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Abstract

Chronic alcohol consumption in adults can induce cardiomyopathy, arrhythmias, and heart failure. In
newborns, prenatal alcohol exposure can increase risk of congenital heart diseases. Understanding
biological mechanisms involved in the long-term alcohol exposure-induced cardiotoxicity is pivotal to the
discovery of therapeutic strategies. In this study, cardiomyocytes derived from human pluripotent stem cells
(hiPSC-CMs) were treated with clinically relevant doses of ethanol for various durations up to 5 weeks.
The treated cells were characterized for their cellular properties and functions, and global proteomic
profiling was conducted to understand the molecular changes associated with long-term ethanol exposure.
Increased cell death, oxidative stress, deranged Ca®" handling, abnormal action potential, altered
contractility, and suppressed structure development were observed in ethanol-treated cells. Many
dysregulated proteins identified by global proteomic profiling were involved in apoptosis, heart contraction,
and extracellular collagen matrix. In addition, several signaling pathways including the Wnt and TGFf
signaling pathways were affected due to long-term ethanol exposure. Therefore, chronic ethanol exposure
to hiPSC-CMs induces cardiotoxicity, impairs cardiac functions, and alters protein expression and signaling
pathways. This study demonstrates the utility of hiPSC-CMs as a novel model for chronic alcohol exposure
study and provides the molecular mechanisms associated with long-term alcohol exposure to human

cardiomyocytes.
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Introduction

Alcohol is the most consumed toxic and psychoactive substance with high potentials of physical and
psychological addiction in human history [1]. It contributes to 3 million deaths per year globally and 5.1%
of the global burden of disease [2]. As the second most affected body system by ethanol (EtOH), the
cardiovascular system manifests varieties of alcohol-induced pathologies including atherosclerosis,
hypertension, arrhythmias, and dilated cardiomyopathy [3]. Women are more susceptible to the damaging
effects of EtOH than men at the same level of lifetime consumption [4-6]. Worse, according to Centers for
Disease Control and Prevention, 4% of women overall had an alcohol use disorder in 2019 and 18% of
childbearing-age women binge drink [7]. Maternal alcohol consumption increases the risk of fetal alcohol
spectrum disorder (FASD). According to the National Institutes of Health-funded community studies,
FASD prevalence in the United States is between 1 to 5 per 100 school children [8]. It is worth noting that
congenital heart disease is a common clinical manifestation of FASD having a comorbid rate with FASD
of 28.6% [9].

Understanding biological mechanisms involved in the alcohol-induced cardiotoxicity is pivotal to
the discovery of preventive and therapeutic strategies. With respect to acute EtOH exposure-induced
damage to cardiomyocyte (CM), studies have demonstrated the critical roles of oxidative stress,
mitochondrial dysfunction, apoptosis, autophagy, and abnormal Ca** handling in various model systems
including animal models [10, 11], murine and human primary CM models [12], and human induced
pluripotent stem cell-derived CM (hiPSC-CM) model [13]. However, to date, most of the long-term and
maternal EtOH exposure studies were conducted in animal models. Recently, several studies have
uncovered the involvement of oxidative stress, autophagy, endoplasmic reticulum stress-mediated
apoptosis, mitochondrial dysfunction, pro-inflammatory pathway activation, and cardiac contractile defects
in the myocardium of mice and rats with long-term alcohol consumption [14-17]. Also, maternal EtOH
exposure in neonatal mice, rats and zebrafishes could cause heart chamber defects, cardiac hypertrophy,
fibrosis, apoptosis, oxidative stress, Ca>" overload, and contractile dysfunction [18-21]. While animal
models have provided significant insights into the mechanisms and phenotypes of chronic ethanol exposure,
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physiological characteristics of the CM differ markedly in human and animals [22]. Hence, there is an
unmet need to establish a human physiologically relevant model for the investigation of chronic EtOH
exposure induced cardiotoxicity.

Human primary CMs are difficult to obtain in large quantities and preserve the contractile,
electrophysiological and morphological properties for a long period in vitro, consequently impeding their
application in chronic treatment studies [23]. In this context, hiPSCs have shown great potential to provide
a limitless supply of physiologically relevant CMs owing to their regeneration and differentiation properties
[24]. hiPSC-CMs have moderate expression of essential excitation-contraction coupling genes and
functional sarcoplasmic reticulum and sarcomeres, which are key characteristics to CM function. hiPSC-
CMs have been adopted broadly in cardiac disease modeling, including hypertrophic cardiomyopathy [25],
dystrophy cardiomyopathy [26], and dilated cardiomyopathy [27]. hiPSC-CMs have also been used to study
cardiotoxicity, including those induced by chemotherapeutic drug [28, 29], short-term EtOH exposure [13,
30], and iron overload [31].

Given the fetal characteristics of the hiPSC-CMs, these cells could be used as a cell model for
studies of the prenatal alcohol exposure. Here, we report the findings from hiPSC-CMs subjected to long-
term EtOH treatment—a novel model for the study of chronic alcohol exposure to human cardiac cells. We
characterized long-term EtOH treatment-caused alterations of hiPSC-CMs at molecular, cellular, and
functional levels, with a focus on cell survival, oxidative stress, Ca?* handling, action potential (AP),
contractility, structure development, and expression of the genes related to these processes. We also
conducted global proteomic profiling of hiPSC-CMs treated with EtOH, which reveals the protein

expression changes in cells after long-term EtOH exposure.

Materials and Methods

Sources of reagents

Vendor information and catalog numbers for major reagents are listed in Table S1.



Culture of hiPSCs and cardiomyocyte differentiation

hiPSC line IMR90 (WiCell Research Institute) was fed daily on Matrigel-coated plates with mTeSR1
medium, a defined medium for hiPSC culture. For CM differentiation, hiPSCs were induced using a growth
factor-driven differentiation protocol [32, 33]. On the day of induction (day 0), medium was replaced with
RPMI 1640 medium supplemented with 2% B27 minus insulin (a cell culture supplement) containing 100
ng/ml activin A. After induction for 24 h, the medium was replaced with fresh RPMI supplemented with
2% B27 minus insulin containing 10 ng/ml BMP4. From day 4 of differentiation, the medium was replaced
with RPMI supplemented with 2% B27. On day 5, the cells were dissociated and reseeded into
AggreWell400 plates to acquire cardiac spheres [34]. After 24 h, the cardiac spheres formed were collected
and transferred to low-adhesion dishes for suspension culture. The medium was changed every other day.

Cardiac spheres typically started beating spontaneously by day 7 to 9.

EtOH treatment

The EtOH-containing medium was freshly prepared by diluting pure ethyl alcohol in the culture medium
to 2x test concentrations. Every three days, cardiac spheres were collected and resuspended in fresh culture
medium, the same volume of 2x EtOH-working solutions were added in the dishes. Mineral oil was overlaid
on top of the medium to prevent EtOH evaporation for both EtOH-treated and untreated groups [30].
Cardiac spheres were treated with EtOH at 0, 17, and 50 mM for up to 5 weeks. We had not examined if
EtOH at these concentrations would affect osmotic pressure. However, since ethanol has a high plasma
membrane permeability and can distribute rapidly throughout the cells [35], it is unlikely that low

concentrations of ethanol as we used cause transmembrane difference in osmotic pressure.

