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To uncover the genetic basis of anthracycline-induced cardiotoxicity (AIC), we recently established a genetic sup-
pressor screening strategy in zebrafish. Here, we report the molecular and cellular nature of GBT0419, a salutary
modifier mutant that affects retinoid x receptor alpha a (rxraa). We showed that endothelial, but not myocardial or
epicardial, RXRA activation confers AIC protection. We then identified isotretinoin and bexarotene, two FDA-
approved RXRA agonists, which exert cardioprotective effects. The therapeutic effects of these drugs only occur
when administered during early, but not late, phase of AIC or as pretreatment. Mechanistically, these spatially-
and temporally-predominant benefits of RXRA activation can be ascribed to repair of damaged endothelial
cell-barrier via regulating tight-junction protein Zonula occludens-1. Together, our study provides the first in vivo
genetic evidence supporting RXRA as the therapeutic target for AIC, and uncovers a previously unrecognized
spatiotemporally-predominant mechanism that shall inform future translational efforts.

INTRODUCTION

Anthracycline is a group of chemotherapeutic drugs that are being
actively used to treat broad types of cancer (1, 2), but the major clinical
complication for these antibiotics is their dose-dependent cardio-
toxicity (I). Several mechanisms have been proposed for anthracycline-
induced cardiotoxicity (AIC), including topoisomerase IIp (coded by
TOP2B) as a primary mediator (3). On the basis of these mechanisms,
dexrazoxane, an iron chelator, has been successfully developed as
the only U.S. Food and Drug Administration (FDA)-approved AIC
preventive compound. Nevertheless, late-onset decompensated
cardiomyopathies remain life-threatening for patients with AIC, as
approximately 50% of patients die 2 years after diagnosis (4), which
calls for more mechanistic studies and therapeutic developments.
While cardiomyocytes have long been perceived as the primarily
affected cellular target, recent evidence has indicated that the ab-
normalities in noncardiomyocytes, including endothelial cells (5),
vascular smooth muscle cells (6), and cardiac fibroblasts (7, 8), also
contribute notably to AIC pathogenesis. Therapeutic strategies based
on these noncardiomyocytes, however, remain underexplored.

To elucidate the disease mechanisms and to search for potential
therapeutic targets, several genetic strategies, such as genome-wide
association study (GWAS), have been recently used to identify ge-
netic modifiers that affect the onset and severity of AIC. The comple-
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tion of two large-scale human genetic studies revealed rs2229774
[retinoic acid receptor y (RARG)] and rs28714259 (intergenic region)
as two susceptible variants to AIC (9, 10). Through a GWAS analysis
of decline in left ventricular ejection fraction (EF) in 1191 patients with
early-stage breast cancer treated with doxorubicin (DOX) and trastu-
zumab, we also identified six putative loci for AIC (11). Nevertheless,
because of its statistical nature, extensive experimental verifications
are still needed to determine whether these affected genes are truly
AIC modifiers and which genes can be leveraged for therapeutic
benefits. Therefore, as a complementary strategy, we recently devel-
oped a zebrafish AIC model via injection of DOX (12) and established
an in vivo screening platform to search for potential AIC modifying
genes in a forward genetic manner (13). The screening is based on a
collection of gene-break transposon (GBT) mutants (14), which are
caused by the insertion of pGBT-RP2 (RP2) elements containing both
a protein trap and a polyadenylation (polyA) signal trap. Different
from human genetic approaches, identities of genetic modifiers can
be unambiguously uncovered, and mutants that exert salutary effects
on AIC directly suggest therapeutic targets. Because of the integra-
tion of JoxP sites in the RP2 vector, the mutated locus in each GBT
mutant can be reverted conditionally (15). Thus, another unique,
but yet to be realized, advantage of this zebrafish-based genetic
screening is the feasibility of rapidly assigning modifying effects
to the precise cell lineage(s), including both cardiomyocytes and
noncardiomyocytes.

GBTO0419 is the first salutary modifier identified from a pilot
screening of 609 GBT lines (13), which exerts a long-term benefit
on the survival of AIC adult zebrafish. In this mutant, the RP2 ele-
ment is inserted within retinoid X receptor alpha a (rxraa), a zebrafish
ortholog of human retinoid X receptor alpha (RXRA). In the cell
nucleus, the RXRA protein is known to function as one of the primary
receptors for retinoic acid (RA), which transcriptionally regulates a
spectrum of biological processes such as embryogenesis, hemostasis,
and xenoprotection (16). During embryonic stages, RXRA is
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indispensable for cardiac morphogenesis, as Rxra-null mice do not
survive because of heart failure resulting from the thinned myocardial
compact zone (17). Cell lineage-specific presence of RXRA has been
demonstrated to be critical in this process, as RXRA in epicardium,
but not in myocardium or other cell lineages, appears to be exclu-
sively required for normal heart development (18-21). During post-
natal stages, abnormal expression of RXRA has been noted in failing
hearts (22), and modulating RXRA with agonists has been recently
shown to have cardioprotective effects (23). However, the potential
cell lineage-specific roles of RXRA have not been systematically in-
vestigated in AIC or any other chronic pathological conditions.

Here, we conducted comprehensive genetic and pharmacological
studies to elucidate the mechanisms underlying the salutary effects
of GBT0419. In particular, we scanned the contributions of different
cardiac cell lineages to RXRA-associated cardioprotection via condi-
tionally reverting GBT0419 in the endothelium, myocardium, and
epicardium, which prompted a series of follow-up genetic studies to
show that endothelial-specific RXRA gain of function is therapeutic
for AIC. To translate this discovery, we identified two FDA-approved
RXRA agonists and demonstrated that these drugs should be ad-
ministered during the early phase of AIC, but not the late phase or
as pretreatment, to maximize their therapeutic potential. Mechanis-
tically, we ascribed the cardioprotective effects of RXRA activation,
at least in part, to the restoration of impaired endothelial barrier
function during early AIC progression. In summary, by identifying
endothelial RXRA as a previously unrecognized therapeutic target,
we demonstrated the necessity of an unbiased assessment of cell
lineage-specific contribution for each previously unidentified AIC
genetic factor and presented adult zebrafish as a highly efficient
vertebrate model for this purpose.

RESULTS

Supporting GWAS evidence for RXRA as a genetic

factor for AIC

To seek human relevance of RXRA, we searched our recent GWAS
data of 1191 patients with early-stage breast cancer treated with
DOX (11) and identified two common variants at the RXRA locus,
rs11185662 and rs62576342 (European minor allele frequencies
0.24 and 0.45), which were associated with a decline in left ventric-
ular EF, P =0.0006 (B = -3.359) and P = 0.001 (B = —3.466), respec-
tively (table S1). This human genetic evidence supports RXRA as a
susceptibility gene for AIC and justifies the necessity to further
characterize the functions of RXRA orthologs in zebrafish.

