifier controlled by a personal computer using a Digidata

1200 acquisition board driven by pCLAMP 7.0 software (Axon Instruments, Foster City, CA). Current

densities, cell capacitance, current-voltage relationship, and conductance, were measured as previ-

ously described (Shinlapawittayatorn et al., 2011).

Optical mapping studies
Following 48 hr of PE treatment of the NRVM, cells were prepared for optical mapping studies. Prior

to recordings, NRVMs were washed twice for 10 min each in DMEM:F12 treatment media without

PE to wash out the PE and remove any acute effects. They were then transferred to Tyrodes solution

(140 NaCl, 4.56 KCl, 0.73 MgCl2, 10 HEPES, 5.0 dextrose, 1.25 CaCl2) containing 10 mM Di4 (Sigma,

D8064) for 20 min. Monolayers were then washed with normal Tyrodes solution before mounting on

stage adapter to maintain cells at 34–35˚C. Di4 fluorescence 685/80 nm was measured using an

upright microscope (MVX10, Olympus) with a cooled CCD camera (Princeton Instruments). A solid-
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state light source (Sola Light Engine, Lumencore) was used for dye excitation (510/80 nm) over a 16

� 12 mm field of view. Cells were paced by point stimulation at cycle lengths of 1000 ms, 750 ms,

500 ms, 350 ms and 350 ms to obtain conduction velocity and APD restitution curves. Analysis of

recordings were conducted via custom software developed in Matlab (MathWorks) as described pre-

viously (PMID: 12960954). Additional Matlab custom software (Rhythm) was also used for analysis

(Laughner et al., 2012). Arrhythmia data was collected using baseline pacing (S1, 750 ms) followed

by a single premature stimulus (S2) with a coupling interval beginning at 150 ms and prolonged by

10 ms until either capture of a single beat or arrhythmia ensued.

Ethics statement and tissue acquisition
This study was carried out in strict accordance with the recommendations in the Guide for the Care

and Use of Laboratory Animals of the National Institutes of Health. The protocol for tissue isolation

from neonatal rat (Protocol Number: 2013–0015) was approved by the Committee on the Ethics of

Animal Experiments of Case Western Reserve University. Tissue from the left ventricular free wall of

non-failing and failing human heart samples were acquired from the Cleveland Clinic Foundation

(CCF) tissue repository. All protocols were approved by the CCF Institutional Review Board (IRB#

2378). Samples were received coded and no identifying metrics were documented for the study.

Statistical testing
Results are expressed as mean ± SEM and represent data from at least three independent experi-

ments. Statistical analysis for continuous data was performed using a two-tailed Student’s t-test.

When multiple comparisons were evaluated, a Bonferroni correction was performed. The null

hypothesis was rejected if p<0.05. Statistical testing of non-continuous data, as seen with arrhythmia

susceptibility measurements, was performed using the Mann-Whitney Test. Evaluation of samples

sizes were initially performed using stringent conditions for expected molecular and functional

changes. Assuming as a little as a 20% change in control to treated conditions, an error rate of 10%,

and a power of 0.8 at a threshold of 0.05, provided a sample size of 4 per experimental condition.

However, because of anticipated variability from the use of primary cells for many of the experi-

ments and multiple comparisons in some datasets, larger sample sizes were used.
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WR, Chien KR. 2001. A defect in the kv channel-interacting protein 2 (KChIP2) gene leads to a complete loss of
I(to) and confers susceptibility to ventricular tachycardia. Cell 107:801–813. doi: 10.1016/S0092-8674(01)00588-
8, PMID: 11747815

Laughner JI, Ng FS, Sulkin MS, Arthur RM, Efimov IR. 2012. Processing and analysis of cardiac optical mapping
data obtained with potentiometric dyes. AJP: Heart and Circulatory Physiology 303:H753–H765. doi: 10.1152/
ajpheart.00404.2012, PMID: 22821993

Ledo F, Kremer L, Mellström B, Naranjo JR. 2002. Ca2+-dependent block of CREB-CBP transcription by
repressor DREAM. The EMBO Journal 21:4583–4592. doi: 10.1093/emboj/cdf440, PMID: 12198160

Lewis BP, Burge CB, Bartel DP. 2005. Conserved seed pairing, often flanked by adenosines, indicates that
thousands of human genes are microRNA targets. Cell 120:15–20. doi: 10.1016/j.cell.2004.12.035,
PMID: 15652477

Li H, Guo W, Mellor RL, Nerbonne JM. 2005. KChIP2 modulates the cell surface expression of kv 1.5-encoded K
(+) channels. Journal of Molecular and Cellular Cardiology 39:121–132. doi: 10.1016/j.yjmcc.2005.03.013,
PMID: 15878168

Ma J, Guo L, Fiene SJ, Anson BD, Thomson JA, Kamp TJ, Kolaja KL, Swanson BJ, January CT. 2011. High purity
human-induced pluripotent stem cell-derived cardiomyocytes: electrophysiological properties of action
potentials and ionic currents. AJP: Heart and Circulatory Physiology 301:H2006–H2017. doi: 10.1152/ajpheart.
00694.2011, PMID: 21890694

