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Abstract

Membrane transporters play a pivotal role in maintaining cellular integrity via the
removal of toxic metabolites or entry of essential nutrients. Despite regulating cellular
influx and efflux, tissue-specific expression of transporters contributes to local drug
accumulation and drug-drug interactions (DDIs), and functional alterations in these
transporters can directly influence an individual’s susceptibility to drug-induced toxicity.
Here, we provide an overview of membrane transporters with a role in drug-induced
toxicity and discuss novel strategies to improve therapeutic outcomes. We highlighted the
contribution of membrane transporters in chemotherapy-induced various toxicities
(Chapter 1). We then evaluated in vitro and in vivo functional regulation of organic cation
transporter 1 (OCT1), a most abundant cationic transporter expressed in the liver, and
identified an OCT]1 specific biomarker isobutyryl L-carnitine (IBC) in plasma (Chapter
2). Next, we evaluated the interactions with FDA-approved tyrosine kinase inhibitors
(TKIs) with MATEI transporter, which is highly expressed in the apical membrane of
renal tubular cells, and evaluated the effect of MATEI inhibition on the safety or DDI
liability of oxaliplatin-based chemotherapy (Chapter 3). Finally, we characterized the
transport mechanism of dofetilide, a class III anti-arrhythmic drug. We investigated the in

vitro, ex vivo, and in vivo DDI potential of dofetilide, and the influence of MATEI

il



transporter on dofetilide disposition. In addition, we developed a physiologically-based

pharmacokinetic (PBPK) model to predict transporter-mediated DDIs (Chapter 4).
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Chapter 1. Role of Membrane Transporters in Drug-induced Toxicities

**Disclaimer**
The following chapter contains excerpts from articles published and copyrighted by:
Expert Opinion on Drug Metabolism and Toxicology,' and Basic and Clinical
Pharmacology and Toxicology.*> Permissions obtained from Tylor & Francis, and John

Wiley & Sons, Inc.

1.1 Abstract

Expression and localization of drug transporters contribute to a dynamic interplay
between the maintenance of cellular integrity via the removal of toxic metabolites or
entry of essential nutrients. Moreover, members of the ATP-binding cassette (ABC) and
solute carrier (SLC) superfamilies are recognized as important determinants governing
the therapeutic response of many drugs. Disruption of these sensitive transport systems
through changes in gene expression, genetic variations or drug-drug interactions has the
potential to contribute to chemoresistance, endogenous toxin-mediated diseases,
diminished therapeutic efficacy, and increased sensitivity to drug-induced organ damage.
The following review focuses on specific examples within the SLC subfamily of organic

cation transporters (OCTs), and multidrug and toxin extrusion proteins (MATEs) as



critical determinants of the dose-limiting toxicity profiles associated with

chemotherapeutic agents.

1.2 Introduction

ABC and SLC family members comprise of over 400 genes encoded in the human
genom.>* While the function of these gene families is to regulate the entry of essential
nutrients and the removal of endogenous toxins, the SLC family also contributes to the
cellular and systemic distribution profile of many therapeutic drugs.’”’ Specifically, OCT1
[SLC22A41], OCT2 [SLC22A42], OCT3 [SLC2243], OCTNI [SLC2244], and OCTN2
[SLC2245] are the major organic cation-type transporters encoded by the SLC224
subfamily that facilitate drug accumulation. Due to their expression on the basolateral
membranes of enterocytes, hepatocytes, proximal tubules and other endothelial peripheral
tissues, OCTs play a critical role in the vectorial transport of organic cations.®!!
Independent of Na" and H', OCTs translocate substrates across a biological membrane
driven by membrane potential and the electrochemical gradient of the protonated
molecule.® Additionally, the subfamily of MATEs, including MATE1 [SLC47A41] and
MATE2-K [SLC47A2], mediate the efflux of diverse substrates consisting primarily of
organic cations, but also certain anions and zwitterions, from the liver and kidney.'*!
MATESs have emerged as clinically relevant efflux transporters that work in concert with
OCTs to mediate apical efflux into the bile and urine. Unlike OCTs, the bi-directionality

of MATE transport is dependent on the proton concentration gradient, and driven by

exchange of protons in the bile or urine.'* It is important to note that other members within



this family, including OCTL2 [SLC22414], OCT6 [SLC22A416], OCTN3 [SLC22A421], and
UST6 [SLC22425]'>'¢ as well as members of the ABC family such as MDR1 [ABCBI],
MRP1 [ABCCI1], MRP2 [ABCC2], MRP4 [ABCC4], and BCRP [ABCG2],'"!® are also
capable of governing intracellular levels of organic cations. Since 40% of FDA-approved
therapeutic drugs exist as organic cations under physiological conditions,!® OCTs and

MATESs are recommended for evaluation during drug development by the Food and Drug

Administration (FDA).?

1.3 Organic Cation Transporters

Organic cation transporter 1 (OCT1). OCT1 is the most abundant cationic
uptake transporter expressed in the liver in humans.!! The localization of OCTI is
predominantly expressed on the sinusoidal membrane (blood facing) of hepatocytes, and it

21,22 and xenobiotic

serves as the rate-determining step in the translocation of endogenous
cationic compounds from the systemic circulation into the liver,>* and thus contributes as
an initial step in hepatic metabolism and excretion. In addition to OCT1, efflux transporters
of ABC superfamily of transporters such as MDR1,!” and MATE1'* work in a concerted
manner to assist in the biliary excretion and detoxification of endogenous cationic toxins.
OCT]1 has been implicated in drug-drug interactions, and contributes to pharmacokinetic
and pharmacodynamic variability of substrates in humans.>** OCT]1 is also expressed on
the bronchial epithelial cells,?® endothelial cells of the heart, brain, and enterocytes.®?” In

contrast to the dominant OCT1 expression in human livers, rodents also express Octl on

enterocytes?® and epithelial cells found in the S1 and S2 segments of proximal tubular cells.

3



In the rodent kidney, Octl is redundant with Oct2, and these proteins jointly fulfill a
function that is equivalent to that of OCT2 in humans. Targeted disruption of Octl in
rodents reduced liver accumulation of prototypical transport substrates such as

tetracthylammonium (TEA) and the neurotoxin 1-methyl-4-phenylpyridinium (MPP).?-*

Organic cation transporter 2 (OCT2). Unlike OCT1, OCT2 presents a more
restricted expression pattern. OCT2 is highest on the basolateral membrane (blood facing)
along S2 and S3 segments of proximal tubular cells.!'®?*3% OCT2 plays a key role in
facilitating the translocation of cationic compounds from systemic circulation into renal
proximal tubular cells and working in concert with efflux transporters (e.g., primarily
MATE! and MATE2-K) to mediate excretion of substrates into the urine. Although OCTs
share many overlapping substrates, OCT2 also efficiently transports monoamine
neurotransmitters, as evidenced by moderate expression across different types of neuronal
cells.®?” Due to its high expression in proximal tubular cells, OCT2 has been implicated in
mediating drug-drug interactions and it is therefore recommended for evaluation during

development by the FDA.*

Organic cation transporter 3 (OCT3). In contrast to the wealth of knowledge
accumulated in recent years on OCT1 and OCT?2, relatively little is known about the third
member of the SLC224 family, OCT3. OCT3 exhibits a promiscuous expression pattern in
most major organs and peripheral tissues, with highest expression in the heart, placenta and

skeletal muscles.'®!3? Although OCT3 is generally not considered a significant



contributor to drug-drug interactions, recent studies have highlighted OCT3 as an
important transporter in the heart and cardiovascular disease,** and carriers of polymorphic
variants in OCT3 (rs2048327, rs1810126, rs1810126 and rs3088442) are at reduced risk of
coronary artery disease development.**>® While OCT3 is present in most tissues, the
genetic deletion of Oct3 in mice does not affect viability and fertility, and does not lead to
any overt and/or abnormal pathology.’’” Oct3 deficiency in mice is associated with
diminished accumulation of prototypical substrates such as metformin and MPP in

homogenized hearts.’”-

Organic cation/carnitine transporter 1 and 2 (OCTN1 and OCTN2). In
comparison with OCT1-3, OCTN1 and OCTN2 can transport substrates either dependently
or independently of Na". Driven by a proton gradient, OCTNs can recognize zwitterions
as well as organic cations and even certain anions, and share a high degree of membrane
topology.***® OCTNI1 is the only known transporter of ergothioneine, whereas OCTN2 is
believed to be an essential carnitine transporter. Both OCTN1 and OCTN2 are widely
expressed in human tissues. Localization of OCTNs in proximal tubular cells is restricted
to the apical membrane (urine side),!° where it may function in the reabsorption of
essential cations from the urine. OCTNs are also expressed on the apical membrane of
enterocytes, and OCTN2 is expressed in skeletal muscles, heart, lung and eye, where it
may be involved in regulating L-carnitine uptake and tissue homeostasis.** Genetic
deletion of Octnl provides viable offspring,** whereas Octn2 deletion displays embryonic

lethality without L-carnitine supplementation.*> The clinical relevance of OCTNI- and



OCTN2-mediated drug-drug interactions remains largely unstudied but is likely limited

due to the narrow substrate specificity of these transporters.

Multidrug and extrusion protein 1 and 2-K (MATE1 and MATE2-K). MATE1
and MATE2-K are poly-specific efflux transporters that translocate organic cations, and
certain anions, in a Na' independent and pH-dependent manner.”® MATEI is apically
expressed on the cannicular and brush-border membrane of hepatocytes as well as on
proximal tubular cells, and mediates the efflux of organic cations into the bile and urine,
respectively.*® MATE2-K, a splice variant, is restricted to kidneys in humans and the
redundant expression of this additional antiporter on the luminal membrane of proximal
tubules in humans suggests that MATEs evolutionary adapted to mediate the clearance of
endogenous toxins or xenobiotics.'* The tissue distribution of Mate1 in rodents is generally
consistent with that observed for MATE1 in humans, with the exception of MATE2-K
being absent in the kidney of mice and rats, while Matel is additionally absent in the liver

of rats.'347

1.4 Dose-limiting toxicities associated with chemotherapeutic agents

1.4.1 Nephrotoxicity
Cisplatin is a standard of care drug for the treatment of various malignant solid

tumors in both pediatric and adult populations.* ! The clinical utility of cisplatin is limited

52-54

by the onset of debilitating toxicities, including nephrotoxicity, which can cause severe

renal impairment. Approximately one-third of patients receiving cisplatin develop acute
6



kidney injury (AKI) during the course of treatment, and in severe cases, patients display a
permanent incomplete recovery of renal function despite discontinuation of treatment.
More than 50 percent of the drug is excreted into the urine within the first 24 hours,>>°
and renal cortical concentrations of platinum are orders of magnitude greater than that
observed in the systemic circulation and compared to other organs,”’ suggesting a key
renal-mediated mechanism of accumulation. The pathophysiology of cisplatin-induced
nephrotoxicity involves renal tubular apoptosis and necrosis, particularly in the S3 segment
of proximal tubular cells and of the distal nephron, manifesting clinically as imbalances in
salt and essential nutrients, tubular acidosis and a reduced glomerular filtration rate
(GFR).>¥ %% Although proper hydration of patients and prophylactic treatment with
diuretics can manage the symptoms of nephrotoxicity, the prevalence of this side effect
remains high and greatly diminishes quality of life.**¢!

Renal concentrations of platinum are highest in the S2 and S3 segment of proximal
tubular cells,’>®* highlighting a key cell-specific and transporter-mediated process. In
rodents, the deficiency of both Octl and Oct2 conferred protection against cisplatin-
induced nephrotoxicity ® while the OCT2 808G>T (rs316019) genetic variant in humans
was associated with reduced changes in serum creatinine, a hallmark of acute kidney injury,
after one cycle of cisplatin treatment as compared to baseline and to patients lacking this
variant.®*% Furthermore, sexually dimorphic expression of Oct2 in proximal tubular cells
of male rodents correlated with a greater propensity and susceptibility to cisplatin-mediated

tubular injury compared to female rodents.!®” Cisplatin is also a transported substrate of

MATEIL, and rodent deficiency for Matel was associated with diminished urinary



excretion of total platinum, potentiating nephrotoxicity.*® The pharmacologic targeting of
these transport mechanisms using OCT2 and MATEI! inhibitors protected or exacerbated
nephrotoxicity, respectively.®*’! The translational significance of OCT2-dependent
intervention strategies, in which cisplatin is administered after an OCT2 inhibitor to restrict
access of the chemotherapy into tubular cells, remains somewhat disappointing. This may
be explained by the partial reduction in biomarkers of cisplatin-induced nephrotoxicity
(e.g., serum creatinine and blood urea nitrogen), the use of non-specific OCT2 inhibitors
lacking potency at clinically-achievable concentrations, the incomplete recovery of
pathological damage in the kidneys that occurs despite the OCT2 inhibition,** and/or the
failure of the intervention strategy to modulate uptake mechanisms that mediate cisplatin-
induced AKI in an OCT2-independent manner. Regarding the latter, it should be pointed
out that several reports have suggested the existence of a negatively charged N-
acetylcysteine S-conjugate (NAC-1) derived from cisplatin that can act as an intermediate,
highly reactive nephrotoxic thiol. NAC-1 is generated by cisplatin conjugation with
glutathione and cysteine before accumulation in proximal tubular cells.”” NAC-1 was
recently found to be a transported substrate of the organic anion transporters OAT]I
[SLC22A46] and OAT3 [SLC2248], which are also expressed on the basolateral membrane
of proximal tubules, and can contribute to cisplatin nephrotoxicity independently of Oct2
in a signaling pathway that is upstream of p53.”* However, similar to Oct2-deficient
rodents, genetic deficiency of Oatl and Oat3 or pharmacological inhibition with
probenecid only offers partial reduction in serum markers and pathological damage.”* This

study further demonstrated that concomitant administration of the Ber-Abl tyrosine kinase



inhibitor nilotinib, which can simultaneously inhibit both Oct2-mediated uptake of
cisplatin” and Oatl/Oat3-mediated uptake of NAC-1 through non-competitive
mechanisms, afforded complete protection against cisplatin-induced proximal tubular
injury in vivo.”

Compared to cisplatin, the related drug oxaliplatin lacks significant nephrotoxic
activity, despite being a transported substrate of the rodent Oct2 and Matel, and human
OCT2, MATE1 and MATE2-K.”® While Oct2 transports both platinum agents with similar
kinetics, the extent of total platinum accumulation in the kidney was far greater in cisplatin-
treated animals compared to oxaliplatin.”” The differences observed in the accumulation
and elimination of these platinum agents is potentially related to differences in transport
kinetics for Matel in mice, and MATE1 and MATE2-K in humans,’’ suggesting higher
luminal efflux of oxaliplatin into the urine compared to cisplatin. However, this
explanation of differential tubular secretion rates for cisplatin and oxaliplatin as a driving
discriminatory mechanism for their different nephrotoxic properties is not completely
satisfactory, and is inconsistent with comparative in vivo studies in mice indicating that the
renal excretion of both agents is strongly dependent on Matel. It also largely ignores
intrinsic differences in renal metabolic activation pathways that results in the formation of
potent nephrotoxins in the case of cisplatin but not oxaliplatin, and fails to recognize the
differing contribution of other potentially critical renal ABC efflux transporters in the
process, such as MRP2 and MRP4.

Similar to oxaliplatin, the novel platinum derivative, phenanthriplatin, is a high

affinity substrate for both OCT2 and MATE1/2-K, and it has been argued that these are



kinetically favorable attributes that would be efficacious in the treatment of OCT-
expressing tumors, while efficient MATE-mediated efflux may decrease the renal tubular
residence time and thereby prevent the debilitating toxicity profiles observed in the kidneys
following cisplatin treatment.”® Similar observations have been documented with the
alkylating agent, ifosfamide, which is associated uniquely with nephrotoxic activity and
the development of renal Fanconi syndrome.” Bioactivation of ifosfamide mediated by
OCT?2 transport into proximal tubular cells has been proposed as a differentiating
mechanism between ifosfamide on the one hand and cyclophosphamide’s lack of
nephrotoxic activity on the other.®? Although the nephrotoxic properties of these
chemotherapeutic agents is predominantly attributed to originate with basolateral OCT2-
mediated uptake and subsequent apical MATE1- and MATE2-K-mediated efflux, it should
be pointed out that significant differences in transport kinetics and transporter-mediated
interactions involving MATEs could potentially contribute to lower or higher incidences
of nephrotoxicity in patients, depending on relative interindividual differences in
functional expression of these proteins. While interindividual differences in expression
may predict susceptibility to drug-induced organ damage in tissues with a clear functional
role of uptake transporters, it is important to note that these expression differences also
contribute as mechanisms of chemoresistance in tumor cells. Consistent with this notion,
several studies have demonstrated that the down-regulation of OCT6 in lung and colon
cancer tissues is associated with cellular resistance to cisplatin and oxaliplatin.®"-%? Thus,

intervention strategies aimed at targeting uptake transporters to ameliorate drug-induced
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toxicity must be evaluated for antagonized therapeutic efficacy due to unintended

inhibition of transport mechanisms regulating entry into tumor cells.

1.4.2 Neurotoxicity

In addition to their varying degrees to which cisplatin and oxaliplatin induce AKI,
platinum agents can also cause severe and debilitating, dose-limiting peripheral
neurotoxicity, and this has resulted in extensive preventative efforts as evidenced by the
increasing emergence of large numbers of neuroprotective clinical trials.*> Clinical
manifestation of neurotoxicity occurs immediately after infusion and is characterized by
paresthesia, ataxia, and dysesthesia in the extremities of the body.**35 Within the nervous
system, platinum agents are unable to penetrate the blood-brain barrier, but rather
preferentially accumulate in peripheral sensory neurons present along dorsal root ganglia
(DRG) of the spinal cord.®® In peripheral sensory neurons, induction of nuclear and
mitochondrial DNA damage, disruption of ion channels while glial activation of astrocytes
and microglial cells are mechanisms of pharmacological interest in preventing mechanical
and thermal neuropathic pain.’” At higher cumulative doses, incompletely recovery and
permanent dysfunction of sensory neurons represents a major clinical problem.®

Somewhat unexpectedly, several studies have demonstrated that OCT2 transcripts
are detectable in rodent and human DRG samples, suggesting a carrier-mediated
mechanism of accumulation into these structures.®® Consistently, the genetic deletion of
Oct2 in mice prevented the onset of acute oxaliplatin-induced thermal and mechanical

allodynia, while this phenotypic preservation occurred in the absence of detectable changes
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across structurally similar and putative SLC or ABC transporters of relevance to
oxaliplatin.®® This protection can also be recapitulated in wild-type animals using
pretreatment with dasatinib, a pharmacological SRC-family kinase inhibitor, which
inhibits both mouse and human OCT?2 through a noncompetitive mechanism that regulates
the post-translational modification of OCT2 through tyrosine phosphorylation by the
kinase YES1.% Interestingly, other reports have suggested oxaliplatin is also a transported
substrate of rat Octnl and the use of genetic targeting constructs or pharmacologic
inhibition with ergothioneine, an Octnl-specific substrate, protected rats from chronic
forms of oxaliplatin neurotoxicity.”® > However, due to the reported expression of Octnl
on the mitochondrial membrane and intrinsic antioxidant activity of ergothioneine, the
observed neuroprotection may be independent of a direct contribution to the
transmembrane transport of oxaliplatin into target cells. This hypothesis would be
consistent with data suggesting that ergothioneine can reduce cellular concentrations of
oxaliplatin in Octn1-deficient DRG neurons of mice.** Furthermore, it is unknown whether
ergothioneine competes or exhibit inhibitory activity against putative transporters of
relevance to oxaliplatin in neurons. The discrepant findings reported for the involvement
of transporters involved in oxaliplatin-induced peripheral neurotoxicity in rodents may also
be attributed to differences in transport kinetics or expression between the two species, and
further studies are required to delineate the translational contribution of human OCT?2,

OCTNI1, and other SLC family members to this side effect.
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1.4.3 Ototoxicity
Cisplatin is unique among platinum chemotherapeutics in its ability to frequently

induce severe hearing-loss (ototoxicity), where the incidence ranges from 20 to 80% in
pediatric patients, and this side effect may permanently affect early speech and ultimately
hamper social development.”>** Excessive generation of reactive oxygen species (ROS)
increases in cochlear inflammatory responses and induction of apoptosis mediated by
platinum-DNA adduct formation have been proposed as mechanisms of cisplatin
ototoxicity.”’ However, antioxidant or anti-inflammatory drugs used prophylactically do
not prevent permanent damage, and only offer moderate protection in the management of
cisplatin-induced cochlear injury.”*?* It is possible that the initial accumulation of cisplatin
into the cochlea cells represents a key trigger for the following pathophysiological changes
in cisplatin-induced hearing loss. Indeed, both mouse Oct2 and human OCT?2 are expressed
in the organ of corti and stria vascularis of the cochlea, and genetic deficiency or
pharmacological targeting of Oct2 with cimetidine protected rodents against toxicity.”! A
retrospective and exploratory analysis of 11 SNPs in the human SLC2242 gene identified
a genetic variant, ¢.808G>T; Ser270Ala (rs316019), that conferred significant protection
against cisplatin-induced ototoxicity in a pediatric cohort.”” In vitro insertion of the
808G>T allele into OCT2, located within the transmembrane domain,”® reduced transport
kinetics (e.g., Vm and Ku) of OCT2 substrates (e.g., MPP and dopamine)”® 1% and a
moderate increase in serum creatinine,'®! supporting the notion that the observed human
variant functionally reduces transport affinity of cisplatin and cellular injury. Of note,
pantoprazole, an inhibitor of OCT2,!%? did not ameliorate ototoxicity or nephrotoxicity in

a pediatric cohort of osteosarcoma patients treated with cisplatin.!®® While prediction of
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the applied dosing schedules for pantoprazole-mediated OCT2 inhibition was performed
using pharmacokinetic modeling and simulations, these strategies were not adequately
validated and ultimately lack rationally designed preclinical and clinical studies to
document the local (cochlea or kidney) and systemic (blood) changes in endogenous
substrates of OCT2 as a pharmacodynamic biomarker of OCT2 function. While the
reported intervention study with pantoprazole was negative, caution is warranted against
the conclusion that the proposed OCT2 inhibition concept is intrinsically flawed, and
different results could have been obtained with a more potent inhibitor given at a dose and
schedule known to affect cochlear biomarkers of OCT2 function.

In connection with MATEI function, it is worth pointing out that, in an adult cohort
of patients with head and neck squamous cell carcinoma (HNSCC) receiving cisplatin-
containing therapy, the presence of one or two copies of the SLC47A41 variant (rs2289669)
significantly predisposed patients to cisplatin-induced ototoxicity.!®* However, it is
uncertain whether this variant produces a gain or loss of function phenotype.
Pharmacogenomic analysis of this same variant in patients with type 2 diabetes receiving
metformin indicated a reduced function phenotype, as demonstrated by an increase in
glucose lowering, a marker of pharmacodynamic response to metformin.!'®> On the other
hand, the protective effects observed among HNSCC patients suggested a gain of function
since MATE1-mediated cisplatin efflux and treatment response was unaffected in the
HNSCC cohort.'® The unique bi-directional antiporter characteristics of MATEI,
compared to other SLCs, suggest that the function of this variant may be dependent on

tissue localization and cellular polarity of MATE1-expressing cells.
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1.5 Role of transporters in drug-induced cardiotoxicity

In the pre-cloning era, it was widely believed that the predominant mechanism of
accumulation of small-molecule xenobiotics is by the direct movement of unionized drug
through the phospholipid bilayer (“passive diffusion”).!’1” However, the saturable
cellular uptake of many anticancer drugs in cell-based models and the cationic properties
of many cardiotoxic anticancer drugs, including anthracyclines and TKIs, at
physiological pH support instead the existence of a solute carrier (SLC)-mediated
mechanism.'® Transport proteins in this SLC class are vital to the growth and health of
all living organisms and evolved to ensure the regulated delivery of many substrates, both
endogenous and natural products. Indeed, many SLCs are now known to provide
essential roles involved in various physiological processes that depend on the uptake of
amino acids, neurotransmitters, organic cations and anions, and vitamins. SLCs can also
mediate the uptake of certain xenobiotics that structurally resemble essential nutrients by
hitchhiking on the same transporters,'? thereby playing an unintended role in response to
such therapeutics. The localization of SLCs varies depending on their specific
subfamilies, thus resulting in functional differences in transport properties.'® The SLC
superfamily includes over 400 genes in the human genome, and is currently organized
into 57 families that are highly diverse in structure, function, and localization.''® SLCs
regulate the movement of substrates across the membrane by the use of predominantly
facilitative transport or secondary active transport. Because of this, SLC transporters

depend on an electrochemical gradient to expedite the drive of substrate compounds
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through cell membranes or ion gradients created by ATP-pumps in order to facilitate
molecules against the concentration gradient.!!”

While the SLC superfamily is composed of transporters that are mainly involved
in the influx of molecules into a cell, transporters of the ATP-binding cassette (ABC)
superfamily consist primarily of transporters that are involved in the efflux molecules out
of a cell. The human genome contains 49 ABC genes that are divided into seven
subfamilies based on the amino acid sequences, and the gene products are widely
expressed in multiple organs of relevance to the absorption and disposition of drugs,
including the liver, kidney, intestine, blood-brain barrier, blood-testis barrier, and
placenta.!'® Examples of ABC transporters that are expressed at high levels in
cardiomyocytes and cardiac capillary endothelial cells of the mammalian heart include
ABCBI1 (P-glycoprotein; P-gp) and ABCG2 (BCRP), which also contribute to the

resistance of cancer cells to many chemotherapeutic drugs.!!!

1.5.1 Cardiac expression of xenobiotic transporters

Several studies have confirmed the expression of certain SLCs in cardiomyocytes
that are known to transport a broad range of clinically-relevant xenobiotics.!!"!1?
Although still largely unexplored, one strategy that could potentially offer
cardioprotection is to intentionally inhibit this transport process with pharmaceuticals in
order to restrict access of cardiotoxic drugs to the site of injury, and thereby prevent or

diminish downstream pathways that result in clinical manifestations of cardiotoxicity

(Figure 1). Among the class of SLCs, the importance of organic cation transporters
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(OCTs) as mediators of cardiomyocyte uptake transporters has been reasonably well
established, and this collective work has demonstrated particularly high cardiac
expression of the carnitine transporter OCTN2,!!3 as well as (in decreasing order) the
related transporters OCT3, OCTN1, OCT1, and MATE1.'!* It is worth pointing out that
MATEI acts as an efflux transporter in cardiomyocytes.!!> The role of organic anion
transporting polypeptides (OATPs) in drug transport has historically focused mainly on
the liver as a key organ of elimination that expresses high levels of OATP1B1 and
OATP1B3, although recent studies have indicated that some of the related, but more
broadly expressed transporters in this class, such as OATP2B1, OATP3A1, and
OATP4AL, are also detectable in the mammalian heart. In contrast to SLCs, ABC
transporters use energy from ATP hydrolysis and several members of this family are

expressed in the heart.

