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Doxorubicin is a commonly used anticancer agent that can cause
debilitating and irreversible cardiac injury. The initiating mecha-
nisms contributing to this side effect remain unknown, and current
preventative strategies offer only modest protection. Using stem-
cell-derived cardiomyocytes from patients receiving doxorubicin,
we probed the transcriptomic landscape of solute carriers and
identified organic cation transporter 3 (OCT3) (SLC22A3) as a crit-
ical transporter regulating the cardiac accumulation of doxorubi-
cin. Functional validation studies in heterologous overexpression
models confirmed that doxorubicin is transported into cardiomyo-
cytes by OCT3 and that deficiency of OCT3 protected mice from
acute and chronic doxorubicin-related changes in cardiovascular
function and genetic pathways associated with cardiac damage.
To provide proof-of-principle and demonstrate translational rele-
vance of this transport mechanism, we identified several pharma-
cological inhibitors of OCT3, including nilotinib, and found that
pharmacological targeting of OCT3 can also preserve cardiovascu-
lar function following treatment with doxorubicin without affect-
ing its plasma levels or antitumor effects in multiple models of
leukemia and breast cancer. Finally, we identified a previously un-
recognized, OCT3-dependent pathway of doxorubicin-induced car-
diotoxicity that results in a downstream signaling cascade involving
the calcium-binding proteins S100A8 and S100A9. These collective
findings not only shed light on the etiology of doxorubicin-induced
cardiotoxicity, but also are of potential translational relevance and
provide a rationale for the implementation of a targeted interven-
tion strategy to prevent this debilitating side effect.
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he anthracycline doxorubicin is commonly used in many

regimens for the treatment of solid tumors and hematologi-
cal malignancies (1, 2). The clinical utility of doxorubicin is limited
by the onset of dose-dependent and irreversible cardiac injury
that predisposes patients to an increased risk for congestive heart
failure (1-3). The apparent lack of inherent regenerative ca-
pacity in the heart (4) increases cardiovascular-related mortality
and is particularly evident in adolescent and young adult cancer
survivors receiving doxorubicin. Moreover, symptomatic cardiac
failure can occur even up to 20y after the cessation of therapy (5,
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6). The clinical manifestations of the cardiovascular side effects
range from asymptomatic decline in ventricular ejection fraction
to symptomatic cardiomyopathy and congestive heart failure (2).
Due to pleiotropic mechanisms such as oxidative damage, inhi-
bition of topoisomerase II-p, and intracellular calcium dysregu-
lation, which all contribute to cardiomyocyte cell death (7), current
preventative and treatment strategies, such as dexrazoxane, offer
only modest protection in the management of doxorubicin-induced
cardiac injury and only stabilize patients at a lower level of cardiac
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doxorubicin-based treatment.
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function (7, 8). Furthermore, the decision to act on a cardiac
injury marker is hampered by the lack of alternative treatment
options to replace doxorubicin and the recognition that indi-
vidualized reductions in the dose of doxorubicin administered to
patients will negatively affect disease management. Therefore,
the development of novel effective strategies to prevent the oc-
currence of doxorubicin-induced cardiac injury is urgently needed.

We hypothesized that identification of a transporter-mediated
mechanism of cellular uptake of doxorubicin in cardiomyocytes
may shed light on the etiology of cardiac injury and may lead to
the development of novel therapeutic interventions aimed at
targeting this initiating mechanism to limit exposure of the heart
to doxorubicin. Drug transporters are the second largest family
of membrane proteins that regulate a cell’s internal physiology in
the extracellular environment (9). In prior studies evaluating the
transmembrane transport of doxorubicin, it was concluded that
the predominant mechanism of accumulation is associated with
passive diffusion of the unionized drug (10, 11). However, the
saturable uptake process of doxorubicin in cell-based models and
the cationic properties of doxorubicin at physiological pH sup-
port instead the existence of one or more, currently unknown,
carrier-mediated mechanisms (12, 13). Various metabolizing en-
zymes and ATP-dependent efflux transporters have been identi-
fied that contribute to doxorubicin-induced cardiac toxicity (14),
and certain cationic-type uptake transporters are now recognized
as essential carriers in the heart that regulate intracellular levels
of cardiac hormones (e.g., catecholamines) and pharmacological
response to cardiovascular drugs (15-21). However, direct evi-
dence supporting a role of transporters in the uptake of doxo-
rubicin and subsequent cellular injury in cardiomyocytes remains
unknown (22).