Endothelial-specific cardiac reversion of the RP2 insertion
abolishes the salutary effects of GBT0419 on AIC
In zebrafish, there are two orthologs for RXRA: rxraa and rxrab.
Both genes encode highly conserved peptides to human RXRA, as
indicated by >80% sequence similarity (fig. SIA). The cardiac ex-
pression of the rxraa transcript is 3.4 times higher than that of rxrab
in embryos and 4.0 times higher in adults as revealed by a transcrip-
tome analysis (Gene Expression Omnibus no. GSE85416 and data
not shown), suggesting that rxraa is the dominant RXRA ortholog
in a zebrafish heart. The expression of rxraa in adult zebrafish cardiac
tissues was also confirmed by semiquantitative polymerase chain re-
action (PCR) (fig. S1B).

Because a monomeric red fluorescent protein (mRFP), which is
implanted in the RP2 vector, fuses in frame with the N-terminal
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part of the trapped gene in each GBT line (14), the fluorescence can
be used to evaluate the endogenous gene expression pattern (24).
We then characterized the mRFP pattern in GBT0419 that contains
the RP2 insertion in the first intron of rxraa (fig. S2A) and observed
ubiquitous mRFP expression in the heart. To further define rxraa
cardiac expression at a lineage resolution, we bred GBT0419/0419
into Tg(flila:EGFP) to label endothelial cells and Tg(ttn:actn-EGFP)
to label cardiomyocytes. Colocalization of mRFP" cells, which rep-
resents endogenous rxraa expression, with enhanced green fluorescent
protein (EGFP") cells was noted in both double-transgenic back-
grounds in the hearts at 6 days postfertilization (dpf) (fig. S2, B
and C; global endothelial expression in fig. S1C), indicating that
rxraa is expressed in cardiomyocytes, endothelial cells, and poten-
tially other cardiac lineages.

To assess the cardiac contribution underlying the GBT0419-
associated salutary effects, GBT0419/0419 was bred into Tg(kdrl:CreER),
Tg(cmlc2:CreER), and Tg(tcf21:CreER) to revert the RP2 insertion in
the three cardiac lineages: endothelium, myocardium, and epicardium
(Fig. 1A). Two triple-transgenic lines, Tg(flila:EGFP); Tg(kdrl:CreER);
GBT0419/0419 and Tg(ttn:actn-EGFP); Tg(cmlc2:CreER);GBT0419/0419,
were generated to assess CreER-loxP efficacy. Treatment of embryos
with 4-hydroxytamoxifen (4HT) from 0 to 6 dpf effectively removed
the RP2 insertion in a lineage-specific manner (fig. S2, D and E), as
indicated by the absence of mRFP fluorescence in either endothelial
cells or cardiomyocytes.

The three CreER-based double-transgenic embryos (Fig. 1A) were
then treated with either 4HT (to induce RP2 reversion) or ethanol (as
a control), raised to up to 3 months of age (fig. S3A), stressed with
DOX, and assessed for the consequences of RP2 lineage-specific re-
version in three ways. First, we assessed survival of the fish after DOX
stress over a 10-week period. While a reduction in DOX-induced
death was observed in GBT0419/0419 fish, the reversion of RP2 in
endothelial cells, but not in myocardial or epicardial cells, diminished
the survival benefit (Fig. 1, B, E, and F). Second, we assessed cardiac
function using an ex vivo Langendorff-like system (25). While a re-
duced ventricular EF was noted in the wild-type fish at 10 weeks post—
DOX injection (wpi) (48.2 + 8.9% versus 57.3 + 4.2%; P = 0.002),
ventricular pump function was preserved in GBT0419/0419 (fig. S3B).
Consistent with the survival indices, the reversion of RP2 in endothelial
cells, but not in myocardial or epicardial cells, attenuated this cardio-
protective effect (Fig. 1C and fig. S3, D and E). Third, we quantified
exercise capacity, a widely used clinical index for patients with heart
failure. A gradual reduction in critical swimming speed (Ueir) was
observed in adult fish with AIC at 4 wpi and thereafter (fig. S3C), and
a preserved U, index was noted in GBT0419/0419 even at 10 wpi
(25.85 * 5.53 versus 25.27 + 4.87 body length/s; P = 0.9000). This
preserved swimming capacity was abolished by endothelial-specific
removal of the RP2 insertion (Fig. 1D). Collectively, these unbiased
genetic analyses proved the cardiac contribution of the salutary mod-
ifying effects of GBT0419 and further indicated that the molecular
alteration of rxraa in endothelial cells, but not cardiomyocytes or epi-
cardial cells, plays a more predominant role.

The cardioprotective effects of GBT0419 are conferred by RA
signaling activation

To define the molecular alteration in GBT0419, we generated rxraa®,
a transcription activator-like effector nuclease (TALEN) mutant
that harbors an eight-nucleotide deletion in the exon immediately
following RP2 insertion in GBT0419 (Fig. 2A). Because the indel
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Fig. 1. Endothelial RP2 reversion in GBT0419/0419 abolishes its cardioprotective effects on AIC. (A) The schematic shows the Tg(kdrl:CreER), Tg(cmlc2:CreER), and
Tg(tcf21:CreER) transgenic lines that were crossed into GBT0419/0419, respectively. CreER and loxP elements are highlighted in blue. (B) Kaplan-Meier survival curves indi-
cate reduced survival of GBT0419/0419 adult fish with endothelial RP2 reversion after DOX stress. (C) The ventricular EF of GBT0419/0419 adult fish was reduced with en-
dothelial RP2 reversion after DOX stress. Each dot represents the EF value of a single ventricle. WT, wild type; EtOH, ethanol. (D) Swimming capacity of GBT0419/0419 adult
fish remains reduced with endothelial RP2 reversion after DOX stress. BL, body length; Ui, critical swimming speed. (E) Kaplan-Meier survival curves indicate unchanged
survival of GBT0419/0419 adult fish with myocardial RP2 reversion after DOX stress. (F) Kaplan-Meier survival curves indicate unchanged survival of GBT0419/0419 adult
fish with epicardial RP2 reversion after DOX stress. Error bars represent SD. *P < 0.05 and **P < 0.01; log-rank test in (B), (E), and (F) for comparison with the WT group;
unpaired Student’s t test in (C); Kruskal-Wallis test was used followed by Tukey’s post hoc test in (D).

presumably leads to a frameshift and a truncated Rxraa protein, rxraa®
is likely a loss-of-function mutant (fig. S4, A to C). Unexpectedly, in
contrast to the salutary modifying effects of GBT0419/0419, rxraa®®'?
worsened the fish survival (Fig. 2B), increased the apoptotic index
at 8 wpi (Fig. 2, Cand D), and failed to rescue declined cardiac func-
tions in the AIC model (Fig. 2E and fig. S4, E to G). We measured
the expression of two pathological markers for cardiac remodeling,
natriuretic peptide A (nppa) and natriuretic peptide B (nppb) (Fig. 2,
F and G), and detected the induction of nppa in rxraa®”** but not in
GBT0419/0419. In contrast to the improved myofibril organization
in GBT0419/0419 at 12 wpi, which can be characterized by more even
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distribution of o-actinin, improved lateral alignment, and better-
organized sarcomeres, the myofibrils remained disorganized in
rxraa®”® (Fig. 2H).