1.5.2 Pharmacological role of xenobiotic transporters in cardiomyocytes

In the late 1990s, the molecular entities responsible for the uptake transport of
cationic xenobiotics were identified as the polyspecific transporters OCT1, OCT2, and
OCTS3. These transporters have a relatively broad substrate profile that is at least partially
overlapping, but their tissue expression profile is diverse such that OCT1 is primarily
expressed in the liver and OCT?2 in the kidney, while OCT3 is generally regarded as a
less important contributor to the disposition of xenobiotic substrates. Due to the
dominance of OCT1 and OCT?2 in organs of elimination, OCT3 has traditionally received

relatively scant attention. More recently, however, reduced oral bioavailability and
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attenuated pharmacological response to certain substrate drugs such as metformin have
been detected in OCT3-deficient mice, suggesting that OCT3 may significantly
contribute to the distribution of certain substrate drugs to OCT3-expressing tissues.''®
Indeed, studies involving OCT3-deficient mice have highlighted that OCT3 is an
important transporter in the heart,''® where it regulates the cardiac uptake of xenobiotic
substrates, including tetraethylammonium, dehydrocorydaline, and metformin!!*!16-117,
Using the same mouse model, it was recently reported that the ability of doxorubicin to
accumulate in the heart is dependent on Oct3 and that pharmacological inhibition of
OCT3 by concomitant administration of nilotinib, a Bcr-Abl tyrosine kinase inhibitor,
prevented doxorubicin-induced cardiac injury without affecting its antitumor efficacy.!!®
Gene expression analyses have revealed the absence of OCT3 alterations at the transcript
level in cardiac samples obtained from both patients and mice treated with doxorubicin.
This suggests that doxorubicin-induced cardiac injury in cancer patients may be a direct
consequence of inherent expression differences in OCT3 at baseline and provides
justification for genotyping of OCT3 status in order to predict a patient’s susceptibility to
cardiac injury. Such strategy is supported by the recent demonstration that certain
polymorphic variants in the OCT3 gene (SLC22A43) contribute to the incidence and
severity of coronary artery disease,'!” and that these variants are associated with reduced
transport function.'?® In this context, it is worth noting that OCT3 functions as an
efficient transporter of several other cardiotoxic anticancer drugs, including cisplatin,
oxaliplatin, melphalan, and vincristine, and that known OCT2 substrates, such as

erlotinib, ibrutinib, ifosfamide, mitoxantrone, and vandetanib'?! are possibly also
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transported by OCT3, given the overlapping substrate specificity of these two
transporters. These prior observations provide support for the possibility that the
cardiotoxic potential of some or all of these agents is similarly dependent on OCT3, and
this warrants further investigation.

Although the cardiac effects of HMG-CoA inhibitors (statins) remain subject to
controversial discussion, the mechanism of their uptake into the human heart has been
investigated in recent years, and this work may shed light on transport mechanisms of
certain cardiotoxic anticancer drugs. These studies have demonstrated that OATP2BI1 is a
high-affinity uptake transporter for some, but not all, statins that is expressed in the
vascular endothelium of the human heart,'?? suggesting an involvement in the cardiac
uptake of substrate drugs. Although the interaction of OATP2B1 with anticancer drugs
has not been extensively explored, some transported substrates have been identified,
including erlotinib,!?* and this knowledge provides a potentially fruitful avenue for future
investigation. Since OATP2B1 has only a single mouse ortholog with high sequence
homology and a similar tissue expression profile compared with the human transporter, '
the use of recently developed single-gene knockout models can provide particularly
useful and translationally-relevant information regarding the biological role of this
transporter in the heart in response to a challenge with anticancer drugs.'?

In contrast to OATP2B1, the contribution of the liver-specific transporters
OATPI1BI and OATPI1B3 to the hepatic transport and elimination of anticancer drugs has
been extensively evaluated, both in vitro and in vivo. This work has revealed that hepatic

OATP transporters can affect the pharmacokinetic properties of a remarkably broad range
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of substrates that include charged organic anions (e.g., methotrexate), charged organic
cations (e.g., imatinib), polar zwitterions (e.g., fexofenadine), and uncharged
hydrophobic agents (e.g., taxanes). Although OATP1B1 and OATP1B3 are not expressed
in the heart, it has been argued that deficiency of these transporters in the liver results in
impaired elimination, and that this process may result in an altered distribution to tissues
such as the heart. Evaluating this hypothesis for doxorubicin, investigators observed that
the absence of OATP1B-type transporters in mice resulted in modestly reduced heart-to-
plasma concentration ratios but without markedly altered doxorubicin levels in the
heart.'?® Although these findings suggest at best a minor role of hepatic OATPs proteins
in the cardiac disposition of doxorubicin, this conclusion should not be extrapolated to
other substrates that are potentially more susceptible to modulation of this elimination
pathway.

As outlined previously, ABC transporters such as ABCB1 (P-gp), ABCCl1
(MRPI), and ABCG2 (BCRP) generally act to extrude drugs or toxic xenobiotic
compounds from cells or tissues, and several of these, in particular ABCBI, have been
specifically studied in relation to cardiotoxicity.!?”1?® This is expected since a majority of
cardiotoxic anticancer drugs are sensitive to transport by ABCBI, including cytotoxic
chemotherapeutics such as the anthracyclines doxorubicin and idarubicin as well as TKIs
such as imatinib, and this mechanism contributes potentially to both resistance of cancer
cells and protection of healthy cells. Preclinical studies have demonstrated that the
retention of both doxorubicin and its main metabolite doxorubicinol in the hearts of

ABCB1”" mice is substantially prolonged although plasma levels were increased by only
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1.2-fold compared with wild-type mice.'?® While these data suggest that pharmacological
inhibition of endogenous ABCB1 enhances the risk of doxorubicin-induced
cardiotoxicity (Figure 1C), a hypothesis that has been verified in multiple animal

130,131 ¢linical evidence of this thesis remains controversial.'>? It is also worth

models,
pointing out that many cancer drugs are very efficiently transported by ABCBI, yet still
cause cardiotoxicity to varying degrees in patients, and this observation seems
inconsistent with ABCB1 exerting a critical protective function in the heart against
insults with cardiotoxic therapeutics. Loss of ABCC1 (MRP1) function has been found to
have detrimental effects on cardiac function after doxorubicin treatment. One study
showed that Abccl™™ mice receiving chronic doxorubicin treatment demonstrated
significantly more severe left ventricle dysfunction as well as decreases in left ventricular
fractional shortening (LVFS) and left ventricular ejection fraction (LVEF) as compared
with wild-type mice.!** Furthermore, a number of genetic polymorphisms in the ABCC1
gene (e.g., 1s3743527 and rs246221) is associated with the development of anthracycline-
induced cardiotoxicity.!** However, subsequent studies have demonstrated that increased
sensitivity of Abccl-deficient mice to doxorubicin-induced cardiotoxicity is unrelated to
altered anthracycline transport but possibly linked with a role of ABCC1 in regulating
extracellular redox states.'? In this scenario, loss of ABCC1-mediated efflux diminishes
the ability to scavenge ROS in the extracellular environment and facilitates in causing
anthracycline-induced cardiotoxicity (Figure 1C).

In addition to SLCs and ABC transporters directly contributing to treatment-

related cardiotoxicity via direct transport of anticancer drugs, effects of these drugs
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themselves on the function of transporters playing a role in the regulation of cardiac
muscle cell homeostasis by supplying nutrients and how such process could result in
impaired cardiac function remain largely unexplored. Such drug-transporter interactions
would be particularly relevant for transporters with a role in myocardial contractility,
glucose transport, amino acid transport, vitamin transport, and regulation of the human
ether-a-go-go (hERG) channel.'*® Glucose transport in the heart is regulated by the
transporters GLUT1 (SLC2A1) and GLUT4 (SLC2A4), where GLUT]1 facilitates the
basal cardiac glucose uptake and GLUT4 mediates contraction-mediated movement of
glucose into peripheral organs, including the heart.!*” The connection of these glucose
transporters is derived from the notion that treatment with many anticancer drugs,
including dasatinib, imatinib, sorafenib, and sunitinib, is associated with significant

declines in blood glucose levels,'?®

and that the hypoglycemic effect of these drugs, as
well as ibrutinib,'** has been confirmed in many subsequent studies. Recent studies have
verified that the mechanistic basis of this clinical observation is consistent with the
interaction of these TKIs with amino acid residues at the glucose binding site of GLUT1
to inhibit glucose uptake,'* and that these effects are either reversible (e.g., gefitinib,
imatinib, and pazopanib) or even irreversible, (e.g., nilotinib). The ability of TKIs to alter
glycemia and cause cardiotoxic events may be of particular importance in the diabetic
heart. Recent studies in this area have suggested that the cardiotoxic TKI crizotinib

reduced blood glucose in diabetic rats independently of insulin and glucagon by a

mechanism that involved changes in regulators of cardiac metabolism, including
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GLUT4.'*! Further study is warranted to definitively establish the contribution of
GLUTI1/GLUT4-mediated mechanisms to the cardiotoxicity induced by these TKIs.

The hERG potassium channel conducts the movement of /., which is essential
for the repolarization of cardiac action potentials. A slight blockage of the hERG channel
could generate a beneficial class III arrhythmia effect while a decrease in hERG currents
as a result of genetic or adverse drug effects may lead to lengthening the QT interval or
increase risk of life-threatening arrhythmias.!**> While most new investigational agents
undergo extensive cardiac safety studies in advance of clinical trials, including the ability
to modulate potassium channels, it should be pointed out that the extent of hERG block
induced by drugs is highly sensitive to cardiac expression of uptake and efflux
transporters that jointly regulate drug levels in the heart in vivo. While this seems
intuitively obvious, this issue is rarely considered in experimental model systems used to
verify the cardiac safety of xenobiotics. Specific examples of this concept include the
demonstration that overexpression of OCTNI1 in human cardiomyocytes intensifies
hERG block induced by the OCTNI1 substrate quinidine, while overexpression of the
efflux transporter ABCBI1 attenuates KCNAS channel block by erythromycin (an ABCBI1
substrate).'* These studies provide further support for the idea that modifying cardiac
drug concentrations, for example through unintended concurrent treatment with inhibitors
of critical influx and efflux transporters could modulate the effects of blocking ion
channels in patients, and potentially cause serious arrhythmias such as Torsade de

pointes.'**
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1.5.3 SLC-based intervention strategies to prevent cardiotoxicity

The demonstration that certain SLCs play a pivotal role in a clinically relevant,
potentially life-threatening cardiotoxicity, by directly regulating accumulation and
retention of anticancer drugs, warrants the further exploratory use of specific transport
inhibitors in treatment regimens in patients with cancer. Specifically, it can be envisaged
that translational interventions targeting known uptake transport mechanisms 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 such a strategy
depends at least in part on optimizing local exposure to cardiomyocytes by applying the
right dose and schedule of SLC inhibitors. Likewise, utilization of potent transporter
inhibitor might have some off-target effect in terms of reducing drug absorption,
distribution or elimination. Thus, the use of transporter inhibitor should only be
considered when drug clearance (via organs such as liver and kidney) and antitumor
efficacy of chemotherapeutic agents are not compromised. Such agents would ideally
have high potency, high specificity, low drug—drug interaction potential, and favorable
pharmaceutical properties. The incentive for such an approach is underscored by the
notion that a leading cause of drug attrition during pharmaceutical development is
cardiotoxicity and that proper exploration of this SLC inhibitor concept can ultimately
result in many preventable patient deaths. In addition to pharmacological inhibition of
transporter, administration of siRNA therapeutics to downregulate tissue-specific influx

transporters that are known to contribute cardiac injury might be taken into consideration

24



as a future treatment strategy in order to minimize chemotherapy-induced cardiotoxicity.
An alternative approach could be the induction of efflux transporter such as ABCB1 by
downregulating heat-shock factor 1 (HSF-1) in advance of cardiotoxic chemotherapy to
increase cardiac ABCBI activity and ameliorate doxorubicin-induced cardiotoxicity. For
example, it has been demonstrated that ablation of HSF-1 in mice increases the
expression of ABCBI in the heart, which significantly reduced doxorubicin-induced
heart failure and diminished left ventricular dysfunction.!* In addition, a recent study has
demonstrated that genetic manipulation can cause a directional change of ABCB1 from
an efflux into influx transporter, dependent on multiple mutations in a pair of
transmembrane helices.!*¢ The implications of this finding for therapy-related
cardiotoxicity are presently unclear.

One particularly useful model to identify and validate cardioprotective strategies
is through the use of human-induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs),'*” which retain SLC and ABC expression signatures that resemble those
observed in human heart specimens. This model also allows hiPSC-CMs to be generated
from patients with inherited heart disease to predict the effectiveness of selected
interventions in patients of diverse genetic backgrounds. Models based on hiPSC-CMs
are also amenable to genetic manipulation and high throughput screening (HTS) to allow
rapid identification of novel transporter modulators and select hit leads for further
evaluation.'*® Alternatively, ex vivo evaluation of rodent cardiomyocytes directly
obtained from animals of a desired genetic constitution (e.g., deletion of a specific SLC

with or without transgenic expression of human transporters) has proven useful in
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demonstrating transporter-dependence of particular drug phenotypes in advance of in vivo
testing.'*’ These procedures allow adverse effects of drugs on the heart to be detected by
measuring drug uptake, mechanical performance, energetics, mitochondrial function,
glucose uptake, and/or cell viability, depending on the specific drug or drug combinations
being tested.!** In advance of clinical testing, selection of a proper, predictive nonclinical
in vivo model and an optimal technique for imaging-based cardiac assessment is required
to arrive at a strategy that could be clinically beneficial. In this context, cardiac magnetic
resonance imaging (cMRI) techniques are particularly useful in measuring and analyzing
drug-induced cardiotoxicity as they capture early myocardial changes, worsening cardiac
function, left ventricular (LV) volume, and LVEF. Besides cMRI, positron emission
tomography (PET) is often applied and still considered as the gold standard to measure
myocardial metabolism and inflammation due to its high spatial and temporal resolution.
PET imaging provides changes in myocardial glucose metabolism that can be detected
early during the treatment of cancer chemotherapeutics.!>! Moreover, PET tracers are
beneficial in determining the earliest modifications within the myocardium because it
provides information on alterations in mitochondrial membranes and subsequent
production of ROS.'>? Hence, PET imaging is advantageous to predict the incidence of
cardiotoxicity and optimize dose regimens accordingly. In terms of elucidating the
underlying mechanisms of drugs that have the propensity to trigger cardiovascular
toxicity or arrhythmogenicity, PET scanning could be an ideal approach in order to
evaluate the distribution of radiolabeled cardiotoxic agents in several tissues.!>*!%* In

contrast, more conventional approaches such as echocardiograms provide an inferior
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spatial resolution that decreases accuracy, and these cannot be used to detect subclinical
myocardial damage or small changes in LVEF.!*®

In addition to imaging-based strategies, serum biomarkers have been developed to
specifically assess the prognosis of cardiac injury as well as transporter-mediated drug-
drug interactions. For example, cardiac troponins, such as troponin I (Tn1) and troponin
T (TnT), and brain-type natriuretic peptide (BNP) and its N-terminal fragment (NT-
proBNP) are present in the cardiomyocytes and released into the bloodstream in the event
of any disruption in sarcolemma or stress in the myocardial wall.!>® Recently developed
analytical technology allows detection of such biomarkers at low levels to detect
ventricular dysfunction.!*”-!3® It should be noted that the degree of cardioprotection
offered by genetic-deficiency in an animal model usually cannot be phenocopied by
pharmacological inhibitors when given at empirical or typical therapeutic doses and
schedules, even when such inhibitors can completely inhibit transport function in in vitro
models. This suggests that optimization strategies are required to refine the regimen of
potentially useful inhibitors in order to ensure optimal transport modulation at the site of
injury. One approach that warrants further exploration focuses on the development and
validation of endogenous and exogenous cardiac biomarkers that are specific to a
particular transporter. Such a strategy can ultimately be employed to guide the
identification of optimal doses and schedules of transport inhibitors that can be used in
conjunction with cardiotoxic drugs in order to refine preventative treatments. Liposomal
formulation could also be considered as an alternative strategy to minimize drug-induced

cardiotoxicity, and such formulations commonly result in substantial alterations in
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pharmacokinetic profiles. For example, liposomal formulations of anthracyclines result in
high concentrations in the systemic circulation and extended half-life, while minimizing
free anthracycline release into the blood. This larger size formulation also reduces the
infiltration of anthracyclines into normal vasculature of the heart and simultaneously

facilitates access into the more porous tumor endothelium.!*”

1.5.4 Future Perspective

Drug-induced cardiotoxicity remains a significant clinical concern with many
chemotherapeutics agents,'®” including approved drugs and investigational agents. Recent
advances in understanding the role of SLCs and ABC transporters have shed light on new
approaches to the development of cardioprotective strategies against both acute and
chronic forms of toxicity. Current evidence suggests that transporters can potentially
contribute in distinct ways to chemotherapy-induced cardiotoxicity — (a) when the drug is
itself a transported substrate of a cardiac uptake transporter, (b) when the drug inhibits
the transport of essential nutrients or vitamins in the heart, and (c¢) when drug-transporter
interactions take place at a site of drug elimination that impacts exposure to the heart.

Substantial progress has been made in recent years toward an understanding of the
functional significance of cardiac SLC and ABC transporter proteins, although various
aspects in this area require more work before it becomes more useful clinically as a
prospective tool for the development of drug-specific intervention strategies. For
example, although cardiac expression profiles of a select set of SLC and ABC

d)llO,lll

transporters have been documente only few studies have provided compelling
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direct evidence of a causal connection of drug-induced cardiotoxicity and a specific
transporter. Indeed, the mechanism(s) by which most anticancer drugs accumulate into
cardiomyocytes, which is often required as an initiating event in the development of
cardiac injury, remains essentially unknown and unstudied. This is an unsustainable
situation in need of an appropriate and cost-effective solution, especially in light of the
recognition that membrane transporters in cardiomyocytes are predicted to contribute to
drug-specific adverse cardiac events.'®! The availability of hiPSC-CMs used in
combination with transportome-wide gene knockout strategies enables new designs for
preliminary, exploratory genetic studies using matched samples from healthy volunteers
or patients with a predefined genotype of the desired signature. The implementation of
such proof-of-principle approaches will unequivocally establish drug-transporter
associations -or the lack thereof- in a statistically sound and unbiased fashion, and the
information could also be obtained faster and provide opportunities to rapidly transition
to functional in vivo validation studies. This type of research necessitates an
interdisciplinary-team approach that includes expertise in experimental therapeutics and
cancer pharmacology, transcriptomics, metabolomics, genome-based drug screens,
pluripotent stem-cell-based cardiovascular disease modeling, predictive model
organisms, and state-of-the-art cardiac imaging.

It is expected that, within the next decade, the importance of SLC and ABC
transporters in the etiology of cardiac injury observed with classical anticancer drugs will
be defined; however, this field of research is equally important for small-molecule

targeted drugs and may be of importance for the rational development of new agents

29



designed to avoid cardiac complications observed with former generations of drugs.
Similar to the discoveries of functional transporters that facilitate the cardiac uptake of
anticancer drugs, it is expected that successful identification and development of
predictive biomarkers in the near future will have a profound impact on attempts to
further optimize cancer chemotherapeutic treatment. Such biomarker strategies will allow
optimization of rationally-designed combinatorial treatments, and open new avenues to
enhance the therapeutic window of chemotherapy-based regimens in a routine clinical
setting. This in turn would have a significant impact on the morbidity and mortality

associated with the usage of drugs in the treatment of diverse malignant diseases.
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Figure 1: Proposed drug transport mechanisms in cardiomyocytes
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Proposed drug transport mechanisms in cardiomyocytes. (A) Normal drug transport
in cardiomyocytes by influx and efflux transporters. (B) No toxicity of therapeutic agents
due to genetic (polymorphism) or pharmacologic (perpetrator) inhibition of influx
transporters. (C) Drug-induced toxicity due to inhibition of efflux transporters leading to

accumulating drugs in the cardiomyocytes.
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Chapter 2. Influence of YES1 Kinase and Tyrosine Phosphorylation on the Activity

of OCT1

**Disclaimer®*
The following chapter contains excerpts from an article published and copyrighted by

Frontiers in Pharmacology.'®?> Permission obtained from Frontiers.

2.1 Abstract

Organic cation transporter 1 (OCT1) is a transporter that regulates the hepatic
uptake and subsequent elimination of diverse cationic compounds. Although OCT1 has
been involved in drug-drug interactions and causes pharmacokinetic variability of many
prescription drugs, details of the molecular mechanisms that regulate the activity of
OCT1 remain incompletely understood. Based on an unbiased phospho-proteomics
screen, we identified OCT1 as a tyrosine-phosphorylated transporter, and functional
validation studies using genetic and pharmacological approaches revealed that OCT]1 is
highly sensitive to small molecules that target the protein kinase YES1, such as dasatinib.
In addition, we found that dasatinib can inhibit hepatic OCT1 function in mice as
evidenced from its ability to modulate levels of isobutyryl L-carnitine, a hepatic OCT1
biomarker identified from a targeted metabolomics analysis. These findings provide

novel insight into the post-translational regulation of OCT1 and suggest that caution is
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warranted with polypharmacy regimes involving the combined use of OCT1 substrates

and kinase inhibitors that target YESI.

2.2 Introduction

In the last two decades, considerable advances have been made towards
understanding the pharmacological role of cationic transporters belonging to the SLC22A
subfamily. The advent of heterologous overexpression systems and genetically-
engineered murine models has substantiated that the members of this subfamily facilitate
the cellular uptake of a large number of structurally diverse endogenous metabolites and
an increasingly large number of cationic xenobiotics. Organic cation transporter 1
(OCT1, SLC22A41) is the most abundant cationic transporter expressed on the sinusoidal
membrane of hepatocytes,?! and is a rate-limiting step in the sodium-independent uptake
and elimination of many xenobiotic substrates.>>163

The in vivo contribution of OCTT to the hepatic elimination of xenobiotics was
first conclusively demonstrated for the prototypical organic cation, tetraethylammonium
(TEA), in mice harboring a genetic deletion of OCT1.!4!% Many subsequent studies
have focused on the biguanide analog metformin, a first-line medication for the treatment
of type 2 diabetes. These studies have led to the recognition that the glucose-lowering
effects of metformin are partially dependent on OCT1,'%%1¢7 and that OCT1 deficiency is
associated with diminished metformin uptake in hepatocytes.?>'*® More recently, OCT1
has also been identified as a critical determinant of the therapeutic efficacy of

1’169

fenoterol,'® morphine,!’® sumatriptan,'”! thiamine,'’? tramadol,'” and tropisetron.!’*
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Due to its predominant role in determining the efficacy of many clinically-
important drugs, multiple regulatory aspects of OCT1 have been widely studied. For
example, polymorphic variants in OCT1!”> have been linked to the pharmacokinetics and
glycemic response in diabetic patients receiving metformin,!’® and epigenetic
mechanisms have been identified that can functionally modulate OCT1 and can
profoundly affect therapeutic outcomes of substrate drugs.!”” Although post-translational
modification via phosphorylation has been reported to influence the function of

transpor‘[ers,”g’179

surprisingly, this has not been extensively studied as a regulatory
mechanism of OCT1. We previously reported that the related transporter OCT2
(SLC22A42) is sensitive to inhibition by several FDA-approved tyrosine kinase inhibitors
(TKIs) through a mechanism that involves YES1-mediated tyrosine phosphorylation. '
Since OCT1 and OCT?2 share structural features, a high degree of sequence homology,

and have overlapping substrate recognition sites and conserved tyrosine motifs,'!:!%!

we
hypothesized that the activity of OCT1 is also dependent on kinase-mediated tyrosine

phosphorylation. In the current study, we tested this hypothesis by employing phospho-
proteomics screens, genetic strategies, pharmacological approaches, and metabolomics

analyses in heterologous models overexpressing mouse or human OCT1, as well as

OCT1-deficient mice.

2.3 Materials and Methods
Cell culture and reagents. Human embryonic kidney (HEK293) cells were

obtained from the American Type Culture Collection (ATCC, Manassas, VA). HEK293
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cells stably transfected with mouse OCT1 (mOCT1) or human OCT1 (hOCT1) were
cultured in Dulbecco’s Modified Eagle Media (DMEM) media supplemented with 10%
fetal bovine serum (FBS) and grown at 37°C in a humidified incubator containing 5%
COs. Radiolabeled ["*C] TEA and ['*C] metformin were obtained from American
Radiochemicals (St. Louis, MO). Cellular uptake assays were performed 48 hours
following transient transfection by Lipofectamine 3000 Transfection Reagent (Thermo
Fisher Scientific, Waltham, MA). ON-TARGETplus Human YES1 siRNA was obtained
from Dharmacon (Lafayette, CO). RNA extraction kits were obtained from Omega Bio-
tek (Norcross, GA). Reference standards of decynium?22, a positive control inhibitor, as
well as the TKIs bosutinib, dasatinib, gilteritinib, ibrutinib, lapatinib, sunitinib,
vandetanib, and CH6953755 were obtained from MedChemExpress (Monmouth
Junction, NJ).

Cellular accumulation studies. Uptake assays were performed with radiolabeled

TEA (2 uM) or metformin (5 uM) as described previously'#*!#3

in the presence or
absence of TKIs. The results were normalized to uptake values in cells stably transfected
with an empty vector treated with vehicle alone. Prior to cellular accumulation
experiments, cells were grown to 90% confluence on poly-lysine coated multi-well
plates. For uptake studies, cells were rinsed with warm PBS and incubated in the
presence of a vehicle or inhibitor, prepared in serum and phenol red-free DMEM media
for 15 min. Subsequently, media was removed followed by the addition of radiolabeled

TEA and metformin along with inhibitor, and cellular uptake was measured after a 15-

min co-incubation period. Total radioactivity originating from TEA and metformin was
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determined using liquid scintillation counting after lysing the cells with 1 N NaOH, a
neutralizing step with 2 N HCI. A Pierce protein assay (Thermo Fisher Scientific,
Columbus, OH) was used to normalize radioactivity readings to account for variation in
cell number between samples.

Site-directed mutagenesis. The YES1 plasmid with pPCMV6-Entry (C-terminal
FLAG-tagged) backbone was obtained from Origene (Rockville, MD). Mutants in OCT1
and YES1 were generated using QuikChange XL Site-Directed Mutagenesis Kit (Agilent
Technologies, Santa Clara, CA). Mutagenesis primers were designed using QuikChange
Primer Design software and generated according to the manufacturer's instructions.
Successful mutagenesis was confirmed by Sanger sequencing and constructs used for
transient transfection experiments.

siRNA-mediated knockdown. HEK293 cells overexpressing hOCT1 were plated
at a density of 1.25 x 10° per well in a 12-wells plate and incubated overnight at 37°C
with 5% COz. The next day, cells were transfected with 50 nM siRNA targeting YESI1,
positive control siRNA, and negative control siRNA (Dharmacon, Lafayette, CO)
according to manufacturer protocols. After 48 hours of exposure to siRNA, OCT1
function was evaluated with TEA or metformin as described above.

