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Aims Cardiac electrical activity is extraordinarily robust. However, when it goes wrong it can have fatal consequences.
Electrical activity in the heart is controlled by the carefully orchestrated activity of more than a dozen different ion
conductances. While there is considerable variability in cardiac ion channel expression levels between individuals,
studies in rodents have indicated that there are modules of ion channels whose expression co-vary. The aim of this
study was to investigate whether meta-analytic co-expression analysis of large-scale gene expression datasets could
identify modules of co-expressed cardiac ion channel genes in human hearts that are of functional importance.

....................................................................................................................................................................................................
Methods
and results

Meta-analysis of 3653 public human RNA-seq datasets identified a strong correlation between expression of
CACNA1C (L-type calcium current, ICaL) and KCNH2 (rapid delayed rectifier Kþ current, IKr), which was also ob-
served in human adult heart tissue samples. In silico modelling suggested that co-expression of CACNA1C and
KCNH2 would limit the variability in action potential duration seen with variations in expression of ion channel
genes and reduce susceptibility to early afterdepolarizations, a surrogate marker for proarrhythmia. We also found
that levels of KCNH2 and CACNA1C expression are correlated in human-induced pluripotent stem cell-derived car-
diac myocytes and the levels of CACNA1C and KCNH2 expression were inversely correlated with the magnitude of
changes in repolarization duration following inhibition of IKr.

....................................................................................................................................................................................................
Conclusion Meta-analytic approaches of multiple independent human gene expression datasets can be used to identify gene

modules that are important for regulating heart function. Specifically, we have verified that there is co-expression
of CACNA1C and KCNH2 ion channel genes in human heart tissue, and in silico analyses suggest that CACNA1C–
KCNH2 co-expression increases the robustness of cardiac electrical activity.
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1. Introduction

Robust electrical signalling in the heart is critical for co-ordinating the ef-
ficient pumping of blood around the body. Failure of cardiac electrical
signalling, even for just a few minutes, can have fatal consequences, with
sudden cardiac death accounting for up to 10% of deaths in our commu-
nity.1 While we now have therapies for reducing the incidence of proar-
rhythmic triggers (e.g. beta-blockers2) and devices for terminating
potentially fatal arrhythmias when they occur (e.g. implantable cardiac
defibrillators3), predicting in advance who is more or less susceptible to
sudden cardiac death and so who would most benefit from these thera-
pies has proved to be extraordinarily difficult.4

The action potential (AP) of excitable cells, such as cardiac myocytes
and neurons, reflects the orchestrated activity of at least a dozen distinct
ion channels and electrogenic transporters. In such complex systems,
with so many different molecular players, and hence degrees of freedom,
it is not surprising that there are multiple combinations of different ion
channel expression levels, that can repolarize the cell equally well.5,6

This has led to a paradigm shift in computational cardiology that relies
not on generating idealized models based on mean data but rather devel-
opment of populations of models that account for the observed variabil-
ity in molecular inputs.7–9 A corollary of this concept is that while there
are multiple possible ‘good-enough solutions’ that satisfy baseline
requirements, not all combinations of ion channel expression will prove
equally robust when faced with pathological insults.6

There is considerable heterogeneity of ion channel expression both
within and between hearts.6 This heterogeneity, however, is not
completely random. Rather there are reported examples of pairs or
small modules of genes whose level of expression co-vary. For example,
Bányász et al.10 and Rees et al.11 demonstrated that the expression of
ICaL is correlated with the sum of the major repolarizing ion currents in
guinea-pig and mouse, respectively. Furthermore, Rees and colleagues
showed that in mice, this module of gene expression was important for

reducing the variability in the magnitude of the calcium transient. To
date, there have been no similar studies in human heart tissue.
Furthermore, the human heart expresses a different complement of re-
polarization channels compared to rodent hearts.12 So even if this pat-
tern was conserved, it is likely that different potassium channels would
be involved in the human heart.

Outside the cardiovascular field, there is a considerable literature
looking at the identification of co-expression networks among large-
scale gene expression datasets.13,14 Such networks have been shown to
encode functional information,15 with co-expression reflecting co-
regulation and co-functionality.11,16 Furthermore, meta-analytical meth-
ods have been developed, which aggregate large numbers of individual
networks across multiple independent experiments to average away
noise and remove bias that may be inherent in any one experimental ap-
proach thereby reinforcing those correlations that reflect real
signals.17,18

