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Single-Cell RNA-Sequencing and Optical Electrophysiology
of Human Induced Pluripotent Stem Cell-Derived
Cardiomyocytes Reveal Discordance Between Cardiac
Subtype-Associated Gene Expression Patterns
and Electrophysiological Phenotypes

Sherri M. Biendarra-Tiegs,"? Xing Li2® Dan Ye,* Emma B. Brandt,'?
Michael J. Ackerman,*® and Timothy J. Nelson'2°~

The ability to accurately phenotype cells differentiated from human induced pluripotent stem cells (hiPSCs) is
essential for their application in modeling developmental and disease processes, yet also poses a particular
challenge without the context of anatomical location. Our specific objective was to determine if single-cell gene
expression was sufficient to predict the electrophysiology of iPSC-derived cardiac lineages, to evaluate the
concordance between molecular and functional surrogate markers. To this end, we used the genetically encoded
voltage indicator ArcLight to profile hundreds of hiPSC-derived cardiomyocytes (hiPSC-CMs), thus identifying
patterns of electrophysiological maturation and increased prevalence of cells with atrial-like action potentials
(APs) between days 11 and 42 of differentiation. To profile expression patterns of cardiomyocyte subtype-
associated genes, single-cell RNA-seq was performed at days 12 and 40 after the populations were fully
characterized with the high-throughput ArcLight platform. Although we could detect global gene expression
changes supporting progressive differentiation, individual cellular expression patterns alone were not able to
delineate the individual cardiomyocytes into atrial, ventricular, or nodal subtypes as functionally documented
by electrophysiology measurements. Furthermore, our efforts to understand the distinct electrophysiological
properties associated with day 12 versus day 40 hiPSC-CMs revealed that ion channel regulators SLMAP,
FGF12, and FHLI were the most significantly increased genes at day 40, categorized by electrophysiology-
related gene functions. Notably, FHLI knockdown during differentiation was sufficient to significantly mod-
ulate APs toward ventricular-like electrophysiology. Thus, our results establish the inability of subtype-
associated gene expression patterns to specifically categorize hiPSC-derived cells according to their functional
electrophysiology, and yet, altered FHLI expression is able to redirect electrophysiological maturation of these
developing cells. Therefore, noncanonical gene expression patterns of cardiac maturation may be sufficient to
direct functional maturation of cardiomyocytes, with canonical gene expression patterns being insufficient to
temporally define cardiac subtypes of in vitro differentiation.
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Introduction

DESPITE WIDESPREAD USE of human induced pluripotent
stem cells (hiPSCs), questions remain regarding to what
degree cells differentiated from hiPSCs in vitro appropriately
mimic their in vivo counterparts. Human induced pluripotent
stem cell-derived cardiomyocytes (hiPSC-CMs) provide an
excellent example, since the process of heart development
involves the differentiation of distinct ventricular, atrial, and
nodal subtypes of cardiomyocytes with unique phenotypes,
including in both gene expression and functional measures
such as electrophysiology [1-6].

Similar to what takes place during heart development,
cardiac differentiation of pluripotent stem cells produces a
diverse population of cardiomyocytes reported to exhibit
ventricular-, atrial-, and nodal-like features [7,8]. This is of
great importance for the application of these cells; ideally,
the type of cardiomyocyte should suit its ultimate purpose.
For example, it would be most relevant to study the mech-
anisms of an atrial-specific disease such as atrial fibrillation
in atrial-like hiPSC-CMs or regenerate an injured ventricle
using ventricular-like hiPSC-CMs. However, imperfect mark-
ers and inconsistent approaches lead to conflicting views of
what constitutes a defining subtype characteristic, which thus
hinders these downstream applications.

It has been postulated and disputed in published reports
that distinct in vitro subpopulations of ventricular-, atrial-,
and nodal-like hiPSC-CMs can be determined from their
action potential (AP) waveforms as the gold standard [9,10].
This benchmark of cellular phenotyping is complicated by
the in vitro conditions of hiPSC-CMs that only partially
recapitulate the native conditions when comparing with
cardiomyocytes found in homeostatic physiological sys-
tems. With increased sensitivity of the molecular readouts,
canonical markers thought once to be tissue specific are now
recognized to have a broader expression, a common exam-
ple in the cardiac field being the atrial isoform of MLC2,
which is expressed in both atria and ventricles during de-
velopment [11,12].

Therefore, the inherent heterogeneity of hiPSC-CM differ-
entiation processes still poses unmet challenges in their appli-
cation to disease modeling, cell-based cardiac therapies, and
chamber-specific drug toxicity testing [7,13]. Herein, we sought
to determine the relationship between both molecular and
functional properties as hiPSCs respond to a controlled differ-
entiation protocol with the hope to reveal in vitro determinants
of tissue specificity. There have been indications with highly
sensitive readouts that the correlation between these cellular
subtyping approaches may not be as clear cut as often assumed,
exacerbated in the context of in vitro differentiation [9,14,15].

We wanted to further examine this paradigm, and chose to
utilize hiPSC-CMs as our model system due to the reported
presence of distinct subtypes of these cells, with both gene
expression and electrophysiological markers commonly used
to identify them. We were thus able to leverage the geneti-
cally encoded voltage indicator ArcLight and single-cell
RNA-sequencing (scRNA-seq) to carefully profile the in-
herent molecular and functional complexity of the hiPSC-CM
system and examine whether gene expression was predictive
of electrophysiological phenotypes. Ultimately, this study
was able to document the inability of canonical gene ex-
pression patterns to inform cardiomyocyte subpopulation
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classification in vitro, while identifying noncanonical mo-
lecular modulators of hiPSC-CM electrophysiology.

Materials and Methods

A detailed description of all experimental procedures can
be found in the Supplementary Data.

ArcLight imaging and analysis

All ArcLight data acquisition was performed in a live-cell
incubation chamber with 5% CO, at 37°C. AP recordings
were recorded from spontaneously beating cells using line-
scan mode of a Zeiss 5 Live laser confocal microscope at
40 x magnification and 500 frames per second. An FITC
filter set was used for measurements of ArcLight fluores-
cence. A custom MATLAB program (MathWorks) was
written to analyze AP parameters from the recorded data.

ScRNA-seq and data analysis

The Fluidigm C1 system (middle-sized chip, 10-17 pm)
was used to sort to individual cells from a single-cell sus-
pension of hiPSC-CMs. Libraries were only prepared for
capture sites containing a single intact cell. Paired-end se-
quencing was performed using an Illumina HiSeq 2500. In
total, 42 cells on day 12 and 43 cells on day 40 were se-
quenced, similar in scope to other scRNA-seq studies, in-
cluding another recent analysis of hiPSC-CMs [16-19].

Sequencing reads were mapped using standard messenger
RNA (mRNA) sequencing workflow MAP-Rseq to generate
read count matrix [20]. Differential analyses were per-
formed using DESeq R software package [21]. Differen-
tially expressed genes (DEGs) were selected based on
P values <0.05 after false discovery rate control and log2-fold
change >2.0. Enriched pathways on DEGs were selected by
P values calculated by a Fisher test. Cells in subcluster car-
diomyocyte analyses were selected based on cardiac marker
expression and unsupervised hierarchical clustering.

Results

Differentiation and characterization
of hiPSC-CMs

All hiPSCs were reprogrammed from dermal fibro-
blasts isolated from healthy individuals and differentiated
to cardiomyocytes using a monolayer-based directed differ-
entiation protocol. Standard quantitative reverse transcription-
polymerase chain reaction (QRT-PCR) analysis of day 0 (day of
initiation) through day 20 (D20) of differentiation showed
temporal progression through pluripotency, precardiac and
cardiac progenitor, and finally, cardiac gene expression (Sup-
plementary Table S1). The latter included expression of
quintessential ion channel genes as well as established atrial-
and ventricular-associated genes. Several genes, such as the
ventricular myosin gene MYL2, demonstrated increased ex-
pression over time, as expected within a progressive maturation
process (Supplementary Fig. S1).