Next, we compared the molecular alteration between GBT0419
and rxraa®’. While the RP2 insertion disrupted the splicing event
between exon 1 and exon 2 with >90% efficacy (Fig. 3, A and B), rxraa
transcripts after exon 2 were induced in GBT0419/0419 (Fig. 3, A
and C), potentially because of the strong enhancer/promoter in the
RP2 vector. In contrast, the expression of rxraa transcript in rxraa®/?
was reduced by ~50% (Fig. 3, B and C), presumably due to the non-
sense-mediated mRNA decay. Of note, an in-frame methionine is
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Fig. 2. While GBT0419 exerts salutary effects, an rxraa TALEN allele exerts deleterious effects on AIC in adult zebrafish. (A) Schematic comparison of genomic le-
sions in GBT0419/0419 and an rxraa TALEN mutant (rxraan/ez). Dashed lines indicate an eight-nucleotide deletion. fs, frameshift; aa, amino acid. (B) Kaplan-Meier survival
curves show survival of WT, GBT0419/0419, and rxraa®®? adult fish after DOX stress. (C) Representative images of cardiomyocyte apoptosis in the ventricular tissues of WT,
GBT0419/0419, and rxraa®”®? after DOX stress at 10 wpi. The bottom panels show a higher-magnification view of the corresponding dotted box area. Arrows indicate
cardiomyocytes (Mef2*) with positive terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) staining. Mef2, myocyte
enhancer factor 2; DAPI, 4',6-diamidino-2-phenylindole. Scale bar, 50 um. (D) Quantification of the cardiomyocyte apoptosis index in (C). Each dot represents a single fish
ventricle. Approximately 500 to 1000 cardiomyocytes were counted in sections per ventricle. CM, cardiomyocyte. (E) Ventricular EF of WT, GBT0419/0419, and rxraa®?/e?
after DOX stress at 10 wpi. (F and G) The expression of nppa (F) and nppb (G) transcripts in WT, GBT0419/0419, and rxraa®?? after DOX stress at 10 wpi is shown. RNA was
extracted from a pool of three ventricles as a single biological replicate. n = 3 in each group. (H) Images of a-actinin antibody staining show myofibril disarray in ventricu-
lar tissues of WT, GBT0419/0419, and rxraa®®® after DOX stress at 12 wpi. Bottom panels are higher-magnification views of the dotted box areas. n >3 for each group.
Quantification on the right shows the number of intact Z disc/10 um. Scale bar, 50 um. Error bars represent SD. *P < 0.05 and **P < 0.01; log-rank test in (B) for comparisons
with the WT group; one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test in (D) to (G).

encoded within the second exon, which might serve as an alternative ~ these data suggested that, in contrast to rxraa®”*%, RA signaling was

translation start site (fig. S1A), raising the possibility that GBT0419
is a gain-of-function mutant. We then quantified the mRNA levels of
several well-known RA-targeted genes (26) and found that most of
these genes were substantially induced in GBT0419/0419 at 2 dpf but
remained inhibited or unchanged in rxraa®”** (Fig. 3D). Together,
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net activated in GBT0419/0419.

Upon DOX stress, induction of rxraa and rxrab transcripts was
detected in the cardiac tissues of wild-type fish at both the acute and
chronic phases of AIC (fig. S4D). In GBT0419/0419 fish, we noted that
DOX induces hyperactivation of hoxb5a and hoxb5b, two RA-targeted
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Fig. 3. Activation of RA signaling is responsible for the cardioprotective effects associated with GBT0419. (A) Schematics showing locations of rxraa primers for
quantitative reverse transcription PCR. Primer pair 1 (F1R1) targets exon 1 and exon 2 flanking the RP2 insertion locus. Primer pair 2 (F2R2) targets exon 2 and exon 4,
which amplify rxraa transcripts containing C-terminal exons. (B) Relative degree of exon 1-exon 2 splicing rxraa, as measured by primer pair 1, in GBT0419/0419 and
rxraa®”#. (C) Relative expression of rxraa transcripts, as measured by primer pair 2, in GBT0419/0419 and mxraa®??, (D) Heat map of the relative mRNA expression levels of
genes regulated by RA signaling in GBT0419/0419 and rxraa®”®?. Values are shown as the log, transformation of relative mRNA expression normalized to the mean value
of WT. actb2 was used as an internal control. In (B) to (D), RNA was extracted from a pool of 20 fish embryos at 2 dpf, which was considered a single biological replicate
(represented as a single dot). Samples were collected in triplicate. (E) hoxb5a and hoxb5b expression detected by in situ hybridization on adult hearts at 24 hours after
DOX stress. The bottom panels show a higher-magnification view of the dotted box area in the top panels. Arrowheads indicate endocardial expression. n =3 for each
group. Scale bars, 100 um (top panel) and 20 um (bottom panel). (F) Schematic of the schedule for DEAB administration and DOX injection. (G) Ventricular fractional
shortening of GBT0419/0419 adult fish with or without DEAB treatment upon DOX stress at 8 wpi. (H) Ventricular fractional area change in GBT0419/0419 adult fish with

or without DEAB treatment upon DOX stress at 8 wpi. Each dot represents an individual ventricle. Error bars indicate SD. *P < 0.05 and **P < 0.01; one-way ANOVA fol-
lowed by Tukey’s post hoc test was used.

genes, specifically in endocardial cells at 24 hours after stress (Fig. 3E),
further supporting GBT0419 as a gain—of-RA function mutant. To test
the hypothesis that such hyperactivated RA signaling confers, at least
in part, the salutary effects of GBT0419, we inhibited RA signaling
with diethylaminobenzaldehyde (DEAB) (Fig. 3F), a compound in-

hibitor of the aldehyde dehydrogenase 1 family, member A2 (Aldhla2),
which is the major enzyme for endogenous RA synthesis. Chronic
treatment with DEAB (25 pM, 12 hours/day) reduced the activity of
RA signaling (fig. S5A), exacerbated the mortality of GBT0419/0419
during AIC (fig. S5B), and markedly attenuated its cardioprotective
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effects, as evidenced by the reduced ventricular pump function at
both 4 wpi (fig. S4, C to E) and 8 wpi (Fig. 3, G and H).

Endothelial-specific overexpression of rxraa is therapeutic
for AIC

To directly test the hypothesis that gain of rxraa function in endo-
thelial cells is therapeutic against AIC, we generated Tg(Bactin2:loxP-
mCherry-stop-loxP-rxraa-EGFP), an inducible transgenic line that
is hereafter termed Tg(Bact2:RSRxraa) (Fig. 4A). The effectiveness
of this binary expression system was indicated by the induced EGFP
fluorescence (fig. S6A), the induced Rxraa-EGFP protein (fig. S6B),
and the activated RA-targeted genes (fig. S6C) in Tg(Bact2:RSRxraa);
Tg(HSP70:EGFP-Cre) double-transgenic fish upon heat shock. Of note,
this ectopic overexpression of Rxraa-EFGP protein did not affect
the expression of endogenous rxraa and other RXR genes (fig. S6,
D and E, and data not shown).