RT-qPCR. Total RNA was extracted from cells treated with siRNA by E.Z.N.A.
Total RNA Kit I (Omega Bio-tek), and reverse transcribed to cDNA by qScript XLT
cDNA SuperMix (QuantaBio, Beverly, MA). Primer sequences included YESI
(Hs00736972_m1) and human GAPDH (Hs02758991 g1), and quantitative RT-PCR was

performed using TagManTM Fast Advanced Master Mix (Thermo Fisher Scientific,
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Waltham, MA). The Ct values of the YES1 gene were subtracted from the mean of
GAPDH (ACt). All samples were analyzed in triplicate, and the mean value of ACt was
calculated.

Protein analysis. Cell treated with non-targeting siRNA and YES1 siRNA were
lysed using sonication. Pierce Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA) was used to determine protein concentrations. Next, an
equal amount of protein was separated on a Bis-Tris 4-12% SDS-polyacrylamide gel with
MOPS buffer according to the instructions from manufacturer (Life Technologies, Grand
Island, NY) and transferred to PVDF membranes. Western blot analysis was performed
using antibodies against YES1 (Product # 3201S), vinculin (Product # 13901S), and
HRP-conjugated secondary anti-rabbit (Product # 7074) obtained from Cell Signaling
Technology (Danvers, MA). Proteins were visualized by chemiluminescence using the
SignalFire ECL Reagent (Cell Signaling Technology, Danvers, MA) or SuperSignal West
Femto Maximum Sensitivity Substrate (Invitrogen, Carlsbad, CA) using film.

Proteomics and metabolomics studies. In order to evaluate the tyrosine-
phosphorylation landscape of ADME proteins in FVB mice, the genetic background
strain used in our transporter-deficient in vivo models, tissue samples were subjected to a
PhosphoScan analysis (Cell Signaling, Danvers, MA). This analysis provides purification
and characterization of tyrosine phosphorylation sites in cellular proteins when paired
with liquid chromatography tandem mass-spectrometry (LC-MS/MS) technology. The
assay comprises enhanced phospho-tyrosine-containing peptides using P-Tyr-100, a

mouse anti-phospho-tyrosine antibody paired with protein G agarose beads. Following
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protease-mediated digestion, immune-affinity purify-cation of peptides, and MS analysis
on phospho-peptides, spectra were assessed using Sequest 3G and the Sorcerer 2 platform
(Sage-N Research, Milpitas, CA).

For metabolomics studies, plasma and tissue samples were collected from wild-
type mice and OCT1/OCT2 (OCT1/2)-deficient mice (Taconic, Petersburgh, NY). Tissue
samples were washed with ice-cold 0.9% saline, and snap-frozen using liquid nitrogen.
Further preparation of plasma and tissue samples for metabolomics analysis was done
using LC-MS/MS, as previously described. '

Animal experiments. For all in vivo studies, plasma and tissue samples were
collected from both males and females wild-type mice, OCT1/2-deficient mice, and mice
additionally deficient for MATE1 (OCT1/2/MATEL1), following an established
protocol.'®> Mice were maintained under pathogen-free conditions at the Ohio State
University Laboratory Animal Resources, and all in vivo experiments were approved by
University Animal Care and Use Committee (protocol number: 2015A00000101-R1).
Mice were accommodated in a temperature-, and light-controlled environment with
access to water and food. OCT1/2/MATE1-deficient mice was obtained by crossing male
OCT1/2-knockout mice with female MATE1-knockout mice to generate heterozygous
breeders. The MATE1-deficient mice used to generate this model were kindly provided
by Dr. Yan Shu (University of Maryland, Baltimore, MD), and backcrossed onto an FVB
background. Next, heterozygous males and females were used to obtain
OCT1/2/MATEI1-knockout mice. Genetic deletion of OCT1/2 and MATEI was

confirmed by performing RT-PCR analysis.
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Dasatinib was dissolved in 80 mM citric acid (pH 3.1) and administered via oral
gavage at a dose of 15 mg/kg. For studies involving TEA, dasatinib was given orally 30
min before the intravenous administration of ['*C] TEA (0.2 mg/kg) via the caudal vein.
Concentrations of total TEA-derived radioactivity in plasma and homogenized liver
samples were measured by liquid scintillation counting.

Quantification of isobutyryl L-carnitine (IBC). A Vanquish UHPLC paired
with a Quantiva triple quadrupole mass spectrometer (Thermo Fisher Scientific) was used
to perform LC-MS/MS analysis of IBC and the internal standard, isobutyryl L-carnitine-
d3 (Cayman Chemical, Ann Arbor, MI). Chromatographic separation of analytes was
achieved on an Accucore aQ column (150 mm x 2.1 mm, dp = 2.6 um) with a C18
AQUASIL guard cartridge (2.1 mm % 10 mm, dp = 3 pm). The temperature of the
column and autosampler was retained at 40°C and 4°C, respectively. The mobile phase
contains solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in
acetonitrile-methanol, 50:50 v:v). The gradient elution was 5.0 min at a flow rate of 0.4
mL/min, and conditions were as follows: 0-0.5 min, 0% B; 0.5-2.3 min, 30% B; 2.3-3.8
min, 30% to 95% B; 3.8-4.2 min, 95% B; 4.2-5.0 min, 0% B. The extracted samples (5
uL) were injected for analysis, and following parameters were established for the mass
spectrometer: 40 Arb, 12 Arb, 3.3 Arb, 350°C, and 375°C for sheath gas, aux gas, sweep
gas, ion transfer tube, and vaporizer temperature, respectively. The ion source was
managed by heated ESI in positive ion mode with ion spray voltage at 3500 V. Argon
was used as a collision gas at a pressure of 1.5 mTorr. Precursor molecular ions and

product ions were recorded for confirmation and detection of IBC (232.144 > 85.083)
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and the internal standard (236.056 > 85.056). Assay validation studies demonstrated that
the within-day precision and between-day precision ranged from 0-6.16%, and the
accuracy ranged from 92.8-105%. The lower limit of quantification for IBC was 0.1
ng/mL.

Statistical analysis. All data are presented as mean + SEM, either as the
experimental readings or after normalization to baseline values, and then expressed as a
percentage. All experiments were conducted in triplicate unless specified, and were
performed on at least two independent occasions. Comparisons between two groups were
analyzed by unpaired two-sided Student’s t-test with Welch’s correction while one-way
ANOVA with Dunnett’s post-hoc test was performed for comparing more than 2 groups.
Statistical analyses were conducted using GraphPad Prism version 8.1.2 (GraphPad
Software, San Diego, CA), and P<0.05 was considered as the cutoff for statistical

significance.

2.4 Results

2.4.1 Conserved tyrosine phosphorylation of OCT1

In order to initially demonstrate that OCT]1 is tyrosine phosphorylated, in a
manner similar to that reported previously for OCT2,'%" an unbiased MS-based
proteomics analysis was performed to identify all tyrosine-phosphorylated proteins,
membrane-localized or intracellular, from murine tissues (Figure 2A). A total of 802
redundant phosphorylated peptide assignments to 438 non-redundant phosphorylated

peptides for the phospho-tyrosine motif antibody were identified, applying a 5% false-
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positive rate to filter the results. The hits included multiple transporters (Figure 2B),
including OCT1, but also several ion channels and enzymes (Figure 2C). These
preliminary findings thus verified our hypothesis, suggest that tyrosine-phosphorylation
may be a much more widespread regulatory mechanism of ADME proteins than held
previously, and that these proteins are potentially sensitive to off-targeted de-regulation
by clinically-used TKIs.

We previously reported that several TKIs can modulate OCT2 function through
inhibition of the protein kinase YES1, and that tyrosine-to-phenylalanine (Y-F) OCT2
mutants at three sites (241, 362, and 377) considerably diminished OCT2 function
without affecting OCT2 expression in plasma membrane.'® In addition, OCT2 has a
proline-rich (PXXPR) sequence, which is known to attach the Src Homology 3 (SH3)
domain present in YES1 kinase, and mutations in this proline-rich SH3 binding domain
decreased OCT2 function and tyrosine-phosphorylation. Interestingly, all these OCT2
domains, including the functionally most relevant 362 residue, are uniquely conserved in
phylogenetically-linked transporters, such as OCT1, and across model organisms (Figure
3A-B). In addition, a naturally-occurring single nucleotide variant in the OCT1 gene,
causing a P283L change, is known to reduce OCT1 function and alter metformin
transport in humans, '8¢ and this site is located in the proline-rich SH3 binding sequence
of OCT]1.

To investigate directly if the regulation of OCT2 by phosphorylation is conserved
in OCT1, we performed functional assays after mutagenesis of relevant sites, and found

that OCT1 mutants lacking the putative phosphorylation sites in OCT]1 at residues 240,
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361, and 376, corresponding to the 241, 362, and 377 sites in OCT2, had significantly
reduced transport function (Figure 3C). Moreover, we found that distinct OCT2-
inhibiting TKIs, including bosutinib, dasatinib, gilteritinib, ibrutinib, sunitinib, and
vandetanib, but not the negative-control TKI lapatinib, also inhibit OCT1 function
(Figure 3D). These results support the possible existence of a common inhibitory
mechanism by which TKIs can modulate the function of OCT1 and OCT2, a conclusion
that is consistent with the notion that the OCT1- and OCT2-inhibitory properties of the
studied TKIs are strongly correlated. Interestingly, compared to OCT1 and OCT2, a
highly distinct TKI-mediated inhibitory profile was observed for the related transporter
OCT3 (Figure 4), with some TKIs (e.g., dasatinib, sunitinib) potently inhibiting all three
transporters and some (e.g., bosutinib, gilteritinib, ibrutinib) having no influence on

OCT3 function.

2.4.2 TKI-based inhibition of OCT1 in vitro
Dose-response experiments with select TKIs (Table 1) indicated that dasatinib,

gilteritinib, ibrutinib, and vandetanib potently inhibited OCT1 function in a species-
independent manner (Figure 5), and regardless of the test substrate at concentrations that
are clinically achievable at the recommended daily doses. Among the tested TKIs,
dasatinib was found to be the most potent inhibitor against both mOCT]1 (ICso, 1.09 uM)
and hOCT1 (ICso, 0.56 uM) (Figure 6A), and was selected for further mechanistic

89,187

studies. In line with previous observations for OCT2-inhibitory TKIs, inhibition of

mOCT1 and hOCT1 by TKIs was independent of the substrate concentration, and a
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Dixon plot of the reciprocal velocity against the TKI concentration to derive inhibition
constants indicated that the mechanism of inhibition is non-competitive (Figure 6B-C).
This conclusion is consistent with our previous observation that TKs such as dasatinib are

not themselves transported substrate of OCT1.!88

2.4.3 TKI-mediated modulation of OCT1 in vivo
The notion that the OCT 1-inhibitory properties of dasatinib are species-

25,180,189,190 and

independent is consistent with and recapitulates several prior observations,
suggests that mice can serve as a suitably predictive model for humans. To directly assess
the influence of dasatinib on the function of OCT1 in vivo, the pharmacokinetic profile of
TEA was examined in wild-type mice and OCT1/2-deficient mice receiving a single oral
dose of dasatinib, given 30 min before the administration of TEA. We found that the
hepatic uptake of TEA, as determined from the liver-to-plasma concentration ratio, was
dramatically reduced in the OCT1/2-deficient mice, and that the genotype could be
phenocopied by a single dose of dasatinib (Figure 6D). Similar observations were made
in the murine kidney (Figure 6E), an organ that expresses both OCT1 and OCT2.'"!

In order to provide further evidence that the ability of dasatinib to modulate TEA
disposition is causally related to modulation of hepatic OCT1, we next performed an LC-
MS/MS-based targeted metabolomics study in samples from wild-type mice and
OCT1/2-deficient mice that was designed to identify a liver-specific endogenous

biomarker of OCT1. This study revealed that among 121 metabolites examined, the

hepatic concentration of several compounds, including isobutyryl-I-carnitine (IBC), was
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substantially elevated in OCT1/2-deficient mice compared to wild-type mice (Figure
7A), in both male and female animals. We also observed that reduced hepatic levels of
IBC in wild-type mice were accompanied by significantly elevated levels in plasma
(Figure 7B), that IBC levels in the kidney were negligible (Figure 7B) regardless of
mouse genotype, and that additional deficiency of MATEI (Figure 7C), which forms a
functional unit with OCT1 in the liver and with OCT2 in the kidney, did not influence the
results. These findings suggest that IBC, a natural 4-carbon acylcarnitine involved in
fatty acid oxidation and organic acid metabolism, serves as a bona fide biomarker for
hepatic OCT1 function, a conclusion that is in line with a recent clinical report!®>. We
next evaluated the impact of dasatinib on concentrations of IBC and found that
administration of the TKI resulted in a transient, statistically significant increase in the
plasma levels of IBC in wild-type mice, but not in OCT1/2-deficient mice or
OCT1/2/MATEI1-deficient mice (Figure 7D). Taken together, these data indicate that
dasatinib, given at a dose that affects the liver uptake of TEA, causes significant

inhibition of hepatic OCT1 function.

2.4.4 Kinase-mediated regulation of OCT1 function

The existence of tyrosine motifs that are conserved between OCT1 and OCT2,
and the similarity in sensitivity to inhibition by TKIs between these two transporters
raises the possibility that the tyrosine phosphorylation and activity of OCT]1 are regulated
by YESI, as described for OCT2.% In support of this hypothesis, we found that pre-

treatment of OCT1-expressing cells with the selective YES1 inhibitor, CH6953755,
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causes substantial inhibition of hOCT1-mediated transport of TEA (ICso, 2.76 uM) and
metformin (ICso, 2.31 uM) (Figure 8A, 9A-B). This degree of inhibition by CH6953755
was also observed in models overexpressing mOCT1 (Figure 9C) or hOCT2 (Figure
9D). The connection of TKI-mediated OCT]1 inhibition with the function of YES1 was
further substantiated by the observed relationship between potency of target engagement
by the studied TKIs, as determined by the affinity constant (Kq),'*>!** and their ability to
modulate OCT1-mediated transport (Figure 9E).

To demonstrate causality of this relationship, we found that even partial
downregulation of YES1 expression by siRNA in HEK293 cells (Figure 8B) was already
associated with a statistically significant loss of OCT1 transport function (Figure 8C). To
unambiguously identify YES1 as the TKI-sensitive protein kinase that phosphorylates
OCT1, we next carried out a screen utilizing a chemical genetics approach in which
HEK293 cells expressing hOCT1 are transfected with either the wild-type or TKI-
resistant (T348I gatekeeper) mutant of YESI,'9>1% followed by dasatinib treatment and
OCT1 uptake assays (Figure 10). These studies revealed that the TKI-resistant YES1
mutant was able to rescue OCT]1 inhibition by dasatinib, whereas cells carrying the YESI
wild-type construct retained sensitivity to dasatinib-mediated OCT1 inhibition (Figure

8D).

45



Figure 2: Phosphotyrosine proteomics screen
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Figure 3: Inhibition of organic cation transporters by TKIs
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Inhibition of organic cation transporters by TKIs. (A) The protein sequence of
hOCT1, hOCT2, and hOCT3 was aligned by a multiple sequence alignment program
(MAFFT). (B) OCT]1 protein sequence from indicated organisms was aligned by a
multiple sequence alignment program (MAFFT). (C) HEK293 cells were transiently
transfected with wild-type (WT), Y240F, Y361F, and Y376F mutant plasmids, uptake
assays were performed using [14C] TEA (2 uM) for 15 min. Cellular accumulation of

[14C] TEA was determined by liquid scintillation counter, and the graph represents
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relative uptake values compared to wild-type after normalization of protein

levels. (D) Relative transporter function in HEK293 cells stably transfected with hOCT 1
was evaluated by a substrate drug TEA in the presence of FDA-approved TKIs (10 uM)
previously found to inhibit OCT2. Lapatinib was included as a negative-control TKI, and
decynium?22 as a non-TKI positive control inhibitor. The graph represents relative
transport activity of indicated substrate drug compared to DMSO. *P < 0.05 vs. wild-type

control. All values represent mean = SEM.
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Figure 4: Inhibition of organic cation transporters 3 (OCT3) by TKIs
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Inhibition of organic cation transporters 3 (OCT3) by TKIs. Relative transporter
function was evaluated in HEK293 cells stably transfected with hOCT1, hOCT2, or
hOCT3 using ['*C] TEA (2 uM) in the presence or absence of various FDA -approved

TKIs (10 pM) for 15 min. All values represent mean + SEM.
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Table 1: Features of TKIs used in the experiments

Primary YES1 Ka OCT1 ICso OCT1 OCT2
TKI Indication(s)
Target(s) (nM) (nM) Inhibition Inhibition
Dasatinib CML, GIST BCR/ABL, SRC 0.3 0.56 - 1.09 Yes Yes
Gilteritinib AML FLT3, AXL 445 0.02 - 0.01 Yes Yes
Ibrutinib CLL, MCL BTK 27 0.89-1.18 Yes Yes
Lapatinib Breast cancer HER2, EGFR >10,000 - No No
Vandetanib =~ Thyroid cancer EGFR, VEGFR 120 1.35-9.05 Yes Yes

Abbreviations: CLL, chronic lymphocytic leukemia; CML, chronic myeloid leukemia; GIST, gastrointestinal stromal tumor; MCL,

mantle cell lymphoma; AML, acute myeloid leukemia.

50



Figure 5: TKI-mediated OCT1 inhibition
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TKI-mediated OCT1 inhibition. Uptake of ['*C] TEA (2 uM) and [**C] metformin (5
uM) was measured in HEK293 cells overexpressing hOCT1 or mOCT]1 after pre-
incubation with dasatinib (A), vandetanib (B), ibrutinib (C), or gilteritinib [TEA uptake]
(D) at various concentrations for 15 min, followed by the co-incubation of TEA and
metformin for 15 min. All values represent mean £ SEM, and are expressed as a

percentage over vector control.

52



Figure 6: TKI-mediated inhibition of OCT1 function

A B
125+ —* hOCT1 (ICsq: 0.56 uM) 2.0
—— mOCT1 (ICgp: 1.09 uM)
s =
E _ Tz E 1.5+
] =
£ :%
538 2 5 1.0
C's = o
gz 83
2 Eg 0.5
k) =
0 T oy T 1
0.01 0.1 1 10 100 -2 0
Dasatinib (uM)
D
50 mm Wild-type
== oCT1/2"
o 40+
S
4
o 30
< E
ui @
=
a 204
[
=
- 104
O_
@ p
@@ 4@’
&

c
—— TEA1uM 4=
—-— TEASuM _
- TEA10uM _E L
=z £
S £
=)
% 3
ZE 2
o
§ o £
2% 14
=% L]
~ L)
]
I 1 1 1 1 1
2 4 6 8 10 2 0 2 4 & 8 10
Dasatinib (UM) Dasatinib (uM)
E
25-1 mm Wild-type
== OCT1,.2"
o 204
3
14
m 15_
a b
W
Ta 40 *
>
Q
[ =4
h=}
g 54
0_
¥ <
o &
<@ &
Q'b

TKI-mediated inhibition of OCT1 function. (A) Uptake of [14C] TEA (2 uM) was

measured in HEK293 cells overexpressing hOCT1 and mOCT1 after pre-incubation with

dasatinib at various concentrations (0.1-25 uM) for 15 min, followed by the co-

incubation with TEA for 15 min. Data represent the mean + SEM and are expressed as a

percentage over control. (B, C) Dixon plot showing varying concentrations of ['“C] TEA

(1, 5, and 10 uM) uptake assay in the presence of dasatinib (0.1-8 uM) in HEK293 cells

overexpressing hOCT1 and mOCT1, data expressed as 1/velocity. In a Dixon plot, the

point of intersection of the lines represent the negative inhibition constant (-Ki); this

analysis revealed dasatinib-mediated inhibition constants of 0.18 uM for hOCT1 and
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0.87 uM for mOCT1 (n = 3 per group). (D, E) Wild-type and OCT1/2-deficient male
mice (n = 5) were treated with either vehicle or dasatinib (15 mg/kg) 30 min before an
intravenous administration of ['*C] TEA (0.2 mg/kg). Liver (D) and kidney (E) samples
were collected at 5 min after TEA treatment, and graphed as tissue-to-plasma ratios. *P <

0.05 vs. vehicle control. All values represent mean = SEM.
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Figure 7: Targeted metabolomics and endogenous OCT1 biomarker identification
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Targeted metabolomics and endogenous OCT1 biomarker identification.

(A) Differentially quantitated endogenous metabolites (“endogenites™) in the liver of
male and female wild-type mice and OCT1/2-deficient mice. Endogenites highlighted in
green and red were significantly increased and decreased, respectively in livers of
OCT1/2-deficient mice. The blue symbol represents isobutyryl L-carnitine

(IBC). (B) Liver and kidney concentrations of IBC in wild-type and OCT1/2-deficient

mice (n =5). (C, D) Liver-to-plasma ratio and plasma level of IBC at baseline in wild-
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type mice, OCT1/2-deficient mice, and OCT1/2/MATE]1-deficient mice (n =
5). (E) Plasma concentration-time profile of IBC in wild-type mice, OCT1/2-deficient
mice, and OCT1/2/MATE]1-deficient mice (n = 5) after a single oral dose of dasatinib

(15 mg/kg). *P < 0.05 vs. wild-type. All values represent mean = SEM.
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Figure 8: Genetic and pharmacological inhibition of YES1 kinase impairs OCT1

activity
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Genetic and pharmacological inhibition of YES1 kinase impairs OCT1 activity.

(A) HEK293 cells stably transfected with vector control (VC) and hOCT1 were pre-

incubated with CH6953755 or dasatinib (10 uM) for 15 min followed by the co-
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incubation with ['*C] TEA (2 uM) or ['*C] metformin (5 pM). Data represents relative
uptake values compared to VC control after normalization of protein levels.

(B) Expression of YES1 protein (top) and gene (bottom) in hOCT1-expressing HEK293
cells 48 h after transfection with non-targeting siRNA or YES1 siRNA. (C) Influence of
YESI silencing by siRNA on hOCT1 function was measured in HEK293 cells using
uptake assays with ['*C] TEA or ['*C] metformin. (D) Influence of YES1 mutants on
dasatinib-mediated inhibition of hOCT1 function in HEK293 cells following transient
transfection of constructs carrying either wild-type YESI or the YES1 Thr348lle
gatekeeper mutant. After 48 h, cells were pre-treated with dasatinib (1 pM) for 15 min,
followed by uptake assay using ['*C] TEA. *P < 0.05 vs. control. All values represent

mean + SEM.
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Figure 9: Influence of YES1 inhibition on OCT1 and OCT?2 function
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Influence of YES1 inhibition on OCT1 and OCT?2 function. Dose-dependent inhibition
of TEA (A) and metformin (B) transport in HEK293 cells overexpressing hOCT1 or
mOCT1 after pre-incubation with CH6953755, a selective YES1 inhibitor, at various
concentrations for 15 min followed by the co-incubation with ['*C] TEA or ['*C]
metformin for 15 min. HEK293 cells stably transfected with vector control (VC), mOCT1
(C), or hOCT?2 (D) were pre-incubated with CH6953755 or dasatinib (10 uM) for 15 min
followed by the co-incubation with ['*C] TEA (2 uM) or ['*C] metformin (5 uM) for 15
min. The bars represent relative uptake values after normalization of protein levels as
compared to vector control. (E) Correlation between YESI1 kinase affinity constant (Kq)
and percentage of OCT1 inhibition by various TKIs along with CH6953755, a selective

YESI inhibitor. All values represent mean £ SEM.
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Figure 10: Schematic diagram showing the role of YES1 kinase in regulating OCT1

function
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Schematic diagram showing the role of YES1 kinase in regulating OCT1 function.

Influence of exogenous YESI targeting constructs carrying the reference sequence or a

TKI-resistant mutant on OCT]1 activity.

61



2.5 Discussion

In the present study, we identified OCT1 as a tyrosine-phosphorylated transporter
from a phospho-proteomics screen, and demonstrated through functional validation
studies using genetic and pharmacological approaches that OCT1 is highly sensitive to
small molecules in the class of TKIs that target the protein kinase YESI, such as
dasatinib. In addition, we found that dasatinib can inhibit hepatic OCT1 function in mice
as evidenced from its ability to modulate levels of the prototypical substrates TEA and
metformin as well as the OCT1 endogenous biomarker, isobutyryl L-carnitine. These
findings provide novel insight into the posttranslational regulation of OCT1 and suggest
that caution is warranted with polypharmacy regimes involving the use of OCT]1
substrates in combination with TKIs that target YES1.!87:197198 Thjs is particularly
relevant in view of the fact that more than one-third of approved prescription drugs are
positively charged at neutral pH, and that the membrane transport of many of these
agents relies on facilitated carriers such as OCT1.

Previous studies have indicated that OCT1 expression is regulated at different
levels, including transcriptionally, by intracellular trafficking, and through alteration of
functional properties. Among these mechanisms, transcriptional regulation by hepatic
nuclear factors (HNF1 and HNF4a) has been well documented. This work has suggested
that HNF1 ties to an evolutionary conserved region within intron 1,'”” whereas HNF4a is
involved in bile acid-dependent regulation of OCT1 in the liver via activation by the bile

acid-inducible transcriptional repressor.??® In addition, OCT1 expression can be
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regulated by hepatic growth factor,?’! and activity of the OCT1 promoter is affected by
methylation.?>!77-186

In contrast to this knowledge on transcriptional mechanisms, details of short-term
posttranslational regulation of OCT1 activity have remained incompletely understood. It
was previously reported that substrate transport of OCT1 is reduced by activation of
protein kinase A and by inhibition of calmodulin, CaM-dependent kinase I, or p56lck
tyrosine kinase.2°? Our current findings add to this prior knowledge and demonstrate that
many ADME proteins, including multi-specific drug-transporters such as OCT]1, are
directly regulated through tyrosine-phosphorylation by a mechanism that involves the
kinase YESI in a manner that is analogous to that previously reported for OCT2.!%° Our
study also indicates that disruption of this phosphorylation process by YES1 by several
clinically-used TKIs can result in dramatically impaired OCT1 function. Furthermore,
our study suggests that phospho-proteomic analysis should be considered during the drug
development process to predict potential drug-drug interactions and to avoid unwanted
consequences when potent inhibitors of YES1 kinase are administered together with
agents that undergo OCT 1-dependent hepatic transport.!’!-2%

During the course of our investigation, we identified several FDA-approved TKIs
as previously unrecognized, potent inhibitors of OCT1, including dasatinib, ibrutinib,
sunitinib, and vandetanib. In addition, we confirmed the OCT1-inhibitory potential of
several other TKIs, such as bosutinib and gilteritinib, which are listed as OCT1 inhibitors

in their prescribing information. It should be pointed out that the mechanism by which

these agents impede OCT1 transport function is not distinctly illustrated in the
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prescribing information of most TKIs (e.g., reversible vs. irreversible; non-competitive
vs. competitive). The presence or absence of either pre- and co-incubation of TKIs with
probe substrates could influence on the inhibitory potential toward transporters, and lead
to false-negative results. For example, addition of dasatinib in pre-incubation conditions
potently inhibits OCT2 function in experimental studies,'®" whereas co-incubation
designs, based on an a priori presumed competitive mechanism of inhibition, dasatinib
was identified as only a weak inhibitor of OCT?2 that is unlikely to have in vivo
relevance.'®” Because of the discrepancies in published reports and prescribing
information, we have previously argued that a reliable and reproducible approach needs
to be implemented to explicitly determine TKI-transporter interactions with a statistically
meaningful and unbiased manner is essential in order to evade contradictory results, and
should ultimately be applied for the design of subsequent in vivo validation studies.'®* In
addition, variations among different laboratory settings, including selection of the test
substrate(s),2** demand that choosing appropriate model substrates should become an
essential component in conducting in vitro cationic-type transport assays to generate
useful and translationally-relevant predictions.