Following the formation of beating cardiomyocytes, which
typically occurred around day 8 of directed differentiation,
the ArcLight transgene was introduced to the hiPSC-CMs
by lentiviral transduction to optically evaluate electrophysi-
ology. Notably, green fluorescence in hiPSC-CMs expressing
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ArcLight was brighter at the resting potential and subse-
quently decreased with membrane depolarization, producing
an optical AP. This was apparent in cell monolayers (Sup-
plementary Fig. S2A), as well as in hiPSC-CMs, which were
dissociated and more sparsely plated (Fig. 1A). We observed
that these optical APs were temporally consistent with in-
tracellular calcium flux (Supplementary Fig. S2B). APs in-
cluded those that resembled ventricular, atrial, and nodal
morphologies, consistent with previous reports (Fig. 1B).

We developed an analysis scheme to quantify several
parameters of interest: AP amplitude, maximum upstroke
velocity (Viax), action potential duration at 50% or 90%
repolarization (APDsy, APDgg), and interval between APs
(Fig. 1C). Because ArcLight allows measurement of relative
fluorescent signals rather than absolute membrane poten-
tials, we could not measure maximum diastolic potential. Of
particular note, ratios such as APDgy/APDsq have previously
been used to characterize hiPSC-CM subtype via patch
clamp, with putative ventricular-like cells demonstrating a
lower ratio, atrial-like cells demonstrating a higher ratio,
and nodal-like cells at an intermediate value [11].

To validate this approach to evaluating electrophysiologi-
cal properties of hiPSC-CMs, we confirmed that we could
detect response to several prototypic drugs, including de-
creased AP interval and shortened AP duration with norepi-
nephrine (Supplementary Fig. S2C), increased APDgy/ APDs
with hERG inhibitor E-4031 (Supplementary Fig. S2D), and
shortened APDsy with L-type calcium channel inhibitor ni-
fedipine (Supplementary Fig. S2E).

Identification and quantification of atrial-like APs
with ArcLight

Examination of AP profiles is one of the most common
approaches to categorizing hiPSC-CMs into cardiomyocyte
subtypes, and so, we first sought to validate a classification
methodology that was both quantitative and calibrated to a
subtype-specific ion current. We particularly wanted to be
able to differentiate between ventricular- and atrial-like
APs, which reportedly constitute the majority of those dis-
played by iPSC-CMs. The approach we settled on involved
selectively inhibiting the atrial-enriched K,1.5 potassium
channel and Ik, (ultrarapid delayed rectifier potassium
current) via the compound DPO-1.

We first verified the activity of this inhibitor via patch
clamping (Supplementary Table S2). As expected, cells that
qualitatively exhibited an atrial-like AP at baseline clearly
responded to DPO-1 treatment by adopting a more
ventricular-like AP morphology. Conversely, cells with
more ventricular-like APs before treatment remained unaf-
fected (Fig. 1D). Likewise, outward current was only re-
duced in the cells with atrial-like APs (Fig. 1E).

ArcLight was subsequently utilized to obtain a larger
sample size and determine quantitative parameters by which
to classify APs into atrial- or ventricular-like DPO-1 re-
sponders or nonresponders, respectively. We initially per-
formed ArcLight analysis on the same differentiations as
were analyzed by patch clamp (Supplementary Table S3).
As originally observed via patch clamp, cells exhibiting a
more qualitatively atrial-like AP signature and a larger
APDgo/APDs, ratio exhibited a pronounced response to
DPO-1 treatment (Fig. 1F, G). The decreased APDgo/APDs
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ratio that we observed with DPO-1 treatment was distinctly
different than the effect we had previously seen with Iy,
inhibition via E-4031 (Supplementary Fig. S2D).

We identified an APDgy/APDsq ratio of 1.4 as being able to
separate cells with a change in APDgo/APDs5, of at least 0.1
with >90% specificity and >80% sensitivity, and a change of at
least 0.2 with >85% specificity and 100% sensitivity. This
value is consistent with a parameter previously used to define
ventricular and nonventricular APs via patch clamp, with the
ventricular APs having lower APDgy/APDs, values [11]. When
we categorized the analyzed cells according to this value, we
noted that cells with APDgo/APDs > 1.4 had a more profound
change in APDgyy/ APD5, with DPO-1 treatment compared with
cells with lower APDgy/ APDsq (Fig. 1H). Likewise, cells with
APDyo/APDsq > 1.4 had shorter APDs at baseline, which is
consistent with atrial-like cardiomyocytes (Fig. 11).

We also confirmed that the majority (78 %) of cells produced
from a retinoic acid-directed protocol, an established method
for promoting an atrial-like phenotype in pluripotent stem cell-
derived cardiomyocytes [13,22], had an APDgy/ APDs ratio of
>1.4 according to ArcLight analysis (Supplementary Fig. S2F).

Overall, we were able to determine the equivalency of
patch clamp and ArcLight for phenotyping hiPSC-CMs, as
both methodologies identified atrial-like DPO-1 responders,
which had lower APDs, values and higher APDgy/APDsq
values at baseline compared with ventricular-like DPO-1
nonresponders (Supplementary Tables S2 and S3). We found
that the majority of cells analyzed before DPO-1 treatment
demonstrated ventricular-like APs according to both patch
clamp and ArcLight evaluations of the same cell lines. In
addition to being an appropriate surrogate for hiPSC-CM
phenotyping via patch clamp, ArcLight facilitated the eval-
uation of nearly 200 individual cells.

We further attempted to characterize nodal cells, as dis-
tinguished by abolishment of automaticity in response to
funny current (I¢) inhibitor ivabradine [23]. As expected,
only a small proportion of the cells responded (9 of 112,
8%). However, we could not determine any common dis-
tinct characteristics in the AP profiles of those cells (Sup-
plementary Fig. S2G). Henceforth, we relied on published
descriptions for nodal-like AP properties [6].

Electrophysiological and gene expression shifts
in a time course of hiPSC-CM differentiation

Having established the utility of the ArcLight system and
determined a classification system for APs, electrophysio-
logical changes were mapped over the course of long-term
culture of hiPSC-CMs (~ 6 weeks of differentiation), a time
frame during which a mixed population of cardiomyocyte
subtypes has often been described [11,24-29]. Cardiomyo-
cytes at D16 or earlier had a lower AP amplitude (Fig. 2A)
and lower V., (Fig. 2B) than those cells analyzed later in
differentiation. Furthermore, cardiomyocytes between D37
and D41 were more sensitive to the sodium channel blocker
tetrodotoxin than cardiomyocytes between D16 and D20
(Fig. 2C). Previously, reduced automaticity in response to
tetrodotoxin treatment has been associated with a more
advanced developmental stage [30].