Tg(Bact2:RSRxraa) was then bred into Tg(kdrl:CreER) or Tg(cmlc2:
CreER) to overexpress rxraa in either endothelial cells or cardiomy-
ocytes, respectively. The lineage-specific inductions of Rxraa-EGFP
protein were noted from embryogenesis (Fig. 4, B and D) through
adulthood (Fig. 4, C and E), and the identity of the chimeric protein
in adult cardiac tissues was confirmed by Western blotting (Fig. 4F).
Upon DOX stress, endothelial-specific overexpression of rxraa ap-
peared to be therapeutic for AIC, as indicated by rescued ventricular
function, restored exercise capacity, and improved survival (Fig. 4,
G, I, and K). In contrast, cardiomyocyte-specific rxraa overexpres-
sion did not exert any salutary effects (Fig. 4, H and J).

We also assessed the effects of epicardial overexpression of rxraa
by generating Tg(tcf21:CreER); Tg(Bact2:RSRxraa) double-transgenic
fish. While induction of the Rxraa-EGFP fusion protein was noted
in embryonic tcf21" cells (6 dpf) at the junction between the outflow
tract and the ventricle (fig. S6F), we did not note any sustained pro-
tective effects on AIC (fig. S6G). Of note, these data should be cau-
tiously interpreted because a previous study (27) suggested that the
Bactin2 promoter might not drive gene expression efficiently in the
tcf21" epicardial cells. We also did not detect consistent induction
in adult fish hearts at 3 months of age (fig. S6F).

RXRA agonists are therapeutic for AIC during the acute
phase, but not during the chronic phase or as pretreatment,
in adult zebrafish
Having identified endothelial RXRA as the precise therapeutic target
for AIC, we went on to translate our findings by studying six com-
mercially available RXRA-activating compounds [including all-trans
RA (ATRA); table S2A]. We first tested these compounds in high-
throughput zebrafish embryos at 1 to 3 dpf. To avoid teratogenic
effects associated with RA signaling activation, we determined the
median lethal dose (LDs) of each compound (fig. S7A). While four
compounds at 20 to 50% of the corresponding LDs resulted in peri-
cardial edema (fig. S7B), all six compounds appeared to be safe when
administered at approximately 1% of LDs (table S2A). We then ad-
opted an embryonic zebrafish AIC model (28) to assess the thera-
peutic effects (fig. S7C). Similar to the rescued ventricular shortening
fraction, the heart rate, and the survival rate in GBT0419/0419 em-
bryos (data not shown), we found that administration of isotretinoin,
SR11237, and bexarotene at the doses of 1% LDs exerted therapeutic
benefits for both survival and cardiac functions (fig. S7, D to F).

To further develop RXRA-based therapy, we decided to test iso-
tretinoin and bexarotene, two FDA-approved compounds, in an
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adult zebrafish AIC model. Both RXRA agonists were delivered via
a daily oral gavage, and the doses (24 pg/day per fish for isotretinoin
and 97 ug/day per fish for bexarotene) were derived from the FDA-
recommended doses for human patients (table S2B). At these doses,
a one-time gavage of either compound was able to activate rxraa
expression in adult fish hearts within a 24-hour cycle (fig. S8A).
Given that the adult fish AIC model progresses from the acute
phase to the chronic phase at 4 wpi (12), we delivered compounds
at three time windows, i.e., 1 week before DOX administration (pre-
treatment), 1 to 4 wpi (acute phase of AIC with normal EF), and
5 to 8 wpi (chronic phase of AIC with reduced EF) (Fig. 5, A,
D, and G). Therapeutic effects were only noted when compounds
were administered during the acute phase of AIC, as shown by in-
creased survival (Fig. 5B) and improved ventricular pump function
at 4 wpi (data not shown), which can last weeks after the cessation
of treatments (at 8 wpi; Fig. 5C). In contrast, treatment at the chronic
phase was ineffective, as indicated by the unimproved survival and
ventricular function (Fig. 5, E and F), as was use of the compounds
as pretreatment (Fig. 5H).

Activation of RXRA repairs damaged tight junctions via
regulating ZO-1 in endothelial cells during AIC

To gain mechanistic insights into the cardioprotective effects of en-
dothelial RXRA activation during AIC, we studied these two RXRA
agonists using cultured human coronary artery endothelial cells
(HCAEC:sS). By checking several endothelial signaling pathways that
have been previously related to AIC pathogenesis (fig. S8E) (2), we
found that both tight junction protein 1 (TJP1) and endothelial nitric
oxide synthase (eNOS) were transcriptionally activated in isotretinoin-
treated DOX-stressed HCAECs (fig. S8F). We decided to focus on
TJP1, which encodes a tight junction protein Zonula occludens-1
(ZO-1), for two reasons. First, while the tight junctions in cardiac
endothelial cells form a membrane barrier to regulate paracellular
permeability (29), a recent study suggested that circulating DOX can
disrupt ZO-1 structure and increase its exposure to cardiomyocytes
(5). Second, two independent studies showed that activation of
RA signaling can stimulate the expression of ZO-1 and other tight
junction proteins in columnar epithelial cells (30) and brain endo-
thelial cells (31). Thus, we posited that the therapeutic effects of
RXRA activation might be ascribed to the regulation of TJP1. We
found that treatment with DOX at multiple doses markedly reduced
the expression of ZO-1 without incurring apoptosis (fig. S8G),
which can be attenuated if cotreated with either isotretinoin (100 nM)
or bexarotene (10 nM) (Fig. 6A). In zebrafish, we also found that
RXRA agonists activate tight junction protein la (tjpla) or tight
junction protein 1b (tjp1b), two zebrafish orthologs of TJP1, in
AIC zebrafish endothelial cells (Fig. 6C) that were labeled by the
Tg(flila:EGFP) transgene and isolated by fluorescence-activated cell
sorting (Fig. 6B).