The lack of regulatory guidelines on the experimental design and clarification of
in vitro studies to determine an inhibitory potential of drugs with transporters has likely
influenced on many of the reported inconsistencies. Since TKI agents are most frequently
prescribed as a chronic treatment (e.g., once or twice daily) along with numerous other
medications, it is anticipated that researchers will be vigilant regarding the potential

transporter-mediated drug-drug interactions of TKIs as a perpetrators in order to achieve
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new mechanistic insights and to enhance the safety of currently used polypharmacy
regimens. One approach explored in our current study to demonstrate direct in vivo
modulation of hepatic OCT1 function following the administration of dasatinib is through
the identification of novel biomarkers that could ultimately be utilized to guide the
selection of optimal doses and schedules of potential perpetrators to be used in
conjunction with OCT1 substrates. This was accomplished by probing for novel
endogenous metabolites of OCT1 that reflect hepatic transport function and that can be
detected in the circulation, by conducting targeted MS-based metabolomic analyses. This
analysis was performed using plasma and liver specimens from wild-type mice and
OCT1/2-deficient mice, and ultimately resulted in the identification of various
structurally named molecules of possible significance, including isobutyryl-I-carnitine
(IBC). Interestingly, while we were completing the current study, Luo et al reported that
IBC is also a potentially useful endogenous biomarker to predict OCT1-mediated drug-
drug interactions in humans.'? These collective findings are largely congruent with prior
studies by Kim et al on the transport of carnitines in liver-specific OCT1-knockout
mice.?* This work suggests that levels of certain short-chain acylcarnitines are increased
in livers of OCT1-deficient mice but unchanged in plasma, and also that OCT1 serves to
efflux carnitines out of cultured hepatocytes but not to take them up. This is consistent
with the prior observation that acylcarnitines are not taken up by cells engineered to
overexpress OCT1.2% In our metabolomics data, we did not observe apparent changes in
the levels of IBC in the kidney, where OCT2 is most highly expressed, and we found that

additional deficiency of MATEI had no influence on the results. Although the baseline
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differences of IBC in plasma between wild-type mice and the various OCT1-deficient
strains suggests that levels are predominantly influenced by OCT1-mediated hepatic
efflux, we found that dasatinib administration to wild-type mice was actually associated
with an increase in the levels of IBC in plasma. Although this observation seems
counterintuitive, it should be noted that OCT1 can serve as a bi-directional hepatic
transporter to either mediate the electrogenic cellular influx or alternatively to mediate
efflux of organic cations under trans-zero conditions, depending on the substrate
concentration gradient. Regardless of the mechanistic basis, the recorded discrepancy

with the recently published human study!®?

suggests that further investigation into the use
of IBC as an OCT1 biomarker in the context of transport inhibitors is warranted.

In conclusion, we identified a novel regulatory mechanism for OCT1 function that
involves tyrosine phosphorylation by the kinase YESI, and that is highly sensitive to
inhibition by multiple TKIs, including dasatinib. OCT]1 is highly expressed in
hepatocytes and plays a crucial role in the elimination and pharmacological activity of

many prescription drugs, and this makes OCT1 uniquely vulnerable to phosphorylation-

mediated interactions with TKIs.
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Chapter 3. In Vitro and In Vivo Inhibition of MATE1 by Tyrosine Kinase Inhibitors

**Disclaimer®*
The following chapter contains excerpts from an article published and copyrighted by

Pharmaceutics.””” Permission obtained from MDPI.

3.1 Abstract

The membrane transport of many cationic prescription drugs depends on
facilitated transport by organic cation transporters of which several members, including
OCT2 (SLC2242), are sensitive to inhibition by select tyrosine kinase inhibitors (TKIs).
We hypothesized that TKIs may differentially interact with the renal transporter MATE1
(SLC47A1) and influence the elimination and toxicity of the MATE]1 substrate
oxaliplatin. Interactions with FDA-approved TKIs were evaluated in transfected HEK293
cells, and in vivo pharmacokinetic studies were performed in wild-type, MATE1-
deficient, and OCT2/MATEI1-deficient mice. Of 57 TKIs evaluated, 37 potently inhibited
MATE! function by >80% through a non-competitive, reversible, substrate-independent
mechanism. The urinary excretion of oxaliplatin was reduced by about 2-fold in mice
with a deficiency of MATE1 or both OCT2 and MATE1 (P<0.05), without impacting
markers of acute renal injury. In addition, genetic or pharmacological inhibition of
MATE! did not significantly alter plasma levels of oxaliplatin, suggesting that MATE1
inhibitors are unlikely to influence the safety or drug-drug interaction liability of

oxaliplatin-based chemotherapy.
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3.2 Introduction

Membrane-transporters are key regulators of selective cellular permeability,>*
and mediate the passage of many endogenous metabolites such as amino acids and
nucleosides as well as small-molecule xenobiotics across the plasma membrane.?%
Therefore, they are key determinants in normal physiology and pathophysiology, as well
as therapeutic response to drugs. At the cellular level, transporter-mediated uptake or
efflux can lead to emergence of drug sensitive or resistant phenotypes in target cells,?'°
and as such affect therapeutic efficacy. On the other hand, transporter-mediated uptake in
non-target tissues can result in drug-related toxicities,?!! and several of the transporters
involved in this processes have emerged as critical determinants of drug absorption,
disposition, therapeutic efficacy, adverse drug reactions, and drug-drug interactions.

About 40% of approved prescription drugs are positively charged at neutral pH
(“organic cations”), and the membrane transport of such agents is dependent on
facilitated uptake carriers. The organic cation transporters OCT2 (SLC2242) and MATE1
(SLC47A1) have particular relevance in this connection, since they are highly expressed
at the basolateral and luminal membranes of renal tubular cells, respectively, and these
proteins are considered major transporters in the secretion of organic cations from the
circulation into the kidney and then from the kidney into the tubular lumen. The tissue
distributions of OCT2 and MATEI in mice are generally consistent with that in humans,
with the exception of MATE2-K being absent in the kidney of mice.'* Human and mouse

MATEI exhibit mutual sequence identity (78%) with similar characteristics.® Substrates

for MATEI are typical organic cations, e.g., tetracthylammonium (TEA), 1-methyl-4-
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phenylpyridinium (MPP), metformin, cimetidine, procainamide, and oxaliplatin, which
are also found to be transported by mouse MATE1.”® Defects in OCT2 or MATEI
function resulting from reduced-function alleles in the SLC2242 and SLC47A41 genes can
lead to impaired drug elimination and cause increases in circulating concentrations of
xenobiotic substrates.?!? These prior genetic studies suggest that unintentional alteration
of organic cation transporter function, for example by the use of drugs with OCT2-
and/or MATEI1-inhibitory properties, can potentially lead to deleterious phenotypic
changes in patients.?!

Previous studies have identified a number of widely used anticancer drugs in the
class of tyrosine kinase inhibitors (TKIs) as particularly potent inhibitors of OCT2% as
well as the phylogenetically-linked transporters OCT12!* and OCT3.?!> However, a
systematic approach to evaluate the ability of TKIs to interact with MATE1 and
subsequently affect endogenous homeostasis and xenobiotic handling of substrate drugs
such as oxaliplatin is still lacking. In the current study, we characterized the interaction of
FDA-approved TKIs with MATEL in vitro in cells, in silico by molecular docking
simulations, and in vivo in genetically-engineered mouse models and a patient with

cancer.

3.3 Materials and Methods
Cellular models and cell culture conditions. Parental HEK293 cells were
obtained from American Type Culture Collection (ATCC; Manassas, VA). Cells were

cultured in DMEM supplemented with 10% FBS and grown in a humidified incubator
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containing 5% CO> at 37 °C. Lipofectamine 2000 or LTX (Life Technologies, Rockville,
MD) was used for transient transfections. TKIs were obtained from Sigma-Aldrich (St.
Louis, MO) or Selleckchem (Houston, TX). Radiolabeled compounds were obtained
from American Radiolabeled Chemicals (St. Louis, MO) or Moravek (Brea, CA).
Oxaliplatin was obtained from Tocris (Minneapolis, MN), and cisplatin from Sigma-
Aldrich (St. Louis, MO).

Uptake assays. Uptake experiments in cells overexpressing mouse (m) and
human (h) OCT2 or MATE1 were performed with radiolabeled tetraecthylammonium

216217 in the presence or absence of

(TEA) as the model substrate, using standard methods
TKIs. The cell culture and uptake conditions for cells expressing mMATE1 or hMATE1
were described previously.?! Since several xenobiotics can inhibit OCT2- and/or
MATE1-mediated transport of certain substrates drugs with higher affinities than TEA,!?
the ability of select TKIs to inhibit the uptake of metformin and oxaliplatin was also
evaluated. To ensure that inhibition via high-affinity binding sites can be detected,?'?
substrate concentrations were selected that are >100-fold below the Km values for OCT2
and MATEI. Considerations of inhibitor concentration selection in the in vitro studies
were based on prior criteria’'® in order to exceed the anticipated unbound plasma
concentrations of investigated TKIs and demonstrate inhibitory potential. Since the
inhibitory potential of various xenobiotics against OCT2 and MATEI is dependent on

preincubation with perpetrator drugs,-*1321?

a 15-min preincubation period with the
TKIs was employed unless stated otherwise. All results were normalized to uptake values

in cells transfected with an empty vector or DMSO-treated groups.
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In the uptake experiments, cells were seeded in 12- or 24-well plates (6-well
plates for oxaliplatin) in phenol red-free DMEM containing 10% FBS, and were
incubated at 37°C for 24 h. After removal of the culture medium and rinsing with PBS,
cells were preincubated with either DMSO or inhibitors followed by addition of substrate
and uptake measurement after 10-15 min for TEA (2 uM) or metformin (5 uM) and 60
min for oxaliplatin (50-75 uM). MATEI1-overexpressed cells were pre-incubated with
transport media containing 30 mM ammonium chloride for 20 min at 37 °C following
previously published protocol (pH 7.4 for AMATE 1?2222 and pH 8.4 for mMATE1!%%23)
to ensure interactions can be evaluated between outward-facing MATE]1 and substrate
uptake before adding inhibitors. Then, preincubation media was removed and cells were
incubated with transport media (NH,Cl free) containing radiolabeled compounds. The
composition of transport buffer was as follows: 145 mM NaCl, 3 mM KCI, 1 mM CaCl.,,
0.5 mM MgCl,, 5 mM D-Glucose, and 5 mM HEPES. Although the physiological
function of MATEI is to support luminal efflux, previous studies have shown that kinetic
parameters of MATE1-mediated transport are not significantly different between the
outward (uptake) and inward (efflux) orientations.?** The uptake of TEA and metformin
was measured by liquid scintillation counting, as described previously.??> For uptake
studies involving platinum drugs, cells were collected with TrypLE, and the pellets were
lysed overnight in 0.2% nitric acid. After sonication, total platinum levels were
determined by flameless atomic absorption spectrometry.?*>

Gene expression analysis. RNA was extracted using the Qiagen kit from treated

cells in 12-well plates or kidney tissues obtained from untreated or treated mice. Tagman
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primers Hs00217320 m1 and Mm00840361 m1 were obtained from Thermo Fisher
Scientific (Waltham, MA) and used for the hMATE1 and mMATE]1 genes. The primers
Hs02786624 g1 and Mm99999915 g1 were used as the house-keeping control genes for
hGAPDH and mGAPDH, respectively.

Computational modeling. Ligand-based pharmacophore modelling and molecular
docking were performed with Schrodinger Suite 2018.2262%7 TKIs were classified as
active and inactive based on their cellular uptake activities, where TKI-mediated
inhibition of MATEI function was considered ‘active’ if transport function was reduced
to <10% of baseline values, and ‘inactive’ was defined as inhibition resulting in residual
cellular uptake values of >50% of baseline values. A total 43 TKIs was used in
pharmacophore construction. Common chemical features were extracted through the
alignment of all active TKIs to capture the essential interactions between the ligands and
a potential protein target. Molecular docking predicts the preferred binding conformation
and orientation of a ligand within a protein target and the binding poses are evaluated
based on an energy function also known as scoring function. Machine learning-based
QSAR (ML-QSAR) models were constructed as binary classification with support vector
machine (SVM) and artificial neural network (ANN).22322% A group of 58 tested
compounds was randomly divided into a training and a testing dataset in an 8:2 ratio. All
TKIs were converted to Morgan circular fingerprints. For the ANN-based QSAR models,
20 runs were taken, and the ANN was trained with 150 epochs in each run. Linear
discriminative analysis (LDA) and t-distributed stochastic neighbor embedding (t-SNE)

were performed to explore the chemical space spanned by these TKIs. In the LDA
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analysis, we randomly selected 100 known allosteric modulators or competitive
inhibitors, and then converted their SMILES representations to Morgan Circular
fingerprint using RDKit. The 2D chemical structures of the tested TKIs were also
converted to Morgan Circular fingerprint. The molecular fingerprints and labels of all
compounds were fitted with the LDA model using sklearn, and results were plotted as
probability density distributions. In the t-SNE analysis, principal component analysis
(PCA) was performed for the first 20 dimensions of the molecular fingerprints for all
compounds using sklearn. The PCA results were then fed into t-SNE model using
sklearn, and the result was visualized with a scatter plot. The source codes for ML-
QSAR, similarity comparison, LDA and t-SNE are available at

https://github.com/sijiechenchenchen.

Murine pharmacokinetic studies. For pharmacokinetic studies, plasma and tissue
samples were collected from male wild-type mice (8-12 weeks old), and age-matched
MATE]1-deficient MATE1(-/-)] mice, and mice additionally deficient for OCT1 and
OCT2 [OCT1/2/MATEI(-/-)], following an established protocol.*° All animals were
backcrossed on an FVB strain, were given a standard diet and water ad libitum, and
housed and handled in accordance with the University Laboratory Animal Resources
(ULAR) Animal Care and Use Committee at The Ohio State University
(2015A00000101-R1). The expected gene deletions in OCT1/2/MATE1(-/-) mice were
verified by PCR,?!* and these animals were observed to be viable and fertile without
detectable serum biochemical abnormalities. Oxaliplatin was administered to mice as a

single i.p. dose (10 mg/kg), with oxaliplatin dissolved in sterile PBS containing 5%
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glucose. Dasatinib (15 mg/kg) was formulated in 80 mM citric acid (pH 3.1) and given
orally 30 min prior to the administration of oxaliplatin. Concentrations of total platinum
in plasma and tissues were measured by flameless atomic absorption spectrometry, as
previously reported,?!”-?*! by interpolation of unknown readings on linear calibration
curves prepared in drug-free nitric acid (0.2%) using linear-least squares regression
analysis.

In order to examine the influence of transporter deficiency on the elimination of
total platinum after oxaliplatin administration, male wild-type, MATEI1(-/-), and
OCT1/2/MATEI1(-/-) mice were kept individually in Nalgene metabolic cages for a
period of 3 days prior to oxaliplatin administration (10 mg/kg, i.p.). Animals had free
access to a standard diet and water, and were housed in a temperature- and light-
controlled environment. Changes in the animals’ appearance (e.g., kyphosis and altered
grooming), behavior (e.g., altered nesting), and/or activity (e.g., altered exploring) were
monitored throughout the experiments. The bodyweight of each individual mouse was
recorded before and during the experiment. Urine samples were collected in sterile 1.5 ml
Eppendorf tubes at 8, 24, 48, and 72 h post-administration of oxaliplatin. Drug levels in
urine were analyzed by a validated method based on flameless atomic absorption
spectrometry,?!” and urinary excretion of oxaliplatin was expressed as a percentage of the
total administered dose.

Immunoblotting assays. Kidneys were isolated from mice, then minced and
incubated in 500 pl of RIPA buffer (Cell Signaling Technology) containing 1% SDS and

protease and phosphatase inhibitors. After sonication, the lysate was incubated for 10 min
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on ice, and then centrifuged at 15,000 x g for 15 min. The supernatant was re-centrifuged
and used for determination of total protein content by a BCA assay kit. For the
immunoblotting, the membrane was blocked with 5% skim milk in 0.05% PBS-tween,
and then incubated overnight with a primary antibody (NGAL # 0351) obtained from
Santa Cruz Biotechnology (Dallas, TX), and with an HRP-conjugated secondary anti-
rabbit antibody (7074) obtained from Cell Signaling Technology (Danvers, MA).

Human pharmacokinetic studies. The study subject was a patient with
metastatic colorectal cancer receiving a once daily oral dose of dasatinib (100 mg) before
initiation of mMFOLFOX6-based therapy, which included oxaliplatin (85 mg/m?),
leucovorin (400 mg/m?), and 5-fluorouracil (400 mg/m? by i.v. bolus and 2400 mg/m? by
infusion over 46 hours). Dasatinib was administered in combination with standard doses
of oxaliplatin given every 14 days, 24 h before and 30 min before each oxaliplatin
infusion. In order to assess the degree of MATE] inhibition by dasatinib, analyses of N-
methylnicotinamide (see below) were performed in plasma samples collected at serial
time points (up to 24 h after the end of infusion). Plasma samples were also subjected to
dasatinib analysis by liquid chromatography with tandem mass spectrometric detection
(LC-MS/MS)*? and analyzed for total platinum levels by flameless atomic absorption
spectrometry.?3® The study protocol NCT04164069 was approved by the review board at
the Ohio State University (Columbus, OH), and the patient provided informed consent
prior to enrollment.

Quantification of N-methylnicotinamide. Levels of N-methylnicotinamide

(NMN; purity >98%, Sigma Aldrich, St. Louis, MO) were determined using LC-MS/MS
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using a Vanquish UHPLC coupled with a Quantiva triple quadrupole mass spectrometer
(Thermo Fisher Scientific). An Accucore aQ C18 column (150 x 2.1 mm, dp = 2.6 um)
with a C18 AQUASIL guard cartridge (2.1 mm x 10 mm, dp = 3 um) were employed for
separation of the analytes of interest. The column and autosampler were maintained at
temperatures of 40 °C and 4 °C, respectively. The mobile phase was composed of solvent
A (0.1% formic acid in distilled water) and solvent B (0.1% formic acid in acetonitrile:
methanol, 50:50, vol/vol), and a gradient elution was used for 5.0 min at a flow rate of
0.4 mL/min. The gradient conditions were as follows: 0-0.5 min, 0% B; 0.5-1.5 min, 0%
to 20% B; 1.5-2.3 min, 20% B; 2.3-3.8 min, 20-95% B; 3.8-4.2 min, 95% B; 4.2-5.0 min,
0% B. Aliquots of 5 pL of the extracted samples were injected. The following parameters
were set for the mass spectrometer: sheath gas, 40 Arb; aux gas, 12 Arb; sweep gas, 3.3
Arb; ion transfer tube temperature, 350 °C, and vaporizer temperature, 375 °C. The ion
source was operated using heated ESI with the ion spray voltage set at 3500 V in positive
ion mode. The collision gas argon was used at a pressure of 1.5 mTorr. An optimized
selective reaction monitoring (SRM) mode was applied for the quantitation with the
following parameters: m/z 137.062>94.012, collision energy at 20.05 V for N-
methylnicotinamide and m/z 140.050>97.082, collision energy at 21.68 V for the internal
standard, 3-carbamoyl-1-methyl-d3-pyridinium chloride (purity: >98%, Toronto
Research Chemicals, North York, ON, Canada). A protein-precipitation method was used
to extract N-methylnicotinamide from plasma samples. In brief, prior to analysis, frozen
samples were thawed at room temperature, plasma aliquots of 10 pL were transferred to a

0.5-mL Eppendorf tube followed by the addition of 20 pL of an internal standard working
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solution (100 ng/mL) and 70 pL of methanol. The samples were vortex-mixed and
centrifuged at 13,000 rpm for 9.5 min at 4 °C. Next, 60-uL aliquots of the organic layer
were transferred into WebSeal 96-well plates covered with a Webseal mat (Thermo
Fisher Scientific,), and a 5-uL volume of each was injected into the LC-MS/MS system.
The lower limit of quantitation for N-methylnicotinamide was determined to be 1 ng/mL,
and linear calibration curves ranged from 1 to 1000 ng/ml. The within-run and between-
run precisions were within 5.27%, while the accuracy ranged from 93.5 to 104%.
Statistical Analyses. All data are presented as mean + standard error of the mean
(SEM), and experimental results from uptake studies were normalized to total protein
content and baseline values, and expressed as a percentage. All experiments were
performed using multiple replicates and were performed independently on at least two
independent occasions. An unpaired two-sided Student’s t-test with Welch’s correction
was used for comparisons between two groups (control/baseline vs. treatment/genotype),
and a one-way ANOVA with Dunnett’s post-hoc test was used for comparing more than

2 groups. P<0.05 was used as the statistical cut-off across all analyses.

3.4 Results and Discussion
3.4.1 TKI-mediated inhibition of MATE]1 in vitro

In our previously reported screens of inhibitors against the organic cation
transporters OCT1, OCT2, and OCT3, several TKIs were identified as agents with potent
transporter-modulatory properties.®?2!421> Due to their unique inhibitory activity against
these transporters, we performed a screen of FDA-approved TKIs and sought to
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determine whether these agents are also modifiers of transport function in cells
overexpressing the related transporter, MATEI. In order to determine the extent of
interactions between TKIs and MATEI, the uptake of the prototypical substrate TEA was
evaluated in cells overexpressing hMATE] in the presence or absence of a pre-incubation
with each individual TKI. The known MATEI inhibitor cimetidine was used as a positive
control inhibitor. This screen revealed that all 57 TKIs, except for alectinib, inhibited
MATEI] function by at least 25% with an inhibitor to substrate concentration ratio of 5:1,
and more than half of the TKIs inhibited by more than 80% (Figure 11A).

Subsequent investigation with various anti-leukemic TKIs, including dasatinib,
ibrutinib, imatinib, nilotinib, and/or ponatinib, indicated that the TKI-MATE]1 interaction
is dependent on the pre-incubation time (Figure 11B), and is only partially reversible
such that MATE] function is not fully restored even after an 8-h washout period (Figure
11C). This suggests that even short-term exposure to TKIs followed by their removal can
result in sustained inhibition of MATE] for prolonged time periods. Since certain
inhibitors of organic cation transporters function in a substrate-dependent manner,** we
verified that TKIs retained MATE1-inhibitory potential when using metformin as an
alternative, secondary substrate (Figure 11D). Furthermore, a Dixon plot of the
reciprocal velocity against the TKI concentration to derive inhibition constants (Ki)
indicated that the mechanism of inhibition is non-competitive (Figure 11E). conclusion
is consistent with a previous observation that certain anti-leukemic TKIs, including
nilotinib (Ki, 1.54 uM), can exert selectively potent inhibitory effects against MATE]1 at

clinically-relevant concentrations.?!®
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3.4.2 Computational evaluation of MATE1-TKIs interaction

To gain insight into the mechanistic basis of the finding that an unexpectedly
large number of TKIs have potent MATE1-inhibitory properties, two ligand-based
models were constructed, including pharmacophore models and ML-QSAR models
(Figure 12A). The two ML-QSAR models using artificial neural network (ANN) and
support vector machine (SVM) yielded g? values of 0.83 and 0.75 in the test dataset,
respectively (Figure 12B). The good accuracy of the ML-QSAR models indicates that
the inhibitory activities of TKIs are correlated with their chemical structural features,
which in turn suggests a common inhibitory mechanism. To probe the mechanisms by
which these TKIs interact with human MATE1, we generated a pharmacophore model
with the maximum hypothesis match of the 24 ‘active’ TKIs that reduced the function of
MATEI1 by >90%. The low accuracy of the model (q°=0.51) indicates, however, that
these TKIs do not share a common pharmacophore and, hence, are unlikely bind to the
same well-defined pocket (site) on MATE]. The main reason for the poor performance of
this pharmacophore model is related to the diverse structures of the active TKIs, as
indicated by the low Tanimoto similarity scores (Figure 12C), where most TKIs show
less than 0.3 similarity across the three comparisons.

The notion that TKIs are non-competitive inhibitors of MATEI suggests that the
TKIs do not occupy the orthosteric binding site for substrates. To investigate if the active
TKIs act as allosteric modulators of MATE1, we compared their chemical characteristics

with those of existing allosteric drugs. We randomly selected 100 compounds belonging
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to allosteric modulators or competitive inhibitors, and conducted linear discriminant
analysis (LDA) to classify these compounds (Figure 12D).2*° Our results show that LDA
can distinctly separate the allosteric modulators from the competitive inhibitors, and our
tested active TKIs populate the purple distribution region representing allosteric
modulators. In addition, we employed t-distributed Stochastic Neighbor Embedding (t-
SNE) to visualize if the TKIs, allosteric modulators, and approved drugs reside in the
same chemical space (Figure 12E). Both LDA and t-SNE show that the active TKIs and
allosteric drugs are clustered together, indicating that the active TKIs resemble allosteric
modulators in terms of their physicochemical properties.