We set out to remedy this knowledge deficit by probing the
transcriptomic landscape of solute carriers (SLCs) using car-
diomyocytes derived from human induced pluripotent stem-
cell-derived cardiomyocytes (hiPSC-CMs) of pediatric cancer
patients receiving doxorubicin that either did or did not experi-
ence cardiotoxicity, based on the hypothesis that differential gene
expression between these two groups will allow the identification
of SLCs capable of transporting doxorubicin in a manner that
would influence susceptibility to injury (23). This analysis resul-
ted in the identification of the organic cation transporter 3
(OCT3) (SLC22A43) as a previously unrecognized uptake trans-
porter of doxorubicin in cardiomyocytes that can be targeted
genetically and pharmacologically in order to afford cardio
protection without negatively influencing the antitumor properties
of doxorubicin.

Results

SLC Transportome in Cardiomyocytes of Pediatric Cancer Patients.
We hypothesized that doxorubicin-induced cardiac injury and its
associated pathophysiology is dependent on a carrier-mediated
mechanism of doxorubicin entry into cardiomyocytes. In order to
comprehensively evaluate the expression of SLC genes in car-
diomyocytes, we utilized hiPSC-CMs due to their unique ability
to recapitulate patient-specific expression signatures in vivo (23).
We first performed transcriptomic sequencing to evaluate the
landscape of SLCs in hiPSC-CMs from pediatric cancer patients
receiving doxorubicin who did or did not experience clinically
annotated cardiotoxicity (Fig. 14 and SI Appendix, Tables S1 and
S2 and Fig. S14). Further investigation indicated that several
SLCs are differentially expressed (more than a two-fold change)
in hiPSC-CMs of patients who experienced cardiotoxicity. In
particular, we found that expression of the cationic transporters
OCT1 (SLC22A41), OCT3 (SLC22A43), OCTNI1 (SLC22A44), and
OCT6 (SLC22A416) was substantially up-regulated in patients
experiencing cardiotoxicity (Fig. 1B). The transcriptomic land-
scape from control hiPSC-CMs derived from healthy volunteers
recapitulated the expression levels across structurally similar and
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diverse subfamilies of SLCs, compared to adult heart tissue
samples (SI Appendix, Fig. S1B), and we found that the observed
gene expression changes are not causally dependent on exposure
to doxorubicin (SI Appendix, Fig. S1C). These findings are in line
with the notion that the baseline expression of certain SLCs
could influence susceptibility to doxorubicin-induced cardiac
injury and are consistent with published reports confirming the
high expression of several of the identified cationic-type trans-
porters in the heart (3, 16, 18, 21, 24, 25).

Identification of OCT3 as a Cardiomyocyte Transporter of Doxorubicin.
To investigate whether any of the identified transporters contrib-
ute to the accumulation of doxorubicin, we utilized mice with a
genetic deficiency of OCT1/OCT2 (SLC22A41/SLC22A42), OCT3
(SLC22A43), OCTN1 (SLC22A440), or the functionally related
transporter MATE1 (SLC47A1). This approach was based on
the expectation that the lack of one or more of these transporters
would lead to the diminished levels of doxorubicin in the heart.
Preliminary studies using RNA sequencing revealed that the
relative expression of these transporters in heart tissues of wild-
type mice resembled levels observed in human adult heart tissues
and hiPSC-CMs, with the exception of OCT2 and OCT6 being
undetectable in mice (SI Appendix, Table S3). An initial analysis
demonstrated that the in vivo uptake of doxorubicin was signif-
icantly diminished only in heart tissues of OCT3-deficient mice
(Fig. 1C and SI Appendix, Fig. S24). Furthermore, the deficiency
of OCT3 was associated with reduced doxorubicin levels in pri-
mary murine cardiomyocytes ex vivo (Fig. 1D). This observation
is consistent with recent reports showing reduced cardiac levels
of other cationic substrates, such as tetraethylammonium,
dehydrocorydaline, and metformin, using the same OCT3
knockout mouse model (18, 26-28). To provide further support
for OCT3 being a carrier of doxorubicin in the heart, we verified
the high expression of this SLC in hiPSC-CMs (SI Appendix, Fig.
S1 B and C) and demonstrated that doxorubicin preferentially
accumulates in and is cytotoxic against cells engineered to
overexpress either the mouse or human homolog of OCT3
(Fig. 1E and SI Appendix, Fig. S2 B-E).

