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The polyspecific organic cation transporters (pOCTs) include the organic cation
transporters (OCT1-3), the multidrug and toxin extrusion proteins (MATEL/2K) and the plasma
membrane monoamine transporter (PMAT). These transporters have been implicated in the
absorption, distribution and excretion of many drugs and xenobiotics, and are considered major
determinants in the pharmacokinetics, pharmacodynamics, and toxicity of its substrates.
Additionally, the OCT2 and MATEL1/2K renal transporters are considered important sites for
transporter-mediated drug-drug interactions (DDIs), capable of impacting systemic and intrarenal
concentrations of xenobiotics. There are still many gaps in our knowledge of pOCTs, including
their role in cancer-drug targeting, their contribution to the disposition and toxicity of

environmental xenobiotics, and how to improve the in vitro to in vivo prediction of renal



transporter-mediated DDIs. The overall goal of this dissertation research is to fill in some of these
gaps by: (1) investigating the expression of pOCTs in neuroblastoma and their potential role in
tumor disposition of the theranostic agent meta-iodobenzylguanidine (mIBG), (2) characterizing
the interactions and uptake kinetics of pOCTs with benzalkonium chlorides (BACs) and their role
in tissue accumulation of these environmental compounds, and (3) exploring the use of a double-
transfected system to improve prediction of OCT2/MATEL-mediated renal DDIs.

Neuroblastoma is a childhood cancer with poor survival rates in high-risk patients. 131-
iodine labeled mIBG (*3'1-mIBG) kills tumor cells by exposure to radiation and has emerged as a
promising therapy for high-risk neuroblastoma. mIBG enters neuroblastoma cells via the
norepinephrine transporter (NET), however expression of NET alone cannot predict clinical
response to mIBG. Previously, our lab identified that mIBG is an excellent substrate of OCTs and
MATEs, and thus the expression of pOCTs in neuroblastoma could impact tumor disposition and
response to 1311-mIBG. As part of this dissertation research, | investigated the expression of pOCTs
and other monoamine transporters in neuroblastoma cell lines, in local tumor samples, and using
neuroblastoma genomic data available at the NClI TARGET database. Our results revealed that
PMAT is a previously unrecognized transporter highly expressed in neuroblastoma and that its
expression level is positively associated with overall survival of high-risk patients without MYCN
oncogene amplification. Additionally, we showed that PMAT efficiently transports mIBG, is
mainly localized in mitochondria of neuroblastoma cells and mediates mitochondrial uptake of
mIBG. Together, these results support a role of PMAT in intracellular disposition of mIBG in
neuroblastoma, potentially impacting tumor exposure and response to *3!I-mIBG therapy.

The pOCTs have the potential to impact not only human exposure to drugs, but also our

exposure to environmental xenobiotics. BACs are quaternary ammonium compounds used as



disinfectants and as preservatives in several consumer products. However, multiple studies report
that BACs are cytotoxic and may be involved in biochemical interactions, and thus their safety has
been questioned by the FDA. Humans are chronically exposed to BACs, and these compounds
have been found to broadly distribute and accumulate in tissues with known expression of pOCTs
such as the kidneys. To characterize the interaction of BAC of varying alkyl chain length (C8,
C10, C12 and C14) with the human OCT1-3 and MATE1/2K, we conducted in vitro uptake and
inhibition assays in HEK293 cells transfected with the transporters. We showed that all
investigated BACs are inhibitors OCTs and MATEs, and that C8 and C10 are substrates of these
transporters.  We further demonstrated that BAC C8 and C10 are transported across a
OCT2/MATEL1 double-transfected MDCK monolayer, and that intracellular accumulation of these
compounds is much higher in OCT2/MATE1-expressing cells in comparison to vector-transfected
cells, suggesting a role of these transporters in the intrarenal accumulation of short chain BACs.
We propose that OCTs and MATEs mediate tissue distribution and accumulation of short chain
BACs and thus may represent important determinants of organ susceptibility to BAC toxicity in
humans as a result of chronic environmental exposure.

