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SUMMARY
Doxorubicin is a commonly used chemotherapeutic drug, but its use is limited by doxorubicin-induced cardiotoxicity (DIC), which can

lead to irreversible heart failure and death. A missense variant rs2229774 (p.S427L) in the retinoic acid receptor gamma (RARG) gene is

associated with increased susceptibility to DIC, but the precise mechanism underlying this association is incompletely understood. We

performedmolecular dynamic simulations to determine the effect of this variant on RARG structure and then validated these predictions

using CRISPR-Cas9-genome-edited, induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs). We found that this variant leads

to reduced activation of its target genes in response to doxorubicin, including gene pathways involved in DNA repair and consequently

an inability tomediateDNA repair after exposure to doxorubicin.Our findings establish a role ofRARGp.S427L in attenuatingDNA repair

in DIC and provide insight into the pathogenesis of this cardiotoxic effect.
INTRODUCTION

Doxorubicin is a well-established and highly effective an-

thracycline chemotherapy drug. However, the use of

doxorubicin is limited by dose-dependent and cumulative

cardiotoxicity, leading to left ventricular dysfunction, ar-

rhythmias, and heart failure (Singal et al., 1997; Volkova

and Russell, 2011). The mechanisms of doxorubicin-

induced cardiotoxicity (DIC) are incompletely under-

stood, and we lack the ability to predict the risk of the

cardiotoxic effect in individual patients.

Over20genetic association studieshave identifiedgenetic

variants that are associated with the risk of DIC (Linschoten

et al., 2018). Among these, a missense variant rs2229774

(p.S427L) in the retinoic acid receptor gamma (RARG)

gene was identified in a genome-wide association study as

being associated with increased risk of DIC (odds ratio

[OR] = 4.7; p = 5.93 10�8; Aminkeng et al., 2015; Schneider

et al., 2017). Induced pluripotent stem cell-derived cardio-

myocytes (iPSC-CMs) from individuals with DIC who

harbor RARG-S427L have increased susceptibility to doxo-

rubicin-induced double-strand DNA beaks, reactive oxygen

species production, and cell death compared with isogenic

control cells (Christidi et al., 2020). These findings suggest

a direct and causal role of RARG-S427L in the pathogenesis

of DIC. However, the specific molecular mechanisms by

which RARG-S427L leads to DIC remain to be elucidated.
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Here, we examined the functional consequences of

RARG-S427L on retinoic-acid (RA)-responsive element

(RARE) target gene expression in genome-edited iPSC-

CMs. Our findings reveal a role for RARG-S427L in tran-

scriptional response to doxorubicin in cardiomyocytes,

leading to impaired activation of signaling pathways that

are essential for protection against DIC.
RESULTS

Substitution of serine to leucine in residue 427

decreases F domain stability of RARG

RARG is a ligand-dependent transcription factor that plays

critical roles in various biological processes, including heart

development, skeletal growth, and matrix homeostasis (di

Masi et al., 2015; Wiesinger et al., 2021). RA receptors

(RARs) form heterodimers with retinoid X receptors

(RXRs) and bind to specific RARE on the promoter of their

target genes (Rochette-Egly and Germain, 2009). RARs can

either repress or activate target gene transcription depend-

ing on the ligation with RA (Farboud et al., 2003; Farboud

and Privalsky, 2004). Unliganded RARs repress gene tran-

scription, while liganded RARs can activate target genes

under conformational changes of helix 12 that release co-

repressor and promote co-activator binding (Cordeiro

et al., 2019). Since RARG-S427L is located in the F-domain,
hors.
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mailto:liam.brunham@ubc.ca
https://doi.org/10.1016/j.stemcr.2022.03.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stemcr.2022.03.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. MD simulation of RARG with
ligand
(A) Molecular-dynamics-predicted RARG
structure with ATRA (purple), highlighting
interaction between residue Thr399 (on helix
11) and Ser427 (on F domain) of RARG-WT.
Protein structure of RARG-WT is shown in
blue and RARG-S427L in yellow. Key compo-
nents are helix 3 (green), helix 4 (deep blue),
helix 10 (light yellow), helix 11 (orange),
helix 12 (red), and the variant site 427
(pink).
(B) Ca RMSF of F domain (residues 417–454)
of RARG-ATRA complex. MD experiments were
run as independent triplicates. Analyses are
shown as mean ± SEM; n = 3; ****p < 0.0001;
t test.
we hypothesized that it may impact the ability of the adja-

cent helix 12 to mediate transcriptional activation or

repression of doxorubicin-responsive pathways. To test

this, we used molecular dynamic (MD) simulations to pre-

dict the consequences of RARG-S427L on RARG protein

structure and function. The crystal structure of wild-type

(WT) RARG was obtained from PDB: 2LBD (Renaud et al.,

1995) and modified at residue 427 from serine to leucine.