Immunocytochemistry and cardiomyocyte purity assay
For immunocytochemistry, cardiac spheres were dissociated and reseeded into Matrigel-coated 96-well
plates. Cells were fixed in 4% paraformaldehyde for 15 min and permeabilized using ice-cold methanol for
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2 min at room temperature (RT). The cells were then incubated with 5% normal goat serum (NGS) in
phosphate-buffered saline (PBS) at RT for 1 h then incubated with primary antibodies including a-actinin,
NKX2-5, and cardiac troponin T (Table S2) in 3% NGS overnight at 4°C. After washing, the cells were
incubated with the corresponding secondary antibodies at RT for 1 h in dark followed by counterstaining
the nuclei with 7 uM Hoechst33342. Imaging was performed using an inverted microscope (ZEISS, Axio
Vert.Al). For CM purity quantification, images were acquired and quantitatively analyzed using ArrayScan
XTI Live High Content Platform (Thermo Fisher Scientific). The percentages of cells positive for NKX2-

5 and a-actinin were calculated as CM purity [29].

Live/dead staining
For live/dead cellular imaging, cardiac spheres were collected and incubated with 1 pM ethidium
homodimer-1 and 0.25 uM calcein-AM working solution in culture medium in the dark at 37°C for 20 min.

Images were acquired using an inverted microscope (ZEISS, Axio Vert.Al).

Flow cytometry

For the flow cytometry experiment, cardiac spheres were dissociated, and the single cell suspensions were
adjusted to 1 x 10° cells/ml in PBS. For live/dead cell quantification, 5 x 10° cells/sample were stained with
Live/Dead Fixable Near-IR Dead Cell Stain Kit according to the manufacturer’s instructions. After washing
with PBS, cells were fixed in 4% paraformaldehyde for 15 min. Cells were then washed and resuspended
in 1% BSA in PBS solution and analyzed by Cytoflex Flow Cytometer (Beckman Coulter). For apoptosis
quantification, 1 x 10° cells/sample were prepared and stained using PE Annexin V Apoptosis Detection
Kit following the manufacturer’s instructions. Cells were analyzed within 1 h by Guava easyCyte Flow

Cytometer (MilliporeSigma).

RNA extraction and quantitative real-time polymerase chain reaction (qQRT-PCR)



Aurum total RNA mini kit was used to extract RNA and SuperScript VILO cDNA Synthesis Kit was used
to reversely transcribe 1pg of RNA into cDNA per the manufacturer’s instructions. qRT-PCR was
performed on Applied Biosystems 7500 real-time PCR systems (Thermo Fisher Scientific) using the iTaq
SyBr green master mix. Human specific PCR primers (Table S3) for the genes examined were retrieved

from open access websites (https://pga.mgh.harvard.edu/primerbank/). All samples were normalized to the

level of the housekeeping gene GAPDH. Relative expression levels were calculated by the 2*-AACt method.

Detection of reactive oxygen species (ROS)

For the detection of intracellular and mitochondrial ROS, cardiac spheres were dissociated and reseeded
into Matrigel-coated 96-well plates. The cells were incubated with 12.5 uM carboxy-H,DCFDA or 1 uM
MitoSOX Red, and 7 uM Hoechst working solutions in warm 0.25% bovine serum albumin (BSA) in PBS
solution for 15 min at 37°C in dark. Images were acquired and analyzed using ArrayScan XTI Live High-
Content Platform [13]. Signal detection of H.DCFDA and MitoSOX Red was restriced to the cytoplasm
with a mask that extended 7 units from the nucleus. Mean fluorescence intensities of H,DCFDA and

MitoSOX Red of cells were quantified and used as readout.

Ca’" kinetics imaging

For intracellular Ca®* transient analysis, cardiac spheres were dissociated and replated into Matrigel-coated
96-well plates at a low density for single-cell distribution. The cells were then incubated with SuM cell-
permeant dye Fluo-4 AM working solution in 1x normal Tyrode solution (148 mM NaCl, 4 mM KCl, 0.5
mM MgCl,-6H>0, 0.3 mM NaPH,04-H,O, 5 mM HEPES, 10 mM D-Glucose, 1.8 mM CaCl,-H,O, pH
adjusted to 7.4 with NaOH) for 20 min at 37°C in dark. Fluorescence images were recorded and analyzed

using the ImageXpress Micro XLS System (Molecular Devices) at a frequency of 5 Hz for 12 s [29].

Membrane potential dynamics imaging


https://pga.mgh.harvard.edu/primerbank/

For live cell membrane potential analysis, cardiac spheres were dissociated and replated onto Matrigel-
coated cover glasses at a low density as single-cell distribution and incubated with the working solution of
voltage-sensitive dye FluoVolt (diluted according to the instruction in the FluoVolt Membrane Potential
Kit) in 1x normal Tyrode solution for 20 min at RT in dark. Recordings of membrane potential fluorescence
were acquired at 40x magnification in line-scan mode using an inverted laser confocal scanning microscope
(Olympus FV1000) equipped with FluoView software (Olympus). The cover glasses with cells were placed
in a microscope chamber and continuously perfused at 37°C with 1x normal Tyrode solution [36]. The

recordings were analyzed with Clampfit 10.6 software (Molecular Devices).

Video-based analysis of contractility

Cardiac spheres were dissociated and replated into Matrigel-coated 96-well plates at a density of 4-5x10*
cells/well. The cells were then cultured to form a sheet of spontaneous beating cells in each well. Beating
was recorded using a phase-contrast inverted microscope (ZEISS, Axio Vert.A1) for 15 s/well. Video-based
analysis of contractility parameters was performed with Matlab (R2019a) algorithm by motion tracking

function [37].

Proteomic analysis

For protein extraction, cardiac spheres were collected and resuspended in the lysis buffer (50 mM HEPES
pH =7.4, 150 mM NaCl, 0.5% SDC, 10 units/mL benzonase, and 1 tablet/10 mL protease inhibitor) at 4°C
for 45 min. The protein concentration was determined using the BCA assay, and the amounts of proteins in
all six samples were then normalized based on their concentrations. Proteins were reduced with S mM DTT
(56°C, 30 min), followed by alkylation with 14 mM iodoacetamide (IAA) at RT for 30 min in the dark, and
then were purified through the methanol-chloroform protein precipitation method. The isolated proteins
were digested with trypsin in a buffer containing 50 mM HEPES (pH 8.5), 1.6 M urea at 37°C overnight.
After digestion, peptides were purified using tC18 Sep-Pak cartridges. Tandem mass tag (TMT) labeling

and fractionation, LC-MS/MS analysis, database search, data filtering, peptide quantification, and
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bioinformatic analysis were conducted as described previously [30]. Proteins were considered being up- or
down-regulated when the abundance changed by >1.2-fold between two groups. Gene functional
enrichment was performed with Metascape [38]. Gene Ontology (GO) terms with P <0.05 were considered

significantly enriched by differentially expressed proteins (DEPs).

Statistical methods

Data were analyzed and graphed in Excel, GraphPad Prism 8, FlowJo, and RStudio. Data are presented as
mean = SD. Comparisons were conducted via one-way ANOVA test followed by multiple comparison
procedures (Dunnett method) or two-sided Chi-square test with significant differences defined by P <0.05

(*), P<0.01 (**), P <0.001 (***), P <0.0001 (****). Sample sizes were given for each experiment.

Results

Chronic EtOH exposure decreases hiPSC-CM viability

We first generated cardiac spheres containing enriched hiPSC-CMs (Fig. 1) and then from differentiation
day 14 treated them with EtOH at 0, 17, and 50 mM for up to 5 weeks. We note that 17 mM EtOH
concentration is the legal limit in the United States to drive (blood alcohol concentration of 0.08%) and 50
mM corresponds to the dose associated with the excitement stage of alcohol intoxication in clinic [39].
Additionally, 17 and 50 mM were used in other studies of EtOH exposure in hiPSC-CMs, human primary
CMs, and murine CMs [12, 13].