The research presented in this dissertation highlights that many xenobiotics can interact
with pOCTs as substrates and/or inhibitors, raising the concern for transporter-mediated DDIs.
Accurately predicting clinical DDI potential based on in vitro data is challenging and this is
especially evident for MATE inhibitors, for which the use of plasma unbound maximal inhibitor
concentration (Imax,u) and 1Cso values determined in single transporter-transfected cells often lead
to false or overprediction of DDI potential. With the goal of improving DDI risk assessment, |
explored the use of OCT2/MATEL double-transfected MDCK cells in a Transwell system as a

new in vitro tool to assess the inhibitory potential of compounds. Our results revealed that some



potent in vitro inhibitors of MATEL (hydroxychloroquine, brigatinib and famotidine) failed to
inhibit the transepithelial flux of metformin in the double-transfected system. In contrast, the
classical OCT2/MATEL1 inhibitors pyrimethamine and cimetidine dose-dependently inhibited
metformin transepithelial flux. We hypothesize that the different behaviors of these MATEL
inhibitors in the double-transfected system vs single-transfected model could be explained by their
different abilities to gain intracellular access and reach MATEZX site of inhibition. Additionally,
we propose a new parameter reflecting inhibitory potential on overall OCT2/MATE1-mediated
secretion (ICso fiux), and concluded that the 1Cso fiux performs better than individual transporter ICso
values when predicting in vivo DDIs using a static model. Together, our findings suggest that the
use of OCT2/MATEL double-transfected cells in DDI risk assessment is promising and has the
potential to reduce the burden of unnecessary clinical DDI investigations by identifying in vitro
MATEZX inhibitors unlikely to result in DDIs in vivo.

In summary, this dissertation research has contributed significantly to our knowledge of
the clinical significance of pOCTs, exploring their role in mIBG disposition in neuroblastoma,
their contribution to the tissue-disposition and toxicity of BACs, and providing new tools to

improve in vitro to in vivo prediction of OCT2/MATE1-mediated renal DDIs.
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Chapter 1. INTRODUCTION

Part of this chapter was published in:
Vieira L.S., Wang J. Brain Plasma Membrane Monoamine Transporter in Health and Disease.
Handb Exp Pharmacol. 2021;266:253-280. doi: 10.1007/164_2021_446. PMID: 33751232.

1.1  THE IMPORTANCE OF TRANSPORTERS IN DRUG DEVELOPMENT AND

TOXICOLOGY

Most drugs intend to act on targets within specific tissues, and while some targets are on
the external surface of tissues, other targets reside intracellularly. Concentration in the target tissue
is what drives pharmacological effect, and concentration in off-target sites may lead to toxic
effects. Ability to cross membranes is fundamental in how drugs and xenobiotics may distribute
and accumulate in different tissues, and while lipophilic compounds rely on passive permeability
to cross membranes, the uptake of hydrophilic compounds into tissues may often involve
facilitated mechanisms mediated by membrane transporters.

The expression and localization of these transporters throughout the human body can
greatly impact not only the pharmacokinetics of its substrates but also its distribution to target
tissues (thus impacting pharmacodynamics) and overall tissue accumulation, which may result in
off-target effects and toxicity (International Transporter Consortium et al., 2010; Giacomini and
Huang, 2013; Wagner et al., 2016). As tissue concentrations are challenging to measure in the
clinic, plasma concentrations are commonly used as a surrogate for tissue concentrations, and
while that may be acceptable for compounds with high passive diffusion, the action of membrane
transporters can generate intracellular drug concentrations much higher (by the action of uptake
transporters) or lower (by the action of efflux transporters) than plasma concentrations, and thus

transporters can have a major impact on local concentrations of its substrates (Zhang et al., 2019).



The clinical significance of drug transporters as a source of interindividual variability in
drug response and toxicity, as well as their involvement in drug-drug interactions (DDISs) is
increasingly acknowledged (International Transporter Consortium et al., 2010; Yin and Wang,
2016; Koepsell, 2021; Kamath et al., 2022). Thus, several regulatory agencies, including the U.S.
Food and Drug Administration (FDA), the European Medicines Agency (EMA), and the
Pharmaceuticals and Medical Devices Agency (PMDA) have included assessment of new
molecular entities (NMESs) as substrates and inhibitors of transporters during the drug-development
process (EMA Guidance, 2012; PMDA Guidance, 2018; FDA Guidance, 2020).

This thesis focuses on a special group of solute carrier (SLC) transporters — the polyspecific
organic cation transporters (pOCTSs), which include the organic cation transporters (OCT1-3), the
multidrug and toxin extrusion proteins (MATE1/2K) and the plasma membrane monoamine
transporter (PMAT). These transporters are expressed in a variety of human tissues and mediate
the cell uptake and efflux of a wide range of compounds, impacting tissue distribution and systemic
elimination of many drugs, toxins, and endogenous compounds (Figure 1.1). The human tissue

expression and function of each pOCT transporter are discussed in more detail below.