MD simulations were performed on both RARG-WT and

RARG-S427L models that docked with all-trans retinoic

acid (ATRA) as the ligand.

The predicted RARG protein structures were clustered

from each model system (Figures S1A–S1D). Among these

predicted structures, the representative structures with

the highest cluster coverage in each RARG-WT and

RARG-S427L system were selected and aligned for compar-

ison. As shown in Figure 1A, the WT serine 427 in the F

domain of RARG forms a hydrogen bond with threonine

399 in helix 11, maintaining the F domain in close prox-

imity to the protein surface. However, in the presence of

leucine 427, the F domain was more disordered and did
not form hydrogen bonds with other protein regions,

including helix 12. Comparing the F domain root-mean-

square fluctuation (RMSF) between two model systems

(Figures S1E and S1F), RARG-WT showed a significantly

(p < 0.0001) lower average RMSF value than RARG-S427L

starting at residue 422, which suggests that p.S427L im-

pairs the stability of the F domain of RARG (Figure 1B).

These observations indicate that RARG-S427L is predicted

to decrease the stability of the F domain, whichmay impair

the activation function of RARG.

Doxorubicin treatment activates RA signaling in iPSC-

CMs

To further investigate the effect of RARG-S427L on the abil-

ity of RARG to activate target genes in response to doxoru-

bicin, we generated iPSC-CMs from patients treated with

doxorubicin who did (case) or did not (control) develop

DIC and performed CRISPR-Cas9-mediated genome edit-

ing to correct or introduce the RARG-S427L variant (Chris-

tidi et al., 2020). All genotypes were validated by Sanger

sequencing (Figure S2A). The iPSC-CMs displayed high
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Figure 2. Assessment of retinoic acid signaling in cellular stress response to doxorubicin
(A) Flow cytometry for cardiac troponin T (cTnT), indicating the percentage of cardiomyocytes present in different differentiation batches
(n = 4). ns, not significant.

(legend continued on next page)
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levels of cardiac troponin T (cTnT) positivity (>95% of cell

cTnT positive), with no significant differences between ge-

notypes, indicating that the RARG variant did not impact

differentiation efficiency (Figures 2A and S2B). We further

characterized the iPSC-CMs by immunostaining and

observed high levels of cTnT and sarcomeric alpha-actinin

expression (Figure S2C). Because RARG has been impli-

cated in cardiac development (Wiesinger et al., 2021), we

examined the expression of atrial and ventricular markers

in the iPSC-CMs by qPCR. We observed no difference in

the expression of these transcripts between genotypes, sug-

gesting that the RARG variant did not influence cardiac cell

sub-type specification (Figure 2B).

To test which RAR sub-types play the dominant role in

doxorubicin response, we measured gene expression of

RARA, RARB, and RARG by qPCR in both DIC-case and con-

trol lines (Figures 2C and 2F). In response to 1 mM doxoru-

bicin treatment in the DIC-case cell line, gene expression

of RARA and RARB displayedminor differences between ge-

notypes,whereas expressionofRARG increased 21.0-fold in

RARG-WT/WT versus 5.4-fold in RARG-WT/S427L iPSC-

CMs (p = 0.009; Figure 2C). The same trend was seen in

the DIC-control cell line, with 32.0-fold increase of RARG

gene expression in RARG-WT/WT versus 15.3-fold increase

in RARG-WT/S427L iPSC-CMs (p = 0.004; Figure 2F).

To further study the activity of RA signaling,wemeasured

RARE activation by luciferase assay. RARE binding activity

was increased in response to 1 mM doxorubicin compared

withno treatment control in iPSC-CMs (Figure2D).Genetic

correction of RARG from S427L to WT in a DIC case led to

higher activation of RARE (3.2-fold versus 4.4-fold activa-

tion in RARG-WT/S427L versus RARG-WT/WT; p = 0.04).