The aim of this study was to test the hypothesis that meta-analytic co-
expression analysis of large-scale gene expression datasets would iden-
tify modules of co-expressed cardiac ion channel genes that are of func-
tional importance for the human heart. This approach identified multiple
pairs of co-expressed genes. To investigate whether pairs of co-
expressed genes identified could be functionally significant, we focused
on one co-expressed pair: CACNA1C (encodes the L-type calcium cur-
rent, ICaL) and KCNH2 [encodes the rapid component of the delayed rec-
tifier potassium current (IKr) which is often referred to as the human
ether a-go-go related gene]. Using in silico approaches to generate popu-
lations of models of cardiac electrical activity with and without con-
strained patterns of co-expressed genes, we show that co-variation of
ICaL and IKr reduced the emergence of proarrhythmic early afterdepolari-
zations (EADs) and this protection persisted in the face of highly variable
expression of other ion channels. Our modelling data also suggested that
hearts with high expression of ICaL and IKr are likely to be more suscepti-
ble to EADs when exposed to drugs that block IKr, the underlying basis
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of drug-induced long QT syndrome,19 whereas low expression of ICaL

and IKr is associated with the greatest prolongation of repolarization du-
ration without generation of EADs. This later prediction was verified in
human cardiac myocytes derived from induced pluripotent stem cells.
Together, our data, confirm that meta-analytic approaches of large-scale
gene expression datasets are a valuable means for identification of gene
modules that are important for regulating heart function.

2. Methods

A detailed version of the materials and methods section appears in the
Supplementary material online that accompanies this article.

2.1 Analysis of public RNA-seq datasets
An aggregate co-expression gene network was built from public data,
similar to that described previously.18 Briefly, 75 human RNA-seq ex-
pression experiments (listed in Supplementary material online, Table S1)
that passed quality control and had a least 10 samples (3653 samples in
total) were downloaded from the Gemma database.20 (see
Supplementary material online for more details). A co-expression net-
work was generated for each experiment by calculating Spearman’s cor-
relation coefficients between every gene pair and then ranking these
values.18 An aggregate gene co-expression network was then generated
by averaging across all the individual networks, and re-ranking the final
network. This final aggregate network was then used to determine the
co-expression ranking between genes that encode for the set of ion
channels and calcium handling proteins that determine the shape and du-
ration of the human ventricular AP, the so-called rhythmonome gene
subset (Supplementary material online, Table S2).

2.2 GTEx dataset
Gene expression data from v8 of the GTEx atlas21 were downloaded
from their webportal (https://gtexportal.org/home/). The dataset is hu-
man post-mortem RNA-seq across 31 tissues from 948 individuals, and
included 429 atria samples and 432 samples from the left ventricle.
Given that there may be significant mRNA degradation during the time
between death and harvesting human heart samples, we repeated our
analysis using only those samples with RNA integrity (RIN) scores >7.0;
which corresponded to 472 heart samples (237 atria, 235 left ventricle).

2.3 Human-induced pluripotent stem cell-
derived cardiac myocytes
Human iPSC lines, generated from healthy patients by Stanford
Cardiovascular Institute Biobank, as previously described,22 were a gen-
erous donation from Joseph Wu (Standford Cardiovascular Institute).
HiPSC colonies were maintained on MatrigelVR (Corning) coated plates
in chemically defined medium (mTeSR1TM, StemCell technologies), and
passaged using Dispase (StemCell technologies). HiPSC were differenti-
ated using protocols as described previously (Perry 2020).23 The CMs
were seeded on a Matrigel-coated 96-well plate (Greiner Bio-One) and
maintained in CM maintenance medium for 10–15 days before they
were harvested for mRNA expression analysis. Total RNA was obtained
from 40 000 hiPSC-CMs lysed using QIAzol Lysis reagent (Qiagen).
RNA was purified using miRNeasyVR Mini Kits (Qiagen) and analysed us-
ing Agilent Bioanalyzer pico-chip. RNA samples with RIN values >7.5
were hybridized with probes designed to detect 35 known rhythmo-
nome genes using nCounter (NanoString Technologies), which was per-
formed at the Ramaciotti Centre for Genomics (UNSW). For

quantitative comparisons of different mRNA species across different
runs, we normalized mRNA levels, relative to GAPDH and HPRT1, to
account for any variation in mRNA loading levels.

Extracellular field potentials were recorded from hiPSC-CM mono-
layers using a Maestro-APEX multi-electrode array (MEA) system
(Axion Biosystems, Atlanta, GA, USA) as previously described.24 Field
potential durations (FPD) were measured from the peak depolarization
spike to the peak of the repolarization wave. After 30 min of pacing equil-
ibration, electrograms were recorded for 5 min in control conditions,
5 min in the presence of cisapride (200 nM), and for 5 min in the pres-
ence of cisparide (200nM)þnifedipine (50 nM). Measurements were av-
eraged over the last 10 beats of each recording period. Twelve wells
were plated for each line and all wells from which signals were recorded
(n = 7–12) were included in the analysis. After the MEA recordings were
completed, cells were harvested for mRNA analysis, as described above.

2.4 Statistical analysis
Summary data are shown as box and whiskers (median, box: 25–75%,
extremities: 5–95%). Correlation coefficients for linear regressions were
calculated in Prism (GraphPad Software, San Diego, CA) and statistical
significance for whether the slope of the line was significantly different to
zero was determined using the F-test.