To further probe if and how these TKIs interact with MATE1, we
computationally docked them to an atomic structural model of MATEI predicted by
AlphaFold2 (access code AF-Q96FL8-F1).2%¢ The docking result does not show a
consensus binding site/pose for these TKIs, consistent with the above pharmacophore
model. Additionally, the docking scores show no significant difference among the active,
neutral and inactive TKIs. The best binding poses of the active, inactive, and neutral
TKIs show that their binding space overlaps, all occupying a large vacant volume
between the C- and N-lobes of MATE]1 (Figure 12F). Overall, these calculations suggest
that the mechanism by which TKIs inhibit MATEL is unlikely associated with binding to

a common and well-defined binding pocket on the MATEI protein.
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3.4.3 Influence of TKIs on MATEI1 regulation in vitro

Next, we evaluated the influence of MATE-inhibitory TKIs on post-translational
and transcriptional regulatory pathways as potential explanations for the observed
inhibitory profiles. We previously reported that the transporter OCT?2 is sensitive to
inhibition by several FDA-approved TKIs through a mechanism that involves YES1-
mediated tyrosine phosphorylation®'* Since OCT2 shares various structural features and

has overlapping substrate specificity compared with MATE1,%7

we hypothesized that the
activity of MATE1 might also be dependent on kinase-mediated tyrosine
phosphorylation. However, a recent unbiased MS-based phospho-proteomics screen did
not identify MATE]1 as a tyrosine-phosphorylated protein.® The absence of a common
inhibitory mechanism by which TKIs can modulate the function of OCT2 and MATEI] is
also consistent with the notion that the inhibitory properties of a subset of TKIs against
these 2 transporters are not correlated (Figure 13A). Indeed, compared to OCT2, a highly
distinct TKI-mediated inhibitory profile was observed for MATEI, with some TKIs (e.g.,
bosutinib, sunitinib) potently inhibiting both transporters and some (e.g., regorafenib,
sorafenib) having no influence on OCT2 function. These findings are consistent with the
observation that silencing of YESI by siRNA in HEK293 cells influenced the function of
OCT?2 but not MATEI (Figure 13B), and with the notion that MATEI lacks the proline-
rich (PXXPR) sequence present in OCT2 that binds the Src Homology 3 domain present
in YES1% (Figure 13C).

An alternative route by which TKIs affect MATE]1 function is through effects on

transcription factors that result in gene expression changes. Previous studies have
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suggested a possible role for PPARaq,?%2%

and basal transcription of the MATEI gene is
regulated by FXR?* and by binding of Sp1 close to the transcription start site,*! by
binding of AP-1/AP2-rep to the promoter region,?** and by Nkx-2.5, SREBF1, and USF-
1243, Of these transcription factors, Sp1 is of particular interest because exposure to
nilotinib and dasatinib is known to influence Sp1 expression and binding to its target
genes as well as influence kinases that phosphorylate Sp1 via mechanisms unrelated to
their primary targets.>** To gain preliminary insights, we performed a transcriptomic
analysis by RT-PCR of MATEI-overexpressing cells exposed to TKIs in vitro and found
that dasatinib and nilotinib (in increasing order) downregulated the expression of MATEI
(Figure 13D). Although further investigation is required to the TKI-, dose-, and time-

dependence as well as the mechanistic basis of these findings, they are consistent with the

possibility that TKIs inhibits MATEI through a transcriptional regulation mechanism.

3.4.4 Effect of TKI treatment on MATEI1 function in vivo

In advance of evaluating the influence of TKIs on MATEI function in mice, the
comparative concentration associated with 50% inhibition of transport (ICso) for human
and mouse MATE1 was determined for several TKIs, including ibrutinib, imatinib, and
nilotinib. These studies indicated that mouse MATE1 was more resistant to TKI-
mediated inhibition than the human transporter; for example, the ICso for nilotinib against
human MATE]1 was >100 times lower than that against mouse MATE1 (0.38 vs 45.4
uM, respectively) (Figure 14A). It is noteworthy that the same pattern of inhibition was

observed for the known, non-TKI inhibitor of MATE]1, cimetidine (ICso, >50 uM). The
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finding that the MATEI-inhibitory property of certain xenobiotics is species-dependent is
not unprecedented,>* and has been specifically reported previously for imatinib-mediated
inhibition of dopamine transport (ICso for human MATE]L, 1.1 uM; ICso for mouse
MATEI, 101 uM).?*® This suggests that phenotypic changes observed in mice could
potentially under-predict observations made in humans.

To directly assess the influence of dasatinib on the function of MATE1 in vivo,
levels of the endogenous dual OCT2/MATEI] substrate 1-N-methyl-nicotinamide (NMN)
were measured as a potentially TKI-sensitive biomarker at baseline in mice that were
either wild-type or deficient in MATE1,%** OCT1 and OCT2 (OCT1/2), which together
are the functional equivalent of human OCT2,%*” or both MATE1 and OCT1/2.2*® We
found that deficiency of either MATE1 or OCT1/2 was accompanied by significantly
elevated levels of NMN in plasma (Figure 14B), and that simultaneous deficiency of
MATE! and OCT1/2, which form a functional unit with MATEI in the kidney to
regulate the tubular secretion of organic cations, resulted in further elevation of baseline
levels. These findings suggest that NMN, a natural metabolite of niacin (or
nicotinamide), serves as a bona fide biomarker for directional renal organic cation
transport, a conclusion that is in line with a recent clinical report.>*’

We next evaluated the impact of dasatinib on concentrations of NMN in mice and
found that oral administration of the TKI at a dose of 10 mg/kg resulted in a transient,
statistically significant increase in the plasma levels of NMN in wild-type mice to a
degree that resembles those observed in MATE1-deficient mice at baseline (Figure 14B).

Similar observations were made in a patient with colorectal cancer who received a single
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oral 100-mg dose of dasatinib (Figure 14C). The average circulating concentrations of
dasatinib in this patient were consistent with previously reported findings in humans

t,29 were similar to those observed in our preclinical

receiving dasatinib-based treatmen
studies in mice (Figure 14D), and suggest that these levels are in the range required for
potent and sustained inhibition of MATE] as predicted from in vitro model systems. The
plausibility of dasatinib-mediated in vivo inhibition of MATEI is further underscored by
the notion that TKIs tend to accumulate in cells (administration of imatinib 25 uM

)?>! and dasatinib is known

resulted in 4.2 mM intracellular concentrations in K562 cells
to extensively accumulate in the mammalian kidney, the proposed site of interaction, with
reported kidney-to-blood concentration ratios of >10.2>? In view of the structural
dissimilarity between TKIs, extending conclusions derived from studies with dasatinib to
other TKIs is not necessarily appropriate, and suggests that further investigations are
required to evaluate whether the mechanism of MATE] inhibition is dependent on the
TKI involved. In addition, while TKIs such as dasatinib potently inhibit MATE1

function in vitro, suggesting that concurrent treatment with such TKIs warrants caution,

these interactions are not necessarily associated with a deleterious effect on renal

function.

3.4.5 Modulation of oxaliplatin pharmacokinetics by TKI treatment
To further evaluate the influence of TKIs on the function of MATE]I in vivo, the
plasma pharmacokinetic profile and urinary excretion of the anticancer drug oxaliplatin

were examined in mice. Oxaliplatin is a small-molecule platinum coordination complex
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used for the treatment of several gastrointestinal cancers that is cleared from plasma
predominantly by renal elimination, with urinary excretion accounting for >50% of the
dose and fecal excretion for about 2% of the dose.?>* Previous reports demonstrated that

29217 a5 well as

oxaliplatin is a transported substrate of mouse, rat, and human OCT
MATEI1,%*25* and these transporters collectively provide a mechanistic account of the
renal tubular secretion of oxaliplatin in rodents and humans (Figure 15A). Preliminary in
vitro studies provided confirmation of the notion that oxaliplatin is a transported substrate
of mouse and human OCT2 and mouse and human MATE1, where overexpression of the
murine (Figure 15B) and human (Figure 15C) transporters was associated with 15-fold
and 3-fold increases in uptake, respectively, compared with cells transfected with an
empty vector control. Importantly, cells pre-treated with dasatinib showed a dramatically
impaired ability to transport oxaliplatin.

In advance of the pharmacokinetic studies with oxaliplatin, we verified the utility
of the MATE1-deficient mouse model by demonstrating its increased sensitivity to
nephrotoxicity associated with the related agent cisplatin that results from an increase in
residence time and extent of accumulation in proximal tubular cells associated with
impaired MATEI function. Indeed, we found that the administration of cisplatin to
MATE]1-deficient mice was associated with increases in several commonly used
biomarkers of drug-induced acute kidney injury, including blood urea nitrogen (BUN)
and neutrophil gelatinase-associated lipocalin (NGAL) compared with the values
observed in wild-type mice (Figure 16). These findings are consistent with prior

255-257

observations in similar genetically-engineered mouse models or studies involving
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the administration of cisplatin together with inhibitors of MATE1,%%2% and are in line
with observations made in patients receiving treatment with cisplatin who carry impaired
function variants in SLC47A1, the gene that encodes MATE1.260-262

The notion that oxaliplatin lacks nephrotoxic properties similar to those observed
with cisplatin has been ascribed to comparative differences in transport kinetics for
MATEI in both mice and humans, and with a corresponding increase in luminal efflux
into the urine.?** This, in turn, provides a plausible explanation for the differential extent
of total drug accumulation in the kidney, which is much less for oxaliplatin than for
cisplatin.?*>?% Based on this prior knowledge, it has been speculated that genetic or
pharmacological inhibition of MATE1 might also be associated with an oxaliplatin-
mediated potentiation of nephrotoxicity.?* In contrast, we found that while the urinary
excretion of oxaliplatin was substantially decreased by MATE1-deficiency over a 3-day
collection period (Figure 17A), this was not accompanied by detectable changes in
treatment-related weight loss (Figure 17B), a general marker of toxicity, or by specific
markers of nephrotoxicity (Figure 17C-D). Similar observations were made in animals
that were additionally deficient in OCT1 and OCT2 (Figure 17A-D). The translational
significance of these findings was confirmed by the demonstration that the pretreatment
of mice with dasatinib had no influence on markers of oxaliplatin-induced nephrotoxicity
(Figure 18A-B). Interestingly, the plasma pharmacokinetic profile of oxaliplatin was
unchanged by pretreatment with a single dose of dasatinib in wild-type mice (Figure
17E), and in the patient with colorectal cancer (Figure 17F; Table 2). This observation

was made regardless of MATE1 or OCT1/2 genotype (Figure 18C), and the lack of a
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detectable plasma pharmacokinetic interaction was also noted for cisplatin when given in
combination with nilotinib (Figure 18D; Table 2). The paradoxical notion that urinary
excretion of oxaliplatin can be impaired as a result of dysfunctional transport by MATE1
without concurrent changes in the apparent systemic clearance is possibly related to
shunting of elimination. A related phenomenon has been documented previously for
several other drugs where altered liver uptake or biliary secretion due to a genetic defect
is associated with increases in the extent of urinary excretion.?%>2¢ Although additional
investigation will be required to assess the precise mechanistic basis and the
pharmacodynamic implications of this phenomenon, the observations made in mice and
humans provide evidence that MATEI inhibitors are unlikely to influence the safety or

drug-drug interaction liability of oxaliplatin-based chemotherapy.
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Figure 11: Modulation of MATE1 function by TKIs in vitro
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Modulation of MATEI1 function by TKIs in vitro. (A) Different TKIs were tested at a
concentration of 10 uM in both MATE1-overexpressing HEK293 cells and HEK293 cells
transfected with an empty vector. The uptake of the MATE1 substrate ['*C] TEA (2 uM)
in the presence of TKIs is reported as a percent difference of uptake in cells treated with
the control vehicle, DMSO. Cimetidine (25 uM) was used as a positive control inhibitor
of MATEI. (B) HEK293 cells overexpressing MATEI were either pre-treated with TKI
(ponatinib) for 15 min before adding the substrate TEA (pre-incubate group), co-
incubated with TKI and TEA (co-incubate group), or pre-treated with TKI, followed by
TEA in the presence of TKI (pre + co-incubate group). (C) Time-dependent recovery of

MATEI function in cells pre-incubated with ibrutinib 10 uM) for 15 min, followed by
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removal of ibrutinib and ['*C] TEA uptake assay was carried out at time 0, 1, 2, 4, and 8
h. Baseline MATEI function was determined in untreated cells. (D) Influence of TKIs
(pre + co-incubation) on comparative MATE1-dependent transport of ['*C] TEA (2 pM)
and metformin (5 uM). The graph represents relative uptake as compared to individual
vector group after normalization of protein levels. Individual t-tests showed no significant
difference between the two substrates. (E) Dixon plot of nilotinib-dependent MATE1
inhibition of varying concentrations of ['*C] TEA. The velocity (v) was calculated based
on the difference in uptake between cells with and without MATE1 overexpression. Data

are shown as mean =+ SEM.
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Figure 12: In silico analysis of mechanisms underlying MATE]1 inhibition by TKIs
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In silico analysis of mechanisms underlying MATEI1 inhibition by TKIs. (A) The

workflow of pharmacophore and ML-QSAR modeling. (B) The accuracy for the test

dataset for 20 ML-QSAR runs. (C) The Tanimoto similarity comparisons of TKIs. (D)

90



Probability distributions of active TKIs, inactive TKIs, allosteric modulators and
competitive inhibitors using LDA. (E) Chemical space of the TKIs, allosteric modulators
and approved drugs projected along the first two PC modes from PCA using t-SNE. (F)

The clustering of the best binding poses for active, inactive, and neutral TKIs in a

hMATE!1 model.
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Figure 13: Influence of TKIs on MATE1 expression
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Influence of TKIs on MATET1 expression. (A) Relative transporter function in HEK293
cells stably transfected with human OCT2 and MATE1 was evaluated by a substrate drug
['*C] TEA in the presence of FDA approved TKIs (10 uM). The graph represents relative
transport activity of indicated substrate drug compared to DMSO. (B) siRNA (25 nM)-
mediated knockdown of YES1 kinase and its effects on HEK293 cells overexpressing
human OCT2 and MATE]1 using uptake assays with ['*C] TEA. The treatment condition
for each bar is mentioned below the graph. Data are shown as mean = SEM (*P < 0.05).
(C) Protein sequence of OCT1, OCT2, OCT3, MATEI (residue 277) and MATE2K was

aligned by a multiple sequence alignment program (MAFFT). (D) Effect of select TKIs
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on the expression of MATE]1 gene as measured by RT-PCR (results are reported as a

difference with the respective control containing empty vector).
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Figure 14: Characteristics of MATEI1 inhibition by TKIs
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Characteristics of MATE]1 inhibition by TKIs. (A) Comparison of ICso of several
TKIs in HEK293 cells overexpressing mouse or human MATE]1. (B) Influence of mouse
genotype and TKI treatment on levels of the MATE1 biomarker, N-methynicotinamide

(1-NMN) in plasma. Dashed lines represent baseline levels of 1-NMN in wild-type,
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OCT1/2-, MATEI1-, and OCT1/2/MATEI1-deficient mice (n = 5 each), and solid lines
represent concentration-time profiles of 1-NMN in wild-type mice after a single oral dose
of dasatinib (15 mg/kg) (p < 0.05 treated vs. baseline 1-NMN level in wild-type mice).
All values represent mean + SEM. (C) Plasma concentration-time profile of 1-NMN in a
human patient after a single oral dose (p.o.) of dasatinib (100 mg). Dashed line represents
baseline 1-NMN level in plasma. (D) Plasma concentration time profile of dasatinib in

mice (15 mg/kg; p.o.) and a human patient (100 mg; p.o.).
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Figure 15: Renal transport of oxaliplatin in mice and humans
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Renal transport of oxaliplatin in mice and humans. (A) Scheme depicting vectorial
transport of organic cations (OC+) in the kidney of mice and humans. Transport activity
of oxaliplatin (50 uM) was assessed in HEK293 cells overexpressing mouse (B) and

human (C) OCT2, or MATEI transporters in the presence or absence of dasatinib (10

uM).
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Figure 16: Influence of MATE]1 deficiency on cisplatin disposition
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Influence of MATET1 deficiency on cisplatin disposition. Urinary excretion (A), weight
loss (B), BUN (C), and the kidney damage marker NGAL (D) were analyzed in wild-type
mice and MATEI-deficient mice (n=5 each) following the administration of a single dose

of cisplatin (15 mg/kg, i.p.). Data represent mean + SEM.
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Figure 17: Influence of MATE]1 inhibition on oxaliplatin disposition
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Influence of MATEI1 inhibition on oxaliplatin disposition. Urinary excretion (A)
weight loss (B), blood urea nitrogen (BUN) (C), and serum creatinine (D) were assessed
in wild-type, MATE1-deficient, and OCT1/2/MATEI1-deficient mice (n =5 each)
following a single dose of oxaliplatin (10 mg/kg, 1.p.). Data represent mean + SEM.
Plasma concentration time profile of oxaliplatin in mice (10 mg/kg; i.p.) (E) and a human
patient (85 mg/m?; i.v. infusion) (F) in the presence and absence of pre-treatment with

dasatinib at the dose of 15 mg/kg in mice, and 100 mg in a human patient.
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Figure 18: Influence of TKI pre-treatment on oxaliplatin and cisplatin disposition
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Influence of TKI pre-treatment on oxaliplatin and cisplatin disposition. (A) BUN
and (B) serum creatinine were assessed in wild-type mice and OCT1/2/MATEI1-deficient

mice (n=3 each) following the administration of a single dose of oxaliplatin (10 mg/kg,
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1.p.) with and without dasatinib pre-treatment (15 mg/kg, p.o.). Data represent mean +
SEM. Plasma concentration time profile of oxaliplatin (10 mg/kg, i.p.) with or without
dasatinib pre-treatment (15 mg/kg, p.o.) (C) and cisplatin (15 mg/kg, i.p.) with or without

nilotinib pre-treatment (10 mg/kg, p.o.) (D).
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Table 2: Plasma pharmacokinetic parameters of cisplatin and oxaliplatin in mice

and a human patient with cancer*

Treatment Species Cmax (ng/ml) AUC (hxpg/ml)
Cisplatin Mouse

Wild-type 454 +£2.04 43.2+2.08
Wild-type + Nilotinib 37.1+1.57 37.6 £1.57
OCT1/2/MATE1™ 40.2 +2.37 39.3+1.26
OCT1/2/MATE1"" + Nilotinib 30.6 +2.77 32.2+1.20
Oxaliplatin Mouse

Wild-type 2.76 £ 0.04 10.7 +1.00
Wild-type + Dasatinib 4.80 £ 0.01 12.2+0.71
OCT1/2/MATE1" 3.61+£0.18 10.5+0.01
OCT1/2/MATE1"" + Dasatinib 3.86 £0.01 7.53+£0.90
Oxaliplatin Human

Oxaliplatin 0.96 11.3
Oxaliplatin + Dasatinib 0.87 11.6

*Cisplatin (15 mg/kg i.p.) and oxaliplatin (10 mg/kg, i.p.) were administered to male

wild-type and OCT1/2/MATEI1-deficient mice (n=5 each) with and without pretreatment

with nilotinib (10 mg/kg, p.o.) or dasatinib (15 mg/kg, p.o.), respectively. The human

patient received oxaliplatin as an i.v. infusion at a dose of 85 mg/m? with and without

dasatinib pre-treatment (100 mg, p.o.).
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3.5 Conclusions

In the present study, we identified MATE] as a transporter that is sensitive to
potent inhibition by a remarkably large number of small molecule drugs in the class of
TKIs, and demonstrated through functional validation studies using genetic and
pharmacological approaches that the observed inhibitory properties are potentially related
to an effect on transcription. In addition, we found that some of these TKIs can inhibit
renal MATE] function in vivo as evidenced from their ability to modulate urinary
excretion of the prototypical substrate, oxaliplatin, as well as systemic levels of the
endogenous biomarker, NMN. These findings provide novel insight into the regulation of
MATEI] and suggest that caution is warranted with polypharmacy regimes involving the
use of certain MATE] substrates given in combination with TKIs. This is particularly
relevant in view of the fact that a large proportion of approved prescription drugs are
organic cations, and that the membrane transport of many of these agents depends on

facilitated carriers such as MATE1.2¢7
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Chapter 4. Involvement of Membrane Transporters and Dofetilide-induced

Proarrhythmia

4.1. Development and Validation of a UPLC-MS/MS Analytical Method for

Dofetilide

**Disclaimer**
The following chapter contains excerpts from an article published and copyrighted by

Journal of Pharmaceutical and Biomedical Analysis *®®

4.1.1 Abstract

A novel method using UPLC with tandem mass-spectrometric detection (UPLC-
MS/MS) with positive electrospray ionization was developed for the detection of the
antiarrhythmic drug, dofetilide, in mouse plasma and urine. Protein precipitation was
performed on 10 pL of plasma and 2 pL of urine samples using dofetilide-D4 as an
internal standard, and separation of the analyte was accomplished on a C18 analytical
column with the flow of 0.40 mL/min. Subsequently, the method was successfully
applied to determine the pharmacokinetic parameters of dofetilide following oral and
intravenous administration. The calibration curve was linear over the selected
concentration range (R? > 0.99), with a lower limit of quantitation of 5 ng/mL. The intra-
day and inter-day precisions, and accuracies obtained from a 5-day validation ranged

from 3.00-7.10%, 3.80-7.20%, and 93.0-106% for plasma, and 3.50-9.00%, 3.70-10.0%,
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87.0-106% for urine, while the recovery of dofetilide was 93.7% and 97.4% in plasma
and urine, respectively. The observed pharmacokinetic profiles revealed that absorption is
the rate-limiting step in dofetilide distribution and elimination. Pharmacokinetic studies
illustrate that the absolute bioavailability of dofetilide in the FVB strain mice is 34.5%.
The current developed method allows for accurate and precise quantification of dofetilide
in micro-volumes of plasma and urine, and was found to be suitable for supporting in

vivo pharmacokinetic studies.

4.1.2 Introduction

Dofetilide is a class III antiarrhythmic drug that inhibits the delayed rectifier
potassium channel and is used to treat the recurrence of atrial fibrillation.?*” This agent
does not cause any negative inotropic, dromotropic, and chronotropic effects observed
with other commonly prescribed antiarrhythmic drugs, such as amiodarone, dronedarone,
or sotalol.?’® However, the clinical use of dofetilide is associated with extensive inter-
individual pharmacokinetic variability, in which mechanisms of variability remains to be
elucidated. Furthermore, dofetilide has a narrow therapeutic window, and elevated
plasma concentrations have been associated with QTc prolongation changes and
increasing the risk of torsade de pointes, a potentially lethal cardiac arrhythmia.?”!
Dofetilide undergoes extensive renal tubular secretion,?’? and the initial dofetilide dose is
individualized based on an individual’s creatinine clearance. Taken together, the

initiation of dofetilide therapy requires inpatient hospice monitoring due to the variable

response, and the potential risk of proarrhythmia. Despite the presence of its narrow
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therapeutic index, mechanistic details of dofetilide elimination and the underlying causes
of recurrent or drug-induced arrhythmias remain poorly understood.?”® Prior studies have
suggested that certain drug transporters play an important role in mediating drug-drug

interactions through inhibition of renal tubular secretion of dofetilide and thus, elevating

drug levels in systemic circulation that may exacerbate adverse events.?’+?">

In parallel of a project to define the renal tubular secretion mechanisms involved
in the elimination of dofetilide, we developed a new analytical method for dofetilide that
is adaptable to micro-volumes of plasma and urine obtained through serial sampling in
individual mice. In order to avoid the use of antisera required in previously used

276-278 and improve on the specificity of methods based on HPLC

radioimmunoassays
with fluorescence detection,?” our method utilizes UPLC technology with tandem mass-
spectrometric detection (UPLC-MS/MS). The developed method was found to provide

enhanced speed, resolution, and accuracy, and was successfully applied to a

pharmacokinetic application of dofetilide in mice.

4.1.3 Materials and Methods

Chemical and reagents. Dofetilide was purchased from Selleck Chemicals
(100% purity, Houston, TX, USA). An internal standard of dofetilide (dofetilide-D4) was
purchased from Toronto Research Chemicals Inc. (>99% purity, North York, ON,
Canada). HPLC-grade acetonitrile, methanol, and formic acid were obtained from Fisher

Scientific (Fair Lawn, NJ, USA). Blank plasma and urine samples were obtained from
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untreated inbred wild-type mice on an FVB strain (Taconic Biosciences, Cambridge City,
IN, USA).

UPLC-MS/MS conditions. The analysis was performed on a Vanquish UHPLC
system, a TSQ Quantiva triple quadrupole mass spectrometer from Thermo Fisher
Scientific, and Thermo Trace Finder General Quan system software (version 3.3).
Chromatographic separation was accomplished on an Accucore Vanquish C18 column
(2.1 mm x 100 mm, dp = 1.5 um, Thermo Fisher Scientific) shielded by an
XBridge®BEH C18 guard column (dp =5 um) by injecting sample volumes of 5 pL. The
temperature of the auto-sampler rack and the column was maintained at 4°C and 40°C,
respectively. The mobile phase A contained water with 0.1% (v/v) formic acid; whereas
mobile phase B contained a mixture of acetonitrile and methanol (1:3) with 0.1% (v/v)
formic acid. Gradient elution (5 min) was as follows: 0 - 0.5 min, 10% of mobile phase
B; 0.5 - 3.0 min, 95% mobile phase B; 3.0 - 4.0 min, 95% mobile phase B; 4.0 - 4.1 min,
10% mobile phase B; and 4.1 - 5.0 min, 10% mobile phase B. The flow rate was
maintained at 0.4 mL/ min. The positive voltage applied to the ESI capillary in mass
spectrometer assay was 3500 V, and the capillary temperature was 342°C with a
vaporizer temperature of 358°C. The collision gas argon was used at a pressure of 1.5
mTorr. The precursor molecular ions, as well as product ions for confirmation and
detection, are shown in Table 1.

Working solution, calibration and quality control sample. Stock solutions of
dofetilide were prepared by dissolving 10 mg of dofetilide with 10 mL methanol, and

working solutions were prepared by diluting the stock with methanol. The calibration
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standard concentrations ranged from 5 to 1000 ng/mL. The lower limit of quantitation
(LLOQ), low (QC 1), medium (QC 2), and high-quality controls (QC 3) were prepared at
dofetilide concentrations of 5, 25, 75, and 750 ng/mL, respectively. A stock solution of
the internal standard dofetilide-D4 was prepared at a concentration of 100 ng/mL in a
mixture of acetonitrile: water (3:1, v/v). All the solutions were stored at -20°C and

brought to room temperature immediately prior to use.

Method validation

Calibration curve, accuracy, and precision. The method validation was carried
out according to recommendations outlined in the United States Food and Drug
Administration (FDA), and the European Medicines Agency (EMA) guidelines.?®**! To
evaluate the linearity of the dofetilide concentration-response relationships, a regression
model was used by plotting data from the calibration curves as measured by the peak area
ratios of analytes to IS. In the calibration curves, seven concentrations (5, 10, 50, 100,
250, 500, and 1000 ng/mL) were measured, and weighting of 1/area’ was used in every
case. The coefficient of variance (CV) for each concentration was <15%, and <20% for
the LLOQ. The intra-day precision, inter-day precision, and accuracy of LLOQ and QC
samples were measured in quintuplicate at each concentration on 5 different days.?%*%33

Selectivity, dilution, and recovery. Plasma samples from 6 different untreated
mice were used to confirm selectivity, to evaluate the accuracy of sample dilution,

plasma containing dofetilide at a concentration of 500 ng/mL was diluted 1:10 (v/v) in

blank mouse plasma, and results within £15% of nominal values were considered
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sufficiently accurate. The extraction recoveries of dofetilide were calculated by
comparing the peak area of QC samples with those of reference QC samples in blank
plasma. The matrix effects were measured by continuous post-column infusion of the
analytes in plasma from untreated mice.?%32%

Freeze-thaw, bench, short-term stability. The influence of freeze-thawing
cycles from -80°C to room temperature on the stability of analytes was measured by
analyzing plasma QC samples at low, medium, and high concentrations during three
consecutive cycles. The bench stability was evaluated by leaving the QC samples in the
autosampler at 4°C for a period of 24 hours, followed by re-analysis. Short-term stability
was assessed for the QC samples at room temperature for 8 h.