Similarly, introducing the S427L variant in a DIC control

cell line resulted in less RARE activation (3.5-fold versus

2.0-fold activation in RARG-WT/WT versus RARG-WT/

S427L; p = 0.02; Figure 2G).

We nextmeasured the gene expression of two keymolec-

ular targets in RA signaling, aldehyde dehydrogenase one

family member 2 (ALDH1A2) and cytochrome P450 26B1

(CYP26B1), in response to 1 mM doxorubicin treatment

(Figures 2E and 2H). The expression of both genes was

increased upon doxorubicin treatment. ALDH1A2 expres-

sion was increased to a significantly greater extent in

RARG-WT/WT than RARG-WT/S427L in DIC-case (10.5-

fold versus 4.7-fold; p = 0.005) and DIC-control (49.6-fold

versus 7.2-fold; p = 0.007) iPSC-CMs. CYP26B1 expression

was induced to a significantly greater extent in iPSC-CMs
(B) Gene expression of atrial, ventricular, and pan cardiac markers in
(C–H) Gene expression of RA receptors RARA, RARB, and RARG measu
Luciferase assay results of (D) DIC-case (n = 3) and (G) DIC-control (n =
of RA signaling genes ALDH1A2 and CYP26B1 measured by qPCR in (E)
biological, independent replicates and are shown as mean ± SEM, *p
from DIC cases with the RARG-WT/WT as compared with

RARG-WT/S427L (54.2-fold versus 19.8-fold; p = 0.007).

The difference was not statistically significant in DIC-con-

trol cells (52.0-fold versus 22.3-fold in RARG-WT/WT

versus RARG-WT/S427L; p = 0.08). This finding indicates

that increased RAR transcriptional activation activity in

response to doxorubicin treatment is mainly modulated

by increased expression of RARG and that the presence of

RARG-S427L impairs the up-regulation of RARG and other

key RA signaling genes in response to doxorubicin.

RARG-S427L leads to reduced target gene activation in

response to doxorubicin

To more comprehensively assess the genes and pathways

that are activated by RARG in response to doxorubicin, we

performed RNA sequencing (RNA-seq) in DIC-case isogenic

iPSC-CMs with and without RARG-S427L (Figure S3A). We

co-analyzed a publicly available RNA-seq dataset (GEO:

GSE76314) that was also generated from doxorubicin-

treated, patient-specific iPSC-CMs for comparison (Burridge

et al., 2016; Figure 3A). At baseline (vehicle control), less

than 10% of RARG target genes were differentially ex-

pressed between RARG-WT/S427L and RARG-WT/WT (Fig-

ure 3B). When treated with 1 mM doxorubicin, 29.4%

(362/1,233) of RARG target genes in RARG-WT/S427L and

32.8% (404/1,233) in RARG-WT/WT were significantly

differentially regulated, with 42 more RARG target genes

up-regulated in the WT cell line (Figures 3C, S3B, and

S3C). We observed similar patterns of up-regulation by

doxorubicin of selected genes in the control isogenic lines,

as measured by qPCR (Figures S4A–S4E).

We performed over-represented pathway analysis of

doxorubicin-induced differentially expressed genes and

RARG-targeted genes (collected from GTRD and hTFtarget

databases; Kolmykov et al., 2021; Zhang et al., 2020). Path-

ways represented in both our dataset and GEO: GSE76314

were considered as common pathways that respond to

doxorubicin in cardiomyocytes. Overlapping pathways

between DIC responsive and RARG targeted were then

investigated in greater detail (Figure 3D). Within these

pathways, signaling of nuclear receptor, estrogens-medi-

ated signaling, and signaling by receptor tyrosine kinases

were significantly more activated in RARG-WT/WT group,

while genes in the pathways of DNA repair, mitochondria

functions, and Rho guanosine triphosphatases (GTPases)

signaling were more down-regulated in RARG-WT/S427L

group. We further investigated the genes presented in
two genotypes (n = 8).
red by qPCR in (C) DIC-case and (F) DIC-control cell lines (n = 3).
4) cell lines in response to doxorubicin are shown. Gene expression
DIC-case and (H) DIC-control cell lines (n = 3). All experiments are
< 0.05; **p < 0.01; t test.
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DNA damage bypass and mismatch repair pathways that