2.5 Computer modelling
Human cardiac APs were simulated using a modified version of the en-
docardial configuration of the O’Hara-Rudy (ORD11) model,25 with key
conductances modified so that the model could reproduce the clinical
phenotypes of long QT syndrome Types 1, 2, and 3 and maintain normal
calcium transients as described by Mann et al.26 and Krogh-Madsen
et al.27 The code was adapted to run in the Brain Dynamics Toolbox for
Matlab.28 To incorporate population variability in ion channel expression
levels the maximum conductance for each current was multiplied by
conductance scalar (Gx), that was drawn from a random log-normal dis-
tribution,29 with unit mean and variance that was systematically manipu-
lated from 0.05 to 0.5. All models were paced at 1 Hz with a stimulus of
-40 mV and duration of 1 ms and allowed to equilibrate for 300 beats.
We then analysed the next four beats (to allow for the possibility of de-
velopment of alternans) after the equilibration stage. Individual beats
were classified as ectopic if they had secondary peaks that were sepa-
rated by >100 ms. The set of four beats were further classified as alter-
nans if the profile of any of the APs deviated from each other by >1 mV
at any time point. In a second set of simulations, we repeated the same
method as above except that the random multipliers applied to both ICaL

and IKr were identical. This case, we denote co-expression, whereas the
former case, we denote independent expression.

3. Results

3.1 Meta-analysis of cardiac ion channel
gene expression
The shape and duration of APs in cardiac myocytes are determined by
the orchestrated activity of voltage-gated sodium, calcium, and potas-
sium channels, as well as a series of electrogenic transporters that regu-
late intracellular ion concentrations. These channels, transporters, and
related intracellular calcium handling proteins are encoded by a few
dozen genes, sometimes referred to as the rhythmonome30 (a full list is
provided in Supplementary material online, Table S2).
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..To determine whether there were any co-expression patterns among
the rhythmonome genes in human samples, we first undertook an untar-
geted screen for possible expression correlation patterns in publicly
available RNA-seq datasets obtained from a diverse range of indepen-
dent experiments (Figure 1). Ranked correlation coefficients from an ag-
gregate co-expression network that contain data from 3653 samples are
illustrated in the heatmap in Figure 1A. High-ranked correlations indicate
similarity of transcriptional profiles between the genes. A clustering
analysis, as shown by the dendrogram in Figure 1A, groups genes according
to their correlation similarities, as defined by their aggregated ranked cor-
relations (see colour code in Figure 1A). There is a large cluster of yellow/
green squares in the bottom left corner indicating that there are signifi-
cant levels of correlation among many of the genes. Within this cluster,
one can discern two sub-clusters. The cluster of yellow-green squares
corresponding to 13 genes in the bottom left corner (red-dashed box in
Figure 1A) encode for proteins that regulate calcium fluxes as well as the
transient outward Kþ current (KCND3), which helps to maintain the pla-
teau potential at a level that maximizes calcium influx.31 A second sub-
cluster, in the upper right quadrant of the main cluster, encompasses 10
genes (black-dashed box in Figure 1A), including KCNH2, SCN5A, KCNJ12,
and KCNIP2, that encode for ion channel proteins important for regulating

AP duration (APD). It should be noted that there are many pairs of genes
within this larger cluster that have highly ranked correlations but are sepa-
rated into different sub-clusters (see below).

Overall, the connectivity within the set of rhythmonome genes is high
in comparison to their connectivity to all other genes in the co-
expression network (node degree analysis, P � 5.7e-14), with a central
gene being CACNA1C, the gene encoding the alpha subunit of the L-type
calcium channel (Supplementary material online, Figure S1). Although
CACNA1C clusters in the group of calcium handling genes in the bottom
left quadrant of the main cluster in Figure 1A, it also shows high correla-
tion with the cluster of ion channel genes in the top right quadrant of
Figure 1A. Similarly, KCNH2, which encodes for IKr, is included in the ion
channel cluster, however the strongest individual connection to KCNH2
is with CACNA1C (see Figure 1B).

There is a considerable evidence in the literature to suggest that gene
pairs or modules identified by meta-analytic co-expression analysis en-
code functional information.11,15,16 To test whether this also applies to
the human cardiac rhythmonome genes, we chose to focus our valida-
tion studies on the CACNA1C–KCNH2 gene pair. First, it was the stron-
gest correlation observed for KCNH2. Second, CANCA1C-encoded
calcium channels and KCNH2-encoded potassium channels are known

Figure 1 (A) Sub-network of co-expression ranking across 35 genes encoding for cardiac ion channels or calcium homeostasis proteins. Spearman’s cor-
relation coefficients are colour coded from blue: low-ranked correlations to yellow: high-ranked correlations. The dendrogram illustrates the modules of
genes with high levels of similarity in their transcriptional profiles. Red- and black-dashed boxes highlight sub-networks of correlated genes. (B) Connectivity
of genes to KCNH2 (encodes for IKr) and CACNA1C (encodes for ICaL). The list of 75 RNA-seq experiments interrogated is summarized in Supplementary
material online, Table S2.
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to be important contributors to repolarization in the human heart.32