Targeting OCT3 Attenuates Doxorubicin-Induced Cardiac Injury in
Mice. Since genetic deficiency of OCT3 was associated with di-
minished accumulation in vivo in cardiac tissue and ex vivo in
cardiomyocytes, we hypothesized that the pathophysiology of
doxorubicin-induced cardiac injury would also be dependent on
OCT3-genotype status. To test this hypothesis, we evaluated
cardiac function in wild-type or OCT3-deficient mice using two
independent modalities based on cardiac ultrasound or magnetic
resonance imaging by measuring LVEF as a marker of cardio-
vascular performance after an acute challenge with doxorubicin.
Consistent with our hypothesis, OCT3-deficient mice were sig-
nificantly protected from a reduction in LVEF (Fig. 24 and SI
Appendix, Fig. S34). Representative m-mode and epicardial sur-
face images and measurements of ventricular wall dimensions are
consistent and supportive of the development of cardiomyopathy
that is dependent on OCT3-genotype status (Fig. 2B and SI
Appendix, Fig. S3 B-F). Furthermore, elevated levels of troponin
I, a clinically used serum marker for cardiomyocyte apoptosis,
and up-regulation of signaling transduction pathways associated
with doxorubicin-induced cardiac injury and cardiovascular
remodeling, were markedly attenuated in OCT3-deficient mice
(Fig. 2 C and D). Moreover, protection against cardiac injury was
also observed in OCT3-deficient mice following a chronic chal-
lenge with doxorubicin (SI Appendix, Fig. S4 A-C). We further
confirmed that the observed protection is independent of con-
current compensatory alterations in the expression of transporters
phylogenetically linked to OCT3, other known doxorubicin-related
target genes (e.g., TOP2p, CBR1/3, or ATP-binding cassette trans-
porters), or potentially altered plasma levels of doxorubicin that result

Huang et al.
Targeting OCT3 attenuates doxorubicin-induced cardiac injury

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2020168118/-/DCSupplemental
https://doi.org/10.1073/pnas.2020168118

Downloaded at Palestinian Territory, occupied on December 1, 2021

3. iPSC differentiation 5. RNA-sequencing 7. Ex-vivo cardiomyocytes
4. Patient-specific cardiomyocytes 6. Solute carrier (SLC) genes 8. In vitro overexpression

A | Patients

1. Pediatric cancer patients
treated with doxerubicin

2. Skin biopsy e 9. In vivo cardiac injury
AN f
(1 : ‘ . ,M\ ® I
/ = Toxicity - °
o © F-
No toxicity o NoTox Tox
200+
B sz C
3< o °
0 o -
% » g
g5 L4
oz 32 4004,
Y c 2
2 85
05 Upregulated I
s 2JIMIEBEBE - = 504
E é H Downregulated
(=}
€L STIE ST o
%\ PR ) %'L &> ‘3, %'\ <V (b'b Q‘z' a~ Q,'\ ‘\\ Q:‘ <
00& & F O"‘OG‘ & «Q\ «Q\ & «Q\ _\\bx\ Oc,@v’}od\\:\?’:- &
FFF & o
[8)
KO mice
D 150+ E 5 15" 30"
Q
3 8 =
&% 100]- % 8
i A R or o PR
25 ® ¢
b o
£3 :
=}
%9.5 504 E
< 2
[ &
0 ]
@ x bl
;8 T
\\&@ )

Fig. 1. Identification of a doxorubicin uptake transporter. (A) Initial workflow in identifying a doxorubicin uptake transporter from the SLC transportome of
pediatric cancer patients receiving doxorubicin-based therapy. (B) Differential gene expression of various SLCs after doxorubicin treatment in hiPSCs-CMs
derived from patients who experienced cardiotoxicity and patients who did not experience cardiotoxicity (n = 3 per group) and expressed as a fold change.
Statistical analysis was performed using the gene-level differential expression comparison: *P < 0.05; 0.0003, 0.07, 0.43, and 0.04 for OCTN1, OCT1, OCT6, and
OCT3, respectively. (C) Relative levels of doxorubicin in heart tissues isolated from wild-type or transporter-deficient mice following a single intravenous
injection of doxorubicin at a dose of 5 mg/kg (n = 4 to 6 per group). (D) Ex vivo levels of doxorubicin in cardiomyocytes isolated from wild-type or OCT3-
deficient mice (n = 4 to 6 per group). Data presented represent the mean + SEM and are expressed as a percentage over wild-type (males and females
combined). Statistical analysis was performed using an unpaired two-sided Student'’s t test with Welch's correction: *P < 0.05, compared to wild-type values.
(E) Fluorescent images illustrating time-dependent accumulation of doxorubicin in HEK293 cells engineered to overexpress a vector control (VC) or mouse

OCT3 (MOCT3). (Scale bar: 100 pm.)

from the deletion of OCT3 (Fig. 2 E and F and SI Appendix, Fig.
S5 A-D and Table S4). Since several known endogenous sub-
strates of OCT3 are hormones essential in cardiovascular signal-
ing (e.g., catecholamines), we also confirmed that OCT3-deficient
mice did not have intrinsically abnormal pathological or bio-
chemical changes in the heart or serum at baseline (SI Appendix,
Fig. S6 and Table S5).