To assess the cell viability upon EtOH exposure, we stained cardiac spheres following 1, 3, and 5-
week exposure to ethanol using ethidium homodimer-1 (for dead cells) and calcein (for live cells) (Fig. 2a).
We quantified the degree of cell death caused by 5-week EtOH exposure by flow cytometric analysis.
Compared with the non-treatment group, the 17 mM EtOH treatment cultures contained 5% less live cells
(Near-IR negative cells) and 50 mM EtOH treatment cultures contained 10% less live cells (Fig. 2b). We
also quantified cell viability by trypan blue staining after the 5-week EtOH exposure. Compared with the
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non-treatment group, the 17 mM EtOH treatment cultures contained 13% less of live cells and 50 mM EtOH
treatment cultures contained 20% less of live cells (Fig. 2c¢).

To evaluate if the cell death in EtOH-treated hiPSC-CMs was associated with apoptosis, we
performed flow cytometric analysis of the EtOH-treated cells stained with Annexin V and 7-
Aminoactinomycin D (7-AAD). The number of cells in the early stage of apoptosis (positive for Annexin
V+ and negative for 7-AAD) significantly increased upon 50 mM EtOH exposure, and the number of cells
in the late stage of apoptosis (positive for Annexin V and 7-AAD) were similar among cells treated with 0,
17 and 50 mM EtOH (Fig. 2d). We also examined the expression of apoptosis-related genes by qRT-PCR
in cells exposed to EtOH for 5 weeks. The detected levels of the genes BAX, TP53, CDKNI1A, and PLK]
were remarkably lower in hiPSC-CMs treated with 50 mM EtOH compared with non-treatment group; three
of them (BAX, CDKNI1A4, and PLK1) were also decreased in 17 mM EtOH-treated cells (Fig. 2¢).

Taken together, these results indicate that chronic EtOH treatment reduced the viability of hiPSC-

CMs via apoptosis.

Chronic EtOH treatment causes oxidative stress in hiPSC-CMs

To examine if the cell death in long-term EtOH-treated hiPSC-CMs was associated with increased cellular
oxidative stress, we measured intracellular ROS by H,DCFDA probe and mitochondrial ROS by MitoSOX
probe in cells treated with EtOH for 1, 3, and 5 weeks. Increased ROS signals were detected in the cells
treated with EtOH (Fig. 3a). The relative level of intracellular oxidative stress was 41% higher in cells
treated with 17 mM EtOH and 60% higher in cells treated with 50 mM EtOH than in untreated cells. The
relative level of mitochondrial oxidative stress was 20% higher in cells treated with 17 mM EtOH and 46%
higher in cells treated with 50 mM EtOH than in untreated cells (Fig. 3b).

We next examined the expression of oxidative stress-related genes by qRT-PCR in cardiac spheres
exposed to EtOH for 5 weeks. The expression of two superoxide dismutase family of genes (SODI and
SOD3), a reductase encoding gene (PRD.XY), two glutathione related genes (GSR, GPX1), and an NADPH
oxidase encoding gene (NOX4) was significantly reduced in cells treated with 50 mM EtOH compared with
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non-treatment group (Fig. 3¢ and Fig. S1). Of note, SOD3 level detected was 45% lower in cells exposed
to 17 mM EtOH compared with non-treatment group and even lower (66%) in cells treated with 50 mM
EtOH. The expression of other oxidative stress-related genes, including SOD2, NOO2, NOXI, NOX3,

DUOXI, and DUOX2, did not show significant change (Fig. S2).

Chronic EtOH treatment damages cardiac function in hiPSC-CMs

Regular contraction of the heart is an event that requires effective electric activation, coordinated movement
of Ca?*, and functional contractile apparatus at the CM level. To investigate the effect of long-term EtOH
exposure on CM function, first we assessed intracellular Ca** transients in cells treated with EtOH for 5
weeks. As shown by the representative traces (Fig. 4a), 6 types of whole cell Ca®" release events were
observed. Specifically, type i (mostly consistent amplitudes and rhythmicity, typical cardiac Ca*" transient
morphology, and no obvious spontaneous Ca** release between transients) was categorized as normal cells
and type ii-vi were categorized as abnormal cells (ii and iii, significant inconsistent amplitudes or intervals;
iv and v, oscillation occurrence; vi, unrecognizable single transient morphology). Using this classification,
we counted the numbers of cells exhibiting normal or abnormal Ca®" transients and calculated the proportion
of each category for each culture condition (Fig. 4b). In the non-treatment group, the majority of the cells
exhibited normal Ca** transients, but the percentage of cells exhibiting abnormal Ca*" transients increased
to 51% for 17 mM EtOH treatment group and 53% for 50 mM EtOH treatment group. Three types of
abnormal Ca?* transients were observed in the non-treatment group (type ii 1%, type iv 28%, type v 4%).
Four types of abnormal Ca®" transients were observed in the EtOH treatment groups (17 mM EtOH
treatment group: type iii 2%, type iv 31%, type vi 14%, type vi 4%; 50 mM EtOH treatment group: type ii
7%, type iv 25%, type vi 17%, type vi 4%).

Next, we evaluated the action potential (AP) of EtOH-treated hiPSC-CMs. In one evaluation, we
counted the numbers and calculated the proportion of cells exhibiting normal or abnormal AP in each
treatment group. Cells with normal AP had rapid depolarization and smoothly descending repolarization
kinetics and cells with abnormal AP exhibited afterdepolarizations (Fig. 4c). The proportion of the cells
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exhibiting normal AP was 97% in the non-treatment group, 87% in the group treated with 17 mM EtOH
and 79% in the group treated with 50 mM EtOH (Fig. 4d). In another evaluation, we analyzed AP
parameters of the cells (Fig. 4e, 4f, and S3). APD100 (duration of depolarization plus repolarization) and
decay time (duration of depolarization) were significantly increased by 16% and 32% in 17 mM EtOH-
treated cells; 19% and 38% in 50 mM EtOH-treated cells. Rise time (duration of depolarization), APD50
(duration of depolarization plus repolarization to 50% of amplitude), and half amplitude decay time
(duration of repolarization to 50% of amplitude) were markedly decreased by 20%, 34%, and 43%,
respectively, in 17 mM EtOH-treated cells, 19%, 40%, and 47%, respectively, in 50 mM EtOH-treated
cells.

We also quantified the expression of genes encoding the components of Ca**, K*, and Na* channels
(which are crucial to Ca*" transient and AP) by qRT-PCR in hiPSC-CMs (Fig. 4g). The expression of the
Ca*" channel protein-encoding gene ATP2A2 was decreased in cells treated with 17 mM EtOH and the
expression of the K* channel protein encoding gene KCNA4 and the Na* channel protein encoding gene
SCN5A was reduced in cells treated with 17 and 50 mM EtOH compared with non-treatment group.

To identify the effect of long-term EtOH exposure on CM contractility, we recorded spontaneous
beating and quantified beating indexes of the hiPSC-CMs. The velocities of contraction and relaxation of
each CM beating were recorded for 15 s (Fig. 5a). Treatment of hiPSC-CMs with EtOH at 17 and 50 mM
markedly decreased the beating rate and maximum relaxation without distinct maximum contraction
alteration compared with non-treatment group (Fig. 5b). Specifically, the beating rates decreased to 23 and
24 beats/min in cells exposed to 17 and 50 mM EtOH, respectively, from the 45 beats/min in untreated
cells. The maximum relaxation in cells exposed to 17 mM EtOH was reduced by 14%, which further
dropped by 15% more in cells exposed to 50 mM EtOH. In addition, the expression of several genes
encoding contractile fiber parts was lower in EtOH-treated cells than in untreated cells as detected by qRT-
PCR, including TNNT2, TTN, ACTNI1, and the light chain of myosin encoding genes MYL2 and MYL7 (Fig.
5¢). Taken together, these results show that chronic EtOH exposure of hiPSC-CMs resulted in intracellular
Ca*" handling dysfunction, altered membrane potential, and impaired CM contractility.
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Chronic EtOH treatment suppresses cardiac structure development in hiPSC-CMs