Third, previous studies in rodents have shown that there is co-
expression of ICaL and repolarization currents,10,11 suggesting that this
may be a relationship conserved across species. And finally, there are
highly specific pharmacological tools to enable specific dissection of the
functional role of these channels.33

3.2 Co-expression of CACNA1C and KCNH2
in human heart tissue
The public RNA-seq datasets included in our analyses spanned a wide
range of tissue types and different experiments. This was a deliberate
strategy to minimize the confounder effects that may be seen in any one
type of experimental approach. Unfortunately, there are too few human
heart samples to undertake specific co-expression meta-analysis just on
heart samples. So, to investigate whether these co-expression patterns
were observed in human heart, we looked at the GTEx dataset of post-
mortem tissue samples.21 While we acknowledge there are limitations
associated with the GTEx dataset, for example, the majority of samples
is from diseased hearts and there is a significant variation in the time be-
tween death and tissue collection, it is clear that there is a correlation be-
tween the expression of CACNA1C and KCNH2 (as well as between

SCN5A and KCNH2) (Figure 2). Furthermore, this correlation was much
stronger in the ventricular samples than in the atrial samples. It is also
worth noting that in other tissues, collected as part of the GTEx dataset,
that show robust expression of both KCNH2 and CACNA1C, the correla-
tion between expression of KCNH2 and CACNA1C was also observed
(e.g. oesophagus and colon; see Supplementary material online, Figure
S3).

3.3 In silico analysis of impact of co-
expression of CACNA1C and KCNH2 on car-
diac electrical activity
Given the correlation between CACNA1C and KCNH2 expression was
most apparent in ventricular tissue, and these two genes encode for the
most important currents (ICaL, inward current and IKr, outward current)
controlling repolarization in the human ventricular AP under resting con-
ditions,29 we next investigated how the co-expression of these two
genes would influence ventricular repolarization. Initially, we used an in
silico approach based on the modified O-Hara-Rudy model of the human
ventricular myocyte with the baseline conductance scalars modified so
that the model could reproduce the clinical phenotypes of long QT

Figure 2 Expression levels of (A) CACNA1C and (B) SCN5A vs. expression levels of KCNH2 in the GTEx dataset. Expression levels are expressed as
log(transcripts per millionþ1). Data points for samples with a RNA integrity number (RIN) >7.0 are shown in black (237 atria, 235 left ventricle samples)
and all other sample data points are shown in grey (192 atria, 197 left ventricle samples). The left panel shows all heart samples, the middle panel shows atrial
appendage samples, and the right panel shows left ventricular samples. Correlation coefficients shown in black and grey at the bottom right of each panel
correspond to the full dataset (grey) and the samples with a high RIN (black). Correlation coefficients for linear fits to the data are shown in each panel. It is
notable that correlations are stronger for the ventricular samples than for atrial samples.
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..syndrome Types 1, 2, and 3 and maintain normal calcium transients as
previously described26,27 (Supplementary material online, Figure S4).

First, we simulated a population of 1000 human cardiac APs where
the ion conductances for each cell were scaled randomly using a log-
normal distribution, that is, meaning the probability of the conductance
being doubled was the same as that of it being halved (see
Supplementary material online, Figure S5 for details of generation of

scalars). The population of models generated when all conductance sca-
lars were varied independently (Supplementary material online, Movie
S1) are denoted independent in Figure 3. We then repeated the simula-
tion but forced the conductance scaling factors for IKr and ICaL to be
identical to each other, while the scaling factors for all other conductan-
ces were allowed to vary independently, denoted co-expression in
Figure 3 (and see Supplementary material online, Movie S2).

Figure 3 APs for independent (blue) and co-expression of GKr-GCaL (red) for (A) low scalar variability (r2=0.05) and (B) high scalar variability (r2=0.25).
Note the presence of EADs in six of the APs in the independent group with r2=0.25. The last four beats for each of the populations of 1000 APs are shown
in the movies in Supplementary material online. (C) Histograms of log(APD90/mean APD90) distributions for co-expressed (red) or independent (blue) GKr-
GCaL simulations with r2=0.05, 0.1, 0.15, 0.2, 0.25. The numbers in parentheses above the 0.2 and 0.25 groups indicate the number of EADs in each indepen-
dent scalars group. APs and incidence of EADs for an extended range of variances are shown in Supplementary material online, Figure S6.