Next, we evaluated whether pharmacological targeting of
OCT3 would preserve cardiac function after doxorubicin ad-
ministration in a manner similar to that observed in mice with a
genetic deletion of OCT3. In our previously reported high-
throughput screen of inhibitors against OCTs, tyrosine kinase
inhibitors (TKIs) were identified as a class of agents with potent
transporter-modulatory properties (29). Due to their unique in-
hibitory activity against OCTs, we performed a screen of Food
and Drug Administration (FDA)-approved TKIs and sought to
determine whether these agents are modifiers of transport func-
tion in cells overexpressing OCT?3. This screen revealed that TKIs
also have a differential capacity to inhibit the activity of murine
OCT3, and nilotinib was found to be the most potent inhibitor
(Fig. 34). Pretreatment of cells with nilotinib, a Bcr-Abl inhibitor
used in the treatment of certain leukemias, was found to modulate
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OCT3 activity with submicromolar inhibitory activity (ICsy =
0.87 uM) (SI Appendix, Fig. S7 A-D). Interestingly, even short-
term exposure to nilotinib followed by its removal in a washout
experiment resulted in sustained inhibition of OCT3 for more
than 24 h (SI Appendix, Fig. STE). Furthermore, nilotinib exhibi-
ted similar inhibitory properties against the murine and human
homolog of OCT?3, using the well-characterized xenobiotic sub-
strate of OCT3, metformin (SI Appendix, Fig. S8 A-D). In line
with the supposition that pharmacological targeting of this trans-
porter would preserve cardiac function, we found that nilotinib
significantly diminished the accumulation of doxorubicin in cells
overexpressing mouse OCT3 (Fig. 3B) and in primary murine
cardiomyocytes to levels similar to those observed in cells that
are OCT3-deficient (Fig. 3C).

We next utilized an acute model of doxorubicin-induced car-
diac injury in wild-type or OCT3-deficient mice receiving a single
oral dose of nilotinib 30 min before administration of the anthra-
cycline. This study showed that pharmacological targeting of OCT3
with nilotinib significantly preserved cardiovascular performance
and reduced levels of circulating troponin I without causing con-
current alterations in the plasma levels of doxorubicin (Fig. 3 D-F
and SI Appendix, Table S4). These results are in alignment with a
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Fig. 2. OCT3 deficiency attenuates doxorubicin-induced cardiac injury. (A) Ultrasound evaluation of acute cardiac dysfunction (left ventricular ejection
fraction) at baseline, day 3, or day 7 (n = 6 per group). (B) Representative images from cardiac magnetic resonance imaging or ultrasound (/nsets) illustrating
the ventricular dimensions of the heart. (C) Serum concentrations of cardiac troponin | at day 7 (n = 6 per group). Male wild-type or OCT3-deficient mice
received multiple intraperitoneal injections of doxorubicin at a dose of 3 mg/kg consecutively for 7 d (21 mg/kg cumulatively). Data presented represent the
mean + SEM and are expressed as a percentage change compared to baseline values. (D) Categorizing differentially expressed genes using the criteria >2
Log1oFDR and Log2 fold change of greater and less than positive and negative 2, respectively. Signal transduction pathways were identified using Gene
Ontology and KEGG: Kyoto Encyclopedia of Genes and Genomes annotation and analysis with Metascape. (E) Volcano plot of differentially expressed SLC and
ABC transporter genes, and CYP metabolizing genes in untreated wild-type or OCT3-deficient mice. Positive fold change indicates higher expression in wild-
type mice. Dotted lines indicate a LogoFDR threshold of >2 or Log,FC (fold change) of +2. RNA-sequencing analysis was performed on cardiomyocytes of
naive or doxorubicin-treated wild-type or OCT3-deficient mice (n = 3 per group). (F) Plasma concentration-time profile of doxorubicin in male wild-type or
OCT3-defcient mice following a single intraperitoneal dose of 5 mg/kg (n = 6 per group). Statistical analysis was performed using an unpaired two-sided

Student’s t test with Welch's correction: *P < 0.05, compared to baseline or wild-type values or between treatment groups.

prior study using a rat model of doxorubicin-induced cardiac
injury in which pretreatment with nilotinib was also observed to
afford cardio protection by an unverified mechanism (30).