Maltsev VA, Sabbab HN, Undrovinas AI. 2002. Down-regulation of sodium current in chronic heart failure: effect
of long-term therapy with carvedilol. Cellular and Molecular Life Sciences 59:1561–1568. doi: 10.1007/s00018-
002-8529-0, PMID: 12440776

Mellström B, Savignac M, Gomez-Villafuertes R, Naranjo JR. 2008. Ca2+-operated transcriptional networks:
molecular mechanisms and in vivo models. Physiological Reviews 88:421–449. doi: 10.1152/physrev.00041.
2005, PMID: 18391169

Nass RD, Aiba T, Tomaselli GF, Akar FG. 2008. Mechanisms of disease: ion channel remodeling in the failing
ventricle. Nature Clinical Practice Cardiovascular Medicine 5:196–207. doi: 10.1038/ncpcardio1130, PMID: 1
8317475

Nattel S, Maguy A, Le Bouter S, Yeh YH. 2007. Arrhythmogenic ion-channel remodeling in the heart: heart
failure, myocardial infarction, and atrial fibrillation. Physiological Reviews 87:425–456. doi: 10.1152/physrev.
00014.2006, PMID: 17429037

Nesterenko VV, Lastra AA, Rosenshtraukh LV, Starmer CF. 1992. A proarrhythmic response to sodium channel
blockade: modulation of the vulnerable period in guinea pig ventricular myocardium. Journal of Cardiovascular
Pharmacology 19:810–820. PMID: 1381780

Niwa N, Nerbonne JM. 2010. Molecular determinants of cardiac transient outward potassium current (I(to))
expression and regulation. Journal of Molecular and Cellular Cardiology 48:12–25. doi: 10.1016/j.yjmcc.2009.
07.013, PMID: 19619557
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using cardiac sodium channel polymorphic fragments to rescue trafficking-deficient SCN5A mutations.
Circulation: Cardiovascular Genetics 4:500–509. doi: 10.1161/CIRCGENETICS.111.960633, PMID: 21840964

Speerschneider T, Grubb S, Metoska A, Olesen SP, Calloe K, Thomsen MB. 2013. Development of heart failure
is independent of K+ channel-interacting protein 2 expression. The Journal of Physiology 591:5923–5937.
doi: 10.1113/jphysiol.2013.263483, PMID: 24099801

Starmer CF, Lastra AA, Nesterenko VV, Grant AO. 1991. Proarrhythmic response to sodium channel blockade.
theoretical model and numerical experiments. Circulation 84:1364–1377. doi: 10.1161/01.CIR.84.3.1364,
PMID: 1653123

Starmer CF, Lancaster AR, Lastra AA, Grant AO. 1992. Cardiac instability amplified by use-dependent Na
channel blockade. The American Journal of Physiology 262:H1305–1310. PMID: 1314512

Starmer CF, Biktashev VN, Romashko DN, Stepanov MR, Makarova ON, Krinsky VI. 1993. Vulnerability in an
excitable medium: analytical and numerical studies of initiating unidirectional propagation. Biophysical Journal
65:1775–1787. doi: 10.1016/S0006-3495(93)81233-5, PMID: 8298011

Starmer CF, Grant AO, Colatsky TJ. 2003. What happens when cardiac na channel function is compromised? 2.
numerical studies of the vulnerable period in tissue altered by drugs. Cardiovascular Research 57:1062–1071.
doi: 10.1016/S0008-6363(02)00727-7, PMID: 12650884

Takimoto K, Yang EK, Conforti L. 2002. Palmitoylation of KChIP splicing variants is required for efficient cell
surface expression of Kv4.3 channels. Journal of Biological Chemistry 277:26904–26911. doi: 10.1074/jbc.
M203651200, PMID: 12006572

Thomsen MB, Wang C, Ozgen N, Wang HG, Rosen MR, Pitt GS. 2009. Accessory subunit KChIP2 modulates the
cardiac L-type calcium current. Circulation Research 104:1382–1389. doi: 10.1161/CIRCRESAHA.109.196972,
PMID: 19461043

Tomaselli GF, Marbán E. 1999. Electrophysiological remodeling in hypertrophy and heart failure. Cardiovascular
Research 42:270–283. doi: 10.1016/S0008-6363(99)00017-6, PMID: 10533566

Tomaselli GF, Zipes DP. 2004. What causes sudden death in heart failure? Circulation Research 95:754–763.
doi: 10.1161/01.RES.0000145047.14691.db, PMID: 15486322

Toyota M, Suzuki H, Sasaki Y, Maruyama R, Imai K, Shinomura Y, Tokino T. 2008. Epigenetic silencing of
microRNA-34b/c and B-cell translocation gene 4 is associated with CpG island methylation in colorectal cancer.
Cancer Research 68:4123–4132. doi: 10.1158/0008-5472.CAN-08-0325, PMID: 18519671