To examine the effect of long-term EtOH exposure on CM sarcomeric organization, we conducted
immunostaining of a-actinin, a marker for myofibrillar Z-discs, in cells treated with EtOH for 5 weeks. We
evaluated the cells for their overall appearance of myofibrillar structure and categorized them into 3 levels
of sarcomeric development as described previously [34, 40]: Score 1 cells are a-actinin-positive but without
clear sarcomeric striations; Score 2 cells have diffused point staining pattern and striations in partial cell
area; and Score 3 cells have organized, definitive myofibrillar structure with clear paralleled bands of z-
discs distributed throughout the cell area (Fig. 6a). Compared with the non-treatment group, EtOH-treated
CMs had fewer cells with clear sarcomeric striations (Fig. 6b). In addition, the expression of a-actinin
decreased in EtOH-treated hiPSC-CMs (Fig. 6¢). Based on the CM size and shape, the cell spread area
decreased in EtOH-treated hiPSC-CMs, whereas the cell width/length ratio was similar. These observations

demonstrate that chronic EtOH exposure suppressed hiPSC-CM structure development.

Chronic EtOH treatment of hiPSC-CMs alters the expression of proteins identified by proteomic
analysis

To further evaluate the molecular alteration induced by long-term EtOH exposure, we collected cell lysates
from the duplicates of cardiac spheres that had been treated with or without EtOH for 5 weeks and
quantitated proteins. The correlation of the protein levels among the duplicates were high (Fig. 7a),
suggesting high reproducibility between replicates. The analysis revealed that 453 proteins in the 17 mM
EtOH treatment group were significantly different from the untreated group (upregulated: 400,
downregulated: 53) and 251 proteins in the 50 mM EtOH treatment were significantly different from the
untreated group (upregulated: 213, downregulated: 38) (Fig. 7b). Among these differentially expressed
proteins (DEPs), 151 were upregulated and 16 were downregulated in both of the 17 and 50 mM EtOH
treatment groups (Fig. 7b). As shown in Table S4, among the top 15 upregulated proteins in cells with the
EtOH treatment, 4 were collagen trimer components (COL3A1, COL11A1, FCN3, and COL1A1). And
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among the top 15 downregulated proteins by EtOH treatment, 7 were correlated to muscle contraction
(CRYAB, MYHI1, CASQ1, TNNI3, CSRP3, ACTALI, and SLMAP).

To determine the biological processes affected by EtOH treatment, we performed GO analysis
among the up- and downregulated proteins in the 17 and 50 mM EtOH treatment groups, respectively. In
the 17 mM EtOH treatment group, the upregulated proteins were associated with the extracellular matrix
(ECM) organization (48 proteins), supramolecular fiber organization (61 proteins), actin cytoskeleton
organization (56 proteins), response to wounding (53 proteins), and cell-substrate adhesion (34 proteins).
The downregulated proteins were associated with the muscle system process (11 proteins), cellular amino
acid metabolic process (8 proteins), heart contraction (7 proteins), heart development (8 proteins), and
energy derivation by oxidation of organic compounds (6 proteins). In the 50 mM EtOH treated group, the
upregulated proteins were related to the ECM organization (22 proteins), supramolecular fiber organization
(27 proteins), response to wounding (25 proteins), collagen fibril organization (9 proteins), and regulation
of cell adhesion (23 proteins). The downregulated proteins were associated with the muscle system process
(9 proteins), actomyosin structure organization (6 proteins), negative regulation of organelle organization
(4 proteins), cellular nitrogen compound catabolic process (4 proteins), and cellular Ca*" homeostasis (3
proteins) (Fig. 7¢).

In addition, we performed GO analysis among the overlapping DEPs between 17 and 50 mM EtOH
treatment groups. Fig. 7d and Fig. S4 include the detailed information about the interested GO terms linked
with specific DEPs. In this analysis, individual proteins could be linked with more than one GO term. For
example, secreted frizzled related protein 1 (SFRP1) is involved in ECM, regulation of mitogen-activated
protein kinase (MAPK) cascade, response to transforming growth factor f (TGFp), bone morphogenetic
protein (BMP) signaling pathway, Wingless/Int (Wnt) signaling pathway, and apoptotic signaling pathway;
collagen type I a1 (COL1AT1) is known to be involved in ECM, collagen trimer, response to oxidative stress,

response to TGFB, and Wnt signaling pathway. Also, elastin microfibril interfacer 1 (EMILIN1) is known

to contribute to ECM, collagen trimer, response to TGFp, and regulation of MAPK cascade; and BCL2
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interacting protein 3 (BNIP3) and tumor necrosis factor receptor associated protein 1 (TRAP1) are involved

in response to oxidative stress and apoptotic signaling pathway.

Discussion

Long-term treatment with EtOH causes severe detrimental effects on hiPSC-CMs as indicated by cell death,
excessive reactive oxygen species, deranged Ca?* handling, abnormal AP, dysfunctional contractility, and
suppressed structure development. By performing the proteomic and bioinformatic analysis, we have
identified proteins and pathways affected by chronic EtOH treatment, which aids in deciphering the
underlying molecular mechanisms comprehensively. These observations were obtained from 3D cell
culture with enriched hiPSC-CMs. Compared with two-dimensional cell culture, 3D culture displays more
metabolic maturation features [41] and can better mimic the cellular microenvironment in vivo,
consequently attaining higher fidelity to capture cell responses to drugs [42-44].

Among the detrimental effects of long-term EtOH, CM functional measurements showed higher
rates of arrhythmogenic Ca?®" release events and afterdepolarizations of AP in EtOH-treated hiPSC-CMs.
We also observed shortening of APD50 while prolongation of APD100 in hiPSC-CMs exposed to EtOH.
Both of the AP duration abnormalities are known to contribute to severe arrythmias including atrial
fibrillation, ventricular tachyarrhythmias and torsades des pointes [45-47]. Cardiac Ca** handling and
membrane voltage regulation are bidirectionally coupled. Specifically, spontaneous Ca®* release during
diastole can trigger afterdepolarizations and elongate AP duration; conversely, afterdepolarizations can
promote spontaneous Ca?* waves [48]. Na" and K also play pivotal roles in regulating AP since
depolarization is mainly triggered by Na* current and repolarization is mostly determined by K* current.
Because these metal cations are tightly controlled by corresponding ion channels, the alterations of these
specific channels at the gene and protein levels would result in aforementioned electrophysiological defects
[49]. Indeed, we found decreased expression levels of genes encoding metal ion channels, such as ATPase
sarcoplasmic/endoplasmic reticulum Ca?" transporting 2 (4TP2A42), potassium voltage-gated channel
subfamily A member 4 (KCNA4), and sodium voltage-gated channel alpha subunit 5 (SCN54) in EtOH-
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treated hiPSC-CMs. Hence, chronic EtOH exposure may target multiple subcellular sites resulting in
complex phenotypes of cardiac Ca** handling and AP defects, which was also observed in acute EtOH
exposure-induced cardiac arrhythmogenic effects [50]. These cardiac defects could result from chronic
EtOH-induced oxidative stress; particularly for CMs, ROS can modify ion channels, which may trigger
Ca’" handling and AP abnormalities, and ultimately result in arrythmias and dysfunctional contraction [51].
To exert effective contraction and relaxation of CMs, a highly organized contractile
apparatus represented by myofibrils is also required. Sarcomeres as structural and functional units of
myofibrils are composed of thin filaments (formed by actin, troponin, and tropomyosin), thick filaments
(formed by myosin), Z-disks (formed by a-actinin), and titin [52]. In this study, we observed lower level of
sarcomeric striations, dysregulated expression of a-actinin, troponin and myosin at the gene and protein
levels, and decreased expression of titin in EtOH-treated CMs. Since EtOH treatment suppressed cardiac
structure development and the expression of structural proteins, it is possible that impaired CM maturation
could contribute to the changes in gene expression mediated by EtOH. The observed structural changes are
consistent with the changes in contractility parameters of the cells exposed to EtOH. Interestingly,
relaxation force reduction without contraction force decrease is a frequent symptom observed in chronic
alcoholics [53].
Similar to acute EtOH exposure-induced cardiotoxicity in hiPSC-CM model [13] and rat models
[11, 54], we found that oxidative stress also played a role in chronic EtOH exposure-induced deleterious
effects on hiPSC-CMs, as indicated by elevated mitochondrial and intracellular ROS levels. We also
detected markedly decreased expression of genes encoding glutathione-related enzymatic antioxidants,
which could contribute to chronic EtOH exposure-induced oxidative stress in hiPSC-CMs. ROS is known
to directly interact with cellular components including lipids, proteins and DNA, affect the structure and
function of important intracellular molecules, and culminate in cell dysfunction and even cell death [55].
Indeed, we observed higher rates of apoptotic and dead cells in hiPSC-CMs exposed to EtOH. Furthermore,
consistent with these observations, we also detected increased expression of several pro-apoptosis genes
and decreased expression levels of several anti-apoptosis genes in EtOH-treated cells, including cyclin-
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dependent kinase inhibitor 1A (CDKN1A4), polo-like kinase 1 (PLK1), BNIP3, cholecystokinin (CCK), and
protein disulfide isomerase family A member 3 (PDIA3). However, increased expression of TRAP1 (an
anti-apoptosis protein) and decreased expression of SFRP1 and BAX (pro-apoptosis protein/gene) were also
observed in hiPSC-CMs exposed to EtOH. These observations suggest that distinct pro- and anti-apoptosis
genes are involved in both oxidative stress-induced cell death as well as adaptive survival of the cells to
long-term EtOH exposure. In other studies, ROS can induce myocardial apoptosis through the activation
of both the extrinsic and intrinsic apoptosis initiation signaling pathways or inhibition of the protective
mechanisms of the cell [56].