Figure 4 APs for co-expressed GKr-GCaL (red) and independent (blue) GKr-GCaL populations (n = 1000), with scalar variance r2=0.25, for (A) control, (B)
50% IKr block, and (C) 80% IKr block. (D) Plot of % of AP simulations with EADs vs. % IKr block (co-expression, red and independent, blue). The inset in panel
(D) shows an expanded view of the % EADs at small levels of IKr block.
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..The range of APD90 values for both independent and co-expression
cell populations becomes broader as the level of variability is increased
(Figure 3A–C). Unsurprisingly, the spread of APD90 values in the cells
with identical GCaL–GKr scalars is always narrower than in the cell popula-
tions with independent GCaL–GKr scalar values. For example, in the case
of Figure 3B, the variance of the APD90 values was 0.026 for the co-
expression dataset but 0.046 for the independent dataset. Another nota-
ble feature of the data in Figure 3 is that EADs begin to appear in the cell
population with independent scalars when the scalar variability, r2,

exceeds 0.20 (in addition, see Supplementary material online, Figure S6).
The number of cells with an EAD is indicated in parentheses above each
distribution in Figure 3C.

3.4 Impact of co-expression of CACNA1C
and KCNH2 on response to drug block of IKr

We next investigated whether coupling of the conductance scalars for GKr

and GCaL influenced the generation of EADs in response to a pathological
stimulus. Specifically, we investigated how cells respond to drug block of IKr

Figure 5 Scalars (mean±SD) for the population of cells with GKr-GCaL co-expression. (A) 50 cells with the longest APD90 values and no EAD with increas-
ing % IKr block. (B) cells with EADs with increasing % IKr block. The GCaL and GKr scalars are highlighted in yellow. (C) APD90 values (left axis) for the highest
(red) and lowest (blue) quartile of cells according to baseline GCaL scalar. The continuous lines show the mean value and shaded area shows ±1 SD. The per-
centage of EADs in each quartile is shown as columns (see axis on right side of graph). The corresponding plots for the population of cells with independent
GKr-GCaL scalars are show in Supplementary material online, Figure S7.
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which is the predominant cause of drug-induced long QT syndrome.19

Populations of APs obtained for independent and co-expression populations
with IKr block of 0%, 50%, and 80% are illustrated in Figure 4. As the extent
of IKr block is increased (from A to C), the proportion of APs producing
EADs increases. It is also clear that at lower levels of IKr block, EADs were
more frequent when GCaL and GKr scalars were modulated independently
(see Figure 4B and inset to Figure 4D). However, the proportion of simula-
tions developing EADs in both the independent and co-expression popula-
tions becomes similar when the extent of IKr block exceeds 80% (Figure 4D).

It is well established that the extent of repolarization prolongation
seen in patients prescribed drugs that block IKr is highly variable and only
a subset of patients exposed to drugs that block IKr,

34 or with a mutation
causing 50% loss of IKr function,32 will develop life-threatening arrhyth-
mias. This is consistent with the prediction made by our simulated drug
block experiments shown in Figure 4. We therefore asked whether the
data from the co-expression datasets could tell us anything about what
factors might predispose to lesser or greater extent of AP prolongation
and/or the development of EADs in the presence of a drug that blocks
IKr. Analysis of the subset of scalars within the co-expression dataset that
produced the 50 longest APDs without EADs, compared to the subset
of scalars that resulted in APs with EADs, is illustrated in Figure 5A and B,
respectively. Notably, the longest APs without EADs had low GCaL sca-
lars (and hence low GKr scalars before addition of drug block).
Conversely, the APs that developed EADs had higher GCaL and GKr sca-
lars. In Figure 5C, we have plotted the APD90 values for cells in the highest
(red) and lowest (blue) quartiles of GCal–GKr scalars. As expected, the
low GCaL group showed longer APD90 values on an average compared
to the high GCaL group (see the continuous lines in Figure 5C).
Furthermore, for the 70% IKr block scenario, 44% of the high GCaL group
have developed EADs whereas only 7% of the low GCaL group have de-
veloped EADs (compare red and blue bars at 70% drug block in
Figure 5C). Thus, higher GCaL is associated with a greater risk of develop-
ing EADs in response to moderate levels of IKr block. A similar pattern of
results was observed when GCaL and GKr were allowed to vary indepen-
dently, except that in this scenario the difference between the high GCaL

and low GCaL groups was even more dramatic at lower levels of IKr block
(Supplementary material online, Figure S7). A corollary of our prediction
that patients with high GCaL are more susceptible to EADs when ex-
posed to a drug that blocks IKr, is that co-administration of a drug that
blocks ICaL would reduce the incidence of EADs A drug that inhibited
ICaL by 20% caused a modest decrease in the percentage of cells with
EADs and reduction of ICaL by 50% had a correspondingly larger effect
(Supplementary material online, Figure S8).