0CT3-Dependent Gene Changes in Hearts of Doxorubicin-Treated Mice.
Since the targeting of the initial OCT3-dependent entry of doxo-
rubicin in cardiomyocytes is essential for the following pathological
changes associated with cardiac injury, we sought to identify af-
fected transcriptomic signatures that are dependent on OCT3-
genotype status. RNA sequencing of heart tissue from wild-type
mice treated with doxorubicin revealed that the genes encoding
the calcium binding proteins S100A8 and S100A9 genes were
especially highly up-regulated (Fig. 44), and this up-regulation is
dramatically reduced in OCT3-deficient mice (Fig. 4 B and C).
Similarly, genes along the signal transduction axis of RAGE/
TLR4, which are activated by S100A8 and S100A9, were con-
currently dysregulated (Fig. 4 D and E). Since calcium dysregu-
lation is a hallmark of doxorubicin-related cardiac injury, we
validated these observations by the demonstration that SI00A8
or S100A9 protein levels were also up-regulated in an OCT3-
dependent manner (ST Appendix, Fig. S9 A-D) and that genetic
deficiency of S100A8 and S100A9 in mice was associated with
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preserved cardiovascular function and reduced levels of troponin
I following an acute challenge with doxorubicin (Fig. 4 F and G).

OCT3 Inhibition as an Adjunct to Doxorubicin Therapy. Although
combining doxorubicin with an OCT3 inhibitor could potentially
reduce the incidence and severity of cardiac injury, it is impor-
tant to verify that such strategy does not negatively influence the
antitumor properties of doxorubicin. The success of a preven-
tative intervention with an OCT3 inhibitor such as nilotinib
would be dependent on the dosing/scheduling strategy, as well as
the expression status of OCT3 and related cationic transporters
in cancer cells. In order to gain preliminary insights, we evalu-
ated the transcriptional expression profile of OCT3 and other
drug transporters in human tumor specimens and cancer cell
lines, using publicly available sequencing data from The Cancer
Genome Atlas (TCGA) and the National Cancer Institute’s De-
velopmental Therapeutics Program. This revealed that OCT3 is
detected at low levels in leukemias and breast cancer, the primary
indications for doxorubicin (SI Appendix, Fig. S10 A and B). This
suggests that pharmacological targeting of OCT3 can potentially
reduce the incidence of doxorubicin-induced cardiac injury without
negatively influencing antitumor efficacy. In support of this notion,
we found that concentrations of nilotinib similar to the observed
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Fig. 3. Inhibition of OCT3 with nilotinib preserves cardiovascular function.

(A) In vitro identification of nilotinib as a potent inhibitor of mouse OCT3.

Tetraethylammonium (TEA) and decynium-22 were used as positive control substrate or inhibitor, respectively (n = 12 per group). (B) Representative fluo-
rescent images of nilotinib-mediated inhibition of doxorubicin uptake in HEK293 cells overexpressing vector control (VC) or mouse OCT3 (mOCT3). (C) Ex vivo
levels of doxorubicin in cardiomyocytes isolated from male and female wild-type or OCT3-deficient mice (n = 6 per group) in the presence or absence of
nilotinib pretreatment. (D) Ultrasound evaluation of cardiac dysfunction (left ventricular ejection fraction) at baseline, day 3, or day 7 (n = 6 per group). (E)
Serum concentrations of cardiac troponin | at day 7 (n = 3 to 6 per group). Male wild-type or OCT3-deficient mice received multiple intraperitoneal injections
of doxorubicin at a dose of 3 mg/kg consecutively for 7 d (21 mg/kg cumulatively). Mice were pretreated with vehicle (hydroxypropyl methylcellulose) or
nilotinib (15 mg/kg) 30 min before every doxorubicin injection. (F) Plasma concentration-time profile of doxorubicin (5 mg/kg) in male wild-type or OCT3-
deficient mice pretreated for 30 min with vehicle or nilotinib (15 mg/kg) (n = 6 per group). Data presented represent the mean + SEM and are expressed as a
percentage change to control, wild-type, or baseline values. Statistical analysis was performed using an unpaired two-sided Student’s t test with Welch's

correction: *P < 0.05, compared to baseline or wild-type values or between treatment groups.

ICsp for OCTS3 function (~1 uM) did not influence the cytotox-
icity of doxorubicin in a panel of leukemia and breast cancer cell
lines (Fig. 5A and SI Appendix, Fig. S11 A-M) and that the
cellular entry of doxorubicin into these cells occurs in an OCT3-
independent manner that is insensitive to nilotinib (Fig. 5B).