1.2  THE POLYSPECIFIC ORGANIC CATION TRANSPORTERS (POCTS)

1.2.1 Organic Cation Transporters (OCTSs)

The human organic cation transporters (OCTSs) consist of three closely related members
encoded by the SLC22 gene family: OCT1 (SLC22A1), OCT2 (SLC22A2) and OCT3 (SLC22A3),
sharing between 50-70% of protein identity (Sala-Rabanal et al., 2013; Koepsell, 2020). OCTs
can transport a wide range of structurally diverse compounds (Koepsell, 2020), and function as
electrogenic transporters utilizing the physiological inside-negative membrane potential as a

driving force to mediate cellular uptake of its substrates (Koepsell, 2004; Wagner et al., 2016).



While many functional similarities are observed between OCT1, OCT2, and OCT3 isoforms, their
tissue distribution varies greatly.

In humans, OCT1 is the major OCT isoform expressed in the liver. Localized to the
basolateral membrane of hepatocytes, OCT1 mediates the uptake of substrates from the plasma
and can greatly influence liver intracellular concentrations and pharmacodynamics of drugs such
as the antidiabetic drug metformin (Shu et al., 2007). Additionally, uptake by OCT1 can be the
rate-limiting step before hepatic metabolism mediated by hepatic enzymes, and thus OCT1
deficiency can significantly impact the systemic exposure of drugs such as the beta, agonist
fenoterol (Zamek-Gliszczynski et al., 2018).

OCT2 is the major isoform expressed in the human kidney, and together with the multidrug
and toxin extrusion proteins (MATES), constitute the renal organic cation secretion system
(Morrissey et al., 2013; Yin and Wang, 2016). Expressed in the basolateral membrane of renal
proximal tubule epithelial cells (PTECs), OCT2 mediates the first step of renal tubular secretion
of organic cations — i.e., the uptake of substrates from the plasma into the intracellular space — and
is implicated in the renal elimination of several drugs including metformin, atenolol, lamivudine
and oxaliplatin (Nies et al., 2011; Yin et al., 2015; Yin and Wang, 2016).

Compared to OCT1 and OCT2, OCT3 has a broader tissue distribution in the human body,
with high expression levels reported in many organs such as the brain, heart, salivary glands,
placenta, skeletal muscle, lungs, and small intestine (Wagner et al., 2016; Koepsell, 2020). Due
to its ubiquitous expression, OCT3 has been implicated in the distribution of drugs to various
tissues, including the placenta and salivary glands where it mediates the secretion of metformin to
the fetus and saliva, respectively (Lee et al., 2014, 2018), and the cardiac uptake of doxorubicin

(Huang et al., 2021).



In addition to healthy tissue expression, tumor expression of OCTs can influence tumor-
targeting of anti-cancer drugs, and thus the degree of OCT expression in tumors has also been
reported as an important determinant in chemotherapy response (Li and Shu, 2014; Tatsumi et al.,
2014; Gu et al., 2019). For instance, expression of OCTs in colorectal tumors has been implicated
in tumor response to oxaliplatin, a first line chemotherapy treatment (Yokoo et al., 2008; Tatsumi
et al., 2014; Gu et al., 2019). The ability of OCTs to drive tumor uptake and retention of
chemotherapeutics suggest that further investigation of pOCTs expression in tumors could aid in

treatment selection and in the prediction of anti-cancer drug response.

1.2.2 Multidrug and Toxin Extrusion Proteins (MATES)

The human multidrug and toxin extrusion proteins (MATES) are encoded by the SLC47
gene family and include two functional members: MATEL (SLC47A1) and MATE2K (SLC47A2)
(Yin and Wang, 2016; Koepsell, 2020). In contrast to OCTs, MATEs function as organic
cation/proton exchangers, using the transmembrane proton gradient as the driving force and with
proton binding happening on the opposite side from substrate binding (Otsuka et al., 2005; Masuda
et al., 2006; Yin and Wang, 2016).

Characterized as an efflux transporter of organic cations, MATEL is mainly expressed in
human kidney, liver, and skeletal muscle and localized to the apical membrane of PTECs and
hepatocytes, while MATE2K is a kidney-specific isoform restricted to the apical membrane of
PTECs (Otsuka et al., 2005; Masuda et al., 2006). Additionally, MATEL has also been reported
to be highly expressed in tumor tissues such as lung adenocarcinoma, in which its expression was
correlated with chemosensitivity to a potent platinum—acridine hybrid anticancer agent (Yao et al.,

2020).