3.5 Validation of in silico predictions in
human cardiac myocytes derived from
induced pluripotent stem cells
So far, we have identified modules of co-expressed genes in RNA-seq
datasets, demonstrated using in silico modelling of the human ventricular
AP that co-expression of CACNA1C and KCNH2 would produce more
robust electrical signalling, and shown that the extent of prolongation of
repolarization seen following IKr drug block should be inversely propor-
tional to the level of CACNA1C/KCNH2 expression. We next wished to
investigate whether this could be verified in heart tissue, given that
KCNH2-encoded IKr is the major repolarization current in human heart
but not in rodents.12 Due to the difficulties in obtaining adult human
heart cells, we chose to use human-induced pluripotent stem cell-
derived cardiac myocyte cell lines to determine whether the predictions

from our in silico prediction holds up in human heart cells. First, we
extracted mRNA from human-induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs)35 obtained from patients with no known
heart disease. All samples contained high levels of cardiac marker genes
(MYL7, GATA4, and NKX2.5) (Figure 6A). The levels of expression of
most rhythmonome genes showed variations between the samples that
spanned approximately an order of magnitude. As these cell lines repre-
sent an embryonic phenotype, they have low levels of expression of a
number of ion channel genes, including, for example, SCN5A, KCND3,
and KCNJ2. However, they do express robust levels of KCNH2 and
CACNA1C. Most importantly, there was also a strong correlation be-
tween the level of expression of KCNH2 and CACNA1C (Figure 6B,
r2=0.68).

We next measured the duration of repolarization from extracellular
field potentials (FPD) recorded from monolayers of hiPSC-derived car-
diac myocytes paced at 1 Hz and exposed to drugs that specifically block
IKr, cisapride,33 and ICaL, nifedipine.33 Cisapride (200 nM) caused a pro-
longation of repolarization that varied between 17.9 ± 7.4 ms
(mean±SD, n = 12) for the least sensitive cell line to 98± 41 ms
(mean±SD, n = 11) for the most sensitive cell line (Figure 7A). There was
also a significant inverse correlation between the extent of FPD prolon-
gation and the [KCNH2–mRNA] measured for each cell line (Figure 7B).

Figure 6 (A) Plot of all mRNAs (log axis) for 10 hiPSC-CM lines.
Note that there are high levels of expression of cardiac markers (MYL7
as well as NKX2-5 and GATA4) in all cell lines. In addition, there is less
variability in the levels for the housekeeping genes (GAPDH and HPRT1)
compared to that seen for the ion channels and calcium handling pro-
teins. The mRNA data for panel (A) are available in the GEO database
under accession number GSE146667. (B) Correlation plots for normal-
ized mRNA expression KCNH2 vs. genes that encode the major depo-
larizing currents (CACNA1C, CACNA1H, and SCN5A). To account for
any differences in mRNA loading between runs, levels of expression
have been normalized to GAPDH. Normalizing the data to HPRT1 or
to the geometric mean of HPRT1 and GAPDH gave very similar results
(Supplementary material online, Figure S9). Correlation coefficients for
linear fits to the data are shown in each panel.
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..Furthermore, the extent of FPD prolongation caused by cisapride in
each cell line was almost exactly reversed by Nifedipine (50 nM)
(Figure 7A).

4. Discussion

A better understanding of the molecular and cellular level control of car-
diac electrical activity could pave the way for improved detection of
patients at risk of cardiac arrhythmias. Here, we report that the levels of
KCNH2 and CACNA1C mRNA expression, in generic tissue RNA-seq
datasets (Figure 1) and the GTEx Atlas of heart tissue samples (Figure 2),
vary considerably from person to person but that the levels of KCNH2
and CACNA1C expression are tightly correlated. Our in silico population
modelling of the human ventricular AP shows that co-expression of IKr

(encoded by KCNH2) and ICaL (encoded by CACNA1C), in the context of
random variations in the densities of all cardiac ion channels, results in a
narrower range of APD90 values at baseline (Figure 3) and helps to pro-
tect against the development of EADs (Figures 3 and 4). Our modelling
approach also suggests that individuals with higher ICaL levels will be
more susceptible to EADs when exposed to drugs that block IKr

(Figure 5), whereas the subset of individuals with lower levels of ICaL will
develop more prolongation of repolarization without developing EADs.
Importantly, independent data obtained from human iPSC-derived car-
diac myocytes have validated key predictions from our in silico analyses
(Figure 7).

Over the last few years, numerous groups have shown that there is
considerable heterogeneity of ion channel expression among excitable
cells, including neurons5 and cardiac myocytes.6,10,36 Furthermore, since
the pioneering work of Marder and colleagues, the presence of modules
of co-expressed ion channel genes has also been well appreciated.14