Together, these three phenotypic changes are consistent
with electrophysiological maturation over time in culture
[31]. Notably, after approximately D30, a subpopulation of
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FIG. 2. hiPSC-CMs demonstrate electrophysiological maturation and increased heterogeneity with extended time in
culture. (A) Optical AP amplitudes are shifted toward larger values after day 16 of differentiation. (B) Optical AP V . is
shifted toward larger values after D16 of differentiation. (C) hiPSC-CMs between D37 and D40 of differentiation (late)
respond to TTX with an increased interval between APs compared with the corresponding vehicle treatment. Cells between
D16 and D20 of differentiation (early) also respond, but to a lesser degree. Cells were analyzed in six independent
experiments from three different clones. Data are reported as median * interquartile range. P values between vehicle and
TTX treatments were calculated via a Mann—Whitney U test. (D) AP morphology, as described by APDyy/APDs (ratio of
action potential durations at 90% and 50% repolarization), shows a shift in distribution with increased time in culture. The
horizontal line marks APDgy/APDs, ratio of 1.4. Data for (A, B, D) were collected from four to seven independent
differentiations per time range. Three clones from unrelated individuals are represented. White dots within each violin
indicate medians and black rectangles indicate interquartile range. Days 11-13 of differentiation: n=121 cells; D11-D14:
n=123; D17-D20: n=88; D23-D27: n=121; D32-D34: n=102; D38-D42: n=166. Following statistical analysis via a
Kruskal-Wallis test, pairwise comparisons were performed using Dunn’s test with Bonferroni adjustment. Significance of
pairwise comparisons is presented as box color in the corresponding matrix for each parameter. hiPSC-CMs, human-
induced pluripotent stem cell-derived cardiomyocytes; TTX, tetrodotoxin.

cardiomyocytes with APDgy/APDs, values >1.4 emerged,
which were seldom seen earlier in the differentiation process
(Fig. 2D). Although we also noted changes in the interval
between APs after D20 of differentiation, this did not appear
to modulate AP duration as both APDs, and APDyy were
largely unchanged across time points when examined indi-
vidually (Supplementary Fig. S3).

We initially observed these temporal trends in AP am-
plitude, V., and APDgy/APDs, when using a defined
medium (CDM3 [11]) for the cardiac differentiation proto-
col, but found they were also reproducible using B-27
medium (Supplementary Fig. S4). Thus, inherent differ-
ences in differentiation medium components did not appear
to affect these phenotypes. The emergence of a population
of cells with atrial-like electrophysiology along with the
changes in maturation-related properties suggested that the
hiPSC-CMs had matured to more defined cardiomyocyte
subtypes following ~1 month in culture, as determined
from an electrophysiological standpoint.

Next, we wanted to evaluate whether gene expression
patterns would be predictive of the increased preponderance
of cells with an atrial-like electrophysiology over time in

culture. To evaluate changes in CM subtype marker and
electrophysiology-related gene expression at high granu-
larity and in a manner conducive to subgroup analysis, we
performed both ArcLight analysis and scRNA-seq at day 12
(D12) and day 40 (D40) of differentiation (Fig. 3A). Our
scRNA-seq data revealed dramatic transcriptome differ-
ences between D12 and D40 (Fig. 3B, C). Unsupervised
hierarchical clustering (Fig. 3B) and principal component
analysis (Fig. 3C) of expression data (including all genes in
all sequenced cells) demonstrated that the selected time
points segregated into two easily distinguishable groups
exhibiting distinct transcriptional phenotypes.

From an electrophysiological standpoint, cells at D12 pri-
marily displayed a ventricular-like AP morphology. At D40,
the cells remained primarily ventricular like in their electro-
physiology, but there was a more even distribution of cells
with atrial-like and ventricular-like APs (Fig. 3D, E). A small
subset of samples, particularly in the less electrophysiologi-
cally mature D12 population, was classified as ‘‘indetermi-
nate’’ because they did not clearly resemble either atrial- or
ventricular-like APs. APs that were distinctly nodal like were
not identified. Overall, electrophysiological changes were
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FIG. 3. Single-cell RNA-seq analysis in hiPSC-derived cardiac differentiation clearly separates days 12 and 40 cells with
distinct electrophysiological properties. (A) Schematic of experimental design. hiPSC-CMs were analyzed at days 12 and 40
of differentiation via single-cell RNA-seq and ArcLight. (B) Unsupervised hierarchical clustering on the entire tran-

scriptomic profiles of all cells (D12: n=42 cells; D40: n=43

cells). (C) Principal component analysis compiled from the

entire transcriptomic profiles of all cells. (D) Representative inverted fluorescent traces for ventricular-like morphology
(from D12) and atrial-like morphology (from D40). (E) Percentage of total cells at D12 or D40 with each AP morphology
classification. ‘“‘Indeterminate’” cells had either insufficiently mature APs or demonstrated a mixture of atrial- and
ventricular-like APs. (F) AP amplitude (leff), Vimax (middle), and APDgy/APDsq (right) evaluated from D12 and D40
populations before submission for sequencing. P values were calculated by either a Student’s #-test or Mann—Whitney
U test. Data are reported as median +interquartile range. hiPSC, human induced pluripotent stem cell.

consistent with what had previously been observed, namely
increased AP amplitudes and V.« and a higher mean
APDgo/APDs, with longer time in culture (Fig. 3F).

Heterogeneous expression of cardiomyocyte
subtype-associated genes

Before evaluating cardiomyocyte subtype-associated
markers, we wanted to confirm that our transcriptional data
were consistent with cardiomyocyte development. We ob-
served that each cell expressed transcripts for between ~ 7,000
and ~ 14,000 individual genes (Supplementary Fig. SS5A). All
cells had more than 1 million mapped reads, which has been
described as sufficient for near maximal detection of expressed
genes in scRNA-seq studies [32]. For more than 80% of the
cells assayed, this value was between 5 and 10 million reads.

There was significantly higher expression of 732 genes at
D12 and 271 genes at D40 (Supplementary Fig. SSB—F). Nu-
merous transcription factors known to be involved in heart

development were among the D12 DEGs, such as NKX2.5 and
BMP?2. Functional enrichment analysis showed that the D12
DEGs could be categorized into functions consistent with
cardiac development, including ‘““atrial cardiac muscle tissue
morphogenesis” and ‘“‘ventricular septum development”
(Supplementary Fig. S5G). qRT-PCR confirmed expression
changes of several genes between D12 and D40, including
known benchmark genes in heart development (Supplementary
Fig. S5H, I). In addition, numerous D12 and D40 DEGs had
previously been implicated specifically in early or later heart
development, respectively [33,34] (Supplementary Fig. S6).
We initially noted that many established cardiomyocyte
genes had detectable expression in every cell analyzed
(Fig. 4A). However, further analysis revealed heterogeneity
in expression of these genes between individual cells. Un-
supervised hierarchical clustering delineated subclusters
within both the D12 and D40 populations (50% and 56% of
the cells, respectively), which exhibited relatively higher
expression levels of cardiomyocyte genes (Fig. 4B). We
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henceforth defined those subclusters as the cardiomyocyte
populations, and focused specifically on those cells for further
analyses. Many of the cells that did not fall into those sub-
clusters had higher expression of cardiac fibroblast genes,
which we further subcharacterized in the D40 population via
immunofluorescence and additional analysis of the scRNA-
seq data (Supplementary Fig. S7).

Differential gene expression analysis was repeated for D12
and D40 cardiomyocytes within the selected subclusters
(Supplementary Fig. S8A). By specifically examining the
cardiomyocytes within the mixed population, we were able to
identify markers that were only detectable at either D12 or
D40, and validated one of these markers (LGALS3BP) via
immunofluorescence (Supplementary Fig. S8B, C).

Our transcriptome analysis confirmed DEGs that have
previously been associated with early or late embryonic
heart development and were more highly expressed at D12
or D40, respectively (Supplementary Fig. S8D). These D40
DEGs included HOPX, which has also been implicated as
a cardiac maturation gene by two recent scCRNA-seq studies
of human pluripotent stem cell-derived cardiomyocytes
[19,35]. Altogether, these results demonstrate that the D40
cells exhibited gene expression patterns associated with more
mature cardiomyocytes compared with D12.