In vivo pharmacokinetics studies. /n vivo experiments were performed in male
mice from an inbred FVB strain (25-30 g) aged 8-10 weeks. All studies were approved by
the University Laboratory Animal Resources (ULAR) Animal Care and Use Committee
at The Ohio State University (2015A00000101-R1). Animals had free access to a
standard diet and water, and were housed in a temperature- and light-controlled
environment. Prior to drug administration, dofetilide was dissolved in a mixture of a
sterile saline and HCI solution (399:1) with the pH adjusted to 7.4. Mice were randomly
divided into two experimental groups of equal size (n=5), and received dofetilide by oral
gavage at the dose of 5 mg/kg or intravenously at a dose of 2.5 mg/kg.

For pharmacokinetic studies, whole blood samples of 30 uL. were collected in
heparinized capillary tubes from each mouse at 5 min, 15 min, 30 min, 1 h, 3 h,and 6 h

post administration of dofetilide. The samples were centrifuged at 11,000 rpm for 5 min,
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and the plasma (supernatant) was placed immediately on dry ice and then stored at -80°C.
Samples collected between 5 and 30 min were obtained from the submandibular vein
using a 5 mm Goldenrod™ sterile animal lancet. For samples at 1 h and 3 h, mice were
anesthetized under 2% isoflurane and whole blood was taken from the retro-orbital
venous plexus using heparinized capillary tubes. A final sample was obtained at 6 h by
cardiac puncture using a syringe and needle. This protocol was followed and adapted
according to Leblanc, et al (2018).2%°

In case of metabolic studies, a group FBV male wild-type mice (n=5) were placed
in Nalgene single mouse metabolic cages 3-days prior the intravenous administration of
dofetilide at a dose of 2.5 mg/kg. Animals had free access to a standard diet and water,
and were housed in a temperature- and light-controlled environment. Urine samples were
collected in sterile 1.5 ml Eppendorf tubes at 8 h, 24 h, 48 h, and 72 h post administration
of dofetilide and stored at -80°C.

Sample preparation. Prior to analysis, frozen plasma and urine samples were
thawed at room temperature. Dofetilide was extracted by protein precipitation; in brief,
an aliquot of 10 puL of plasma was transferred into a 0.5 mL Eppendorf tube, followed by
the addition of 20 puL of methanol, and mixed with 50 pL of the internal standard,
dofetilide-D4, at a concentration of 100 ng/mL in acetonitrile for 5 min. The tubes were
then centrifuged at 13,000 rpm for 5 min at 4°C. Supernatants of the mixture (60 pL) and
Milli-Q water (25 pL) were added to autosampler vials and vortex-mixed. Subsequently,
5 pL of the above mixture was injected into the UPLC-MS/MS system for drug

quantification.
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Since dofetilide is extensively eliminated through the kidneys, the accumulation
in the urine samples was highly concentrated. Thus, in case of preparing urine samples, a
similar procedure was followed where 2 puL of urine (versus 10 puL of plasma) were used
and samples were further diluted (1:5) in 8 uLL of Milli-Q water. Despite the micro-
volume of urine, dofetilide was still detectable within the linear concentration range.

Pharmacokinetic data analysis. A non-compartmental analysis using Phoenix
WinNonlin® version 8.0 (Certara, USA) was used to determine the pharmacokinetic
parameters of dofetilide in mice receiving an oral and intravenous dose. From the slope
of the log plasma concentration vs time curve, the elimination rate constant (K¢) was
calculated following the least squares method. The terminal half-life (T1,2) was calculated
by 0.693/Kei. The linear trapezoidal rule was followed to estimate the area under the
plasma concentration-time curve (AUC). Peak plasma concentration (Cmax), and time to
reach peak plasma concentration (Tmax) were determined by visual inspection of the data
from the log concentration vs time curve. The absolute bioavailability (Fabs) was
calculated by Faps = 100 x (AUCpo x Diy) / (AUCjy x Dyo), where Diy and Dy, are the
absolute doses after intravenous and oral administration of dofetilide, respectively.

Urinary excretion of dofetilide was determined based on the concentration in
diluted urine measured by UPLC-MS/MS at each individual time points, collected urine
volume, normalized to body weight, and expressed as a percentage to the total amount of

dofetilide administered per animal.
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4.1.4 Results

4.1.4.1 UPLC-MS/MS spectrometry and specificity

Mass-spectra results of dofetilide and dofetilide-D4 generated as protonated
molecular ions [M + H]" are shown in Table 3 and Figure 19. To obtain the highest
intensity of fragmentation, mass-spectra parameters were optimized, and the collision-
induced dissociation energy was enhanced. Both dofetilide and dofetilide-D4 showed a
retention time of 2.16 min under optimal separation conditions. Representative
chromatograms for untreated, treated, and spiked plasma and urine samples are shown in
Figure 20. The lack of interference in the blank plasma and urine samples supports the

specificity of the method.

4.1.4.2 Linearity, accuracy, precision, and selectivity

Dofetilide calibration curves were demonstrated to be linear in the concentration
range of 5 to 1000 ng/mL (R?>0.99). The signal to noise ratios for dofetilide at 5 ng/mL
was >1000-fold in blank plasma and urine samples. Calibration curves of dofetilide in
plasma and urine, assessed by performing back-calculated concentrations, showed <15%
deviation from nominal values at all concentrations, and the deviation was <20% for the
LLOQ. The results from a 5-day validation study are presented in Table 4. Intra- and
inter-day accuracy values of dofetilide in plasma and urine ranged 93.0-106%, and 87.0-
106%, respectively. The intra- and inter-assay precision values for the LLOQ, QCs, and
diluted QC samples were 4.30-5.00%, 3.00-7.20%, and 3.80-5.80% in plasma, and 7.60-
10.5%, 3.50-10.0%, 3.50-3.60% in urine, respectively. Selectivity was evaluated by
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analyzing plasma samples from 6 different untreated mice. The interfering peak areas

were less than 10% for the LLOQ analyte in plasma.

4.1.4.3 Recovery, matrix effect, and stability

The recovery and matrix effect of dofetilide in plasma and urine were measured at
25,75, and 750 ng/mL. Both dofetilide in plasma and urine QCs samples showed >90%
recovery. By comparing the response signal with those of standard solutions, matrix
effects of dofetilide in plasma and urine were determined (Table 5). However, in the
post-column infusion process, no matrix effects were observed. The stability data
obtained during method validation are shown in Table 6 and demonstrate that the
exposure of plasma or urine samples to room temperature for a period of up to 8 hours is
not associated with significant degradation of dofetilide (<15% deviation from nominal

concentrations). Plasma and urine samples in the autosampler were also found to be

stable at 4°C for up to 24 h.

4.1.4.4 Pharmacokinetic studies

The developed analytical method was subsequently applied to establish the
concentration-time profile of dofetilide. The observed mean plasma concentration-time
curves after oral (5 mg/kg) and intravenous (2.5 mg/kg) administration of dofetilide are
shown in Figure 21, and pharmacokinetic parameters derived from a non-compartmental
analysis are shown in Table 7. The concentration-time profiles associated with oral

administration of dofetilide exhibit typical flip-flop kinetics, indicating that dofetilide
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distribution and elimination is rate-limited by absorption. The analysis of dofetilide

excretion in urine by administering a single-dose (2.5 mg/kg; 1.v.) is shown in Figure 21.
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Table 3: Precursor molecular/product ion for quantification, confirmation, and detection parameters for each analyte

Analyte Polarity Precursor Product Confirmation Collision Energy RF Lens
(m/z) (m/z) (m/z) V) V)
Dofetilide Positive 442.26 198.05 255.04 26.38 86
Dofetilide - D4 Positive 446.23 259.18 N/A 21.43 88
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Figure 19: MS/MS chromatograms and proposed fragmentation pathways of

dofetilide
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Figure 20: Representative chromatograms of dofetilide analytes
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Representative chromatograms of dofetilide analytes. Representative chromatograms
spiked with (A) a concentration of 5 ng/mL dofetilide in plasma, (B) blank plasma, (C) a
concentration of 5 ng/mL dofetilide in urine, (D) blank urine, (E) a concentration of 100
ng/mL dofetilide-D4 in plasma, (F) a concentration of 100 ng/mL dofetilide-D4 in urine,
(G) a dofetilide plasma sample in 5 min after oral administration, (H) a dofetilide urine

samples in 24 h after oral administration.
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Table 4: Assay performance data for the quantitation of dofetilide in mouse plasma

and urine
Concentration
Intra-assay (%)  Inter-assay (%) Accuracy (%)
(ng/ml)

In plasma
LLOQ 5 4.28 4.98 93.83
QC1 25 3 3.82 92.49
QC2 75 7.1 7.18 103.31
QC3 750 5.03 4.87 105.94
Dilution (1:10) 500 3.84 5.78 108.36
In urine
LLOQ 5 7.57 10.46 107.29
QC1 25 3.56 3.68 87.26
QC2 75 3.54 4.51 105.26
QC3 750 9.13 10.34 106.26
Dilution (1:10) 500 3.55 3.5 108.34
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Table 5: Recovery and matrix effect of dofetilide and its metabolites in mouse

plasma
Dofetilide in plasma Dofetilide in urine
Concentration
Absolute Matrix Effect Absolute Matrix Effect
(ng/mL)
Recovery (%) (%) Recovery (%) (%)
25 92.7 £3.01 -0.29 £8.76 93.2+16.9 2.99+9.75
75 91.3+£5.02 -1.44 £5.07 979+ 11.6 1.38+3.92
750 97.1 £8.73 -0.06 £ 14.5 110 +4.98 -3.21+£2.33
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Table 6: Short-term stability of dofetilide and its metabolites in mouse plasma and

urine
Concentration Dofetilide in plasma Dofetilide in urine
(ng/ml) CV (%) Accuracy (%) CV (%) Accuracy (%)
25 3.38 106 6.06 107
75 1.52 113 3.60 112
750 1.38 111 0.85 114
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Figure 21: Concentration of dofetilide in plasma and urine
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profiles of dofetilide after an oral (5 mg/kg) and intravenous (2.5 mg/kg) administration

in FVB male mice (mean = SEM, n=5). (B) Urinary excretion-time profile of dofetilide

after an intravenous (2.5 mg/kg) administration in FVB male mice (mean = SEM, n=5).
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Table 7: Pharmacokinetics parameters of dofetilide oral and IV administration in

mice
Parameter Dofetilide (5 mg/kg; p.o.) Dofetilide (2.5 mg/kg; i.v)
Crnax (ng/mL) 245+ 73.9 1296 + 397
Tix (h) 1.46 £ 0.53 0.75+0.42
AUChast (ng*h/mL) 329+414 475 + 123
Tmax (h) 0.29+0.24
F (%) 34.5
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4.1.5 Discussion

The elimination of dofetilide is predominantly mediated by glomerular filtration
and tubular secretion, yet the mechanism by which this occurs remains poorly
understood. Since clinical drug interactions with dofetilide pose increased risk for
patients developing proarrthymia, drug-drug interaction studies are further warranted to
fully establish patient covariates such as renal transport function, genetic polymorphisms,
and concomitant use of other medications which negatively impact the narrow
therapeutic window of dofetilide. Such studies require analyzing plasma and urine
samples in rodent animals by administering single and multiple doses of dofetilide along
with other contraindicated drugs. Therefore, to elucidate the mechanism(s) contributing
to pharmacokinetic variability, a rapid and accurate analytical method was developed to

quantify dofetilide concentrations in both mice plasma and urine.

Several analytical methods were previously developed to measure plasma
concentrations of dofetilide in different animal species using radioimmunoassays,>’6-2%
and HPLC with fluorescence detection technique.?’”” However, in spite of having lower
LOQ of 1.7 ng/mL and 2.5 ng/mL for dofetilide quantification by Kaddar et. al. 2013>”
and Walker et. al. 1991,%7® respectively, the drawbacks of these techniques were limited
to using high plasma (400 uL) in guinea pig?’’, and urine volume (100 pL).?’®?"7 Both of

these analytical methods?”*%

require high sample retention time of 43 and 44 min,
respectively. In addition, some analytical method also requires the usage of radioactive
biohazard conducting radioimmunoassays that involve in using the selective antibody for

each analyte to be measured.?’®?% As a result, analyzing plasma and urine samples could
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be expensive, and likely to cause cross-reactivity among antibodies which could lower

the specificity of an assay.

In contrast, our method uses UPLC technology with tandem mass-spectrometric
detection (UPLC-MS/MS) for the first time which requires less run time (5 min),
provides accurate and cost-effective analysis of dofetilide using very low sample volume
(2-10 uL). This method also reduces the usage of radioactive chemicals and

immunological reagents in analyzing plasma and urine samples.

In this analytical method, chromatographic separation of dofetilide was performed
in a gradient elution mode having water with 0.1% (v/v) formic acid as a mobile phase A,
and a mixture of acetonitrile and methanol (1:3) with 0.1% (v/v) formic acid as a mobile
phase B. A mixture of acetonitrile-methanol (3:1, v/v) was used for an effective protein
precipitation in plasma which illustrates a high linearity, intra-day, and inter-day within
the concentration range of 5-1000 ng/mL. This method also exhibits a good recovery

(>90%), intra-day and inter-day accuracy, and precision in both plasma and urine.

Pharmacokinetic analysis of dofetilide (5 mg/kg, oral; 2.5 mg/kg, intravenous)
demonstrated that absorption is the rate-limiting step in dofetilide distribution and
elimination. This phenomenon is also known as flip-flop kinetics, an exception to the
usual case (kel > ka), in which rate of elimination (ker) is greater than the rate of
absorption (k,);?*”-?%® thus, an increase in oral half-life (1.46 £ 0.50 h) compared to
intravenous half-life (0.75 £ 0.40 h) was observed. Our pharmacokinetic studies illustrate

that the absolute bioavailability of dofetilide is 34.5% in the FVB strain mice.
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Furthermore, the 72-hour urinary excretion profile shows that 25.3% of dofetilide (2.5

mg/kg) dose is eliminated through urine post intravenous administration.

4.1.6 Conclusion

A sensitive UPLC-MS/MS method was developed and validated for the
quantification of dofetilide in plasma and urine from mice. The analysis requires micro-
volume aliquots of 2-10 pL, yet retains adequate sensitivity (LLOQ, 5 ng/mL),
resolution, and speed (run time, 5 min). The developed method was also found to be
sufficiently accurate and precise, independent of the matrix, to support pharmacokinetic
studies in mice undergoing serial sampling. The results from preclinical
pharmacokinetics study illustrate that absolute bioavailability of dofetilide is 34.5% FVB
strain mice. The method is currently being implemented in studies that focus on the role
of renal tubular solute carriers in the urinary excretion of dofetilide as a critical
determinant of drug clearance. This analytical method is also being applied to investigate
the transporter-mediated drug-drug interactions and evaluate the changes in
pharmacokinetic parameters using contraindicated drugs of dofetilide such as cimetidine,

verapamil, and ketoconazole.

4.1.7 Acknowledgments
The authors would like to gratefully acknowledge colleagues in Experimental Cancer
Pharmacology Laboratory at The Ohio State University, OH. The project was supported

by the National Institutes of Health (NIH) [grant number RO1CA215802].

126



4.2 Contribution of MATE]1 to Dofetilide-induced Proarrhythmia

4.2.1 Abstract

Dofetilide is a rapid delayed rectifier potassium current (/) inhibitor used to
prevent the recurrence of atrial fibrillation and flutter. The clinical use of this drug is
associated with increases in QTc interval, which can exacerbate cardiac arrhythmias. The
mechanisms involved in dofetilide’s renal tubular secretion and its uptake into
cardiomyocytes remain unknown. Our in vitro studies demonstrated that dofetilide is a
substrate of MATEI. Deficiency of MATE1 was associated with increased plasma
concentrations of dofetilide and with a significantly reduced urinary excretion (3-fold in
females and 5-fold in males, respectively). Dofetilide accumulation in ex vivo
cardiomyocytes was increased by 2-fold in MATE1-deficient females, and pre-incubation
with the MATEI inhibitor, e.g. cimetidine, significantly reduced dofetilide uptake in
wild-type cardiomyocytes. Neonatal mice having deficiency of MATE1 demonstrated
significant increase in QTc prolongation compared with wild-type. In addition, we found
that CYP3A does not involve in the metabolism of dofetilide. Several contraindicated
drugs listed in the dofetilide prescribing information, including bictegravir, cimetidine,
ketoconazole, verapamil increased dofetilide plasma exposure in wild-type mice by >1.6-
fold. A physiologically-based pharmacokinetic (PBPK) model of dofetilide was
developed by incorporating data from in vitro, preclinical, and clinical pharmacokinetic
studies in healthy volunteers. The model reasonably predicted changes in dofetilide

exposure after co-administration of cimetidine (65.5% predicted versus 58% observed
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increase) and ketoconazole (41.1% predicted versus 41% observed increase) as well as
reduced renal clearance with cimetidine (38.92% predicted versus 43.7% observed).
These findings provide a novel insight that renal tubular secretion of dofetilide is
mediated by MATE] and is sensitive to inhibition by widely used prescription drugs.
Furthermore, deficiency of MATE] not only reduces urinary excretion of dofetilide but
also increases accumulation in the heart which may contribute to individual variation in

response.

4.2.2 Introduction

Atrial fibrillation (AFib) is one of the most commonly encountered cardiac
arrhythmia in clinical practice globally.?®® Data suggests that an estimated 2.7 - 6.1
million people in the United States had atrial fibrillation between 1990 and 2013.2%° The
prevalence of atrial fibrillation is predicted to affect about 12 million people in the USA
and 17 million people in Europe by 2050, and people over the age of 65 are particularly
prone to experience atrial fibrillation.*”"**?> Some predictive models and preventative
interventions have been proposed to identify patients based on age, race, blood pressure,
smoking, diabetes, and prior history of myocardial infarction, but primary prevention
strategies for AFib have yet to be established.??>*** Due to atrial fibrillation, the rate of
hospitalization, morbidity, and financial burden is increasing each year in the USA >

A retrospective analysis of national incremental cost for atrial fibrillation demonstrated

an estimated of $6.0 billion in between 2004 and 2006.2%°
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Dofetilide, a class III antiarrhythmic drug, is widely used for the treatment of
AFib and flutter, by acting on a rapid delayed rectifier potassium current (/) and
inhibition of the efflux of potassium.?%® Dofetilide does not cause any negative inotropic,
dromotropic, and chronotropic effects observed with other commonly prescribed
antiarrhythmic drugs, such as amiodarone, dronedarone, or sotalol.?’® Furthermore, due to
the lack of serious adverse effects and relatively low morbidity rate as compared with
other antiarrhythmic drugs, dofetilide has become standard of care in the treatment of
atrial fibrillation. However, the clinical use of dofetilide is associated with extensive
inter-individual pharmacokinetic variability, and mechanisms underlying this variability
remain to be elucidated. Furthermore, dofetilide has a relatively narrow therapeutic
window, and elevated plasma concentrations have been associated with QTc prolongation
and increase the risk of torsade de pointes (TdP), a potentially lethal cardiac
arrhythmia.?’! It has been reported that females are exposed to higher dofetilide plasma
concentrations (14-22%) than males,?’? and the rate of discontinuation and dose reduction
due to QTc prolongation is higher in females.*°* Dofetilide undergoes extensive renal
tubular secretion,?’? and the initial dofetilide dose is individualized based on an
individual’s creatinine clearance. Taken together, the initiation of dofetilide therapy
requires inpatient monitoring due to the variable response and the potential risk of
proarrhythmia. Despite the presence of a narrow therapeutic index, mechanistic details of
dofetilide elimination and the underlying causes of recurrent or drug-induced arrhythmias
remain poorly understood.?”® Prior studies have suggested on the basis of

pharmacokinetic drug-drug interactions that certain renal transporters play a role in the
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tubular secretion of dofetilide and consequently, elevating drug levels in the systemic
circulation may exacerbate the adverse events.?’*?7>

Multidrug and toxin extrusion protein (MATE1, SLC47A1) is predominantly
expressed in the brush border membrane of renal proximal tubular cells and canalicular
membrane of hepatocytes.***! In addition, MATE] is expressed at detectable levels in
skeletal muscle, adrenal gland, testes, and the heart.**32 Several prior studies have shown
that MATE]1 plays an important role in the distribution and elimination of endogenous and

exogenous cationic compounds,*®

and functional variation or polymorphism of MATEI
can affect the renal clearance of such compounds, including metformin and
cimetidine.!#47:%8:304 In addition, there is evidence that suggests that inhibition of MATE1
could increase the area under the plasma concentration-time curve (AUC) of certain
drugs.*® Since anti-coagulant, and/or beta-blocker therapy is commonly used in
conjunction with dofetilide as a preferred prophylactic treatment,’*® potential drug-drug
interactions may occur due to inhibition of MATE] transport function. This in turn may
influence renal clearance of dofetilide, and suggest that inter-individual variability in the
expression of MATEl may influence dofetilide plasma concentrations and the
development of proarrhythmia. Therefore, elucidation of the mechanisms by which
dofetilide is eliminated is urgently needed in order to derive preventative and/or
intervention strategies that could effectively mitigate the occurrence of QTc prolongation
and incidence of recurrent arrhythmia without affecting the efficacy of dofetilide.

Physiologically-based pharmacokinetics (PBPK) model provides a comprehensive

representation of an organism’s physiology that allow to predict organs that are most
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relevant to absorption, distribution, metabolism, and excretion of drugs due to their
physiological/pharmacological function.’’*® PBPK models also incorporate inter-
individual variability, thus, provide the ability to predict disposition characteristics of
dofetilide and need for dose adjustments in special populations,®*>!! but this has not been
previously attempted with dofetilide. Here, we investigate the contribution of MATEI to
the disposition of dofetilide, and develop physiologically-base pharmacokinetics (PBPK)

model to predict transporter mediated drug-drug interactions (DDIs) in human.

4.2.3 Materials and Methods

Chemical and Reagents. Parental human embryonic kidney (HEK293), and
chinese hamster ovary (CHO) cells were obtained from American Type Culture
Collection (ATCC; Manassas, VA, USA). The cDNAs for the mouse and human
plasmids of OCT1, OCT2, OCT3, OCTNI1, OATI1, OAT3, or MATEI were obtained
from Origene (Rockville, MD, USA), and the reconstructed cDNAs were subcloned into
an empty vector containing pcDNAS/FRT. The vector was transfected into HEK293 cells
using the Flp-In system (Invitrogen, Waltham, MA, USA) and selected for expression
using geneticin (G418). Cells were cultured in DMEM supplemented with 10% FBS and
grown in a humidified incubator containing 5% CO; at 37°C. Contraindicated drugs of
dofetilide were obtained from Sigma-Aldrich (St. Louis, MO, USA) or Selleckchem
(Houston, TX, USA). Dofetilide radiolabeled compound were obtained from American

Radiolabeled Chemicals (St. Louis, MO, USA).
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Cellular accumulation. Uptake experiments in human AC-16 cardiomyocytes,
HEK?293 cells overexpressing OCT1, OCT2, OCT3, OCTNI, or MATEI1, and CHO cells
overexpressing OAT1 and OAT3 were performed with radiolabeled [*H] dofetilide using
standard methods.?!®?!7 The cell culture and uptake conditions for cells expressing
mMATE!] or h(MATE1 were described previously.??”2!> All results were normalized to
uptake values in cells transfected with an empty vector or DMSO-treated groups. In brief,
cells were seeded in 12- or 24-well plates in phenol red-free DMEM containing 10%
FBS, and were incubated at 37°C for 24 h. After removal of the culture medium and
rinsing with PBS, cells were preincubated with either DMSO or inhibitors for 15 min
followed by addition of indicated substrate for 15 min. Uptake studies were generally
done with ['*C] TEA (2 uM) or [°H] dofetilide (1 uM) in the presence or absence of
inhibitors for a period of 15 min, unless stated otherwise. The uptake experiment was
terminated by washing three times with ice-cold PBS. Cells were lysed in IN NaOH at
4°C overnight, and then the solution was neutralized with 2M HCI. Total protein was
measured using a Pierce BCA Protein Assay Kit (Thermo Scientific, Waltham, MA), and
total protein content was quantified using a microplate spectrophotometer. Intracellular
drug concentrations were determined in the remaining cell lysate by liquid scintillation
counting using a scintillation counter.

The transcellular transport assay of [°H] dofetilide or ['*C] metformin (1 pM)
were performed in monolayers of single-transfected MDCK cells overexpressing human

OCT2 or MATE], and double-transfected human OCT2/MATEI] as previously
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described.?!'>3!® Transcellular transport was quantified by measuring the amount of
dofetilide appearing in the apical compartment after 60 min of incubation.

Ex vivo cardiomyocytes uptake. Cardiomyocytes from wild-type and MATE1-
deficient mice were isolated as previously described!**!> and conducted the ex vivo
cardiomyocyte uptake assay of dofetilide. Briefly, hearts from wild-type and MATE1-
deficinet mice were quickly removed and perfused on a Langendorft's apparatus at 37°C.
After ~5 min perfusion with nominally Ca**-free tyrode solution (containing (in
mM): 140 NaCl, 5.4 KCI 0.5 MgCl,, 10 Hepes and 5.6 glucose; pH 7.3), the perfusate
was then switched to tyrode solution containing Liberase Blendzymes (Roche, Applied
Science, IN, USA) for digestion of the connective tissue. After ~20 min digestion,
cardiomyocytes were isolated from dissected and triturated heart and stabilized in BSA
containing tyrode solution.

Isolated cardiomyocytes were then plated in 12 wells plate containing Ca** and
Mg?" free Hank’s balanced salt solution. Cells were preincubated with either DMSO or
cimetidine (25 pM) for 15 min followed by addition of [*H] dofetilide (2 pM) for 30 min.
The uptake experiment was terminated by washing three times with ice-cold PBS. Cells
were lysed in 1N NaOH at 4°C overnight, and then the solution was neutralized with 2M
HCI. Total protein was measured using a Pierce BCA Protein Assay Kit (Thermo
Scientific, Waltham, MA). Intracellular drug concentration of dofetilide was measured in
the remaining cell lysate by liquid scintillation counting using a scintillation counter.