These previous studies, however, relied on patch clamp analysis of iso-
lated cells10,14 and qPCR analysis14 or single-molecule fluorescence in

situ hybridization36 of individual ion channel mRNAs, which are highly la-
borious techniques and so have been restricted to only a few important
ion channel genes. The advent of high-throughput transcriptomic analy-
ses has greatly facilitated the identification of conserved networks of co-
expressed gene modules among the entire set of expressed genes.18 By
applying meta-analytic approaches to a large number of independent
datasets one can more readily discern genuine co-expression signals
from noise, as well as explore smaller gene modules.18 In our analysis of
a subset of rhythmonome genes within a large library of public RNA-seq
datasets, we identified multiple correlations within the subset of genes
that predominantly affects calcium handling, the subset that predomi-
nantly affects membrane potential as well as between these two subsets
of genes (see Figure 1). The nodes within each of these clusters that are
most closely connected within the rhythmonome relative to all other
genes are KCNH2 and CACNA1C (Supplementary material online, Figure
S1). This is analogous to a network of network,37 where the KCNH2–
CACNA1C link provides an interconnection of the two sub-networks.
Independent evidence to corroborate an important link between cal-
cium handling and regulation of cardiac AP duration comes from the
large genome-wide association studies of QT interval duration which
identified SNPs in a number of calcium handling genes as well as KCNH2
as being important determinants of QT interval in the population.38

Due to the large number of associations, we were testing for in our
network analyses, it is possible that some would occur by chance. It was
therefore critical that we investigated whether any of the identified cor-
relations could be verified in human heart tissue and whether they were
of functional importance. That we were able to confirm the presence of
important co-expression modules in an independent dataset, that is,
GTEx21 heart tissue samples (see Figure 2 and Supplementary material
online, Figure S2) as well as in hiPSC-CM (see Figure 6) provides impor-
tant corroborative evidence to support the conclusion that co-
expression patterns are likely to be real and have physiological relevance.
The patterns of co-expressed genes we observed also show some

Figure 7 (A) Example extracellular electrograms recorded from two separate hiPSC-CM lines under control (black) conditions, after 5 min perfusion
with cisparide (200 nM, red) followed by 5 min perfusion with cisapride (200 nM)þnifedipine (50 nM, blue). In cell line 15-c1, there was a 130 ms prolonga-
tion in field potential duration (FPD) which almost completely reversed on addition of nifedipine. In cell line 273-c1, there was a much smaller prolongation
of 17 ms with addition of cisapride that again reversed on the addition of Nifedipine. (B) Summary of DFPD for six cell lines plotted against the level of
KCNH2 mRNA expression (normalized to GAPDH expression). Data shown as box and whiskers (median, box: 25–75%, extremities: 5–95%, mean: filled cir-
cle, n = 7–12 replicates for each cell line). The line of best fit is shown as a solid line with 95% confidence intervals as dashed lines; the slope of the line is signif-
icantly different to zero (F-test, P = 0.0010). The micro-electrode array data for panels (A) and (B) are available in the DRYAD repository at doi: https://doi.
org/10.5061/dryad.612jm640k. The mRNA data for panels (B) and (C) are available in the GEO database under accession number GSE146667.
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important similarities to previous studies in rodents. Bányász et al.10 and
Rees et al.11 have both demonstrated that the expression of ICaL is corre-
lated with the sum of the major repolarizing ion currents in guinea-pig
and mouse, respectively. However, the molecular players involved in
cardiac electrical activity in rodents are quite distinct to humans.12 In
humans, the most important determinant of repolarization duration at
resting heart rates in the absence of adrenergic stimulation is IKr,

29

whereas in guinea-pig IKs and IKr play equally important roles10 and in
mice the fast component of the transient outward current (Ito,f) and the
ultra-rapid delayed rectifier (IKur) are the major repolarization currents.11

Our study, however, is the first to demonstrate the importance of co-
expressed genes important for repolarization in human heart tissue.

Identifying modules of co-expressed genes are the first step in seeking
to understand the logic of complex systems.6 The next challenge is un-
derstanding how such modules impact function in health and disease.
Recently, Rees et al.,11 have demonstrated that modules of co-expressed
depolarization and repolarization currents can help to ensure normal
amplitude calcium transients in murine heart cells, a critical determinant
of overall heart function. We have extended these studies to show that,
co-expression of KCNH2 (repolarization) and CACNA1C (depolarization)
channels not only limits the extent of variability in duration of the ven-
tricular AP (Figure 3) it also helps to protect the heart from early after
depolarizations when they are exposed to drugs that block IKr (Figure 5).

It is worth noting that IKr is close to fully activated during the cardiac
AP at resting heart rates.39 Conversely, ICaL, is only partially activated un-
der resting conditions and Ca2þ fluxes through CACNA1C channels can
increase markedly under conditions of adrenergic stress or exercise.39

An unopposed increase in ICaL would likely be proarrhythmic. However,
adrenergic stress also results in a marked increase in Kþ flux through the
slow delayed rectifier Kþ channels encoded for by KCNQ1 and KCNE1.39

Our meta-analysis data (Figure 1) do not indicate a close correlation be-
tween KCNQ1/KCNE1 and CACNA1C, suggesting that these channels are
not co-regulated at a transcriptional level. However, given that acute
responses to adrenergic stress are mediated by post-translational modifi-
cations, it is likely co-regulation of ICaL and IKs occurs at a post-
transcriptional level. Indeed, there is considerable evidence for co-
regulation of cardiac ion channels occurring at post-transcriptional lev-
els.36,40 For example, recent work from Robertson and colleagues dem-
onstrated co-translation of SCN5A and KCNH2 channels in human iPSC-
derived cardiac myocytes.36 There is also evidence to suggest that differ-
ent ion channels traffic together to reach similar destinations at the cell
surface, for example, the co-assembly of INa, Ito, and IK1 at intercalated
discs40–42 has an important influence on intercellular conduction. Thus,
any complete cardiac electrophysiology modelling approach will have to
include not just co-regulation at the level of expression but also co-
regulation occurring at the post-transcriptional level.