The cardiac ECM is an intricate architectural network surrounding and interconnecting CMs. It is
composed mainly of fibrillar collagen, creating strength and plasticity [57]. In the heart, the major fibrillar
collagens are collagen types I and III, which are responsible for maintaining alignment of myofibrils via
collagen-integrin-cytoskeleton-myofibril connections in CMs [58]. In this study, proteomic profiling
identified significantly upregulated expression of extracellular collagen matrix related proteins in EtOH-
treated hiPSC-CMs. For example, in comparison with non-treatment group, cells exposed to 17 mM EtOH
expressed 93% more of COL1A1, 87% more of collagen type XI a1 (COL11A1), and 85% more of collagen
type III a1l (COL3A1). Accumulation of collagen has been correlated with cardiac fibrosis, hypertrophy
cardiomyopathy, and diastolic and systolic dysfunction [59]. In view of the remarkable changes of collagen
matrix proteins in EtOH-treated hiPSC-CMs, these proteins could be potential biomarkers for alcoholic
cardiomyopathy diagnosis. Indeed, growing evidence demonstrated that COL1A1 could serve as a
biomarker candidate in a variety of cardiac diseases, such as diabetic cardiomyopathy and heart failure [60,
61].

Several signal transduction pathways, such as TGFp and Wnt signaling, have been linked to the
pathophysiology of inappropriate ECM production. Activation of TGFf signaling pathway can promote a
wide range of cardiac pathophysiology processes, including CM apoptosis, hypertrophic responses,
inflammation, and ECM deposition [62]. Wnt signaling is an important pathway in normal development
and disease states of the heart, and increased expression of Wnt proteins occurs during cardiac hypertrophy
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[63]. Recent studies also demonstrate that the crosstalk between these two pathways is crucial to the
development of cardiac hypertrophy [64]. In this study, TGF and Wnt signaling pathways were highly
enriched from the DEPs in EtOH-treated cells. For instance, compared with non-treatment group, 17 mM
EtOH-treated cells expressed 55% more of TGFB2, 49% more of periostin (a TGF[ responsive promoter
[65]), 43% more of frizzled class receptor 7 (FZD7, a Wnt protein receptor [63]), and 45% more of Wnt2.
We also note that SFRPS, an inhibitor of Wnt signaling, was also significantly upregulated in EtOH-treated
cells. This result suggests a possible role of SFRP5 in adaptive survival of EtOH-treated cells, as SFRP5
has cardioprotective potential in cardiac diseases [66], which implies that inhibition of Wnt signaling
pathway could be a therapeutic target for chronic EtOH exposure-induced cardiac hypertrophy. In addition,
TGFp can also activate other pathways including phosphoinositide-3 kinase (PI3K) signaling and MAPK
cascades to result in cardiac hypertrophy [67]. Indeed, we observed that EtOH treatment caused
upregulation of proteins involved in these two pathways as identified by proteomics.

Our results show that chronic EtOH exposure caused cytotoxicity and affected cellular functions in
a dose-dependent manner. In addition, the toxicity doses of chronic EtOH exposure observed in this study
are lower than those of acute EtOH in the same cell line observed in our previous study [13]. The dose
response could be affected by the genetic background of the cell lines used. For example, cell lines derived
from individuals with faster rates of alcohol metabolism may be less sensitive to EtOH toxicity than those
derived from individuals with slower rates of alcohol metabolism. Additional experiments with various
genetic background could provide further insights into chronic EtOH toxicity. In addition, further
experimentation on the leads from global proteomic profiling can provide clarification on which of these
pathways/processes are important in mediating chronic EtOH toxicity. For example, one could modulate
selected pathways by overexpression or knockdown of key genes and examine if the toxicity of chronic
EtOH toxicity is affected.

In conclusion, our study has demonstrated chronic EtOH treatment of hiPSC-CMs induces
apoptosis and cell death, oxidative stress, abnormal Ca’*" handling, AP, contractility, and structure
development. Consistent with the cell-level assessments, many dysregulated proteins identified by global
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proteomic profiling are involved in apoptosis, oxidative stress, heart contraction, and intra- and extracellular
structures. Furthermore, our study also implicated the alteration of several signaling pathways, including

the Wnt and TGFp signaling pathways, in chronic EtOH exposure-induced cardiotoxicity.
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Figure Legends

Fig. 1 Experimental scheme of hiPSC differentiation and hiPSC-CM generation. (a) Overall experiment

design. (b) Representative images of immunocytochemistry revealing the majority of the cells in culture
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were positive for cardiac transcription factor NKX2-5, and structural proteins cardiac troponin T and a-
actinin at day 12. (c¢) Representative images acquired from ArrayScan and quantification of NKX2-5- or a-

actinin-positive cell percentages indicated enrichment of CMs in the cultures at day 12.