To classify the cells into cardiomyocyte subtypes according
to their transcriptional signatures, we curated a panel of genes
that have previously been used as markers of mature atrial-,
ventricular-, and nodal-like cardiomyocytes, and examined
expression of these genes in all hiPSC-CMs from D12 to D40
cultures. Possibly due to the lack of the exact microenviron-
ment that exists for in vivo development processes, hiPSC-CMs
show limited canonical expression patterns that correlated with
a distinct subpopulation of a specific mature cardiac subtype.

Also, only a small set of subtype-associated genes ex-
hibited a significantly different expression between the two
populations, namely MYL2, KCNJ3 (higher at D40), TBX3,
and PITX2 (higher at D12) (Fig. 4C). No clear pattern of
gene expression could be discerned to definitively identify
preferential development of a particular subtype in hiPSC-
CMs over time, as these few DEGs were a mixture of ven-
tricular, atrial, and nodal markers. We did not identify other
D12 versus D40 cardiomyocyte DEGs that have been com-
monly used as markers of cardiomyocyte subtypes.

Examining coexpression patterns for a subset of common
atrial or ventricular marker genes revealed only a few weak
correlations between genes representing the same subtype
(Fig. 4D). For example, KCNAS is of particular interest because
it encodes the pore-forming subunit of atrial K,1.5. While it
demonstrated a marginal positive correlation with the atrial
myosin gene MYL?7, it negatively correlated with expression of
SLN. Overall, in contrast to the electrophysiological charac-
terization, the gene expression data did not suggest that this
culture system comprised distinct subgroups of primarily atrial-
like and ventricular-like cells at D40 of in vitro differentiation.

Changes in electrophysiology-related
gene expression between D12 and D40
of differentiation

Since analysis of recognized cardiomyocyte subtype-
associated genes did not provide clear insight into the elec-
trophysiological phenotypes of these cells, we next looked at
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the expression patterns of ion channel and calcium-handling
genes in the cardiomyocytes as a possible explanation for the
time-dependent electrophysiological changes.

Surprisingly, very few of these genes were identified in
the list of D12 versus D40 cardiomyocyte DEGs, the ex-
ceptions being the acetylcholine-responsive potassium
channel genes KCNJ3 and CACNA2D1, encoding a subunit
of the L-type calcium channel (Fig. 5A). While this potas-
sium current is associated with atrial cardiomyocytes and
has been reported to be present in human embryonic stem
cell-derived cardiomyocytes, it must be activated by a mus-
carinic agent such as carbachol [13]. Therefore, its functional
implications within our study are unclear.

Notably, though, gene function enrichment analysis of the
D40 DEGs also revealed three ion channel regulator genes,
SLMAP, FGF12, and FHLI, which are characterized by the
terms ‘‘regulation of membrane depolarization and/or
“regulation of voltage-gated sodium channel activity”” and
thought to play a role in cardiomyocyte function [36-38].
We confirmed the increased expression of these genes in
D40 versus D12 cardiomyocytes via qRT-PCR (Fig. 5B-D).
The somewhat higher P values observed for the qRT-PCR
confirmations of SLMAP and FHLI could be due to the
presence of contaminating noncardiomyocytes, which were
excluded in the scRNA-seq analysis.

FHLI has been shown to interact with the Ik, channel
subunit K,1.5 and to alter Ik, functional properties when
coexpressed with KCNAS5 in a heterologous expression
system [38]. We therefore chose to study the role FHLI
plays in the electrophysiology of hiPSC-CMs, and whether
its increased expression with time in culture could have
implications for the phenotyping of hiPSC-CMs.

Influence of FHL1 expression on
atrial-associated hiPSC-CM properties

Immunofluorescence staining conducted at D40 of dif-
ferentiation revealed that the FHL1 protein is expressed in
both cardiomyocytes (cTnT-expressing cells) and non-
cardiomyocytes (Fig. 6A), consistent with its expression
in murine hearts [39]. To determine if it regulates AP
morphologies, FHLI was knocked down using short hairpin
RNAs (shRNAs) and compared with nontargeting control
shRNA. A total of five cell lines from three unrelated in-
dividuals were analyzed. The average knockdown efficiency
was 67% at the protein level (Fig. 6B). For electrophysio-
logical analysis, an RFP reporter was used to confirm expres-
sion of either nontargeting control shRNA or FHLI-targeted
shRNA in each cell before ArcLight imaging.

As expected, there was variation between the five cell
lines in the AP properties of the control cells. Three of these
had slightly more atrial-like APs (mean APDgy/ADPs, >
1.4), while two were more ventricular like (mean APDgy/
APDs( < 1.4, along with longer APDs;). We analyzed these
two groups separately and found that the atrial-skewed cell
lines were particularly responsive to knockdown of FHLI,
demonstrating significantly longer APDsq and lower APDgq/
APDs following the knockdown (Fig. 6C, D). Furthermore,
FHLI knockdown promoted a shift toward larger values of
AP amplitude and V.« in the atrial-skewed clones, also
consistent with the cells adopting more ventricular-like
electrophysiology (Supplementary Fig. S9) [11,13,40].
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FIG. 5. Several ion channel regulators exhibit increased expression with electrophysiological maturation of hiPSC-CMs.
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This demonstrated that expression of a single gene,
FHLI, influences the presence of atrial-like APs from
hiPSC-CMs and its variable expression during the differen-
tiation process likely impacts cellular electrophysiology.

While members of the FHL1 family of proteins are not
transcription factors, they can influence gene expression by
directly interacting with transcription factors such as NFATc1
and members of the CREB family [41,42]. Therefore, we
wanted to determine whether FHLI expression has any im-
pact on the cardiac development process, cardiomyocyte
subtype marker genes, or any other electrophysiology-related
genes. To that end, we performed RNA-seq on FHLI
knockdown cells and their corresponding controls (Supple-
mentary Fig. S10A, B). Overall, enriched pathways for the
control samples included those related to cell division, muscle
filaments, signaling, and development. Enriched pathways for
the knockdown samples included transport and skeletal
muscle thin filament assembly (Supplementary Fig. S10C).

There was no significant change in KCNAS expression with
FHLI knockdown, suggesting that altered expression in
K,1.5, at least at a transcriptional level, is not a driving
mechanism for FHLI’s influence on hiPSC-CM electro-
physiology. We did see altered expression of genes that play a
role in muscle filaments, consistent with the established role
of the FHL1 protein in the contractile apparatus [43,44]
(Fig. 6E). Modulation of FHLI additionally impacted several

gap junction or calcium ion channel-related genes. Finally,
we also observed differential expression of several transcripts
associated with cardiac development. However, with the ex-
ception of WNT?2, the identified genes have not been specifi-
cally implicated in cardiomyocyte subtype specification.

Discussion

In this study, we profiled the heterogeneous nature of
hiPSC-CMs, providing new insight into how gene expres-
sion and the electrophysiological features of these cells re-
late to each other throughout the first ~ 1.5 months of the
differentiation process. Thereby, we have observed numer-
ous indications of transcriptional and electrophysiological
maturation of hiPSC-CMs over the time course in this study.
We also pinpointed some robust early (day 12) and later
(day 40) gene markers of hiPSC cardiac differentiation
based on the true single-cell signals with scRNA-seq tech-
nology. However, we were not able to identify distinct
cardiomyocyte subtypes in our in vitro cell cultures at day
40 using classical markers, highlighting the challenges of
using hiPSCs in vitro to mimic in vivo organogenesis.