have predicted RARE-binding sites in their promoter re-

gions as well as other RARG-targeted genes with over five

RARE-binding sites in DNA-repair-related pathways (Fig-

ure 3E). The association network of these RARG-targeted,

DNA-repair-related proteins is shown (Figure 3F). Since

mitochondria-related pathway was more down-regulated

in RARG-WT/S427L group, we also studied mitochondrial

function between genotypes. Mitochondrial copy number

was significantly increased in case RARG-WT/WT group

(Figures 3G and 3H), but mitochondrial membrane poten-

tial between genotypes displayed no significant difference

(Figures S4F and S4G). These findings indicate that S427L

disrupts RARG target signaling pathway activation, poten-

tially decreasing DNA repair activity following doxorubicin

exposure.
The impact of RARG-S427L on doxorubicin-induced

DNA damage and repair

As our RNA-seq data implicatedDNA repair pathways as be-

ing affected byimpaired target signaling due to RARG-

S427L, we next set out to validate the functional signifi-

cance of this observation by performing single-cell electro-

phoresis (comet assay) to investigate DNA breaks after

doxorubicin treatment and recovery. DNA breaks were

categorized as mild, moderate, or severe based on the tail

DNA percentage (Figures 4A and 4B). After 24 h of 1 mM

doxorubicin treatment in DIC-case iPSC-CMs, over 90%

of the cells in RARG-WT/S427L and RARG-WT/WT showed

a moderate or severe degree of DNA damage. With 6 and

24 h of recovery post-treatment, cell DNA damage levels

were decreased in both genotypes. However, after 24 h of

recovery, DNA damage levels remain significantly higher

in RARG-WT/S427L compared with RARG-WT/WT: moder-

ate (2.7-fold versus 0.86-fold; p = 0.009) and severe

(10.4-fold versus 1.2-fold; p = 0.03). Similar results were

seen in DIC-control isogenic lines with significantly higher

severe level of DNA damage in RARG-WT/S427L in all time

points (Figure 4C).

Finally, we assessed the expression of DNA repair gene

RAD9A (RAD9 checkpoint clamp component A) with re-
Figure 3. Differentially expressed genes and pathways measured
(A) Summary of enriched pathways and selection process. ChIP, chro
(B) Differentially expressed gene ratio comparing non-treated case-o
(C) Summary of up- and down-regulated RARG target genes expressio
(D) Top 10 up and down-regulated pathways that targeted by RAR
treatment; PI3K, phosphatidylinositol 3-kinase.
(E) Heatmap of RARG-targeted gene expression in DNA-repair-related
(F) Protein association network analysis of 11 highlighted RARG-targ
(G and H) Mitochondrial copy number ratio in iPSC-CM quantifi
control). All experiments are biological, independent replicates
significant; t test.
covery post-treatment. RAD9A was identified in both

GTRD and hTFtarget databases as having a high abundance

of RARE-binding sites in its promoter region (Kolmykov

et al., 2021; Zhang et al., 2020). Using qPCR, RAD9A

showed 11.6-fold versus 1.1-fold (p = 0.003) increase in

RARG-WT/WT versus RARG-WT/S427L after 24 h of 1 mM

doxorubicin treatment in DIC case (Figure 4D). After 24 h

of recovery, gene expression of RAD9A had decreased in

RARG-WT/WT but maintained a similar expression level

as 6-h recovery in RARG-WT/S427L. The expression pattern

of RAD9A was similar to that of RARG, in that both tran-

scripts remained elevated in RARG-WT/S427L compared

with RARG-WT/WT after 24 h of recovery (Figure 4E).

Similar expression trends in RAD9A and RARG were also

seen in DIC-control isogenic lines (Figures 4F and 4G). In

addition, cell viability analysis revealed that cardiomyo-

cytes continued dying after removal of doxorubicin and

half-maximal inhibitory concentration (IC50) dropped

from13–25 mM(no recovery) to 6–12 mM(24h of recovery).