Gene expression analysis. RNA was isolated from wild-type adult and neonatal

mouse heart and kidney (30 mg) as well as cardiomyocyte cells isolated from wild-type
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and MATEI1-deficinet mice. Tissues and cardiomyocytes were homogenized and then
extracted RNA using EZNA Total RNA Kit extraction kit (Cat# R6834-02, Omega Bio-
tek, Norcross, GA). cDNA was generated from 2 pug of RNA using qScript XLT cDNA
Supermix (Cat# 95161-100, Quantabio, Beverly, MA). Real-time reverse transcriptase
PCR (RT-PCR) was performed with TagMan primer (Mm00840361 m1, Thermo Fisher
Scientific, Waltham, MA) and TagMan Fast reagents. Reactions were carried out in
triplicate, and normalized to Gapdh (Mm99999915 g1, Thermo Fisher Scientific,
Waltham, MA).

Protein analysis. Isolated heart from wild-type and MATE1-deficinet mice were
extracted and lysed using sonication. Pierce Bicinchoninic Acid (BCA) Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA) was used to determine protein concentrations.
Next, an equal amount of protein was separated on a Bis-Tris 4-12% SDS-
polyacrylamide gel with MOPS buffer according to the instructions from manufacturer
(Life Technologies, Grand Island, NY) and transferred to PVDF membranes. Western
blot analysis was performed using antibodies against mouse MATE1 (Cat # 20898-1-AP)
obtained from Proteintech Group, Inc (Rosemont, IL), GAPDH (Cat # 2118), and HRP-
conjugated secondary anti-rabbit (Cat # 7074) obtained from Cell Signaling Technology
(Danvers, MA). Proteins were visualized by chemiluminescence using the SignalFire
ECL Reagent (Cell Signaling Technology, Danvers, MA) or SuperSignal West Femto
Maximum Sensitivity Substrate (Invitrogen, Carlsbad, CA) using film.

Electrocardiographic recordings (ECG). Continuous ECG recordings (PL3504

PowerLab 4/35, ADInstruments) were obtained from wild-type and MATE1-deficient
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neonatal mice (1 day old) according to previously described method.?!%3!” Briefly,
baseline ECG was recorded for 5 min, neonatal mice were received a single
intraperitoneal dose of dofetilide (0.5 mg/kg) dissolved in sterile saline containing DMSO
(20:1), and ECG recording continued for 20 min as described previously.’!® ECG
recordings were analyzed using the LabChart 7.3 software (ADInstruments). QT interval
was measured before and after the administration of dofetilide from the beginning of the
QRS complex to the isoelectric baseline for T waves.?!” Heart rate-corrected QT (QTc)
intervals were then obtained using the formula QTc = QT/(RR/100)"23"°

Animal Models. All animals were housed in a temperature-controlled
environment with a 12-hour light cycle, given standard diet and water ad libitum, and
handled according to the Animal Care and Use Committee of The Ohio State University,
under an approved protocol (2015A00000101-R2). All experiments were performed with
male and female mice from inbred wild-type strain (FVB) or with age- and sex-matched
(8-15 weeks) genetically engineered mice with deficiency of all CYP3 A isoforms
(CYP3A™), OCT1/2-deficient mice (OCT1/27"), MATE1-deficient mice (MATE17"), and
OCT1/2 and MATE-deficient mice (OCT1/2/MATE17). Dr. Yan Shu (University of
Maryland, Baltimore, Maryland USA) provided the MATE1-deficient mice (backcrossed
to an FVB background). The loss of MATE] increased the systemic exposure and
accumulation in the heart, liver, and kidneys of cationic-type substrates.*>*?° OCT1/2 and
MATE]1-deficient mice were generated by backcrossing to FVB wild-type (male and
females) and subsequently, OCT1/2 and MATE]1 heterozygotes bred together. The

deletion of OCT1/2 and MATE1 were verified at the level of DNA by PCR.3?!
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Pharmacokinetic studies. For pharmacokinetic studies, plasma and tissue
samples were collected from both male and female wild-type FVB mice (8-15 weeks
old), and age-matched OCT1/2-deficient (OCT1/27), MATE1-deficient (MATE"), and
mice deficient for OCT1, OCT2, and MATE1 (OCT1/2/MATE1"") following an
established protocol.?®> Dofetilide was administered as a single oral (5 mg/kg) and
intravenous (2.5 mg/kg) dose dissolved in sterile saline-1M HCI (399:1) with pH adjusted
to 7.4. All the contraindicated drugs of dofetilide e.g. bictegravir (5 mg/ml), cimetidine
(20 mg/ml), ketoconazole (10 mg/ml), trimethoprim (20 mg/ml), and verapamil (2
mg/ml) were dissolved in PEG400, and were given orally 30 min prior to the
administration of dofetilide. In order to determine the plasma concentration of dofetilide
in the presence or absence of contraindicated drugs serial whole blood samples (0.083,
0.25, 0.5, 1, 3, and 6 h) were collected from the submandibular vein (3x), retro-orbital
sinus vein (2x) and cardiac puncture at the terminal time-point. Blood samples were
centrifuged at 13,000 rpm for 5 min, and the plasma supernatants collected and stored at
—80°C until analysis. Dofetilide concentration in heart was measured in wild-type and
MATEI!-deficient mice at 15 min after a single intravenous administration of dofetilide
(2.5 mg/kg) via caudal vein.

To measure dofetilide concentration in urine, both male and female wild-type and
age-matched OCT1/2”", MATE"", and OCT1/2/MATE1"" mice were placed in Nalgene
single mouse metabolic cages 3-days prior the intravenous administration of dofetilide at
a dose of 2.5 mg/kg. Animals had free access to a standard diet and water, and were

housed in a temperature- and light-controlled environment. Urine samples were collected
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in sterile 1.5 ml Eppendorf tubes at 24 h, 48 h, and 72 h post administration of dofetilide
and stored at —80°C until analysis. Plasma, urine, and tissue samples were analysis by a
validated method based on reversed-phase liquid chromatography coupled to tandem
mass-spectrometric detection (LC-MS/MS).3??

Pharmacokinetic parameters were calculated by non-compartmental analysis
using Phoenix WinNonlin version 8.2 (Certara, USA). Peak plasma concentration (Cmax)
was determined by visual inspection of the data from the concentration-time curves. The
linear trapezoidal rule was used to obtain the area under the plasma concentration-time
curve (AUC) over the sample collection interval. The relative heart exposure of dofetilide
was calculated by determining the dofetilide concentration in the heart (ng/mg tissue),
corrected for contaminating blood, and dividing by the corresponding dofetilide
concentration in plasma (ng/mL) at 15 min time-point.

For TEA experiments, cimetidine (100 mg/kg) was given orally in wild-type and
MATE1-deficient mice 30 min prior to the intravenous administration of ['*C] TEA (0.2
mg/kg) via caudal vein. Plasma samples were then collected after 15 min and measured

TEA concentration by scintillation counter.

Dofetilide SImCYP physiologically based pharmacokinetic (PBPK) model.

Input parameters. PBPK model of dofetilide was developed using a
physiologically-based PBPK software, SImCYP® (Sheffield, UK, Version 19).
Simulations were carried out in software’s built-in healthy volunteer virtual population

from the ages of 20-50 years. Data from in vitro dofetilide uptake, inhibition of transport
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function, and observed pharmacokinetic and drug-drug interactions data in healthy
subjects were used to develop the model (Table 12). To simulate the effect of inhibitors
(e.g. cimetidine, ketoconazole) on dofetilide pharmacokinetic profile, inhibitor models
from software’s drug library were directly used. The absorption of dofetilide was
simulated using the first order absorption model with an absorption rate constant (ka)
estimated from the plasma concentration-time profiles.?’”” The volume of distribution at
steady-state was estimated using the plasma concentration-time profiles. The
multicompartment mechanistic kidney model (EGD) was used to incorporate the
glomerular filtration and active renal secretion of dofetilide.?** Active secretion of
dofetilide was modeled measuring Vmax and Km values for OCT2 and MATE]. Relative
activity factor (RAF) value was set to 1 and 0.25 for OCT2 and MATEI], respectively.
PBPK Modeling Strategy. Dofetilide PBPKP model was developed following
top-down approach. The multicompartment mechanistic kidney model was used to
incorporate the glomerular filtration and active renal secretion of dofetilide.’** The
modeling strategy employed in this project was the following: 1) The active secretion of
dofetilide was defined to be via OCT2 and MATEI on the basolateral and apical
membrane of the proximal tubular cells, respectively. 2) Dofetilide PBPK model was
developed using in vitro and clinical data. 3) The model was optimized by using
dofetilide plasma concentration-time profiles from healthy volunteers. 4) The model was
tested by using dofetilide dose given orally (0.5 mg, twice per day, BID), and intravenous

infusion (0.5 mg) over 90 min, and the results were compared with clinical studies. 5)
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Prediction of dofetilide drug-drug interactions with cimetidine and ketoconazole were
carried out using software’s drug library and compared with clinical studies.

Dofetilide Clinical Data. Plasma concentration-time profiles data after oral
administration of dofetilide at a dose of 0.5 mg, BID, and an intravenous infusion 0.5 mg
over 90 min in healthy volunteers were used from a published article to build the
model.?”” To evaluate the model predicted DDI with cimetidine and ketoconazole, DDI
study reports by US FDA clinical pharmacology and biopharmaceutics review(s) were
used.??*

PBPK DDI simulations. The drug-drug interactions between dofetilide and
inhibitors was assumed to occur at the level of the basolateral uptake transporter OCT2
and apical efflux transporter MATE]1. The K; and f,,inc values were obtained from in vitro
experiments. In the simulations, cimetidine was administered orally at a dose of 400 mg
BID for 3 days while ketoconazole was given orally at a dose of 400 mg QD for 7 days.
Inhibitors were administered from day 1 along with dofetilide through day 3 and day 7
for cimetidine and ketoconazole, respectively. To evaluate the effect of the interaction
between dofetilide and inhibitors, results were calculated and compared with observed

and predicted AUCo-1ast and Crax data.

4.2.4 Results and Discussion

4.2.4.1 Identification of MATETI as a high-affinity carrier of dofetilide
Dofetilide is a basic compound that is partially ionized under normal

physiological conditions (pH 7.4).2%¢ The moderately lipophilic dofetilide is slightly
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cationic,?”’ and its extensive elimination through kidney have triggered our efforts to
connect uptake of dofetilide to organic cation-type transporters. To identify an uptake
transporter of dofetilide, we initially performed a screen in cells overexpressing organic
cation transporters (OCT1, OCT2, OCT3, OCTNI1), organic anion transporters (OAT]I,
OAT3), and multidrug and toxin extrusion protein (MATE1) that are known to be
involved in the transport of cationic xenobiotics. The results of this screen indicated that
dofetilide was most efficiently transported by MATE1 (4.3-fold compared to vector
control; Figure 22A), and this process was time-dependent and saturable where K., and
Vmax values for transport activity are 6.72 + 1.71 uM, and 544.40 + 55.70 pmol/mg
protein/min, respectively (Figure 22C, D). The transport assay of dofetilide was also
carried out in cells overexpressing mouse orthologue of OCT2, OCTN1, and MATE1
(Figure 28A). However, HEK293 cells overexpressing human MATE] treated with
cimetidine (25 pM), a known OCT2 and MATEI inhibitor, significantly reduced the
uptake of dofetilide and TEA (Figure 22B).

A transporter inhibition assay was performed to examine this hypothesis using
['“C] labeled TEA and metformin, known substrates for OCT2 and MATE1, while
dofetilide was tested as an inhibitor (concentration range: 1-50 uM) in HEK293 cells
stably transfected with human (h) MATEI. The difference in intracellular accumulation
of ['*C] TEA and metformin between overexpressing cell lines (HEK293-hMATE1) and
vector control (VC) cells were measured. We found that dofetilide caused concentration-

dependent inhibition of both ['*C] TEA and metformin uptake in HEK293 cells
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overexpressing hMATET which suggest potent interactions of dofetilide in a manner that
is independent of test substrates (Figure 28D).

Previous studies have also demonstrated that MATE] is highly expressed in the
heart.'**%> Thus, we hypothesize that inhibition or deficiency of MATE1 could lead to a
change in the extent of dofetilide retention in cardiomyocytes and alter its
pharmacodynamics profile. To test this hypothesis, cardiomyocytes from wild-type and
MATE1" were isolated using a Langendorff perfusion system,*?¢ and isolated
cardiomyocytes were pre-treated in the presence or absence of cimetidine, followed by
[*H] dofetilide accumulation studies. This analysis indicated that uptake of dofetilide is
time dependent, and deficiency of MATEI facilitates dofetilide accumulation in ex vivo
cardiomyocytes (Figure 22F). Moreover, cardiomyocytes pre-treated with cimetidine
substantially altered the accumulation of dofetilide in both wild-type and MATE1-
deficint mice suggesting the inhibition of uptake transporter(s) (Figure 22G). We also
confirmed that MATE]1 gene and protein are expressed in the mice heart (Figure 22E,
28E) which is consistent with previously reported studies,'***> and MATE1-deficient
mice did not have any intrinsically abnormal pathological or biochemical changes.**’

In line with dofetilide ex vivo cardiomyocytes accumulation in MATE1-deficient
mice, we found that accumulation of dofetilide in whole heart tissue is higher in mice
having deficiency of MATE1 compared to wild-type mice (Figure 22I). We also verified
that TEA can also accumulate in the heart, and this accumulation can be reversed with the
treatment of cimetidine (Figure 22J). This finding suggests that deficiency of MATEI

could lead to increase the accumulation of any cationic compounds, independent of
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dofetilide, in the whole heart. Next, we conducted an in vitro uptake experiment using
AC-16 human cardiomyocytes cells pre-treated in the presence or absence of cimetidine,
followed by the uptake of [*H] dofetilide and ['*C] TEA (Figure 22H). These similar
observations provided further support to our hypothesis that dofetilide is a transport
substrate of MATEI, and genetic or pharmacologic inhibition of MATE]1 potentiates the

cellular accumulation of dofetilide.

4.2.4.2 MATEI1 deficiency exacerbates dofetilide-induced proarrhythmia

Since MATEI inhibition has been shown to facilitate dofetilide accumulation in the
heart, and previous studies have reported a positive correlation between plasma
concentrations of dofetilide and its ability to induce QTc prolongation.>?® Therefore, we
sought to investigate whether inhibition of MATE1 would trigger the onset of QTc
prolongation. In prior study evaluating the changes in electrocardiogram (ECG) with
response to selective K channel blockers between neonatal and adult mice, it was
concluded that changes in mouse ECG due to K™ channel blockers depend on age where
dofetilide-sensitive k. is dominant in day 1 neonatal mice.>'® Hence, we evaluated ECG in
1-day old wild-type and MATE1-deficient neonatal mice following a single intraperitoneal
injection of dofetilide.

Significant increase in QTc prolongation was observed in neonatal mice with a
genetic deletion of MATE1 following the treatment with dofetilide. Importantly, all
MATE]1-deficient mice were found to develop second degree heart blocks (Mobitz I and

IT) compared to wild-type mice treated with dofetilide suggesting that MATE] transporter
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has potential utility as a modulator of /k: blockage (Figure 23A-B, D-F). We also verified
that MATEI1 is expressed in neonatal mice heart and kidney (Figure 23C). These
experiments shed light on the initiating mechanism responsible for QTc prolongation, and
provide proof-of-principle that genetic or pharmacologic inhibition of MATE1 could
enhance dofetilide-induced proarrhythmia such as TdP.

Although results from our study suggest that inhibition of MATEI, an efflux
transporter, exacerbates Ik blockage, thus further investigations are required in order to
identify specific influx transporter(s) that are involved in the transport of dofetilide into
cardiomyocytes. Here, we propose dofetilide transport mechanisms in cardiomyocytes
(Figure 23G): (A) normal dofetilide transport in cardiomyocytes by influx (SLCs) and
efflux transporter(s) (MATE1L); (B) reduced dofetilide efficacy due to genetic
(polymorphism) or pharmacologic (perpetrator) inhibition of influx transporters; (C)
dofetilide-induced toxicity due to inhibition of MATETI leading to accumulating dofetilide

in the cardiomyocytes.

4.2.4.3 Inhibition of MATE] attenuates renal elimination of dofetilide

Previous studies have indicated that certain known inhibitors of renal cation
secretion such as cimetidine, verapamil, and trimethoprim significantly increase the
plasma concentration of dofetilide by 53-93%.%?° Therefore, we originally hypothesized
that dofetilide might be a transported substrate of OCT2, which is predominantly
expressed on the basolateral side of proximal tubular cells. Furthermore, compounds or

drugs that are transported by OCT2 are also likely to be a substrate for MATE]1, which is

143



highly expressed on the apical side of tubular cells, and works in concert with OCT2 to
move substrates from the circulation to the urine. Identification of the exact transporter(s)
involved in this process may provide insights into the mechanism of drug-drug
interaction and the development of preventative strategies for dofetilide induced
proarrhythmia. Although our preliminary uptake assay of dofetilide was conducted in
non-polarized HEK293 cells overexpressing OCT2 and MATE1 which might not be an
ideal in vitro model system in order to evaluate the contribution of transporters that are
expressed in opposite side (e.g. basal and apical) under normal physiological condition.
Thus, it is important to establish that the transport of dofetilide is not compromised by
using a different model system.

In order to evaluate the joint contribution of OCT2 and MATEI to dofetilide
transport in a more physiologically-relevant in vitro model system, we considered apical
to basolateral drug flux in differentiated Madin-Darby canine kidney (MDCK) cells as a
potential alternative model to HEK293 cells. MDCK cells originate from dog kidney

epithelial cells, 033!

which differentiate to form a polarized monolayer. MDCK has
become a de facto standard model for studies of pharmaceutical drug transport in kidneys
and other tissues with the expression of different transporters.**> This model was
developed based on the idea that for a molecule to cross membrane through two or more
successive transporter-mediated processes, it first needs to get into the cell through influx
transporters on the basolateral side, and then be pumped out by efflux transporters on the

apical side. To elucidate the transport mechanism of dofetilide, we conducted a

basolateral to apical drug flux assay in differentiated MDCK cells using ['“C]-labeled
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metformin, as a known substrate for both OCT2 and MATE]1, or [°H]-labeled dofetilide
were added to the basal chamber of the trans-well plate at a concentration of 1 uM, and
aliquots from the apical chamber were taken after an hour. Our preliminary data with this
transfected MDCK cell line model showed that dofetilide is a duel substrate, and requires
both OCT2 and MATEI] to be transported from the basal to apical membrane (Figure
24A, B).

Based on these in vitro findings, we hypothesize that inhibition of MATE]1 in vivo
could potentially lead to decreased urinary excretion and a concomitant increase in
dofetilide plasma concentration. In order to understand the role of MATE] in distribution
and elimination of dofetilide, we performed in vivo pharmacokinetics studies in female
mice on an FVB background that were either wild-type, OCT1/27, MATE!L", or
OCT1/2/MATE1". In a mass balance study, we found that deficiency of MATE1 and
OCT1/2/MATEI] significantly reduced the renal elimination of dofetilide compared with
wild-type and OCT1/2”" mice (Figure 24C) which were also consistent in male mice
(Figure 30C). In order to examine if deficiency of these transporters play a role in
elevating dofetilide plasma concentrations, we also performed plasma pharmacokinetics
analyses after oral (5 mg/kg) (Figure 24D, E) and intravenous (2.5 mg/kg) (Figure 30A,
B, Table 9) administration of dofetilide. The results of these studies revealed no
significant increase in dofetilide plasma concentration among OCT1/2 and MATE1
transporters deficient mice except OCT1/2/MATE1"" mice after having a single oral
administration of dofetilide. These observations suggest that there might be (i) shunting

of dofetilide to alternative routes of elimination in the absence of MATE], (ii) alternate
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distribution profiles operational that compensate for the MATE] loss in the kidney, (iii)
additional basolateral transporters that regulate dofetilide movement from the circulation
to tubular cells, and (iv) a simultaneous dependence of OCT2 and MATE1 impairment on

circulating dofetilide concentrations.'>#¢

4.2.4.4 Contraindicated drugs of dofetilide inhibit MATE1 function

Previously reported studies demonstrated that co-administration of several
contraindicated drugs increases the plasma concentration of dofetilide, and this interaction
has been mechanistically ascribed to the inhibition of CYP3A4 enzyme as well as to renal
elimination, presumably involving the organic cation transport system.>** 3¢ Among the
known contraindicated drugs, cimetidine, dolutegravir, megestrol, and prochlorperazine
are known to interfere with the renal cation transport system and elevate the plasma
concentration of several other co-administered organic cations.?’#*3733% Therefore, we
hypothesize that such contraindicated drugs might inhibit the function of OCT2 and/or
MATEL! and due to their high expression in the kidney, diminish their ability of fluxing
cationic compounds such as dofetilide. To test this hypothesis, we considered performing
in vitro inhibition assay to measure the relative MATE] function of dofetilide with all the
contraindicated drugs. We found that most of the contraindicated drugs inhibited cellular
uptake of dofetilide by MATEI, and that cimetidine, verapamil, vandetanib, megestrol,
trimethoprim, ketoconazole, and itraconazole inhibited MATE1 by >75%. Only
vemurafenib, a BRAF inhibitor, was found to have no influence on MATE]1 function, and

it is likely that this agent is contraindicated because of its intrinsic severe nephrotoxicity
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properties, which can cause delayed elimination of dofetilide independently of MATEI
(Figure 25A, B).33340

We next examined in vivo drug-drug interaction (DDI) study to assess if the
addition of these contraindicated drugs elevates dofetilide plasma concentration. Our
preliminary pharmacokinetics (PK) study revealed that plasma concentration of dofetilide
in females was moderately elevated compared to males (Figure 24E, Table 10), and this
observation is consistent in line with clinical settings where females tend to have higher
dofetilide plasma concentration than males.?’”> Therefore, subsequent PK studies were
focused exclusively on female mice. We first sought to perform this in vivo assay in FVB
wild-type male mice by oral administration (p.o.) of cimetidine (100 mg/kg) or
ketoconazole (50 mg/kg). The doses were given 30 minutes prior to dofetilide (5 mg/kg,
p.o.). The effect of PEG400, used as a formulation excipient of cimetidine and
ketoconazole, was also evaluated to confirm that this vehicle does not influence the
absorption of dofetilide. Plasma exposure (Cmax) and area under the curve (AUC) of
dofetilide in the presence or absence of PEG400, cimetidine, or ketoconazole were
significantly higher in mice treated with cimetidine and ketoconazole, but not PEG400
(Figure 25C, D).

Next, we evaluated the influence of several listed contraindicated drugs, for
example, bictegravir, cimetidine, ketoconazole, trimethoprim, and verapamil on
dofetilide plasma exposure to unequivocally demonstrate that this elevated plasma
exposure is exclusively dependent on the inhibition of OCT1/2 and, or MATE1

transporters. To test this hypothesis, we performed DDI studies in wild-type, OCT1/2™",

147



and MATE1”" mice with dofetilide in the presence and absence of pre-treated
contraindicated drugs. These studies demonstrated that all contraindicated drugs
significantly increased dofetilide plasma and AUC level except trimethoprim compared
with wild-type mice (Figure 29, Table 8). We also extended this DDI studies of
dofetilide with ketoconazole and verapamil in males to see if these interactions are
independent regardless of gender. Surprisingly, unlike females, treatment with verapamil
in males did not influence plasma levels of dofetilide, while effect of ketoconazole was
consistent with females in elevating dofetilide plasma exposure (Figure 30D-E, Table
10). This discrepancy on the effect of contraindicated drugs between gender could
potentially be due to the difference in transporter(s) expression in the kidney where

expression of MATEI] is higher in males compared to females (Figure 28C).

4.2.4.5 Influence of CYP3A in the disposition of dofetilide

According to dofetilide product information, and data from the past based on in
vitro microsomal incubation studies reported that dofetilide is metabolized by CYP3A4,
and inhibition of this enzyme could potentially increase dofetilide plasma level >*!-4? To
explicitly determine the contribution of CYP3A to the pharmacokinetics of dofetilide, we
next performed PK and mass balance studies in CYP3A™ mice. No significant alteration
has been observed in plasma and urine concentration after an oral and intravenous
administration of dofetilide in CYP3A™" mice compared to wild-type mice (Figure 26A-
D). To further validate our hypothesis that CYP3A4 does not have any influence in the

metabolism of dofetilide, we next performed DDI studies with ketoconazole, a known
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inhibitor of CYP3A4, in CYP3A™”" mice. Both wild-type and CYP3A” mice treated with
ketoconazole demonstrated increased dofetilide plasma exposure. This study suggests
that increase in dofetilide plasma exposure with the treatment of ketoconazole is not due
to CYP3A inhibition rather related to the inhibition of OCT1/2 and, or MATEI

transporters.

4.2.4.6 Dofetilide PBPK Model predicts transporter-mediated DDI

At present, physiologically-based pharmacokinetic (PBPK) modeling approaches
are commonly applied for predicting drug effects in human.>*3!! PBPK is a powerful tool
to quantitatively predict DDIs based on drug-dependent physicochemical and
pharmacokinetic parameters along with drug-independent physiological systems
parameters.’?’*® Furthermore, the US Food and Drug Administration (FDA), the
European Medicines Agency (EMA), and the Japanese Pharmaceuticals and Medical
Devices Agency (PMDA) have issued DDI guidance, which highlights the use of integrated
mechanistic approaches including PBPK models.?*3-%4

Based on these considerations, we developed a PBPK model for dofetilide
following top-down approach. Dofetilide PBPK model reproduced the observed Cmax,
AUCo.1ast, and renal clearance providing a single oral dose of 0.5 mg and 0.5 mg IV
infusion for 90 min. Simulated PK profiles were compared with data from clinical trial in

which single-agent PK data were available. The simulated mean plasma concentration-

time profiles with observed data overlaid are shown in Figure 27A-B. The prediction
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error (PE) between observed and predicted dofetilide PK parameters were within 50% of
our cut-off limit (Table 11).

Next, in order to predict transporter-mediated DDI with cimetidine and
ketoconazole, clinical DDI trial of dofetilide 0.5 mg BID with cimetidine 400 mg BID,
and ketoconazole 400 mg QD was simulated according to the clinical trial design in
healthy subjects. Simulated PK profiles for DDI with cimetidine and ketoconazole were
then compared with observed data, as shown in Figure 27C-D. The percent increase in
Cmax, and AUC between predicted and observed cimetidine DDI with dofetilide were
40.14% and 52.2%, and 65.5% and 58%, respectively. Furthermore, coadministration of
cimetidine also shown to reduce renal clearance of dofetilide where percent change in
predicted and observed values were 38.92% and 43.7%, respectively (Table 11).