Furthermore, we found that expression of ion channel
regulator genes SLMAP, FGF12, and FHLI increased with
time in culture, and therefore had the potential to impact the
electrophysiological maturation of these cells, despite not
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previously being classified as cardiomyocyte subtype mar-
ker genes. Specifically, we discovered that changes in FHLI
expression can shift electrophysiological parameters toward
those that are more characteristically atrial-like or ventricular-
like. Overall, our data emphasize that hiPSC electro-
physiological properties, which are important for in vitro
applications, are shaped by complex molecular influences
in the absence of native embryology, and thus may re-
quire further dissection of noncanonical pathways that
are specifically required for stem cell differentiation and
bioengineered applications.

In recent years, many research groups have described in-
dividual hiPSC-CMs as ‘‘ventricular-like,”” ‘‘atrial-like,”” or
“nodal-like”” based on AP morphology. This practice had
been generally accepted until Du et al. challenged the premise
that these distinct electrophysiological subtypes exist in a
standard cardiac differentiation [9,10]. This leads to the
question of whether in vitro bioengineered CMs are capable

of fully recapitulating cells isolated from in vivo systems in
this manner, as in vivo cardiomyocytes are specified at very
distinctive microenvironments in the early embryo and ma-
tured in an ever-changing physiological structure [10].

Therefore, we sought to examine the relationship between
gene expression and electrophysiological markers of cardi-
omyocyte subtypes, recognizing that a more in-depth un-
derstanding of the relationship between molecular and
functional properties could be broadly applicable to diverse
cell types differentiated in vitro from hiPSCs.

We chose to use the genetically encoded voltage indicator
ArcLight to perform the electrophysiological characteriza-
tion, as this approach has the advantages of being noninva-
sive, nontoxic, and conducive to rapid and high-throughput
electrophysiological assessments [45,46]. Importantly, data
acquired via ArcLight analysis correspond well to patch
clamp recordings [46]. Moreover, ArcLight permits exami-
nation of parameters of interest on a cell-by-cell basis, an
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important consideration given our desire to examine cell-to-
cell heterogeneity within this system. ArcLight was intro-
duced into the cells once they were already cardiomyocytes,
typically within a week of analysis, thereby minimizing any
potential developmental issues arising from genomic inte-
gration in our model system.

To establish a system for distinguishing subpopulations of
hiPSC-CMs with atrial- and ventricular-like electrophysi-
ology, we relied on manipulation of I, as a gold standard
functional marker, as this ion current contributes heavily to-
ward the distinctive atrial AP morphology. Ultimately, we
found that a subset of cells had AP morphologies that were
sensitive to inhibition of this ion current by DPO-1, and that in
general those cells had a shorter AP duration and larger APDgo/
APDs, as expected for atrial-like APs [11]. This confirmed
that this system was sufficient to distinguish between physio-
logically responsive atrial-like and nonatrial-like APs.

When we examined how APDgy/ APDs, changed with time,
we saw that cells with an atrial-like AP profile became more
common after D30. It is well established that hiPSC-CMs can
mature with time, and indeed, the cells in our study also
demonstrated enhanced electrophysiological maturation at
this later stage of differentiation by multiple measures, in-
cluding both AP properties and response to tetrodotoxin [31].

A study by Burridge et al. showed via single-cell real-
time RT-PCR that many D20 cardiomyocytes coexpressed
markers of human atrial, ventricular, and nodal cells, sug-
gesting that their subtype specification was not fully deter-
mined. However, immunofluorescent staining of atrial and
ventricular isoforms of MLC2 exhibited a disparate ex-
pression pattern after D30 [11]. It has also been previously
demonstrated that electrophysiological properties of hiPSC-
CMs differentiated with a retinoic acid protocol are notably
more atrial like at D40 compared with D25 [46].

Together, this led us to profile individual cells via ArcLight
and scRNA-seq at early (D12) and later (D40) stages of dif-
ferentiation, and thus evaluate the cells both before and after
distinct cardiomyocyte subtypes might presumably be de-
tected. Electrophysiological classification of cardiomyocyte
subtypes has frequently been performed during this time frame,
adding additional relevance to our study design [11,24-29].

We were able to validate numerous aspects of our
scRNA-seq data in additional cell lines via qRT-PCR,
immunofluorescence, and by comparison with previously
published studies, thus supporting the robustness of our find-
ings. Increased transcriptional maturation between the early and
late time points in our study was also apparent from the sScRNA-
seq data. However, we were surprised by the degree to which
classical markers of ventricular, atrial, and nodal cells did not
clearly segregate even at D40. Moreover, only a few of these
markers were differentially expressed between the two time
points. These findings indicate that although some cells may
appear more atrial like or ventricular like by electrophysiology,
this does not necessarily mean they are a distinctly atrial-like or
ventricular-like cell according to transcriptional profiling.

Our results suggest that there are vital roles of in vivo
reciprocal cross talk between different layers of cells and
tissues and the in vivo mutually reinforcing program di-
recting native cardiac development and guiding tissue
maturation, which are not fully recapitulated in vitro. Fur-
thermore, mature cardiomyocyte subtypes have previously
been delineated by scRNA-seq during mouse heart devel-
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opment using in vivo tissue dissection instead of an iPSC-
derived cell culture system [33].

In our in vitro study, we took advantage of Fluidigm C1
system to select cells based on size, with cells <10 or >17 pm
excluded from the analysis. Although we had filtered out
some smaller and larger cells, we anticipated that this size-
restricted strategy could overestimate the homogeneity of the
selected cell population and thus generate an artificially en-
riched signal in hiPSC-CM. Despite this experimental bias,
our results indicate a far greater heterogeneous gene expres-
sion profile within these well-characterized functional cardi-
omyocytes than has previously been published.

When we sought to reconcile the gene expression data with
our electrophysiological findings, we identified increased
expression of the gene FHLI at D40 within a background
of minimal changes in the expression of classical electro-
physiology-related genes. Yang et al. previously demon-
strated that the FHL1 protein interacts with K,1.5 in the
human atria. They subsequently showed that coexpression of
FHLI with KCNAS5 in Chinese hamster ovary cells led to K*
currents that more closely resembled Iy, suggesting that
FHL1 plays a functional role in the Iy, complex [38].

Our results further expanded on these studies to suggest
that increased expression of FHLI temporally correlates with
increased prevalence of atrial-like APs in hiPSC-CMs, and
that reduced expression of FHLI can shift populations of
hiPSC-CMs away from this more atrial-like phenotype. These
findings demonstrate that the functional presence of Iy, in
hiPSC-CMs does not depend exclusively on expression of the
atrial ion-channel gene KCNAS, particularly given that
knockdown of FHL1 did not alter KCNA5 mRNA expression.

From our follow-up study examining the influence of
FHLI knockdown on the hiPSC-CM transcriptome, there
was no evidence to suggest that FHLI plays a notable role in
the development of a global atrial versus ventricular tran-
scriptional phenotype. Although the zebrafish homolog fhlA
has been demonstrated to regulate heart chamber develop-
ment [47], Fhil™"~ mice exhibit normal heart development
[44]. Therefore, in our system, FHLI likely plays a role in
electrophysiology via either direct or indirect modulation of
K,1.5 localization or activity. Due to its function as an
adaptor protein, numerous hypotheses have been suggested
regarding how FHL1 enacts its influence on Ik, [48].

Unexpectedly, however, we also observed that FHLI
knockdown cells displayed lower levels of the following
calcium channel-related transcripts: CACNAIB, CACNAIC-
AS3, CACNAIC-AS4, and CACNAIC-IT3. Potentially, this
could have an effect on the plateau phase of the AP. It has
also been reported that atrial-like hiPSC-CMs have lower
expression of CACNAIC, as well as reduced peak Ic,p
amplitude and current density [49]. However, the precise
functional roles of the antisense and intronic transcripts we
identified remain unclear.