Fig. 2 Chronic EtOH exposure decreases hiPSC-CM viability. (a) Representative images of live (calcein,
green fluorescence) and dead (ethidium homodimer-1, red fluorescence) cells in hiPSC-CM culture treated
with EtOH for 1, 3, and 5 weeks. (b) Representative dot plots and quantification of live cells by flow
cytometric analysis. hiPSC-CMs were treated with EtOH for 5 weeks and analyzed by Live/Dead Near-IR
Dead Cell Stain Kit (n =5 cultures). The cells gated in the rectangle box are Near-IR negative cells (live
cells), and the rest are dead cells. (¢) Quantification of viable cell numbers in hiPSC-CMs treated with
EtOH for 5 weeks using trypan blue staining and hemocytometer cell counting (n =3 cultures). The initial
cell numbers of each group were the same before treatment. (d) Representative dot plots and quantification
of apoptotic cells by flow cytometric analysis of hiPSC-CMs treated with EtOH for 5 weeks using PE
Annexin V Apoptosis Detection Kit (n =3 cultures). The upper right part of the dot plots indicates cells
positive for both Annexin V and 7-AAD; the lower right part indicates cells positive for Annexin V only.
(e) gqRT-PCR analysis showing relative mRNA levels of apoptosis-related genes including BCL2, BAX,
TP53, CDKNIA, and PLKI in hiPSC-CMs treated with EtOH for 5 weeks (n =3 cultures). Relative cell
number and mRNA level were calculated based on the average values of EtOH-treated group vs. untreated
group. Comparisons were conducted between each treatment group and non-treatment group via one-way

ANOVA test. *, P value <0.05; **, P value <0.01; *** P value <0.001; ****_ P value <0.0001.

Fig. 3 Chronic EtOH treatment causes oxidative stress in hiPSC-CMs. (a) Representative images of
intracellular (DCFDA, green fluorescence) and mitochondrial (MitoSOX, red fluorescence) ROS
production in hiPSC-CMs treated with EtOH for 5 weeks. (b) Quantification of intracellular and
mitochondrial ROS production in hiPSC-CMs treated with EtOH for 1, 3, and 5 weeks (n =4 cultures). (c)
gRT-PCR analysis showing relative mRNA levels of oxidative stress-related genes in hiPSC-CMs treated
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with EtOH for 5 weeks (n =3 cultures). Relative MFI and mRNA levels were calculated based on the
average values of EtOH-treated group vs. untreated group. Comparisons were conducted between each

treatment group and non-treatment group via one-way ANOVA test. *, P value <0.05; **, P value <0.01;

**¥% P value <0.001; **** P value <0.0001.

Fig. 4 Chronic EtOH treatment damages Ca’" handling and AP in hiPSC-CMs. (a) Illustrative traces
presenting different types of intracellular Ca** transients in hiPSC-CMs. Type i: normal Ca** transients;
Types ii to vi: abnormal Ca®" transients. (b) Stacked bar chart showing proportions of hiPSC-CMs
exhibiting each type of Ca?" transients following the treatment with EtOH for 5 weeks. Sample sizes (n)
were denoted at the top of each bar. (c) Illustrative traces presenting normal and abnormal AP dynamics in
hiPSC-CMs. (d) Stacked bar chart showing proportions of hiPSC-CMs exhibiting normal and abnormal AP
following the treatment with EtOH for 5 weeks. Sample sizes (n) were denoted at the top of each bar. (e, f)
Quantification of AP amplitude and duration changes (n =28 cells for 0 and 50 mM EtOH treatment groups,
n =40 cells for 17 mM EtOH treatment group). (g) qRT-PCR panel showing relative mRNA levels of Ca?*
channel-related genes (CASQ2, ATP242, CACNAIC, RYR2, and SLC8AI), K' channel-related genes
(KCNJ2, KCNA4, HCN1, and HCN4) and Na" transporter-related gene SCN5A4 in hiPSC-CMs treated with
EtOH for 5 weeks (n =3 cultures). Relative mRNA levels were calculated based on the average values of
EtOH-treated group vs. untreated group. Comparisons were conducted between each treatment group and
non-treatment group via two-sided Chi-square test for (b) and (d) or one-way ANOVA test for others. *, P

value <0.05; **, P value <0.01; *** P value <0.001; **** P value <0.0001.

Fig. 5 Chronic EtOH treatment impairs contractility in hiPSC-CMs. (a) Representative traces showing the
beating velocity recording of hiPSC-CMs treated with EtOH for 5 weeks. Blue dots indicate contraction,
and red triangles indicate relaxation. (b) Quantification of maximum contraction velocity, maximum
relaxation velocity, and beating rate changes (n =24 tissue sheets). (¢) gqRT-PCR panel showing relative
mRNA levels of CM structure related genes in hiPSC-CMs treated with EtOH for 5 weeks (n =3 cultures).
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Relative mRNA levels were calculated based on the average values of EtOH-treated group vs. untreated
group. Comparisons were conducted between each treatment group and non-treatment group via one-way

ANOVA test. *, P value <0.05; *** P value <0.001; **** P value <0.0001.

Fig. 6 Chronic EtOH treatment suppresses cardiac structure development in hiPSC-CMs. (a) Illustrative
images presenting different levels of cardiac myofibrillar structure by a-actinin (green) and Hoechst (blue)
staining. Score 1 cells are a-actinin-positive but without clear sarcomeric striations; Score 2 cells have
diffused point staining pattern and striations in partial cell area; and Score 3 cells have organized, definitive
myofibrillar structure with clear paralleled bands of z-discs distributed throughout the cell area. (b) Stacked
bar chart showing proportions of hiPSC-CMs exhibiting each level of myofibrillar structure following the
treatment with EtOH for 5 weeks. Sample sizes (n) were denoted at the top of each bar. (¢) Quantification
of a-actinin fluorescence intensity in hiPSC-CMs treated with EtOH for 5 weeks (n =5 cultures). (d)
Quantification of cell spread area and circularity (cell width/ length) in hiPSC-CMs treated with EtOH for
5 weeks (n =75 cells for non-treatment group, 91 cells for 17 mM EtOH group, and 99 cells for 50 mM
EtOH group). Relative MFI was calculated based on the average values of EtOH-treated group vs. untreated
group. Comparisons were conducted between each treatment group and non-treatment group via two-sided
Chi-square test for B or one-way ANOVA test for others. *, P-value <0.05; ***, P-value <0.001; ****_ P-

value <0.0001.

Fig. 7 Chronic EtOH treatment of hiPSC-CMs alters the expression of proteins identified by proteomic
analysis. Proteomic analysis was performed to compare protein levels in hiPSC-CMs treated with EtOH for
5 weeks vs. non-treatment group. (a) Reproducibility of the biological duplicate experiments in each group.
(b) Venn diagram showing the number of differentially expressed proteins in each treatment group. (¢) Bar
charts presenting top 15 upregulated and 5 downregulated GO terms based on P value and gene count
enriched from DEPs in 17 or 50 mM EtOH-treated hiPSC-CMs. Length of bar indicates —logio(P value)

and value of n denotes the count of proteins involved in each term. (d) Chord diagram showing connections

30



between the dysregulated proteins in 17 mM EtOH-treated hiPSC-CMs and the GO terms enriched from
DEPs in both 17 and 50 mM EtOH treatment groups. GO terms were presented on the right and proteins

contributing to these clusters were drawn on the left. The logx(fold change) for each protein is indicated

with the red or blue color in the rectangles.
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Figure 2
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Figure 3
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Figure 5
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Figure 6
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Figure 7

Log,,0mM_2 &

Rz2=0.9948 | ™| Rz=09579 | | R2=0.9555
/ [:D / E’,c ,
=] >
9 S
Log,,0mM_1 Log,p17mM_1 Log,,50mM_1

é.?