To test the hypothesis that the therapeutic effects of RXRA activa-
tion on AIC are ascribed to regulation of the endothelial barrier, we
assessed tight junction formation. In the adult zebrafish AIC model, we
noted a disrupted endothelial Zo-1 pattern at 5 days postinjection,
which could be rescued by daily gavage with either isotretinoin or
bexarotene (Fig. 6D). This observation was conserved in cultured
HCAECs, as DOX treatment disrupted the native peripheral membrane
structure of ZO-1, which could be prevented by cotreatment with either
RXRA agonist (Fig. 6E). Last, to directly test the endothelial barrier
hypothesis, we performed a cell permeability assay on the monolayer
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Fig. 4. Endothelial-specific overexpression of rxraa protects against AIC in vivo. (A) Schematic of the rxraa conditional transgenic line. (B) The green channel shows
cardiomyocyte-specific rxraa overexpression at 6 dpf. A, atrium; V, ventricle; OFT, outflow tract. (B') The red channel of the same view as (B) shows the original mCherry
expression. Insets show the same heart after dissection. (C) Heart from a 3-month-old fish showing cardiomyocyte-specific rxraa overexpression. Scale bar, 500 um. (D) The
green channel shows endothelial-specific rxraa overexpression at 6 dpf. Y, yolk with autofluorescence. (D') The merged channel with the same view as (D) shows mCherry
and Rxraa-EGFP expression. The inset shows a higher-magpnification view of the dotted area. The triangle indicates the endothelial layer; the arrowhead indicates the
nonendothelial layer. Scale bar, 100 um. (E) Heart from a 3-month-old fish showing endothelial-specific rxraa overexpression. Scale bar, 500 um. (F) Western blot of adult
ventricles. The predicted size of the induced Rxraa-EGFP fusion protein is 75 kDa (indicated by an asterisk). Actin was used as an internal control. Lane 1, Tg(Sact2:RSRxraa);
lane 2, Tg(Bact2:RSRxraa);Tg(kdrl:CreER) + 4HT; lane 3, Tg(Bact2:RSRxraa); Tg(cmic2:CreER) + 4HT. (G and H) Kaplan-Meier survival curves showing the survival of DOX-stressed
adult fish with endothelial-specific (G) or cardiomyocyte-specific (H) rxraa overexpression. (I and J) Ventricular EF of adult hearts with endothelial-specific (1) or
cardiomyocyte-specific (J) rxraa overexpression at 8 wpi. (K) Swimming capacity of fish, with or without endothelial-specific rxraa overexpression. Error bars indicate SD
*P <0.05 and **P < 0.01; log-rank test in (G) and (H); unpaired Student’s t test in (I) and (J); Kruskal-Wallis test followed by Tukey’s post hoc test in (K).

of cultured HCAECs with fluorescein isothiocyanate (FITC) and DISCUSSION
found that cotreatment with both isotretinoin and bexarotene di-
minished the increased cell permeability resulting from DOX expo-
sure (Fig. 6F).

The present work is based on a suppressor screen-like platform in
adult zebrafish that can be used to systematically find new gene
modifiers for AIC. Here, we demonstrated that the highly efficient
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Fig. 5. RXRA agonists exert stage-dependent cardioprotective effects on AIC. (A, D, and G) Schematics of the schedules for RXRA agonist treatment at the early (1 to
4 wpi) or late (4 to 8 wpi) phase or as pretreatment (1 week before DOX) in the adult fish AIC model. A single bolus of DOX was injected as indicated in red. RXRA agonists
were delivered daily by oral gavage. Isotretinoin (ISO) and bexarotene (BEX) were administered at clinically relevant doses, as listed in table S2B. High-frequency echocar-
diography was performed at the indicated time points to quantify cardiac functions. Saline was used as a control. (B and C) Indices of treatment with RXRA agonists during
the early phase. (E and F) Indices of treatment with RXRA agonists during the late phase. (H) Indices of treatment with RXRA agonists during the pretreatment phase.
(B and E) Kaplan-Meier survival curves show the survival of adult fish after DOX stress. (C, F, and H) Fractional shortening and fractional area change of adult ventricles at
the respective time of echo after DOX stress. Error bars represent SDs. *P < 0.05 and **P < 0.01; log-rank test was used in (B) and (E) for comparisons with the saline group;

one-way ANOVA followed by Tukey’s post hoc test was used in (C), (F), and (H).

zebrafish model enables unbiased genetic studies to rapidly un-
cover mechanisms of new AIC genes at the lineage resolution,
allowing the generation of knowledge to guide future translational
efforts. Specifically, through comprehensive genetic and pharmaco-
logical studies of the first salutary modifier that emerged from our
pilot screen, we made the following novel discoveries prompting
an RXRA-based therapy. First, we provided multiple lines of ge-
netic evidence indicating RXRA as a feasible therapeutic target for
AIC. Second, we uncovered a spatially predominant nature of RXRA-
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based therapy in endothelial cells and further elucidated that one
of the underlying mechanisms is the repair of DOX-induced dam-
age to the endothelial barrier. Third, we uncovered the temporally
predominant nature of the RXRA-based strategy, which shall be
exerted during the early phase of AIC.

Before our genetic studies, the cardioprotective potential of RA
signaling activation has been recognized from a pharmacological
perspective (32). Treatment with ATRA, in particular, has been shown
to benefit the cardiovascular system under multiple pathological

8of 14



SCIENCE ADVANCES | RESEARCH ARTICLE

Positive
k| 1
e
A 0.1 uM DOX . ok P\\ ! c
5238 o |0 pta b
— =T m E N o *p o
5 o0 s % = % 28 J | 0% Se P=0.04 6 *p=0.03
‘g fg S o € o 3 p k _________ <~ @ [**P<0.01
32 e 22 wgfini o +
kDa 604+ [ ! ga -~ 4
Z0-1 ———— 404 5 \ | <
200—** 204 O ‘\ I 3213% 52 % ) P=0.79
0 !
] ki I g
GAPDH 37— | amm em wmm ws wt | | P — s | & %__
60 [f \\\ ] E 0 T T T 0 T T T
404 % A | * flila:EGFP + DOX
28- S\ | % flila:EGFP + DOX + SO
o 704105 108 « flila:EGFP + DOX + BEX
EGFP
D E
Control DOX
°
=
<
o
: .
< DOX+1SO DOX+BEX
o
o

o)
2]
+
X
x ZO-1 DAPI
(a]
F —
HCAEC |
x monolayer
L
? _100 .
6 \; 80 . P<0.01
a £ 60 =002
2 40
fli1a:EGFP L 20 [i] $
0 Alc % 1 1 rlﬁ
c 2 38 3
m o 9 + @
O é <
o A
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was used in (C) and (F).
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conditions. Given that ATRA primarily binds to retinoic acid recep-
tors (RARs), the cardioprotective effects of RA activation have been
generally attributed to RARs. Nevertheless, recent studies also prompted
the therapeutic effects of pan-RXR agonists (33), although treatments
with RXR and RAR agonists were associated with slightly different
physiological alterations in vivo (23). Here, we provide genetic and
pharmacological evidence revealing RXRA as an AIC gene with thera-
peutic capacity. Our data consisted of a human GWAS analysis; exper-
iments using a panel of zebrafish lines including GBT0419, an rxraa
TALEN mutant, and rxraa gain-of-function transgenic lines; and
pharmacological studies of RXRA agonists and an RA inhibitor
(DEAB). Together with the recent discovery of RARG as an AIC
susceptibility gene (9) and the observation of aberrant expression
of RARA in a human-induced pluripotent stem cell-derived cardio-
myocyte AIC model (34), our data underscore RA as a vital signaling
pathway in AIC pathogenesis. The establishment of RXRA as a thera-
peutic target prompted future studies to examine whether RARA or
RARG can be manipulated to exert therapeutic effects. Because
RARG has been reported to regulate the expression of TOP2B (9),
the pertinence of this myocardium-based mechanism with endothelial
RXRA during AIC pathogenesis warrants further investigation.