Cell viability was higher in RARG-WT/WTafter recovery for

24 h than RARG-WT/S427L in both DIC-case and control

isogenic lines (Figures 4H and 4I). These results suggest

that RARG-S427L leads to greater cell death as a result of

an impaired ability to mediate in DNA repair.
DISCUSSION

RARG-S427L is associated with an increased risk of DIC

(Aminkeng et al., 2015). In our previous study, we identi-

fied that the presence of the RARG p.S427L variant is neces-

sary and sufficient to increase susceptibility to doxoru-

bicin-induced cardiotoxicity and that the presence of this

variant was associated with an increase in double-stranded

DNA breaks, reactive oxygen species production, and cell

death in iPSC-derived cardiomyocytes (Christidi et al.,

2020). Here, we used patient-specific iPSC-CMs to investi-

gate the structural and functional effects of this genetic

variant. The specific advances of the current study are (1)

the identification of the predicted structural consequences

of RARG-S427L using molecular dynamic simulations; (2)

providing direct evidence that RARG-S427L decreases the
by RNA-seq in doxorubicin-treated iPSC-CMs
matin immunoprecipitation; DOX, doxorubicin.
riginal and case-repaired samples.
n under doxorubicin treatment.
G and responded to doxorubicin. ESR, estrogen receptor; NT, no

pathways.
eted, DNA-repair-related genes.
ed by qPCR after doxorubicin treatment (normalized to DMSO
(n = 3-4) and are shown as mean ± SEM, *p < 0.05; ns, not
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binding affinity to target gene promotors; (3) performing

global transcriptional analysis of RARG-S427L in response

to doxorubicin treatment, which identified an inability

to up-regulate genes involved in DNA repair in response

to doxorubicin; and (4) providing evidence that RARG-

S427L results in increased DNA damage in response to

doxorubicin, whichmay underlie the increased susceptibil-

ity to doxorubicin-induced cell death. Collectively, these

observations expand our understanding of the molecular

mechanisms by which RARG protects from DIC by orches-

trating a DNA repair response to doxorubicin and provides

detailed insights into the pathogenesis of this adverse drug

reaction.

RARs are transcription factors that can both activate or

repress target genes in the presence or absence of ligands.

However, RARGmainly plays an activation role of its target

genes due to more stabilized contacts between helices 3

and 12 compared with isotype RARA (Farboud et al.,

2003). Although deletion of the F domain of RARG was

found to enhance co-activators binding in vitro (Farboud

and Privalsky, 2004), we found the RAR activity was

enhanced in RARG-WT/WT more than RARG-WT/S427L

in response to doxorubicin treatment, which aligns with

our prediction fromMD results that the activation function

of the protein is impaired in RARG-S427L.

We identified DNA damage and repair pathways as being

among the most down-regulated pathways in RARG-WT/

S427L cardiomyocytes, but these were not down-regulated

in RARG-WT/WT cardiomyocytes (Figure 3D). Although

not shown in the top regulated pathways, a subgroup of

genes in the DNA repair pathway (R-hsa-73894) were

significantly up-regulated in RARG-WT/WT (log p =

�3.6), but not in RARG-WT/S427L. Among these genes,

RAD9A is one of the top RARG-regulated genes that is

activated in RARG-WT/WT and found to promote DNA

damage repair through stimulating DNA polymerase beta

binding at sites of DNA damage (Toueille et al., 2004). In

addition to direct regulation effect of RARG on RAD9A,

other key DNA repair genes, such as MSH2, ERCC1, and

RAD51B, may also be affected via protein association

networking with RAD9A (Figure 3F), indicating potential

indirect effects of RARG on the DNA repair pathway

through activating RAD9A expression. Combining these

RNA-seq data with the results of lower RA singling activa-
Figure 4. Impact of RARG-S427L on doxorubicin-induced DNA da
(A) Comet assay results visualized under fluorescence microscope (sc
(B and C) Relative DNA damage fold change in RARG-WT/WT and RARG-
each independent experiment).
(D–G) Gene expression of DNA repair gene (D and F) RAD9A and (E and
DIC-case cell lines measured by qPCR (n = 3).
(H and I) IC50 and cell viability percentages after 24 h of doxorubicin tr
experiments are biological, independent replicates and are shown as
tion and impaired ability to mediate DNA repair in RARG-

WT/S427L, these results suggest that RARG-S427L attenu-

ates the DNA repair response to doxorubicin in iPSC-CMs.