For ketoconazole DDI, PBPK model accurately predicted the percent increase in
dofetilide AUC (41.1%) compare with observed in human. The corresponding predicted
versus observed increase in Cmax for dofetilide was 28.9% and 53%, respectively. Since
ketoconazole also inhibits OCT2 and MATE], a reduction in renal clearance was also
predicted by our developed model. However, no observed clinical data on renal clearance
with ketoconazole has been found for dofetilide to compare with predicted result.
Overall, the PBPK model predicted the exposure change in dofetilide reasonably well

when it was co-administered with cimetidine or ketoconazole.
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Figure 22. Inhibition of MATE1 enhances dofetilide accumulation in the heart
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Inhibition of MATE1 enhances dofetilide accumulation in the heart. (A) Transport of
[*H] dofetilide (1 uM) in cells overexpressing the human homolog of OCT1, OCT2,
OCT3, OATI, OAT3, OCTNI, or MATE]1. Relative uptake is expressed as percentage
change compared with empty vector controls (n = 3). (B) Relative uptake of [°H]
dofetilide and ['*C] TEA in HEK293 cells overexpressing human MATEI in the presence
and absence of cimetidine (25 uM). (C) Time dependent uptake (2-60 min) of [°H]
dofetilide (1 uM) in HEK293 cells stably transfected with vector (VC) and MATEL. (D)
Transport kinetics of [*H] dofetilide in cells overexpression of human MATE]. The
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Michaelis-Menten constant (Km) and the maximal uptake rate (Vmax) values for the
kinetics of dofetilide (1-25 uM) was determined after an incubation time of 2 min. Ky,
and Vmax values for transport activity are 6.72 = 1.71 uM, and 544.40 £+ 55.70 pmol/mg
protein/min, respectively. (E) Gene expression of MATE] in the heart isolated from
untreated wild-type male and female mice (n = 4 per group). (F) Time dependent uptake
of [*H] dofetilide (2 uM) in ex vivo cardiomyocytes isolated from wild-type or MATE1-
deficient female mice (n = 4-6 per group). (G) Ex vivo concentrations of [°H] dofetilide
(2 uM) in cardiomyocytes isolated from female wild-type or MATE1-deficient mice (n =
3 per group) for 30 min in the presence or absence of cimetidine (25 uM) cotreatment.
(H) Uptake of 2 uM [*H] dofetilide and ['*C] TEA in AC16 human cardiomyocyte cell
line (n = 3) for 20 min in the presence or absence of cimetidine (25 uM) pretreatment (15
min). (I) Concentration of dofetilide in whole heart tissue from male wild-type or
MATE]1-deficient mice following a single intravenous injection of dofetilide via caudal
vein at a dose of 2.5 mg/kg (n =4 per group) after 15 min. (J) Wild-type and MATEI-
deficient male mice (n =4 to 5 per group) were treated with cimetidine (100 mg/kg) 30
min before an intravenous administration of ['*C] TEA (0.2 mg/kg). Heart samples were
collected at 15 min after TEA treatment. All experimental values are presented as mean +
SEM. Statistical analysis was performed using an unpaired two-sided Student’s t test with

Welch’s correction: *P < 0.05, **P < 0.01, ***P <(0.001, compared to wild-type values.
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Figure 23. MATEI1 deficiency exacerbates dofetilide-induced proarrhythmia
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MATET1 deficiency exacerbates dofetilide-induced proarrhythmia. (A) Changes in
QTc level in wild-type or MATE1-deficient neonatal mice (day 1) following a single
intraperitoneal injection of dofetilide at a dose of 0.5 mg/kg (n = 8 per group) after 15
min. All experimental values are presented as mean + SEM. Statistical analysis was
performed using an unpaired two-sided Student’s t test with Welch’s correction: *P <

0.05, ***P <0.001, compared to baseline values. (B) Evaluation of QTc changes in wild-
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type or MATE1-deficient neonatal mice (day 1). Data are presented as percentage
changes in QTc from baseline after dofetilide treatment at 15 min. 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. (C) Gene expression of MATEI in the heart (n = 3)
and kidney (n = 4) isolated from untreated wild-type neonatal mice (day 1). (D) in vivo
surface ECG illustrates changes in QTc after dofetilide treatment in wild-type neonatal
mice. (E) Dofetilide-induced second-degree AV blocks in MATE1-deficient neonatal
mice. (F) Incidents of second-degree AV blocks (Mobitz I and Mobitz II) in wild-type
and MATEI1-deficient neonatal mice (n = 8 per group) after the treatment of dofetilide.
(G) Schematic diagram illustrating the proposed mechanism of dofetilide-induced
proarrhythmia due to inhibition of MATE] transporter leading to accumulating dofetilide

in the cardiomyocytes.
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Figure 24. Inhibition of MATE] attenuates renal elimination of dofetilide
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Inhibition of MATEI1 attenuates renal elimination of dofetilide. Characterization of
transcellular, basal to apical, transport of ['*C] metformin (A) [*H] dofetilide (B) in single
transfected MDCK-VC, MDCK-OCT2, MDCK-MATEI, and double-transfected
MDCK-OCT2-MATEI cell lines. Transcellular transport was quantified by measuring
the amount of dofetilide appearing in the apical compartment after 60 min of incubation.
Statistical analysis was performed using an unpaired two-sided Student’s t test with
Welch’s correction: ***P <0.001 vs. MDCK-VC. (C) Urinary excretion of dofetilide in
wild-type, OCT1/2-deficient, MATE1-deficient, and OCT1/2/MATE]1-deficient female
mice (n = 5) following a single intravenous dose of dofetilide (2.5 mg/kg) via caudal
vein. (D) Plasma concentration time profile of dofetilide in wild-type, OCT1/2-deficient,
MATEI!-deficient, and OCT1/2/MATE]1-deficient female mice (n = 5) receiving a single
oral dose of dofetilide (5 mg/kg). (E) Pharmacokinetic parameters of dofetilide after a
single oral dose of administration. Statistical analysis was performed using one-way
ANOVA with Dunnett’s post hoc test: **P <0.01, compared with wild-type mice. All

data presented represent the mean = SEM.
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Figure 25. Contraindicated drugs of dofetilide restrain MATEI1 function

>

1254

-

(=3

o
1

50+ >75% Inhibition

Relative MATE1 Function
(% of Control)

94\‘4\" £8.3%.¢%, «°\

N Z ORI
8

6_, RN (\\ o§
S S i€ GRS
Qe Q\ @9\2@0 2 «”0& o °¢°@Qb¢§&o
o\‘° é‘q,\" Sk ST
& \‘\ 43’ \\3 &(\
Ot
&
C
1000 —e— Dofetilide
—o— Dofetilide+PEG400
—e— Dofetilide+Cimetidine
=E‘ —e— Dofetilide+Ketoconazole
S, 100
g
Q
b
3
s 10
a

11 T T T T T 1

0 1 2 3 4 5 6
Time (hours)

Drugs
Cimetidine
Itraconazole
Ketoconazole
Megestrol
Mitoxantrone
Prochlorperazine
Vandetanib
Verapamil
Trimethoprim

Groups

(ng/ml)

Dofetilide
Dofetilide + PEG400

Dofetilide + Cimetidine

Dofetilide + Ketoconazole 414 + 139*

125+ 10.9
114 £20.5
349 £ 29.1*

ICs0 (UM)
0.74
0.32
0.17
0.80
0.02
0.13
0.13
4.60
0.43

cmax AUCIast AUCIasl

(Fold-  (hr*ng/ml) (Fold-

change) change
239+48.0

0.91 205+ 23.6 0.86
2.80 733554 3.07
3.31 719 £ 123" 3.01

Contraindicated drugs of dofetilide restrain MATE1 function. (A) FDA-listed

contraindicated drugs of dofetilide were assessed at a concentration of 25 uM in HEK293

cells overexpressing human MATEI. [*H] Dofetilide (1 pM) and cimetidine were used as

positive control substrate or inhibitor, respectively. Data are represented as percentage

MATEI] activity as compared with DMSO group (n = 3 per group). (B) ICso values of

different contraindicated drugs. (C) Plasma concentration-time curves profile of

dofetilide in wild-type male mice pretreated for 30 min receiving vehicle (PEG400),

cimetidine (100 mg/kg), and ketoconazole (50 mg/kg) (n = 5 per group). (D)
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Pharmacokinetic parameters of dofetilide in wild-type male mice in the presence or
absence of the administration of vehicle or contraindicated drugs. All data presented
represent the mean = SEM. Statistical analysis was performed using one-way ANOVA
with Dunnett’s post hoc test: *P < 0.05, ***P <0.001, compared with dofetilide alone

treatment group.

159



Figure 26. CYP3A does not influence in the disposition of dofetilide
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CYP3A does not influence in the disposition of dofetilide. (A) Plasma concentration-
time profile of dofetilide (5 mg/kg, p.o.) in wild-type or CYP3A-deficient male mice pre-
treated for 30 min with ketoconazole (100 mg/kg) (n =5 per group). (B) Plasma
concentration-time curves profile of dofetilide receiving an intravenous dose of 2.5
mg/kg in wild-type or CYP3A-deficient male mice (n = 5). (C) Urinary excretion of
dofetilide in wild-type and CYP3A-deficient male mice (n = 5) following a single dose of
dofetilide (2.5 mg/kg, i.v.). (D) Pharmacokinetic parameters of dofetilide in wild-type

and CYP3A-deficient male mice. Statistical analysis was performed using one-way
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ANOVA with Dunnett’s post hoc test: *P < 0.05, ***P <0.001 compared with wild-type

mice treated by vehicle group. All data presented represent the mean + SEM.
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Figure 27. Physiologically based pharmacokinetics (PBPK) model predicts

transporter-mediated drug-drug interactions of dofetilide
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Physiologically based pharmacokinetics (PBPK) model predicts transporter-

mediated drug-drug interactions of dofetilide. Observed and predicted plasma
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concentration-time profile of dofetilide after oral administration (A) of a single dose of
0.5 mg, and intravenous infusion (B) at a single dose of 0.5 mg for 90 min in adult
healthy volunteers. Predicted plasma concentration-time profiles of dofetilide receiving
oral administration of multiple doses of 0.5 mg, BID with and without cimetidine (400
mg, BID) (C) and ketoconazole (400 mg, QD) (D) in healthy volunteers. The observed
dofetilide plasma concentration-time profile graph was recreated from Smith et al/ 1992,

and DDI data was extracted from US FDA drug approval package.?’”*?*
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Figure 28. Influence of MATE] in the disposition of dofetilide
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Influence of MATEL1 in the disposition of dofetilide. (A) Transport of [°H] dofetilide (1
uM) in cells overexpressing the mouse homolog of OCT2, OCT3, OCTNI1, or MATEI.
Relative uptake is expressed as percentage change compared with empty vector controls
(n = 3). (B) Concentration of dofetilide in whole heart tissue from male wild-type,
OCT1/2-deficient, and MATE1-deficient mice following a single intravenous injection of
dofetilide via caudal vein at a dose of 2.5 mg/kg (n = 4-5 per group) after 15 min. (C)
Gene expression of MATEI in the kidney isolated from untreated wild-type adult (12-15
weeks old) and neonatal mice (day 1) (n = 4 per group). (D) Uptake of ['*C] TEA (2 uM)
and ['*C] metformin (5 pM) was evaluated in HEK293 cells overexpressing hMATE]
after preincubation with dofetilide at various concentrations (1-50 uM) for 15 min,
followed by the co-incubation with TEA and metformin for 15 min. Data represent the
mean = SEM and are expressed as a percentage over vector control. (E) Protein
expression of MATE1 in the heart isolated from adult wild-type and MATE1"" mice

(n=3).
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Figure 29. Drug-drug interactions increase dofetilide plasma exposure
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Drug-drug interactions increase dofetilide plasma exposure. Plasma concentration
time profile of dofetilide in wild-type, OCT1/2-deficient, and MATE]1-deficient female
mice (n =5 to 29 per group) receiving a single oral dose of dofetilide (5 mg/kg) 30 min
after the administration of bictegravir (30 mg/kg) (A), cimetidine (100 mg/kg) (B),

ketoconazole (50 mg/kg) (C), trimethoprim (100 mg/kg) (D), and verapamil (10 mg/kg)

(E).
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Figure 30. Plasma exposure and renal elimination of dofetilide
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Plasma exposure and renal elimination of dofetilide. Plasma concentration time profile

of dofetilide in wild-type, OCT1/2-deficient, and MATE1-deficient female (A) and male

(B) mice (n =5 per group) receiving a single intravenous dose of dofetilide (2.5 mg/kg)

via caudal vein. (C) Urinary excretion of dofetilide in wild-type, OCT1/2-deficient,

MATE]1-deficient, and OCT1/2/MATEI1-deficient male mice (n = 5) following an

intravenous dose of dofetilide (2.5 mg/kg). Plasma concentration time profile of

dofetilide in wild-type, OCT1/2-deficient, and MATE1-deficient male mice (n =5 to 38
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per group) receiving an oral dose of dofetilide (5 mg/kg) 30 min after the administration

of ketoconazole (50 mg/kg) (D), and verapamil (10 mg/kg) (E).
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Figure 31. Structure of the physiologically based pharmacokinetic (PBPK) model

for dofetilide
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Structure of the physiologically based pharmacokinetic (PBPK) model for dofetilide.
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Figure 32. Workflow of dofetilide physiologically based pharmacokinetic (PBPK)

model
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Table 8. Influence of contraindicated drugs on the pharmacokinetic parameters of

dofetilide in female mice

Group Cmax Cmax AUCast AUCast
(Female) (ng/ml) (Fold- (hr*ng/ml) (Fold-
change) change)
Dofetilide (5 mg/kg)
Wild-type 191.3+13.0 328.6 £24.5
OCT1/27" 218.2+18.0 1.14 362.0+25.0 1.10
MATE1" 276.2+45.4 1.44 346.0 +£37.0 1.05
Bictegravir (30 mg/kg)
Wild-type + Bictegravir 365.0 £ 72.0* 1.91 595.0 + 194* 1.81
OCT1/2”- + Bictegravir 281.5+ 132 1.47 354.0 +46.4 1.08
MATE1"" + Bictegravir 383.0 £ 86.4* 2.00 614.2 £ 77.0* 1.87
Cimetidine (100 mg/kg)
Wild-type + Cimetidine 656.0 &= 81.3%** 3.43 1395 + 183%#* 4.25
OCT1/27" + Cimetidine 420.2 + 89.4%* 2.20 1267 + 150%** 3.86
MATE!" + Cimetidine 625.0 &£ 92.2%** 3.27 1403 + 89.5%** 4.27
Ketoconazole (50 mg/kg)
Wild-type + Ketoconazole 314.5 +34.0* 1.64 588.2 + 64.0** 1.79
OCT1/27" + Ketoconazole 4753 + 61.5%* 2.48 1089 £ 128%** 3.31
MATE1"+ Ketoconazole ~ 455.0 £ 32.0%** 2.38 038.0 + 18] #** 2.85
Trimethoprim (100 mg/kg)
Wild-type + Trimethoprim 264.0 +£27.0 1.38 428.0+254 1.3
OCT1/27 + Trimethoprim 220.0 +£38.0 1.15 440.0 £76.0 1.34
MATE1""+ Trimethoprim 212.0£45.0 1.11 345.0 £29.3 1.05
Verapamil (10 mg/kg)
Wild-type + Verapamil 517.5 £47.0%%* 2.71 602.0 = 35.0* 1.83
OCT1/2”" + Verapamil 519.1 £ 42.4%*x* 2.71 669.0 +42.0%* 2.04
MATE1" + Verapamil 384.2 + 58.0%* 2.01 638.0 £ 26.5%* 1.94
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Data represent mean = SEM. *P < (.05, **P < 0.01, ***P < 0.001.

Abbreviations: Cmax, peak plasma concentration; AUClast, area under the plasma
concentration-time curve to the last measurable concentration.
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Table 9. Pharmacokinetic parameters of dofetilide after giving an intravenous dose

(2.5 mg/kg) in mice

Group Cmax Cmax AUChast AUChast
(ng/ml) (Fold-change) (hr*ng/ml) (Fold-change)

Female
Wild-type 1642 + 170 673.2 +28.0
OCT1/27" 1960 + 126 1.29 756.0 £47.0 1.19
MATE1" 1521 + 149 0.93 635.0+61.0 0.94
Male
Wild-type 1535+ 131 587.4+294
OCT1/27- 1123+ 113 0.81 461.0+23.0 0.76
MATEI1" 1379 + 112 0.90 603.0 + 28.5 1.03

Abbreviations: Cmax, peak plasma concentration; AUCas, area under the plasma
concentration-time curve to the last measurable concentration.
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Table 10. Influence of contraindicated drugs on the pharmacokinetic parameters of

dofetilide in male mice

GI'Ollp Cinax Cinax AUCast AUC ast
(Male) (ng/ml) (Fold- (hr*ng/ml) (Fold-
change) change)
Dofetilide (5 mg/kg)
Wild-type 151.2 + 8.80 278.2+12.3
OCT1/2™ 191.0+£234 1.26 351.0 £ 36.0 1.26
MATE1" 235.0 = 50.0%* 1.55 406.6 + 32.6** 1.46

Ketoconazole (50 mg/kg)

Wild-type + Ketoconazole  415.3 £43.0%*** 2.75 728.0 £ 55.4%** 2.62

OCT1/27 + Ketoconazole ~ 453.0 + 65.0%** 3.00 1048 + 1427+ 3.77

MATE1" + Ketoconazole  508.5 & 62.2%*% 3.36 894 + 92.0*** 3.21

Verapamil (10 mg/kg)

Wild-type + Verapamil 181.4+32.0 1.20 259.0 +18.3 0.93
OCT1/2”" + Verapamil 148.3 £32.0 0.98 328.3+52.0 1.18
MATE1"+ Verapamil 246.0 +£38.4 1.63 406.0 + 38.0 1.46

Data represent mean = SEM. *P < (.05, **P < 0.01, ***P <0.001.

Abbreviations: Cmax, peak plasma concentration; AUC)ast, area under the plasma
concentration-time curve to the last measurable concentration.
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Table 11. Observed and predicted pharmacokinetic parameters of dofetilide with the presence and absence of

cimetidine and ketoconazole

Mean Cpax £ SD (CV%) Mean AUC.ja5¢ = SD (CV%) Mean CL = SD (CV%)
(ng/mL) (ng*h/mL) (L/h)
Predicted Observed Predicted Observed Predicted Observed
Dofetilide 2.48 +£0.58 (23) 1.87 +£0.65 18.01 +£3.38 (19) 17.5+3.2 28.77+6.05(21) 22.00
(0.5 mg, p.o.) PE =+32.66% PE =+2.91% PE =+30.77%
Dofetilide (0.5 mg i.v. 428 +0.52 (12) 3.1+0.50 20.37 £3.92 (19) 21.2+4.5 2537+4.94(19) 18.06
infusion over 90 min)
PE =+38.06% PE =-3.92% PE =+40.48%

DDI with Cimetidine 400 mg BID (p.o.)

Dofetilide 2.84 +0.53 (19) 2.26 19.59 + 3.66 (19) 17.4 26.41 + 5.36 (20) 20.6
(0.5 mg BID, p.o.) PE = +25.7% PE = +12.6% PE = +28.2%
Dofetilide + Cimetidine  3.98 + 0.70 (18) 3.44 3242+ 6.76 (21) 275 16.13 +3.79 (23) 11.6
(400 mg BID, p.o.) PE = +15.7% PE = +17.9% PE = +39.1%
% Change 40.14% 1 52.2% 1 65.50% 1 58.00% 1 38.92% | 43.7% |

DDI with Ketoconazole 400 mg QD (p.o.)
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Dofetilide 2.87+0.52 (18) 2.26 19.88 +3.69 (19) 17.4 26.01 +£5.20 (20) 20.6

(0.5 mg BID, p.o.) PE =+27.0% PE =+14.3% PE =+26.3%
Dofetilide + 3.70 £ 0.73 (20) - 28.05+6.17 (22) - 18.72 + 4.68 (25) -
Ketoconazole

(400 mg QD, p.o.)

% Change 28.9% 1 53.0% 1 41.1% 1 41.0% 1 28.0%] -

Data represent mean + SEM.
Abbreviations: p.o., given orally; BID, twice per day; QD, four times a day, Cmax, peak plasma concentration; AUCo.1ast, area
under the plasma concentration-time curve between time zero and the last measurable concentration; CL, clearance; PE,

calculated prediction error (%) = [(predicted value - observed value)/observed value] x 100.
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Table 12. Input parameters of dofetilide in PBPK model

Input parameters Description Units Value Reference

1. Physicochemical and binding properties

MW Molecular weight g/mol 441.57

LogP Octanol-water partition - 2.1 PubChem

Compound type Acid, base or neutral - Monoprotic base

pKa Acid dissociation constant - 7.89 UWDIDB

B/P profile Blood to plasma ratio dependent on ) 1048 Simeyp predicted
drug concentration

fu Fraction unbound in plasma - 0.36 UWDIDB

2. Absorption

Absorption model First order absorption model

fa Fraction available from dosage form - 1

CV f, Coefficient of variation fa % 30 Default

ka Absorption rate constant 1/h 0.9 UWDIDB

CV ka Coefficient of variation ka % 30 Default
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Input parameters Description Units Value Reference

fugut Unbound fraction in enterocytes - 0.039 Simcyp predicted

Qgut Nominal flow in gut model L/h 4.068 Simcyp predicted

CV Qgut Coefficient of variation Q(gut) % 30 Default

Peffman Effective permeability in man 10 cm/s 12 Simcyp predicted

Permeability assay Passive + active permeability Physicochemical

PSA Polar surface area A? 104.81 Drug central

HBD Hydrogen bond donor 2 Drug central

3. Distribution

Distribution model Full PBPK model

Prediction method Method 2

Kp scalar Tissue to plasma partition coefficient 0.61 Optimized

v Volume of distribution at steady- Lk )3 Smith et al 1992
state

CV Vg Coefficient of variation Vi % 30 Default

4. Elimination

Elimination model Enzyme kinetics

CYP, recombinant CYP3A4 Smith et al 1992
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Input parameters Description Units Value Reference
CLint (HLM) In vitro clearance (human liver pL/min/mg 0.25
Smith et al 1992
microsomes) protein
fumic Fraction unbound in vitro 0.81
CLr Renal clearance in 20-30yr healthy h 18.06 Smith et al 1992
male
5. Transport
Organ/Tissue Kidney
Transporter SLC22A42 (OCT2)
Location Basolateral
Function EGD model
Jimax pmol/min/10° 506.35 Measured
cells
Km Michaelis-Menten constant uM 347.2 Measured
System User
RAF/REF Relative activity factor/relative 1 Optimized
expression factor
CLpp basal Passive diffusion clearance mL/min/10° cells 0
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Input parameters Description Units Value Reference

Transporter SLC47A41
(MATE1)
Location Apical
Function Efflux
CLint Intrinsic clearance uL/min/10° cells 22.2 Measured
System User
RAF/REF Relative activity factor/relative 0.25 Optimized

expression factor

CLpp apical Passive diffusion clearance mL/min/10° cells 0

Drug central: https://drugcentral.org/drugcard/942

UWDIDB: University of Washington Drug Interaction Database
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Chapter 5. Conclusion

Membrane transporters are key regulators of selective cellular permeability, and
facilitate the passage of many endogenous metabolites and small-molecule xenobiotics
across the plasma membrane. Therefore, membrane transporters play a pivotal role in
maintaining normal physiology and pathophysiology, as well as therapeutic response to
drugs. At the cellular level, transporter-mediated influx or efflux can lead to the
emergence of drug sensitivity or resistant phenotypes in target cells, and as such affect
therapeutic efficacy. On the other hand, transporter-mediated uptake in non-target tissues
can result in drug-related toxicities, and several transporters involved in these processes
have emerged as critical determinants of drug absorption, disposition, therapeutic
efficacy, adverse drug reactions, and drug-drug interactions. Here, we highlighted the
contribution of membrane transporters in chemotherapy-induced various toxicities and
discuss novel strategies to improve therapeutic outcomes. We also provided insights into
the recently updated FDA guidelines for in vitro drug interaction studies, with a particular
focus on the class of TKIs as perpetrators of transporter-mediated drug interactions.

We first evaluated in vitro and in vivo functional regulation of OCT1, a most
abundant cationic transporter expressed in the liver which plays a crucial role in the
elimination and pharmacological activity of many prescription drugs. We identified a
novel regulatory mechanism for OCT1 function that involves tyrosine phosphorylation by

the kinase YES1, and that is highly sensitive to inhibition by multiple TKIs, including
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dasatinib. We also identified a novel OCT1 specific biomarker isobutyryl L-carnitine
(IBC) in plasma which could ultimately be utilized to guide the selection of optimal doses
and schedule of potential perpetrators to be used in conjunction with OCT1 substrates.

Next, we evaluated the interactions with FDA-approved TKIs with MATE1
transporter which is highly expressed in the brush border membrane of proximal tubule
cells. We identified MATEI as a transporter that is sensitive to potent inhibition by a
remarkably large number of TKIs, and demonstrated through functional validation
studies using genetic and pharmacological approaches that the observed inhibitory
properties are potentially related to an effect on transcription. These findings provide
novel insight into the regulation of MATEI1 and suggest that caution is warranted with
polypharmacy regimes involving the use of certain MATE]1 substrates given in
combination with TKIs.

Finally, we characterized the transport mechanism of dofetilide, a class III anti-
arrhythmic drug. We identified that dofetilide is a substrate of MATE], and is sensitive to
inhibition by widely used prescription drugs. In addition, we found that deficiency or
inhibition of MATE]1 not only reduces urinary excretion of dofetilide but also increases
its accumulation in the heart which could potentially lead to cause QTc prolongation as
well as individual variation in response. This finding will help understand the etiology of
dofetilide-induced proarrhythmia, and provide a rationale for avoiding the use of MATE1
inhibitors in order to derive preventative and/or intervention strategies that could
effectively mitigate the occurrence of QTc prolongation and incidence of recurrent

arrhythmia without affecting the efficacy of dofetilide.
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In the present study, we demonstrated that membrane transporters are important
determinants governing the therapeutic response of many drugs. Disruption of these
sensitive transport systems through changes in gene expressions, genetic variations or
drug-drug interactions, has the potential to contribute to chemoresistance, endogenous
toxin-mediated diseases, diminished therapeutic efficacy, and increased sensitivity to
drug-induced organ damage. More comprehensive evaluation of drug-transporter
interactions should become an integrated approach to human studies aimed at
understanding basic pharmacokinetic properties of approved and investigational drugs,
and it is anticipated that such studies will continue to make significant contributions to
the design of clinical studies aimed at improving the safety and quality of patients’ life.

The recently updated FDA guidelines provide inadequate recommendations for in
vitro studies to identify substrates or inhibitors of drug transporters. The absence of
detailed guidance on experimental methodology and study design, which are now left at
the discretion of investigators, can contribute to the generation of false-negative data, as
evidenced by the noted discrepancies between data contained in the prescribing
information and those available in the published literature. It is our contention that the
number of currently FDA-approved TKIs that is able to substantially affect the function
of OCTs and/or MATE:s is underestimated. Therefore, the translational and predictive
power of FDA-approved drugs as modulators of transport function remains ambiguous

and warrants further revision of the current guidelines.
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