We also identified that two other ion channel regulator
genes, SLMAP and FGF 12, exhibited increased expression at
D40. Specific FGFI2 mutations reduce Na* channel current
density [37], whereas mutations in SLMAP are implicated in
decreased membrane surface expression of hNa,1.5 via im-
paired intracellular trafficking [36]. It is possible that increased
expression of one or both of these may contribute to the
electrophysiological maturation of hiPSC-CMs with extended
time in culture, since V., and AP amplitude are heavily
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influenced by sodium current properties. Still, it is important
to note that this study only focused on gene expression
changes for these candidate genes, so further work is neces-
sary to determine how these or other changes in ion channel
assembly or trafficking could contribute to the electrophysi-
ological phenotypes we observed.

Altogether, these findings illustrate the complex nature of
in vitro hiPSC-CM electrophysiology, which is likely
influenced by a wide variety of genes and environmental
factors, and therefore may not fully align to the expression
of molecular markers for canonical cardiomyocyte subtypes.

Although the first published scRNA-seq study of human
pluripotent stem cell-derived cardiomyocytes did not report
any examination of cardiomyocyte subtypes [35], a recent
study also examined atrial- and ventricular-associated gene
expression and electrophysiology [19].

Churko et al. uncovered distinct subpopulations of D30
hiPSC-CMs, which were enriched for TBX5, NR2F2, HEY2,
ISLI, JARID2, or HOPX. They furthermore found that
HEY2 expression promoted ventricular-like electrophysi-
ology and expression of ventricular-associated genes such as
MYL2, whereas NR2F2 promoted atrial-like phenotypes.
These atrial-like and ventricular-like transcriptional states
were more prevalent in early versus late differentiation,
respectively. Notably, though, they also reported some un-
expected findings, such as an inverse relationship between
NR2F?2 expression and some atrial-enriched genes [19].

Interesting, we saw neither a positive or negative corre-
lation between cellular expression of NR2F2 and HEY2, nor
any time-dependent changes in either of these genes. This
perhaps highlights the variability of cardiac differentiations
from hiPSCs, which can be further compounded by differ-
ences in cell lines, differentiation protocols, maturation
states, and a variety of other cell autonomous factors. Some
of our results were well correlated, for example, in our
observation of higher MYL2 and HOPX expression in more
mature, late-differentiation hiPSC-CMs [19].

These recent scRNA-seq studies, including the data pre-
sented here, provide an excellent starting point from which
to garner a better understanding of cell-to-cell heterogeneity
in cardiac differentiation. Future studies will prove valuable
in further deepening our understanding of all the factors that
impact subtype-associated transcriptional programs and
electrophysiology in hiPSC-CMs, as well as how to con-
sistently modulate those factors in a desired manner.

Altogether, it is not entirely surprising that a model sys-
tem attempting to recapitulate tissue development would
face similar challenges to cardiac development inherent in
the in vivo tissue environment. It must be recognized that
while there are markers known to be enriched in particular
cardiomyocytes subtypes, they may not be specifically ex-
pressed throughout the cardiomyocyte development, even
in vivo. This may hold particularly true during the early
stages of heart development [50], when cardiomyocytes
exhibit a maturation state similar to that of hiPSC-CMs.

For example, expression of MLC2a is far more promis-
cuous during heart development [12], and other markers,
including MLC2v and IRX4, are expressed at variable levels
across their associated chambers (at least in the murine
heart) [51,52]. Electrophysiological assessment can be
hampered by similar limitations, since AP properties are
variable in vivo, even in different regions of the same
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chamber [6,53-55]. For these reasons, the value of taking a
multifaceted approach to hiPSC-CM classification has re-
cently been highlighted [6].

While our findings have particular relevance to the deri-
vation and application of hiPSC-CMs, we also believe they
will prove an important stepping stone toward encouraging
more comprehensive characterization of various types of
differentiated cells derived from hiPSCs. While the easiest
approach may be to simplify biology to define one marker or
property as indicative of a particular cell type, in vivo sys-
tems offer far more complexity than can be accounted for by
such an approach, and adult markers do not necessarily apply
to developing cells with the same specificity. In the context of
in vitro hiPSC-derived cells, for which many of the native
developmental cues are lacking, the challenge is even greater.

Altogether, these limitations speak of the importance of
ongoing efforts to enhance the maturation of hiPSC-derived
cells and better recapitulate the developmental conditions of
specific cell types of interest. Future single-cell analyses
such as scRNA-seq will aid in demonstrating the success of
such approaches to restrict cellular heterogeneity, and ulti-
mately, single-cell analysis of human tissues will prove a
valuable means of calibration. Efforts should also be fo-
cused on enhancing our ability to assess functional and
molecular readouts in the same cell, building on some recent
examples [14,23,56].

Overall, our data confirm the heterogeneous nature of car-
diomyocyte subtype-associated marker expression and AP
profiles in hiPSC-CMs. Herein, we also identified that expres-
sion of a gene (FHLI) previously not identified as a marker of
hiPSC-CM subtypes can potentially affect electrophysiological
phenotyping, whereas canonical gene expression patterns
were not clearly aligned with electrophysiological properties.
Therefore, our findings promote the careful consideration of
multiple features to more accurately classify in vitro stem cell
differentiation of cellular subtypes. Finally, our study supports
amore detailed characterization of the heterogeneity of hiPSC-
derived cells of other lineages, in accordance with the complex
biology of in vitro developmental models required to develop
the most appropriate fit-for-purpose stem cell model systems.

Acknowledgments

The Mayo Microscopy and Cell Analysis Core was uti-
lized for some of the experiments performed in this report.
The Center for Regenerative Medicine provided access to
gRT-PCR and western blot resources. Frank Secreto pro-
vided valuable editorial commentary and assistance with the
etoposide sensitivity assay. This work was supported by the
Todd and Karen Wanek Family Program for Hypoplastic
Left Heart Syndrome at Mayo Clinic. Author S.M.B.-T. was
supported by the T32 Training Grant GM072474 during this
work. Author E.B.B. was supported by the Gary and Anita
Klesch Predoctoral Fellowship during this work.

Presented at International Society of Stem Cell Research
Annual Meeting from 2016 to 2018.

Author Disclosure Statement

Mayo Clinic and author T.J.N. have financial rights to
ReGen Theranostics through licensing agreements. All other
authors have no conflict of interest.



HIPSC-CM GENE EXPRESSION AND ELECTROPHYSIOLOGY

Supplementary Material

Supplementary Data
Supplementary Figure S1
Supplementary Figure S2
Supplementary Figure S3
Supplementary Figure S4
Supplementary Figure S5
Supplementary Figure S6
Supplementary Figure S7
Supplementary Figure S8
Supplementary Figure S9
Supplementary Figure S10
Supplementary Table S1
Supplementary Table S2
Supplementary Table S3

References

1.

10.

11.

Brandenburg S, EC Arakel, B Schwappach and SE Lehnart.
(2016). The molecular and functional identities of atrial
cardiomyocytes in health and disease. Biochim Biophys
Acta 1863:1882-1893.

. ZhiY,Z Cao, QH Li, XL Li, Y Sun, T Zhang and Q Zhang.

(2016). Transcriptional analysis of atrial and ventricular
muscles from rats. Genet Mol Res 15:1-9.

. Paci M, J Hyttinen, K Aalto-Setala and S Severi. (2013).

Computational models of ventricular- and atrial-like human
induced pluripotent stem cell derived cardiomyocytes. Ann
Biomed Eng 41:2334-2348.

. Ng SY, CK Wong and SY Tsang. (2010). Differential gene

expressions in atrial and ventricular myocytes: insights into
the road of applying embryonic stem cell-derived cardio-
myocytes for future therapies. Am J Physiol Cell Physiol
299:C1234-C1249.