Historically, mechanistic studies of candidate cardioprotective
pathways have been disproportionally emphasized in cardiomyocytes.
The contribution of noncardiomyocytes in AIC has only begun to
be appreciated recently (35). Partially inspired by early genetic studies
(17-19) that defined noncardiomyocyte requirements of RXRA during
mammalian cardiac morphogenesis, we systematically assessed the
functions of rxraa in endothelial cells, cardiomyocytes, and epicardial
cells. Both lineage-specific rescue and transgenic experiments indicated
that the observed rxraa-based cardioprotection was mainly ascribed
to genetic manipulation in endothelial cells, not cardiomyocytes. Our
data demonstrated that endothelial gain of rxraa function alone in
AIC adult zebrafish is sufficient for long-term physiological benefits,
including improved survival, cardiac function, and exercise capacity.
Collectively, our data suggest that future studies of RA-related genes in
AIC and potentially other cardiovascular diseases need to consider the
contribution of endothelial cells, in addition to direct functions within
cardiomyocytes.

Within cardiac endothelial cells, we uncovered that RXRA acti-
vation functions in repairing the damaged tight junction barrier,
which could theoretically prevent exposure of cardiomyocytes to cir-
culating DOX and the subsequent development of decompensated
cardiomyopathies. Notably, RXRA activation could have other po-
tential benefits in the endothelium. For example, activation of RA
signaling has been shown to promote functions of vascular endo-
thelium via boosting eNOS activity and nitric oxide production (36).
We detected transcriptional activation of eNOS in isotretinoin-treated
HCAEGC:s (fig. S8, E and F). Moreover, activation of RA signaling
could promote proliferation of endothelial cells, as has been shown
in vasculogenesis, development of the yolk sac (37, 38), and heart
regeneration (39). Future studies are warranted to test these addi-
tional potential mechanisms and to examine how endothelial RXRA
signaling interacts with other AIC-protective targets such as vascular
endothelial growth factor-B (VEGEF-B) (35). This line of studies will
significantly advance our understanding of the contribution of car-
diac endothelium to AIC, a currently understudied area.

Our present genetic framework provides useful spatially and tem-
porally predominant information that might guide further translation
of RXRA-based therapies. When gene-based therapies are pursued,
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an endothelial-specific promoter could be integrated into molecular
designs; when compound-based therapies are pursued, technologies
that facilitate endothelium-preferred drug delivery (40) shall be con-
sidered. Consistent with the observation that clinical endothelium
dysfunctions were typically observed during the early stage of AIC
(41), we found that treatment with RXRA agonists exerts the best
therapeutic benefits when administered during the acute AIC phase
in adult zebrafish. Given that the administration of dexrazoxane is
also recommended during early AIC (42), further studies should be
conducted to compare these two therapies and to explore the pos-
sibility of cotreatment for synergistic cardioprotective effects. We
highly anticipate the acceptance of RXRA-based clinical trials in-
volving patients with cancer because RXRA agonists are also being
actively developed as anticancer agents (43), and combinational
therapies with DOX have already been explored in one recent trial
(44). It is less likely that RXRA agonists will compromise the anti-
neoplastic effects of anthracyclines.

We acknowledge limitations associated with our compound-
based studies (Fig. 5) as none of these compounds are RXRA-specific
agonists, despite the fact that they were selected because of their ca-
pability to trigger the activation of rxraa in the zebrafish heart (fig. S8A
and data not shown). Besides activating RXRA, these agonists may
stimulate expressions of other RXR or RAR genes (fig. S8B). Given
that RXRA is a pleotropic receptor that can form homodimers, het-
erodimers with RARs, and permissive heterodimers such as PPAR/
RXR and LXR/RXR (16), future studies are needed to discern pre-
cisely which receptor complex confers the therapeutic effects of these
compounds. Our preliminary data suggested that isotretinoin and
bexarotene do activate expression of raraa and the target genes for
LXR/RXR, but not PPAR/RXR (fig. S8, B to D). We did not genetically
test whether rxraa is exclusively required for the therapeutic effects
of these agonists, because zebrafish rxrab may compensate for cer-
tain functional loss of rxraa. Moreover, because our screen of the
RXRA agonists was carried on an embryonic AIC model at a single
dose of 1% LDs, which might not be optimal for every tested
compound, our data cannot be interpreted as excluding the cardio-
protective effects of RXRA agonists with lower priority in this study
such as ATRA and 9-cis RA.

Cautions also must be taken considering the limitations associ-
ated with adult zebrafish as an animal model. For example, unlike
mouse genetics, transgenic fish with cardiomyocyte-specific over-
expression of rxraa did not show any noticeable cardiac phenotypes
up to 1 year old. One potential explanation could be that the strong
regenerative capacity of the zebrafish cardiomyocytes rendered them
more resilient to biomechanical stresses. To test the conservation,
here, we acquired some evidence from the GWAS analysis of RXRA
in patients with AIC and the conserved tight junction-related mech-
anism in cultured HCAECs. Further validation in rodents and/or
large mammals is needed before testing RXRA-based therapies, such
as repurposing FDA-approved RXRA agonists, for clinical uses.

In summary, our data demonstrate adult zebrafish as an efficient
in vivo model for deciphering underlying mechanisms for a new AIC
gene. Our approach can be simply extended to any AIC genes that
emerge from either the zebrafish forward genetic screen or human
genetic studies. Inferred from our pilot screening, it is estimated that
~200 zebrafish genetic modifiers for AIC exist across the genome
(13). Like GBT0419, some of these modifying mutants might exert
salutary effects and shall be pursued as new candidate therapeutic
targets. Priority shall be given to genes, such as RXRA, with supporting
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human genetic data. We also anticipate that the zebrafish-based
forward genetic screening efforts can be extrapolated to other types
of cardiomyopathies, which shall substantially facilitate the devel-
opment of gene- and mechanism-based therapeutic strategies.

MATERIALS AND METHODS

Zebrafish husbandry

Adult zebrafish were maintained under a light-dark cycle (14 hours
of light and 10 hours of darkness) at 28.5°C. Zebrafish embryos were
maintained in a 10-mm petri dish with E3 water at 28.5°C up to 7 dpf.
All animal experiments were approved by the Mayo Clinic College
of Medicine Institutional Animal Care and Use Committee (protocol
A00002783-17).

Generation of the rxraa®”*> mutant
TALENS targeting exon 2 of rxraa were designed with ZiFiT (http://
zifit.partners.org/ZiFiT/ChoiceMenu.aspx). The N-terminal TALEN-
binding sequence was 5’'-tcagagaggacgagcaga-3’, and the C-terminal
TALEN-binding sequence was 5'-cggaatgtgtgctcttca-3'. Both TALENSs
were constructed by using the Golden Gate kit. Capped mRNAs were
synthesized by using the mMESSAGE mMachine T3 kit (Ambion).
TALEN mRNAs (15 pg to 1 ng) were injected into wild-type embryos
at the one-cell stage. Founder fish with desired genomic lesion were
identified by genotyping (forward primer, 5'-tccatagggttcctgaagc-3';
reverse primer, 5’-tctgaatatgcacgttacctg-3’). The amplified PCR prod-
ucts were digested with restriction enzyme HypCH4IV. The precise
genomic lesion was then determined by Sanger sequencing. After
the mutants were generated and sequenced, the founders were out-
crossed to WIK fish for >5 generations to eliminate any potential
background mutations.