Our in silico studies, incorporating co-expression of KCNH2 and
CACNA1C, have provided two important insights into the nature of inter-
individual risk for developing arrhythmias in response to drugs that block
IKr, the major cause of drug-induced cardiac arrhythmias.19 First, cells
with low GCaL (and hence low GKr at baseline) exhibited the greatest
prolongation of AP duration when exposed to IKr drug block (Figures 5
and 7). Second, cells with high GCaL (and hence high GKr at baseline)
showed greater propensity for development of EADs at moderate levels
of IKr drug block (Figure 5). This observation also provides a plausible ex-
planation for the well-described clinical observation that prolongation of
the QT interval is an imperfect surrogate marker for proarrhythmic
risk.43 A corollary of the observation that a high GCaL increases the sus-
ceptibility to EADs in response to drug block of IKr is that the co-

administration of an ICaL blocker should reduce the risk of EADs
(Supplementary material online, Figure S8). This is consistent with the ob-
servation that the administration of magnesium, which is a mild calcium
channel blocker, is helpful in the acute management of patients with
drug-induced torsades de pointes,19 and conversely that hypomagnesae-
mia, which would stimulate ICaL, can exacerbate torsades de pointes.44 It is
also consistent with the observation that drugs that block ICaL and IKr

(e.g. verapamil) are not associated with drug-induced arrhythmias45 and
that verapamil prevented the development of torsades de pointes in rabbit
hearts exposed to an IKr blocker.46 However, given that calcium channel
blockers are contra-indicated in some ventricular arrhythmias,47 and the
likelihood that patients who have drug-induced LQTS may have other
underlying cardiac conditions,19 one should be cautious about prescrib-
ing calcium channel blockers. Conversely, it would be reasonable to con-
sider using calcium channel blockers to treat patients with LQTS type 2
(i.e. patients with an isolated loss of IKr function) who continue to have
cardiac events despite treatment with ß-blockers.48

4.1 Limitations
It is much more problematic to study gene expression in adult human
samples, as opposed to laboratory animals, as there is necessarily a much
longer time interval between death and obtaining tissue samples to pro-
cess for mRNA expression. For this reason, in addition to analysing the
full GTEx dataset, we also restricted our analysis to only those samples
where the RIN value was >7, which resulted in exclusion of�half of the
samples. Similarly, it is difficult to obtain human heart samples for func-
tional studies. For this reason, we used human iPSC studies. It should be
noted, however, that some ion channels important for function in adult
cardiac myocytes are not expressed at significant levels in immature car-
diac myocytes49 and so iPSC-CM may not be the ideal system for looking
at ion channel modules other than KCNH2 and CACNA1C. A further po-
tential limitation of using iPSC-derived cardiac myocytes is the possibility
that differences in maturity between wells and between cell lines could
contribute to the differences we observed in our functional studies. This
does not detract from the observation that wells that contained cells
with higher levels of expression of CACNA1C and KCNH2 showed less
prolongation of FPD in response to IKr drug block, however, we ac-
knowledge that the inter-individual differences we observed in immature
cardiac myocytes may be larger than the differences one might see in
adult myocytes.

4.2 Conclusion
Co-expression of CACNA1C and KCNH2 ion channel genes in the heart
enhances the robustness of cardiac electrical activity. Furthermore, we
show that the subset of the population who have above average levels of
calcium channel expression are most at risk from arrhythmias caused by
drug block of the rapid delayed rectifier potassium current. We also sug-
gest that the combination of technologies we have used should be appli-
cable to identifying modules of co-expressed genes important in other
fundamental physiological processes as well as investigating how the dif-
ferent modules of co-expressed genes interact to co-ordinate whole-of-
cell function. Similar approaches should also be applicable to investigat-
ing the transcription factors and/or networks that control the co-
expression of rhythmonome gene modules.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Here, we show, using meta-analysis of multiple independent human gene expression datasets, that there is co-expression of KCNH2–CACNA1C in
human heart tissue which was then confirmed in human cardiac myocytes derived from induced pluripotent stem cells. Both in silico and functional
studies show that the co-expression of CACNA1C and KCNH2 increases the robustness of cardiac electrical signalling. Our data also suggest that
those patients who express higher levels of CACNA1C and KCNH2 are likely to be more susceptible to arrhythmias when exposed to drugs that
block IKr, the major cause of drug-induced cardiac arrhythmias.
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