Discussion

In the present study, we identified the organic cation transporter
OCT3 as an important, previously unrecognized contributor to
doxorubicin uptake in cardiomyocytes. In particular, we found
that mice deficient for OCT3 are protected from both acute and
chronic forms of doxorubicin-induced cardiac injury. In addition,
we found that nilotinib, an FDA-approved TKI used in the
treatment of certain leukemias, is a potent modulator of OCT3
activity, and that pretreatment of mice with nilotinib can pre-
serve cardiac function after the administration of doxorubicin.
In the precloning era, the cellular accumulation of doxorubicin
and other cationic anthracyclines such as daunorubicin was widely
believed to be dependent exclusively on a passive diffusion-mediated
mechanism. In the late 1990s, the molecular entities responsible
for the uptake of cationic xenobiotics were finally identified as
the polyspecific, bidirectional, and facilitative diffusional trans-
porters OCT1, OCT2, and OCT3. These transporters have a
relatively broad substrate profile that is at least partially over-
lapping, but their tissue expression profile is diverse such that
OCT3 is generally regarded as a less important contributor to
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uptake of xenobiotic substrates than OCT1 in the liver or OCT2
in the kidney. Due to the dominance of the other OCTSs in these
particular organs of elimination, OCT3 has traditionally received
relatively scant attention (31). More recently, however, reduced
oral bioavailability and attenuated pharmacological response to
certain substrate drugs such as metformin have been detected in
OCT3 knockout mice, and a 3’-untranslated region variant of
OCT3 was found to be associated with reduced metformin re-
sponse in humans, suggesting that OCT3 may significantly con-
tribute to the distribution of certain substrate drugs to OCT3-
expressing tissues (32). Studies involving OCT3 knockout mice
have also highlighted that OCT3 is an important organic cationic
transporter in the heart (26, 28, 33, 34), where it may regulate
the cardiac uptake of xenobiotic substrates. This prior knowledge
is consistent with our current observation that OCT3 is the sole
cationic transporter driving the cardiac uptake of doxorubicin
and its subsequent injury and provides a mechanistic explanation
for the observation that the expression of the OCT3 gene is
particularly highly up-regulated in hiPSC-CMs from pediatric
cancer patients who experienced a clinically annotated car-
diotoxic event after treatment with doxorubicin. In this context, it
is noteworthy that RNA-sequencing analysis revealed an absence
of OCT3 alterations at the transcript level both in hiPSC-CMs
from patients and in the hearts of wild-type mice treated with
doxorubicin. This suggests that doxorubicin-induced cardiac in-
jury in cancer patients may be a direct consequence of inherent
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Fig. 4. RNA sequencing reveals OCT3-dependent transcriptional changes. RNA sequencing of heart apexes isolated from male (A) wild-type or (B) OCT3-
deficient mice treated with a single intraperitoneal dose (15 mg/kg) of doxorubicin (n = 3 per group). Positive fold change indicates higher expression post
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S100A8/A9 knockout mice (n = 4 per group). All data presented represent the mean + SEM. Statistical analysis was performed using an unpaired two-sided
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expression differences in OCT3 at baseline and that genotyping
of OCTS3 status may predict patient susceptibility to cardiac in-
jury. Recently, polymorphic variants in OCT3 have been dem-
onstrated to contribute to the incidence and severity of coronary
artery disease (35-37), while the functional consequence of these
variants has resulted in reduced transport of known OCT3 sub-
strates (38, 39). Therefore, the mechanistic basis in gain- or
loss-of-function activity due to these variants may provide a fu-
ture rationale for clinical genotyping of SLC22A43 status to predict
interindividual variability in cardiac response to doxorubicin. It
should be pointed out that the initial identification of OCT3 as a
putative target of doxorubicin was based on specimens obtained
from a relatively small number of pediatric patients who received
combination chemotherapy and not single-agent doxorubicin.
Additional studies involving larger cohort sizes in various pop-
ulations, including adult patients, are currently ongoing to validate
our observations.