Generation of the Tg(Bactin2:loxP-mCherry-stop-loxP-rxraa-
EGFP) transgenic line

The transgenic line was generated using the Tol2/Gateway system.
The loxP-mCherry-stop-loxP fragment was amplified from the Hot-Cre
plasmid (Addgene plasmid no. 24334) and inserted into Kpn I/Eco
RI sites of the pENTRI1a vector from the Tol2Kit. Full-length rxraa
complementary DNA (¢cDNA) (ENSDART00000141380.3) was am-
plified from adult fish heart cDNA pool using forward primer 5'-ata
geggecgeatggaaaccaaacctttctt-3” and reverse primer 5'-gcggatat-
cttgtcatttggtgtggagettct-3'. A clone with the correct sequence of the
full-length rxraa was confirmed by Sanger sequencing, and the gene
was then cloned into the pENTRI1-loxP-mCherry-stop-loxP vector.
To generate the final construct, p5E-bactin2, pENTRI-loxP-mCherry-
stop-loxP-rxraa, p3E-EGFP-polyA, and pDestTol2pA were combined
together with the Gateway LR clonase II plus enzyme (Thermo Fisher
Scientific). The final construct was confirmed by gel electrophoresis.
Fifty to 100 ng of the final construct, together with 100 ng of trans-
posase mRNA, was then injected into WIK embryos at the one-cell
stage. Founder fish (FO) were identified on the basis of mCherry flu-
orescence. Transgenic fish used for experiments were from F2 and F3
generations.

Conditional expressional system

Tg(HSP70:EGFP-Cre), Tg(kdrl:CreER)™3, Tg(cmlc2:CreER)P™°, and
Tg(tcf21:CreER) 42 \were used in the current study. To activate the
heat shock promoter, double-transgenic fish were incubated at 37°C
for 1 hour at 1 dpf. The EGFP reporter integrated in Tg(HSP70:EGFP-Cre)
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can transiently emit fluorescence about 2 to 6 hours after incubation,
and the signal dissipates within the next 48 hours. To activate a tissue-
specific promoter, embryos from double-transgenic fish were incu-
bated in 10 uM 4HT (Sigma-Aldrich) from 0 to 6 dpf for Cre-loxP
recombination. E3 water containing 4HT was refreshed every 24 hours.
For subsequent experiments on the adult stage, embryos with effective
recombination were selected on the basis of eye and body fluorescence
(assessed using a Zeiss microscope) by 6 dpf. Only recombinant-
positive embryos were raised and used in the subsequent experiments.

Compound treatment in zebrafish

For DEAB treatment, compounds were dissolved in dimethyl sulf-
oxide (DMSO) to create a stock solution. Adult zebrafish were incu-
bated overnight (about 12 hours) in 500 ml of system water containing
DEAB in a 1-liter mini tank. We tested DEAB at various concentra-
tions (250, 100, 50, 25, and 2.5 uM) and determined that the maxi-
mum concentration that did not result in fish death after an overnight
incubation was 25 uM. Adult fish were incubated in 25 uM DEAB for
12 hours per day for 2 months. Fresh DEAB water was used daily, and
the density of fish was maintained at <5 fish/500 ml.

For treatment of RXRA agonists at embryonic stages, embryos were
incubated in E3 water containing compounds at the desired concen-
trations. 1-Phenyl-2-thiourea (PTU) was used to remove pigmenta-
tion. For administration of RXRA agonists to adult fish, bexarotene
and isotretinoin were delivered via oral gavage at the desired dose
(table S2B) on a daily basis.

Adult and embryonic AIC model

For adult zebrafish, DOX was delivered via intraperitoneal injection
(20 mg/kg), as previously described (12). For embryonic fish, DOX
was delivered from 24 to 72 hpf; DOX was dissolved in E3 water con-
taining 100 uM PTU, and the solution was refreshed every 24 hours.

Quantification of ventricular pump function via an
ex vivo system
We used our recently developed Langendorft-like perfused zebrafish
heart technique (25). Briefly, hearts were isolated from tricaine-
anesthetized fish, cannulated by using 34-gauge ultrathin catheters
through the atrioventricular canal visualized with a stereomicro-
scope Leica M165C (Leica, Germany), paced with an isolated stimu-
lator MyoPacer (IonOptix; ~15 V, 10 ms, 2 Hz), and perfused using
a peristaltic pump EP-1 Econo Pump (Bio-Rad). Images were ac-
quired by using a complementary metal-oxide semiconductor camera
(MU1403; AmScope; 66 frames/s). All experiments were conducted
at room temperature.

End-diastolic volume (EDV) and end-systolic volume (ESV) were
calculated with the area-length formula

V= 2/3AAL X LAL

where Ay is the area of the base of the ventricle in transverse pro-
jection and Ly is the long length of the ventricle in longitudinal
projection. To get two perpendicular projections of the ventricle
images, we used a 45° angle aluminum mirror (Thorlabs). The
images were analyzed using the Image] software [National Institutes
of Health (NIH)]; three cardiac cycles were analyzed to obtain aver-
aged EDV and ESV values. EF was calculated as follows

EF=1-ESV/EDV
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Quantification of heart pump function via a high-frequency
echo system

High-frequency echocardiography was leveraged when quantifica-
tion of pump function needed to be conducted at multiple time points
on the same adult zebrafish heart (Figs. 3 and 5). All ultrasound movies
were documented with a Vevo 3100 high-frequency imaging system
(FUJIFILM VisualSonics Inc., Toronto, Canada) equipped with a
50-MHz linear array transducer (MX700). Acoustic gel (Aquasonic
100, Parker Laboratories Inc.) was applied over the surface of the
transducer to provide adequate coupling with the tissue interface.
Zebrafish were anesthetized with tricaine (0.16 mg/ml), placed ven-
tral side up, and held in place with a soft-sponge stage. The MX700
transducer was positioned above the zebrafish to provide a sagittal
imaging plane of the heart. B-mode images were acquired with an
imaging field of view of 9.00 mm in the axial direction and 5.73 mm
in the lateral direction, a frame rate of 123 Hz, with medium per-
sistence and a transmit focus at the center of the heart. Images were
quantified with the Vevo LAB workstation. Data were acquired and
processed as previously described (45). Ventricular chamber dimen-
sions were measured from B-mode images using the following two
indices: fractional shortening = (EDD — ESD)/EDD; fractional area
change = (EDA - ESA)/EDA. EDD and ESD were the perpendicular
distances from the ventricular apex to the ventricular basal line at the
end-diastolic and end-systolic stages, respectively; EDA and ESA were
defined as the areas of the ventricular chamber at the end-diastolic
and end-systolic stages, respectively. For each index, measurements
were obtained during three to five independent cardiac cycles per fish
to determine average values.