. Zhao XS, TD Gallardo, L Lin, JJ Schageman and RV Shohet.

(2002). Transcriptional mapping and genomic analysis of the
cardiac atria and ventricles. Physiol Genomics 12:53-60.

. Kane C and CMN Terracciano. (2017). Concise review:

criteria for chamber-specific categorization of human car-
diac myocytes derived from pluripotent stem cells. Stem
Cells 35:1881-1897.

. Del Alamo JC, D Lemons, R Serrano, A Savchenko, F

Cerignoli, R Bodmer and M Mercola. (2016). High
throughput physiological screening of iPSC-derived cardi-
omyocytes for drug development. Biochim Biophys Acta
1863:1717-1727.

. Weng Z, CW Kong, L Ren, I Karakikes, L Geng, J] He, MZ

Chow, CF Mok, W Keung, et al. (2014). A simple, cost-
effective but highly efficient system for deriving ventricular
cardiomyocytes from human pluripotent stem cells. Stem
Cells Dev 23:1704-1716.

. DuDT, N Hellen, C Kane and CM Terracciano. (2015). Action

potential morphology of human induced pluripotent stem cell-
derived cardiomyocytes does not predict cardiac chamber
specificity and is dependent on cell density. Biophys J 108:1-4.
Kane C, DT Du, N Hellen and CM Terracciano. (2016).
The fallacy of assigning chamber specificity to iPSC car-
diac myocytes from action potential morphology. Biophys J
110:281-283.

Burridge PW, E Matsa, P Shukla, ZC Lin, JM Churko, AD
Ebert, F Lan, S Diecke, B Huber, et al. (2014). Chemically
defined generation of human cardiomyocytes. Nat Methods
11:855-860.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

671

Zammit PS, RG Kelly, D Franco, N Brown, AF Moorman
and ME Buckingham. (2000). Suppression of atrial myosin
gene expression occurs independently in the left and right
ventricles of the developing mouse heart. Dev Dyn 217:75—
85.

Devalla HD, V Schwach, JW Ford, JT Milnes, S El-Haou,
C Jackson, K Gkatzis, DA Elliott, SM Chuva de Sousa
Lopes, et al. (2015). Atrial-like cardiomyocytes from hu-
man pluripotent stem cells are a robust preclinical model
for assessing atrial-selective pharmacology. EMBO Mol
Med 7:394-410.

Yechikov S, R Copaciu, JM Gluck, W Deng, N Chiamvi-
monvat, JW Chan and DK Lieu. (2016). Same-single-cell
analysis of pacemaker-specific markers in human induced
pluripotent stem cell-derived cardiomyocyte subtypes
classified by electrophysiology. Stem Cells 34:2670-2680.
Ben-Ari M, S Naor, N Zeevi-Levin, R Schick, R Ben Je-
huda, I Reiter, A Raveh, I Grijnevitch, O Barak, et al.
(2016). Developmental changes in electrophysiological
characteristics of human-induced pluripotent stem cell-
derived cardiomyocytes. Heart Rhythm 13:2379-2387.
Mantsoki A, G Devailly and A Joshi. (2016). Gene ex-
pression variability in mammalian embryonic stem cells
using single cell RNA-seq data. Comput Biol Chem 63:52—
61.

Chan SS, HHW Chan and M Kyba. (2016). Heterogeneity
of Mespl+ mesoderm revealed by single-cell RNA-seq.
Biochem Biophys Res Commun 474:469-475.

Gao X, HY Lee, EL da Rocha, C Zhang, YF Lu, D Li, Y
Feng, J Ezike, RR Elmes, et al. (2016). TGF-beta inhibitors
stimulate red blood cell production by enhancing self-
renewal of BFU-E erythroid progenitors. Blood 128:2637-
2641.

Churko JM, P Garg, B Treutlein, M Venkatasubramanian,
H Wu, J Lee, QN Wessells, SY Chen, WY Chen, et al.
(2018). Defining human cardiac transcription factor hier-
archies using integrated single-cell heterogeneity analysis.
Nat Commun 9:4906.

Kalari KR, AA Nair, JD Bhavsar, DR O’Brien, JI Davila,
MA Bockol, J Nie, X Tang, S Baheti, et al. (2014). MAP-
RSeq: Mayo analysis pipeline for RNA sequencing. BMC
Bioinform 15:224.

Anders S and W Huber. (2010). Differential expression
analysis for sequence count data. Genome Biol 11:R106.
Lee JH, SI Protze, Z Laksman, PH Backx and GM Keller.
(2017). Human pluripotent stem cell-derived atrial and
ventricular cardiomyocytes develop from distinct meso-
derm populations. Cell Stem Cell 21:179.e4—194.e4.

Chen Z, W Xian, M Bellin, T Dorn, Q Tian, A Goedel, L
Dreizehnter, CM Schneider, D Ward-van Oostwaard, et al.
(2017). Subtype-specific promoter-driven action potential
imaging for precise disease modelling and drug testing in
hiPSC-derived cardiomyocytes. Eur Heart J 38:292-301.
Lin YS, KL Linask, B Mallon, K Johnson, M Klein, J
Beers, W Xie, YB Du, CY Liu, et al. (2017). Heparin
promotes cardiac differentiation of human pluripotent stem
cells in chemically defined albumin-free medium, enabling
consistent manufacture of cardiomyocytes. Stem Cells
Transl Med 6:527-538.

Veevers J, EN Farah, M Corselli, AD Witty, K Palomares,
JG Vidal, N Emre, CT Carson, KF Ouyang, et al. (2018).
Cell-surface marker signature for enrichment of ventricular
cardiomyocytes derived from human embryonic stem cells.
Stem Cell Reports 11:828-841.



672

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Pei F, JJ Jiang, SY Bai, HH Cao, LY Tian, Y Zhao, CX
Yang, HH Dong and Y Ma. (2017). Chemical-defined and
albumin-free generation of human atrial and ventricular
myocytes from human pluripotent stem cells. Stem Cell
Res 19:94-103.

Vestergaard ML, S Grubb, K Koefoed, Z Anderson-
Jenkins, K Grunnet-Lauridsen, K Calloe, C Clausen, ST
Christensen, K Mollgard and CY Andersen. (2017). Human
embryonic stem cell-derived cardiomyocytes self-arrange
with areas of different subtypes during differentiation. Stem
Cells Dev 26:1566-1577.

Sanchez-Freire V, AS Lee, SJ Hu, OJ Abilez, P Liang, F
Lan, BC Huber, SG Ong, WX Hong, M Huang and JC Wu.
(2014). Effect of human donor cell source on differentiation
and function of cardiac induced pluripotent stem cells. J
Am Coll Cardiol 64:436-448.

De La Mata A, S Tajada, S O’Dwyer, C Matsumoto, RE
Dixon, N Hariharan, CM Moreno and LF Santana. (2019).
BIN1 induces the formation of T-tubules and adult-like
Ca(2+) release units in developing cardiomyocytes. Stem
Cells 37:54-64.

Kim C, M Majdi, P Xia, KA Wei, M Talantova, S Spiering,
B Nelson, M Mercola and HS Chen. (2010). Non-
cardiomyocytes influence the electrophysiological matura-
tion of human embryonic stem cell-derived cardiomyocytes
during differentiation. Stem Cells Dev 19:783-795.

Yang X, L Pabon and CE Murry. (2014). Engineering ad-
olescence: maturation of human pluripotent stem cell-
derived cardiomyocytes. Circ Res 114:511-523.

Bacher R and C Kendziorski. (2016). Design and compu-
tational analysis of single-cell RNA-sequencing experi-
ments. Genome Biol 17:63.