An additional limitation of our study includes the fact that not
all genes related to the transport of doxorubicin were investi-
gated. However, a direct clinically relevant contribution of other
cationic-type carriers identified from our hiPSC-CMs to doxorubicin-
induced cardiac injury is not supported by our current findings. For
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example, a role of OCT1 in doxorubicin-induced cardiac injury is
unlikely based on the observation that its expression in heart
tissue is 10-fold lower than that of OCT3 and also because
OCT3-deficient mice, which express functional OCT1, remain
completely protected from the expected cardiac injury. Likewise,
our RNA-sequencing data demonstrate that OCT6 transcripts
are undetectable in the hearts of mice; however, it is present at
levels that are 100-fold lower in adult human heart samples in
comparison with OCT3. While previous studies have linked poly-
morphic variants in the OCT6 gene to interindividual variability in
measures of systemic exposure to doxorubicin (40, 41), and in vitro
overexpression of OCT6 in leukemic and ovarian cancer cells in-
creased doxorubicin-induced cytotoxicity (42, 43), our current
findings using an OCT6 overexpression model reveal that doxoru-
bicin is not a transported substrate. Collectively, these observations
suggest that OCT6 may contribute to doxorubicin phenotypes other
than those related to cardiac injury. In our studies, we also found
that OCTN1 deficiency was not associated with a protection against
doxorubicin-induced cardiac injury, although this transporter is
known to be highly expressed in murine and human heart tissue
(16, 17) and is highly up-regulated in pediatric cancer patients who
experience cardiotoxicity. While immunoreactivity of OCTN1 has
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Fig. 5. Nilotinib does not influence doxorubicin activity in leukemia or
breast cancer. (A) Cytotoxicity of doxorubicin in leukemia (Left) or breast
cancer cells (Right) in the presence of absence of nilotinib (1 pM). Cytotox-
icity was measured by an MTT assay following continuous 72-h exposure of
doxorubicin (n = 12 per group). A nonlinear regression model was used to
generate a sigmoidal curve and ICso values. (B) Uptake of doxorubicin in
leukemia (Left) or breast cancer cells (Right) in the presence or absence of
nilotinib (1 pM) (n = 6). Uptake data are normalized to protein concentra-
tions. All data presented represent the mean + SEM. Statistical analysis was
performed using a sample Student's t test: *P < 0.05, compared to
doxorubicin alone.

been detected on mitochondria and plasma membrane of cardiac
myocytes, presumably due to a role in the transport of its known
substrates L-carnitine and ergothioneine (15, 44), the apparent
transport of doxorubicin by OCTNI (45) may merely reflect a
mechanism of dysregulation involving mitochondrial activity and/
or regulation of cardiac energy metabolism.

The demonstration that OCT3 plays a pivotal role in a clini-
cally relevant, potentially life-threatening cardiotoxicity warrants
the further exploratory use of specific transport inhibitors in
doxorubicin-containing regimes. Specifically, our findings suggest
that translational interventions targeting this transport mechanism
could be strategically exploited as a preventative strategy and may
offer benefits over alternative, previously proposed approaches
that target one of many pleiotropic signaling pathways that may
also influence apoptotic pathways in tumor cells. The success of
our proposed strategy depends at least in part on optimizing
local exposure to cardiomyocytes by applying the right dose and
schedule of OCT3 inhibitors. Such agents would ideally have
high potency, high specificity, low drug—drug interaction poten-
tial, and favorable pharmaceutical properties. We hypothesized
that the class of TKIs is of particular interest in this context, as
these agents have many of the above features, and several
members of the class are known to potently inhibit drug trans-
porters related to OCT3, such as OCT2 (29, 46). The ultimate
identification of nilotinib as an exquisitely potent inhibitor of
OCT3 is consistent with recent findings indicating that several
TKIs can exert selective and potent inhibitory effects on OCT3.

Huang et al.
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Comparison of the ICsy values for OCT3 inhibition with the
unbound plasma levels of these drugs that can be achieved in
patients suggests that potential clinically significant transport
inhibition might take place by these TKIs that impact the tissue
distribution of drugs that are substrates of OCT3 (47). The
mechanism by which nilotinib affects the function of OCT3 re-
quires further investigation, although the noncompetitive nature
of this effect supports the possibility that it involves the inhibition
of a presently unknown regulatory kinase that phosphorylates
the transporter, as reported previously for effects of TKIs on
OCT2 (29).