Valdivia CR, Chu WW, Pu J, Foell JD, Haworth RA, Wolff MR, Kamp TJ, Makielski JC. 2005. Increased late
sodium current in myocytes from a canine heart failure model and from failing human heart. Journal of
Molecular and Cellular Cardiology 38:475–483. doi: 10.1016/j.yjmcc.2004.12.012, PMID: 15733907

Wang Y, Tandan S, Cheng J, Yang C, Nguyen L, Sugianto J, Johnstone JL, Sun Y, Hill JA. 2008. Ca2+/
calmodulin-dependent protein kinase II-dependent remodeling of Ca2+ current in pressure overload heart
failure. Journal of Biological Chemistry 283:25524–25532. doi: 10.1074/jbc.M803043200, PMID: 18622016

Wang Y, Hill JA. 2010. Electrophysiological remodeling in heart failure. Journal of Molecular and Cellular
Cardiology 48:619–632. doi: 10.1016/j.yjmcc.2010.01.009, PMID: 20096285

Zicha S, Maltsev VA, Nattel S, Sabbah HN, Undrovinas AI. 2004. Post-transcriptional alterations in the expression
of cardiac na+ channel subunits in chronic heart failure. Journal of Molecular and Cellular Cardiology 37:91–
100. doi: 10.1016/j.yjmcc.2004.04.003, PMID: 15242739

Nassal et al. eLife 2017;6:e17304. DOI: 10.7554/eLife.17304 24 of 24

Research article Cell Biology Human Biology and Medicine

http://dx.doi.org/10.1126/scitranslmed.3009008
http://www.ncbi.nlm.nih.gov/pubmed/24898744
http://dx.doi.org/10.1161/CIRCRESAHA.110.229112
http://www.ncbi.nlm.nih.gov/pubmed/21252158
http://dx.doi.org/10.1161/01.RES.81.1.110
http://www.ncbi.nlm.nih.gov/pubmed/9201034
http://dx.doi.org/10.1113/jphysiol.2010.201400
http://dx.doi.org/10.1113/jphysiol.2010.201400
http://www.ncbi.nlm.nih.gov/pubmed/21486818
http://dx.doi.org/10.1038/sj.emboj.7600810
http://www.ncbi.nlm.nih.gov/pubmed/16177826
http://dx.doi.org/10.1016/j.ymeth.2009.03.001
http://www.ncbi.nlm.nih.gov/pubmed/19275939
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.494476
http://dx.doi.org/10.1161/CIRCULATIONAHA.104.494476
http://www.ncbi.nlm.nih.gov/pubmed/16230503
http://dx.doi.org/10.1161/CIRCRESAHA.107.152918
http://www.ncbi.nlm.nih.gov/pubmed/17901361
http://dx.doi.org/10.1161/CIRCGENETICS.111.960633
http://www.ncbi.nlm.nih.gov/pubmed/21840964
http://dx.doi.org/10.1113/jphysiol.2013.263483
http://www.ncbi.nlm.nih.gov/pubmed/24099801
http://dx.doi.org/10.1161/01.CIR.84.3.1364
http://www.ncbi.nlm.nih.gov/pubmed/1653123
http://www.ncbi.nlm.nih.gov/pubmed/1314512
http://dx.doi.org/10.1016/S0006-3495(93)81233-5
http://www.ncbi.nlm.nih.gov/pubmed/8298011
http://dx.doi.org/10.1016/S0008-6363(02)00727-7
http://www.ncbi.nlm.nih.gov/pubmed/12650884
http://dx.doi.org/10.1074/jbc.M203651200
http://dx.doi.org/10.1074/jbc.M203651200
http://www.ncbi.nlm.nih.gov/pubmed/12006572
http://dx.doi.org/10.1161/CIRCRESAHA.109.196972
http://www.ncbi.nlm.nih.gov/pubmed/19461043
http://dx.doi.org/10.1016/S0008-6363(99)00017-6
http://www.ncbi.nlm.nih.gov/pubmed/10533566
http://dx.doi.org/10.1161/01.RES.0000145047.14691.db
http://www.ncbi.nlm.nih.gov/pubmed/15486322
http://dx.doi.org/10.1158/0008-5472.CAN-08-0325
http://www.ncbi.nlm.nih.gov/pubmed/18519671
http://dx.doi.org/10.1016/j.yjmcc.2004.12.012
http://www.ncbi.nlm.nih.gov/pubmed/15733907
http://dx.doi.org/10.1074/jbc.M803043200
http://www.ncbi.nlm.nih.gov/pubmed/18622016
http://dx.doi.org/10.1016/j.yjmcc.2010.01.009
http://www.ncbi.nlm.nih.gov/pubmed/20096285
http://dx.doi.org/10.1016/j.yjmcc.2004.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15242739
http://dx.doi.org/10.7554/eLife.17304