DeLaughter DM, AG Bick, H Wakimoto, D McKean, JM
Gorham, IS Kathiriya, JT Hinson, J] Homsy, J Gray, et al.
(2016). Single-cell resolution of temporal gene expression
during heart development. Dev Cell 39:480—490.

Uosaki H, P Cahan, DI Lee, S Wang, M Miyamoto, L
Fernandez, DA Kass and C Kwon. (2015). Transcriptional
landscape of cardiomyocyte maturation. Cell Rep 13:1705—
1716.

Friedman CE, Q Nguyen, SW Lukowski, A Helfer, HS
Chiu, J Miklas, S Levy, S Suo, JJ Han, et al. (2018). Single-
cell transcriptomic analysis of cardiac differentiation from
human PSCs reveals HOPX-dependent cardiomyocyte
maturation. Cell Stem Cell 23:586.e8-598.e8.

Ishikawa T, A Sato, CA Marcou, DJ Tester, MJ Ackerman,
L Crotti, PJ Schwartz, YK On, JE Park, et al. (2012). A
novel disease gene for Brugada syndrome: sarcolemmal
membrane-associated protein gene mutations impair intra-
cellular trafficking of hNavl.5. Circ Arrhythm Electro-
physiol 5:1098-1107.

Hennessey JA, CA Marcou, C Wang, EQ Wei, C Wang, DJ
Tester, M Torchio, F Dagradi, L Crotti, et al. (2013).
FGF12 is a candidate Brugada syndrome locus. Heart
Rhythm 10:1886-1894.

Yang Z, CF Browning, H Hallaq, L Yermalitskaya, J Esker,
MR Hall, AJ Link, AJ Ham, MJ McGrath, CA Mitchell and
KT Murray. (2008). Four and a half LIM protein 1: a
partner for KCNAS in human atrium. Cardiovasc Res 78:
449-457.

Christodoulou DC, H Wakimoto, K Onoue, S Eminaga, JM
Gorham, SR DePalma, DS Herman, P Teekakirikul, DA
Conner, et al. (2014). 5’RNA-Seq identifies Fhll as a ge-

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

BIENDARRA-TIEGS ET AL.

netic modifier in cardiomyopathy. J Clin Invest 124:1364—
1370.

Lemme M, BM Ulmer, MD Lemoine, ATL Zech, F Flen-
ner, U Ravens, H Reichenspurner, M Rol-Garcia, G Smith,
et al. (2018). Atrial-like engineered heart tissue: an in vitro
model of the human atrium. Stem Cell Reports 11:1378—
1390.

Kadrmas JL and MC Beckerle. (2004). The LIM domain:
from the cytoskeleton to the nucleus. Nat Rev Mol Cell
Biol 5:920-931.

Cowling BS, DL Cottle, BR Wilding, CE D’Arcy, CA
Mitchell and MJ McGrath. (2011). Four and a half LIM
protein 1 gene mutations cause four distinct human myo-
pathies: a comprehensive review of the clinical, histo-
logical and pathological features. Neuromuscul Disord 21:
237-251.

McGrath MJ, DL Cottle, MA Nguyen, JM Dyson, ID
Coghill, PA Robinson, M Holdsworth, BS Cowling, EC
Hardeman, CA Mitchell and S Brown. (2006). Four and a
half LIM protein 1 binds myosin-binding protein C and
regulates myosin filament formation and sarcomere as-
sembly. J Biol Chem 281:7666-7683.

Sheikh F, A Raskin, PH Chu, S Lange, AA Domenighetti,
M Zheng, X Liang, T Zhang, T Yajima, et al. (2008). An
FHL1-containing complex within the cardiomyocyte sar-
comere mediates hypertrophic biomechanical stress re-
sponses in mice. J Clin Invest 118:3870-3880.

Shaheen N, A Shiti, I Huber, R Shinnawi, G Arbel, A
Gepstein, N Setter, I Goldfracht, A Gruber, SV Chorna and
L Gepstein. (2018). Human induced pluripotent stem cell-
derived cardiac cell sheets expressing genetically encoded
voltage indicator for pharmacological and arrhythmia
studies. Stem Cell Reports 10:1879-1894.

Leyton-Mange JS, RW Mills, VS Macri, MY Jang, FN
Butte, PT Ellinor and DJ Milan. (2014). Rapid cellular
phenotyping of human pluripotent stem cell-derived car-
diomyocytes using a genetically encoded fluorescent volt-
age sensor. Stem Cell Reports 2:163-170.

Xie H, X Fan, X Tang, Y Wan, F Chen, X Wang, Y Wang,
Y Li, M Tang, et al. (2013). The LIM protein thlA is es-
sential for heart chamber development in zebrafish em-
bryos. Curr Mol Med 13:979-992.

Dobrev D and E Wettwer. (2008). Four and a half LIM
protein 1: a novel chaperone for atrium-specific Kvl.5
channels with a potential role in atrial arrhythmogenesis.
Cardiovasc Res 78:411-412.

Argenziano M, E Lambers, L Hong, A Sridhar, M Zhang, B
Chalazan, A Menon, E Savio-Galimberti, JC Wu, J] Rehman
and D Darbar. (2018). Electrophysiologic characterization
of calcium handling in human induced pluripotent stem
cell-derived atrial cardiomyocytes. Stem Cell Reports 10:
1867-1878.

Chuva de Sousa Lopes SM, RJ Hassink, A Feijen, MA van
Rooijen, PA Doevendans, L Tertoolen, A Brutel de la
Riviere and CL Mummery. (2006). Patterning the heart, a
template for human cardiomyocyte development. Dev Dyn
235:1994-2002.

Lee KJ, RS Ross, HA Rockman, AN Harris, TX Obrien, M
Vanbilsen, HE Shubeita, R Kandolf, G Brem, et al. (1992).
Myosin light chain-2 luciferase transgenic mice reveal dis-
tinct regulatory programs for cardiac and skeletal muscle-
specific expression of a single contractile protein gene. J
Biol Chem 267:15875-15885.



HIPSC-CM GENE EXPRESSION AND ELECTROPHYSIOLOGY

52.

53.

54.

55.

56.

Bruneau BG, ZZ Bao, M Tanaka, JJ Schott, S Izumo, CL
Cepko, JG Seidman and CE Seidman. (2000). Cardiac ex-
pression of the ventricle-specific homeobox gene Irx4 is
modulated by Nkx2-Nkx5 and dHand. Dev Biol 217:266-277.
Opthof T, R Coronel and MJ Janse. (2009). Repolarization
gradients in the intact heart. Circ Arrhythm Electrophysiol
2:89-96.

Colli-Franzone P, LF Pavarino, S Scacchi and B Taccardi.
(2008). Modeling ventricular repolarization: effects of trans-
mural and apex-to-base heterogeneities in action potential
durations. Math Biosci 214:140-152.

Schram G, M Pourrier, P Melnyk and S Nattel. (2002).
Differential distribution of cardiac ion channel expression
as a basis for regional specialization in electrical function.
Circ Res 90:939-950.

Fuzik J, A Zeisel, Z Mate, D Calvigioni, Y Yanagawa, G
Szabo, S Linnarsson and T Harkany. (2016). Integration of

673

electrophysiological recordings with single-cell RNA-seq
data identifies neuronal subtypes. Nat Biotechnol 34:175-183.

Address correspondence to:

Dr. Timothy J. Nelson

Division of General Internal Medicine
Department of Internal Medicine
Mayo Clinic

200 First Street SW

Rochester, MN 55905

E-mail: nelson.timothy @mayo.edu
Received for publication February 6, 2019

Accepted after revision March 19, 2019
Prepublished on Liebert Instant Online March 20, 2019