The translational potential of using an intervention concept
based on the use of OCT3 inhibitors to prevent cardiac toxicity is
further supported by our observations that the cytotoxicity of
doxorubicin against leukemia or breast cancer cells is not ne-
gated by nilotinib. In addition, the plasma pharmacokinetic
profile of doxorubicin is unaffected by genetic or pharmacolog-
ical inhibition of OCTS3, consistent with the limited contribution
of this transporter to the uptake of substrates in organs of
elimination that would drive alterations in systemic exposure. In
this context, it should be pointed out that, while most side effects
associated with Ber-Abl inhibitors are mild, reversible, and easily
managed, the nilotinib prescribing information carries a black
box warning for QT prolongation, which could hinder the im-
mediate clinical implementation of the proposed intervention. It
is worth noting, however, that the median time from the start of
nilotinib therapy using a conventional chronic regimen (e.g.,
once or twice daily dosing without interruption) to the onset of
an adverse cardiac event is >14 mo (range, 2 to 68 mo) (48).
Since we aim to interrogate the response of healthy tissues and
cancer cells to the nilotinib—-doxorubicin combination following
acute or intermittent exposure to the TKI to restrict access of
doxorubicin to cardiomyocytes, we anticipate that nilotinib will
not be intrinsically toxic in the context of such a strategy. This
would be consistent with recent findings from a phase I clinical
trial in which an intermittent regimen of nilotinib was adminis-
tered as an adjuvant treatment with doxorubicin in patients with
sarcomas and in which no cardiac toxicity was observed (49).
Collectively, this prior clinical experience with nilotinib demon-
strates that targeting OCT3 can be exploited to achieve cardio
protection in cancer patients receiving doxorubicin and provides
a rationale for the future discovery and development of alter-
native OCT3 inhibitors with increased specificity and selectivity
and an improved safety profile.

As a next step toward understanding the molecular mecha-
nisms contributing to the lack of severe doxorubicin-induced
cardiac injury in OCT3-deficient mice, we performed RNA-
sequencing analyses on heart biopsies following doxorubicin
administration in vivo. Transcriptional profiling of key pathway
genes implicated as potential biomarkers of doxorubicin-induced
cardiac injury could clearly distinguish mouse genotype groups
and identify complex gene expression changes and a drug-response
signature in wild-type mice that is largely absent in OCT3-
deficient mice. In particular, we found strong dysregulation of
the calcium-binding proteins SI00A8 and S100A9 that have been
implicated in a wide range of biological responses involved in
inflammation, immune diseases, and chemotherapy resistance to
anticancer drugs (50-52). Although the connection between these
proteins and cardiac injury induced by doxorubicin remains un-
clear, previous studies have suggested that the plasma concen-
trations of S100A8 and S100A9 are also increased in hearts of
doxorubicin-treated diabetic mice (53) and that elevated SI00A8
and S100A9 levels have been implicated as a predictive bio-
marker for individuals with chronic heart failure (54). The bio-
logical importance and contribution of these proteins to doxorubicin-
induced cardiac injury is further substantiated by a prior study where
activation of S100A8 and S100A9 was pivotal for the development of
post ischemic heart failure mediated by RAGE and TLR4 signaling.
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Furthermore, cardiac dysfunction is preserved in doxorubicin-
treated TLR4-deficient mice (55), and our present study dem-
onstrates that the deletion of both of S100A8 and S100A9 also
significantly attenuated cardiac dysfunction. This suggests that
involvement of these genes in cardiomyocytes include a p38
MAPK and NFxB-signaling axis that leads to the release of
proinflammatory cytokines (e.g., IL-6), resulting in a local in-
flammatory response. Interestingly, SI00AS8 and S100A9 are also
secreted proteins that behave in an autocrine manner and lead to
the propagation of this response that is dependent on OCT3.

Collectively, we identified a previously unrecognized pathway
of doxorubicin-induced cardiac toxicity that is initiated by OCT3-
mediated transport and results in a downstream signaling cascade
involving the calcium-binding proteins SI00A8 and S100A9. The
function of OCT3 can be inhibited by nilotinib through a non-
competitive mechanism without antagonizing the anticancer prop-
erties of doxorubicin in multiple translationally relevant models of
leukemia and breast cancer. These findings not only shed light
on the etiology of doxorubicin-induced cardiac toxicity, but also
provide a rationale for the identification of targeted intervention
strategies to prevent this debilitating side effect.

Materials and Methods
See also S/ Appendix, Detailed Materials and Methods.

Patient-Derived iPSC Cardiomyocytes. All pluripotent and reprogramming cell
cultures were maintained accordingly to previously published methodology
(23). The experimental protocol was approved by Northwestern University
Human Institutional Review Board under the protocol STU00204341, and all
subjects provided informed consent/assent. RNA-sequencing analysis was
performed on hiPSC-CMs from six pediatric patients diagnosed with Wilm's
tumor, acute lymphoblastic leukemia, Ewing’s sarcoma, or hepato-carcinoma
(S Appendix, Table S1 and S2). Patients did not receive other chemothera-
peutic agents with a black box warning for potential to cause cardiotoxicity
and the cumulative anthracycline was calculated using the doxorubicin
isotoxic equivalent.
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