Swimming tunnel assay

A swimming challenge was conducted on adult zebrafish using a
swim tunnel respirometer (Mini Swim 170, Loligo Systems, Tjele,
Denmark), with a protocol that was previously reported. Uit was
defined as the maximum water speed that fish were able to swim
against while maintaining their position. Fish were fasted for 24 hours
for synchronization before the test. Five to 10 fish were loaded into
the swim tunnel and acclimated in a lower speed of 9 cm/s (200 rpm)
of flowing water for 20 min. Water speed was then increased in steps
of 8.66 cm/s (100 rpm) (Uj;) at 150-s intervals (Tj) until all fish were
exhausted and failed to resume swimming from a downstream screen.
The highest water speed (U;) against which fish were able to com-
plete the 150-s swim test and the swimming duration time (T;) in
the next 150-s period were recorded for each fish. U,y was calculated
with the following formula

Uerie= Ui + Uy x (Ti/ Tyy)
and normalized to fish body length for intergroup comparisons.

Preparation of single-cell suspension from adult tissues

and fluorescence-activated cell sorting

Five to 10 adult fish ventricles were dissected and cut into pieces with
surgical scissors. Tissues were then transferred into a 1.5-ml tube
containing 1 ml of HBSS buffer with collagenase/dispase (5 mg/ml;
Roche) and collagenase 2 (5 mg/ml; Worthington) and put on a
shaker at room temperature for 60 to 75 min. Samples were gently
mixed by pipetting every 15 min. Ice-cold HBSS with 10% fetal
bovine serum was used to wash the samples twice, and ACK buffer
[0.15 M NH4Cl, 1 mM KHCOs3, and 0.1 mM Na,EDTA (pH 7.2)]
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was used to remove blood cells. All samples went through a 70-um
sterile cell strainer. Propidium iodide (1 ug/ml) was used to stain for
dead cells. After PI staining, cells were acquired through an 11-col-
or Attune NxT system (Life Technologies). Data were then analyzed
by Flow]Jo software (Tree Star).

HCAEC culture

Primary HCAECs were purchased from the American Type Culture
Collection (PCS-100-020) and cultured in vascular cell base medium
(PCS-100-030) containing an endothelial cell growth kit (PCS-100-
041) at 37°C. HCAEC: at the fourth or fifth passage were used for
DOX treatment. Culture medium containing DOX and isotretinoin
or bexarotene was added together. All cells were harvested at 12 or
24 hours after DOX treatment.

For permeability assay, HCAECs were seeded at 1.5-fold of the
confluent concentration on a ThinCert 0.4-um translucent insert
(Greiner) placed on a 24-well plate and grew for 48 hours. Cells were
treated with DOX and RXRA agonists for another 24 hours. Medium
in both the insert and outer wells were refreshed, and FITC (1 pg/ul)
(4 kDa; Sigma-Aldrich) was added to the insert for 30-min incuba-
tion. Two hundred microliters of medium from the outer well was
then used to quantify the FITC concentration using a microplate
reader (Bio-Rad) at 490 nm.

Real-time quantitative PCR

For fish embryo studies, 20 embryos were pooled for RNA extraction.
For adult fish studies, three freshly dissected tissues were pooled for
RNA extraction. For primary cell culture, cells in a 60-mm plate were
harvested as a single biological replicate. RNA was extracted using
TRIzol (Bio-Rad) following the manufacturer’s instructions. cDNA
was synthesized by using Superscript III First-Strand Synthesis Sys-
tem (Invitrogen) and 100 to 500 ng of RNA. Real-time reverse tran-
scription PCR assays were performed in 96-well optical plates (Thermo
Fisher Scientific) using an Applied Biosystems VAii 7 System (Thermo
Fisher Scientific). Levels of gene expression were normalized to either
glyceraldehyde 3-phosphate dehydrogenase (gapdh) or actin beta 2
(actb2). The data presented with heat map were generated using
heatmap.2 function implanted in gplots package with R statistical
software. Sequences for all PCR primers used in this study are avail-
able upon request.

Waestern blotting

Zebrafish embryos at 5 dpf or freshly dissected adult ventricular tis-
sues were collected in 1.5-ml safe-lock tubes (Eppendorf) and me-
chanically homogenized (Blender tissue homogenizer; Next Advance
Inc.) in radioimmunoprecipitation assay lysis buffer (Sigma-Aldrich)
containing proteinase inhibitor, 1 mM phenylmethylsulfonyl fluo-
ride, and stainless steel beads. Standard protocols of Western blotting
were followed. For each sample, >20 ug of total protein was loaded on
an SDS polyacrylamide gel. The following primary antibodies were
used: anti-EGFP (1:2000) (Santa Cruz Biotechnology), anti-mCherry
(1:1000; Novus Biologicals), anti-ZO-1 (1:1000; Invitrogen), and anti-
cleaved caspase-3 (1:1000; Cell Signaling Technology). Anti-actin
(1:2000) (Sigma-Aldrich) and anti-GAPDH (1:2000; Santa Cruz Bio-
technology) were used as an internal control.

Immunofluorescence
Embryonic hearts were dissected by following a published protocol.
Dissected embryonic hearts were fixed in 4% paraformaldehyde
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before imaging. Adult cardiac tissues were freshly dissected and
placed in molds with frozen section medium on dry ice. Frozen samples
were transferred to —80°C overnight and subsequently sliced into
10-pum sections with a cryostat (Leica CM3050S). For endogenous
mRFP, EGFP, and mCherry, images were obtained within 24 hours
after dissection of embryonic and adult hearts. For immunostaining,
sections of adult cardiac tissues were fixed in 4% paraformaldehyde and
then subject to a standard protocol. Primary antibodies against Mef2
(1:200; Santa Cruz Biotechnology) and actinin (1:100; Sigma-Aldrich)
were used. Quantification of the disarray of sarcomeres in Fig. 2H
was conducted with Image]J software (NIH). Intact Z-disc structures
were counted from six randomly selected myofilaments for sections
of each heart and were normalized by distance. To quantify apop-
totic cells, TUNEL (terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling) staining was conducted
using an In Situ Cell Death Detection kit (Roche) following the
manufacturer’s instructions. All images were captured using a Zeiss
Axioplan II microscope equipped with ApoTome.2 or a Zeiss con-
focal microsope, installed with ZEN software (Carl Zeiss).

Statistics

No sample sizes were calculated before performing the experiments,
and no animals were excluded for analyses. Wild-type sibling zebrafish
were used as a control for mutants or transgenic lines whenever pos-
sible. For homozygote mutant lines, age-matched wild-type zebrafish
were used as controls. For survival analysis, experiments on >3 inde-
pendent groups of fish were conducted. Log-rank tests were used to
compare combined data from all experimental replicates. For dot
plot graphs, values are displayed as means + SD or means + SEM. Un-
paired two-tailed Student’s ¢ test was used to compare two groups;
one-way analysis of variance (ANOVA) (or Kruskal-Wallis) test, fol-
lowed by Tukey’s post hoc test, was used for comparing three and
more groups, and normality of the data was confirmed (or confirmed
to be not). P values less than 0.05 were considered statistically signif-
icant. All statistical analyses were conducted with JMP 10 (SAS Insti-
tute Inc.) and Prism 6 (GraphPad) software.
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