GO terms
= Extracellular matrix

= Actin cytoskeleton

= Muscle contraction

= PI3-K signaling

= Response to TGFR

= \Wnt signaling pathway

All quantified: 4752

17 vs. 0 mM EtOH
Upregulated: 400
o Downregulated: 53

50 vs. 0 mM EtOH

Upregulated: 213
Downregulated: 38

-0.7 0

Collagen trimer

Focal adhesion

Response to oxidative stress
Regulation of MAPK cascade
BMP signaling pathway
Apoptotic signaling pathway

Log,(Fold change)
| -

1.1

Upregulated (17 vs. 0 mM EtOH)
Extracellular matrix organization, n=48
Supramolecular fiber organization, n=61

Actin cytoskeleton organization, n=56

Response to wounding, n=53

Cell-substrate adhesion, n=34

Collagen fibril organization, n=16

Cell morphogenesis involved in differentiation, n=42
Regulation of cell morphogenesis, n=33

Blood vessel development, n=40

Muscle structure development, n=37

Negative regulation of cellular component..., n=27
Response to growth factor, n=38

Tissue morphogenesis, n=34

Heart development, n=32

Cell part morphogenesis, n=35

]

0 15 30
-Log, (P value)

Downregulated (17 vs. 0 mM EtOH)
Muscle system process, n=11

Cellular amino acid metabolic process, n=8
Heart contraction, n=7

Heart development, n=8

Energy derivation by oxidation of organic..., n=6

0 5 10
-Log, (P value)

Upregulated (50 vs. 0 mM EtOH)

Extracellular matrix organization, n=22
Supramolecular fiber organization, n=27
Response to wounding, n=25

Collagen fibril organization, n=9

Regulation of cell adhesion, n=23

Blood vessel development, n=23

Actin cytoskeleton organization, n=21
Glycosaminoglycan biosynthetic process, n=8
Non-canecnical Wnt signaling pathway, n=9
Negative regulation of hydrolase activity n=15
Peptidyl-proline modification, n=6
Mitochondrion organization, n=16

Tissue morphogenesis, n=17

Regulation of apoptotic signaling pathway, n=13
Hemostasis, n=12

F——r—

0 6 12
-Log, (P value)

Downregulated (50 vs. 0 mM EtOH)
Muscle system process, n=9
Actomyosin structure organization, n=6
Negative regulation of organelle organization, n=4
Cellular nitrogen compound catabolic process, n=4
Cellular calcium ion homeostasis, n=3

—r—r—

0 4 8
-Log, (P value)

38



Supplementary Information
Chronic ethanol exposure induces deleterious changes in cardiomyocytes derived from human

induced pluripotent stem cells

Rui Liu, Fangxu Sun, Lawrence C. Armand, Ronghu Wu, and Chunhui Xu
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Table S1. Information of major reagents

Product Name Supplier Catalog#
mTeSR1 defined medium Stem Cell Technologies 85850
RPMI 1640 medium Thermo Fisher Scientific 11875093
B27 Supplement (50X), minus insulin Thermo Fisher Scientific A1895601
B27 Supplement (50X), serum free Thermo Fisher Scientific 17504044
Pen Strep Gibco 15140-122
Matrigel Thermo Fisher Scientific CB40230C
Activin-A Protein R&D Systems 338-AC-050/CF
BMP-4 Protein R&D Systems 314-BP/CF
DMEM (1X) Gibco 11995-065
0.25% Trypsin-EDTA (1X) Fisher Scientific 25200-114
Fetal Bovine Serum Characterized HyClone SH30396.03
Rock Inhibitor (Y-276322HCI) Selleckchem S1049
AggreWell400, 24-well plate Stem Cell Technologies 34415
Paraformaldehyde Electron Microscopy Sciences 15710
BSA Solution, 30% MilliporeSigma A9576
Hoechst33342 Thermo Fisher Scientific H3570
Ethyl Alcohol MilliporeSigma E7023
Mineral oil MilliporeSigma M5310
Dimethyl sulfoxide MilliporeSigma D2438
Live/Dead Viability/Cytotoxicity Kit Invitrogen L3224
Live/Dead Fixable Near-IR Dead Cell Stain Kit Thermo Fisher Scientific L34976
PE Annexin V Apoptosis Detection Kit BD Biosciences 559763
Fluo-4, AM Thermo Fisher Scientific F14201
FluoVolt Thermo Fisher Scientific F10488
Image-iT LIVE Green Reactive Oxygen Species Thermo Fisher Scientific 136007
Detection Kit (DCFDA)
MitoSOX Red Mitochondrial Superoxide Indicator Thermo Fisher Scientific M36008
Aurum Total RNA Mini Kit Bio-Rad 732-6820
SuperScript VILO cDNA Synthesis Kit Thermo Fisher Scientific 11754050
iTaq SyBr Green Master Mix Bio-Rad 172-5121
GeneMate 96-Well PCR Plates (Semi-Skirted) VWR 490003-822
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Table S2. Antibodies for immunocytochemistry

Type Target Isotype Supplier Catalog# Dilution

a-actinin mouse IgG; Sigma A7811 1:800

Cell Signaling
NKX2-5 rabbit IgG 87928 1:800

Primary Technologies

cardiac ) o
. mouse 1gG Fisher Scientific MS295P1 1:200
troponin T
Alexa 488, Goat anti-mouse [gG1 Invitrogen A-21121 1:1000
Secondary

Alexa 594, Goat anti-rabbit IgG Invitrogen A-11012 1:1000

41




Table S3. Primers for gRT-PCR

Gene Full name

Accession code

Primer sequence

BCL2 B-cell CLL/lymphoma 2

NM_000633.2

Forward:
GAGAAATCAAACAGAGGCCG
Reverse:

CTGAGTACCTGAACCGGCA

BAX BCL2-associated X

NM_004324

Forward:
GGAGGAAGTCCAATGTCCAG
Reverse:

TCTGACGGCAACTTCAACTG

TP53 Tumor protein P53

NM 000546

Forward:
CAGCACATGACGGAGGTTGT
Reverse:

TCATCCAAATACTCCACACGC

CDKNI14 | Cyclin-dependent kinase

inhibitor 1A

NM_000389

Forward:
CATGGGTTCTGACGGACAT
Reverse:

AGTCAGTTCCTTGTGGAGCC

CDKNIB | Cyclin-dependent kinase

inhibitor 1B

NM_004064

Forward:
AACGTGCGAGTGTCTAACGG
Reverse:

CCCTCTAGGGGTTTGTGATTCT

PLK] Polo-like kinase 1

NM 005030

Forward:
AGTCGACCACCTCACCTGTC
Reverse:

GCCCCTCACAGTCCTCAATA

SODI1 Superoxide dismutase 1

NM_000454

Forward:
GGTGGGCCAAAGGATGAAGAG
Reverse:

CCACAAGCCAAACGACTTCC

SOD2 Superoxide dismutase 2

NM_000636

Forward:

GCTCCGGTTTTGGGGTATCTG
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Reverse:

GCGTTGATGTGAGGTTCCAG

SOD3

Superoxide dismutase 3

NM._003102

Forward:
ATGCTGGCGCTACTGTGTTC
Reverse:

CTCCGCCGAGTCAGAGTTG

GSR

Glutathione reductase

NM_001195102

Forward:
CACTTGCGTGAATGTTGGATG
Reverse:

TGGGATCACTCGTGAAGGCT

GPXI1

Glutathione peroxidase 1

NM 201397

Forward:
CAGTCGGTGTATGCCTTCTCG
Reverse:

GAGGGACGCCACATTCTCG

NOO2

NAD(P)H  dehydrogenase,

quinone 2

NM 000904

Forward:
GTACTCATTGTCTATGCACACCA
Reverse:

TGCCTGCTCAGTTCATCTACA

PRDX5

Peroxiredoxin 5

NM 181651

Forward:
TCCTGGCTGATCCCACTGG
Reverse:

CTGTGAGATGATATTGGGTGCC

NOXI

NADPH oxidase 1

NM 007052

Forward:
CTGCTTCCTGTGTGTCGCAA
Reverse:

AGGCAGATCATATAGGCCACC

NOX4

NADPH oxidase 4

NM 001143836

Forward:
CAGATGTTGGGGCTAGGATTG
Reverse:

GAGTGTTCGGCACATGGGTA

NOXS5

NADPH oxidase 5

NM 001184780

Forward:

CTATTGGACTCACCTGTCCTACC
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Reverse:

GGAAAAACAAGATTCCAGGCAC

DUOXI

Dual oxidase 1

NM_017434

Forward:
GCAGCGATTTGATGGGTGGTA
Reverse:

AGGTGGGGTTCTCCCAAGG

DUOX2

Dual oxidase 2

NM_014080

Forward:
ACGGTGTGTATCAGGCTCTG
Reverse:

CACGTCGGAAAGAACATGGTAG

RYR2

Ryanodine receptor 2

NM 001035

Forward:
CAAATCCTTCTGCTGCCAAG
Reverse:

CGAAGACGAGATCCAGTTCC

CACNAIC

Calcium voltage-gated

channel subunit alpha 1C

NM 000719

Forward:
TTTTAAAAACGCTTCCACCG
Reverse:

TTCCAGAAGATGATTCCAACG

ATP2A42

ATPase
sarcoplasmic/endoplasmic

reticulum Ca’" transporting 2

NM_170665

Forward:
TCAGCAGGAACTTTGTCACC
Reverse:

GGGCAAAGTGTATCGACAGG

CASQ?2

Calsequestrin 2

NM 001232

Forward:
TTATGTTCAAGGACCTGGGC
Reverse:

GCCTCTACTACCATGAGCCG

SLC8A41

Solute carrier family 8,

member Al

NM_021097

Forward:
CTGGAATTCGAGCTCTCCAC
Reverse:

ACATCTGGAGCTCGAGGAAA

KCNJ2

Potassium inwardly rectifying
channel subfamily J member

2

NM_000891

Forward:

TGACTCAGCTGACATCCAGA
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Reverse:

TTACATGCCTCTGTACCCCC
KCNA4 Potassium voltage-gated NM 002233 Forward:
channel subfamily A member CAGAGCATTCTTCAGCCAAA
4 Reverse:
CAGCCGGTGGATTTTCTTTA
HCNI Hyperpolarization activated NM_021072 Forward:
cyclic nucleotide-gated ACTGCACTGGCGAGATCATA
potassium channel 1 Reverse:
CAAAAATTCTCAGTCTCTTGCGT
HCN4 Hyperpolarization activated NM 005477 Forward:
cyclic nucleotide-gated GACCCGCAGCGGATTAAAATG
potassium channel 4 Reverse:
ATGCGTGTCTCCACAATGAGG
SCN5A Sodium voltage-gated NM 000335 Forward:
channel alpha subunit 5 TGCTGTGAAAATCCCTGTGA
Reverse:
TCAACACACTCTTCATGGCG
TNNT2 Troponin T type 2 NM 001001431 | Forward:
GCGGGTCTTGGAGACTTTCT
Reverse:
TTCGACCTGCAGGAGAAGTT
TTN Titin NM 133378 Forward:
GGGTTCGATTTTCCTCTTGA
Reverse:
AGCCAACCTGAGTCTGGAAG
ACTNI Actinin alpha 1 NM 001102 Forward:
AGGTGGGAGTTACACCATGC
Reverse:
ACATGCAGCCAGAAGAGGAC
MYH6 Myosin heavy chain 6 NM_ 002471 Forward:
CTTCTCCACCTTAGCCCTGG
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Reverse:

GCTGGCCCTTCAACTACAGA

MYH7

Myosin heavy chain 7

NM_000257

Forward:
CGCACCTTCTTCTCTTGCTC
Reverse:

GAGGACAAGGTCAACACCCT

MYL2

Myosin light chain 2

NM_000432

Forward:
CGTTCTTGTCAATGAAGCCA
Reverse:

CAACGTGTTCTCCATGTTCG

MYL7

Myosin light chain 7

NM 021223

Forward:
CTTGTAGTCGATGTTCCCCG
Reverse:

TCAAGCAGCTTCTCCTGACC

GAPDH

Glyceraldehyde-3-phosphate
dehydrogenase

NM 001256799

Forward:
CTGGGCTACACTGAGCACC
Reverse:

AAGTGGTCGTTGAGGGCAATG
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Table S4. Top 15 up- and downregulated proteins in hiPSC-CMs upon 17 and 50 mM EtOH treatment for

5 weeks identified by proteomics.

Upregulated Downregulated
Fold Fold Fold Fold
Symbol change Symbol change Symbol change Symbol change
(17 vs. 0) (50 vs. 0) (17 vs. 0) (50 vs. 0)
ATPI13A3 2.590 IGFN1 7.013 TNNI3 0.629 TNNI3 0.697
MOB3C 2.285 CCK 5.975 NACA 0.703 CRYAB 0.714
SARMI1 2.278 MOB3C 2.878 CSRP3 0.735 SLMAP 0.715
COX14 2.246 CCDCS51 2.635 MYHI 0.752 ACTALI 0.719
FCN3 2.143 ATP13A3 2.338 TSC22D2 0.767 CSRP3 0.727
C1QBP 2.107 CDK12 2.318 CKM 0.768 HNRNPC 0.743
CMBL 2.021 COX14 2.296 HNRNPC 0.771 CASQI 0.747
CDK12 1.973 CMBL 2.234 SDHAF2 0.774 ADPRHL1 0.748
COL1A1 1.925 PLCB4 2.172 NACA 0.778 MAP4 0.756
EPNI1 1.923 C1QBP 2.083 IMPA1 0.790 CKM 0.761
RTCA 1.903 ATPS] 2.027 WDR46 0.801 SNRPE 0.769
SYNPO 1.877 EPN1 1.960 MAP4 0.802 SSB 0.770
COLI11Al 1.871 HNRNPD 1.952 REXO1L2P 0.810 PCIF1 0.779
COL3Al 1.853 FNBPIL 1.861 ADPRHLI 0.811 REXOI1L2P 0.789
UBFD1 1.853 GAS2L3 1.839 SSB 0.818 TAGLN2 0.795
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Fig. S1 Chronic EtOH exposure has no impact on hiPSC-CM purity. Quantification of NKX2-5-positive

cells in hiPSC-CMs treated with EtOH for 1, 3, and 5 weeks (n = 6 cultures). Comparisons were conducted
between each treatment group and no treatment group via One-way ANOVA test.
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Fig. S2 Chronic EtOH treatment causes oxidative stress in hiPSC-CMs. qRT-PCR analysis showing relative
mRNA levels of oxidative stress-related genes in hiPSC-CMs treated with EtOH for 5 weeks (n = 3
cultures). Relative mRNA levels were calculated based on the average values of EtOH-treated group vs.
untreated group. Comparisons were conducted between each treatment group and no EtOH group via One-
way ANOVA test. *, P-value < 0.05.
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Fig. S3 Chronic EtOH treatment damages AP in hiPSC-CMs. Quantification of AP amplitude in hiPSC-
CM s following the treatment with EtOH for 5 weeks (n =28 cells for 0 and 50 mM EtOH treatment groups,
n =40 cells for 17 mM EtOH treatment group). Comparisons were conducted between each treatment group
and no treatment group via One-way ANOVA.
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Fig. S4 Chronic EtOH treatment of hiPSC-CMs alters the expression of proteins identified by proteomic
analysis. Proteomic analysis of hiPSC-CMs treated with EtOH for 5 weeks. (a) Bubble plot presenting top
30 upregulated GO terms based on P value and gene count enriched from DEPs in both 17 and 50 mM
EtOH treated hiPSC-CMs. The red or blue color of bubbles indicates —logio(P value) and the area indicates
the number of involved proteins in each GO term. (b) Chord diagram showing connections between the
dysregulated proteins in 50 mM EtOH treated hiPSC-CMs and the interested GO terms enriched from DEPs
in both 17 and 50 mM EtOH treatment groups. GO terms were presented on the right and proteins
contributing to these clusters were drawn on the left. The loga(fold change) for each protein is indicated
with the red or blue color in the rectangles.
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