It is worth noting that, in addition to the DNA repair

pathway we have highlighted, it is possible that RARG

regulates other pathways that are also involved in DIC. We

observed that mitochondrial number was reduced by

doxorubicin to a greater extent in RARG-WT/S427L than

RARG-WT/WT cardiomyocytes (Figures 3G and 3H), impli-

cating this as another potential pathway by which RARG

acts.We also specifically investigated the expressionof genes

involved in the apoptosis and p53 pathways and found that

the degree of doxorubicin regulationwas similar betweenge-

notypes (Figure3D),whichsuggests that these areunlikely to

be themajor pathways bywhich theRARGvariant acts. Simi-

larly, although reactive oxygen species generation is an

important component of DIC, we did not observe major

changes in the regulationofgenes in thisprocessbetweenge-

notypes. A recent study confirmed the important role of

RARG-S427L in DIC (Magdy et al., 2021) and also reported

an effect of RARGonDIC through suppression of topoisom-

erase 2b (TOP2B) expression and activation of the extracel-

lular regulated kinase (ERK) pathway, highlighting that

RARG may influence DIC through multiple pathways and

mechanisms.

Our study has limitations that are worth noting. Firstly,

iPSC-CMs are heterogeneous populations of cells with a

mixture of atrial-, ventricular-, and nodal-like cardiac cells

and express different transcriptional patterns across the dif-

ferentiation stages (Karbassi et al., 2020). Theheterogeneous

cell population could introduce variability in the bulk RNA-

seq and cellular assay we used. Also, our results were gener-

ated using two iPSC-CM lines, one from a DIC case and one

from aDIC control, which both underwent genome editing

to generate isogenic cell lines that differ only at the RARG-

S427L variant. This approach has the advantage of allowing

us to isolate the effect of the S427L variant by comparing

each cell line with its genome-edited pair; however, it is

also possible that RARG could have different effects in the

context of different genetic backgrounds that may emerge

when studying CMs from a larger number of iPSC lines.

In conclusion, we identify amechanism bywhich RARG-

S427L increases susceptibility to doxorubicin through

reduced activation of the DNA repair pathway. These
mage and repair
ale bars represent 200 mm).
WT/S427L assay (n = 3; 100–150 cells were quantified per sample in

G) RARG with 6 and 24 h of recovery after doxorubicin treatment in

eatment with no recovery time or with 24 h of recovery (n = 4–8). All
mean ± SEM; *p < 0.05; **p < 0.01; t test.
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results expand our understanding of the molecular mecha-

nisms of DIC and suggest specific cellular pathways that

could be targeted for the prevention or treatment of DIC

related to DNA repair. In addition, by uncovering a cellular

mechanism linking RARG-S427L to DIC risk, our results

highlight the opportunity to identify patients at greatest

risk for this devastating adverse drug reaction by pharma-

cogenetic profiling of this variant prior to doxorubicin

treatment.
EXPERIMENTAL PROCEDURES

A comprehensive description of the methodology is included in

the supplemental information.

Cell culture and CRISPR-Cas9 genome editing
The iPSC lines used in this studywere derived and described as part

of a previous study (Christidi et al., 2020). In brief, we collected pe-

ripheral blood and performed re-programming to iPSCs from a pa-

tient who had experienced DIC (case) and a doxorubicin-treated

individual who did not experience DIC (control). Then, we

performed CRISPR-Cas9-mediated genome editing in the hetero-

zygous case cell line (RARG-WT/S427L) to correct the genotype

to homozygous WT. In the control cell line that was homozygous

WT (RARG-WT/WT), we performed genome editing to introduce

p.S427L in the heterozygous state (Figure S2A). All patient samples

collection, process protocols, and experiments were approved by

the University of British Columbia-Providence Health Care

(UBC-PHC) Research Ethics Board.

RNA sequencing
iPSC-CMs were replated in 12-well plates and treated with 1 mM

doxorubicin in the experiment group and vehicle (DMSO) in the

control group for 24 h. Each condition has three replicates. Total

RNA was extracted with illustra RNAspin Mini Isolation Kit (Cy-

tiva) and used for library preparation following the standard proto-

col for theNEBnext Ultra ii StrandedmRNA (New England Biolabs)

and sequencing that was performed on theNextSeq 500 (Illumina)

with 30 million paired-end reads.

Statistics
All statistical analyses were conducted with GraphPad Prism 8.3. In

graphs, values are expressed asmean ± SE ofmean (SEM) and repre-

sent independent, biological repeats (at least three)unlessotherwise

stated. Statistical analyses were performed using Student’s t test

when comparing two groups. p < 0.05 was considered statistically

significant. Graphical abstract was created with BioRender.com.

Accession numbers
The accession number for the RNA sequencing datasets reported in

this paper is GEO: GSE181517.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.03.002.
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