In the kidneys, the slightly acidic physiological pH of urine (pH 6.0-6.8) provides the ideal
driving force for MATE-mediated organic cation efflux, and in conjunction with OCT2-mediated
organic cation uptake in PTECs, the OCT2/MATEL1-2K pathway is a major secretion system in
the clearance of organic cations (International Transporter Consortium et al., 2010; Yin and Wang,
2016). As MATEs mediate the final step of organic cation renal secretion (i.e., the efflux of
substrates from the intracellular space into the proximal tubule lumen), DDIs involving these
transporters can significantly impact the intracellular accumulation of compounds, raising

concerns over nephrotoxicity. This issue is discussed in further detail in section 1.5.2.

1.2.3 Plasma Membrane Monoamine Transporter (PMAT)

The plasma membrane monoamine transporter (PMAT) is encoded by the SLC29 gene
family (Wang, 2016). This SLC family primarily encodes the equilibrative nucleoside transporters
(ENTS), and thus this transporter was initially named ENT4 (SLC29A4). Despite the transporter’s
sequence similarity to the ENTS, extensive screening work did not detect significant transport
activities for nucleosides, nucleobases, and related analogs (Engel et al., 2004). Instead, our
laboratory has identified that this transporter mediates the uptake of a variety of endogenous
monoamines (e.g., dopamine, norepinephrine, epinephrine, 5-hydroxytryptamine 5-HT) and thus
this transporter was renamed to PMAT to reflect its true substrate profile (Engel et al., 2004).

Besides monoamines, PMAT also transports a variety of structurally diverse organic
cations and shares a remarkable functional resemblance to the OCTs, and thus it is considered a
new member of the pOCTs (Engel and Wang, 2005). Like the OCTs, PMAT functions as an
electrogenic transporter and utilizes the physiological membrane potential as the driving force to

mediate the uptake of its substrates (Itagaki et al., 2012). Additionally, an acidic pH can further



stimulate PMAT-mediated transport activity (Zhou et al., 2010; Itagaki et al., 2012). Although the
precise mechanism underlying this observation remains unclear, this effect is hypothesized to
occur via either direct coupling of protons with organic cations or through a pH-induced change
to PMAT’s protein ionization and folding state impacting its intrinsic transport activity (Wang,
2016; Vieira and Wang, 2021).

The main site of expression of PMAT is in the brain, where it represents a major low-
affinity and high-capacity transporter for monoamine neurotransmitters (Vieira and Wang, 2021).
PMAT is expressed in multiple brain regions (Engel et al., 2004; Duan and Wang, 2010, 2013),
with immunoblotting and immunostaining studies further confirming protein expression in human
cerebellum and choroid plexus tissue samples (Dahlin et al., 2007; Duan and Wang, 2013). In
addition to the brain, PMAT is also expressed in other human tissues such as intestine, kidney, and
heart (Barnes et al., 2006; Zhou et al., 2007; Xia et al., 2009), as well as in certain tumors,
including breast cancer, desmoplastic small round cell tumor, and neuroblastoma (Li et al., 2008;
Orentas et al., 2012; Makhtar, 2017). The broad substrate profile and tissue expression of PMAT
suggest that besides endogenous monoamine transport, this transporter may also play an important
role in the disposition of a variety of xenobiotics. However, PMAT’s role in the disposition of
drugs across epithelial barrier tissues and in cancer cells has remained understudied, and further

studies are necessary to characterize the clinical significance of PMAT in drug disposition.

1.2.4 Knowledge Gaps in the Field of pOCTs Research

Since the discovery of the pOCTs, great advances have been made in understanding their
molecular features, mechanisms of transport, and tissue distribution and in the characterization of

substrates and inhibitors. While the general role of pOCTs in drug disposition and response is



well appreciated, the pharmacological and clinical significance of these transporters has only been
studied with a handful of clinically used drugs, especially with the anti-diabetic drug metformin
(Shu et al., 2007; Lee et al., 2014, 2018; Yin and Wang, 2016; Liang and Kathleen M. Giacomini,
2017). However, the impact of these transporters on the tissue-specific disposition,
pharmacokinetics, pharmacodynamics and toxicology remains largely unknown for the vast
majority of xenobiotic substrates. In particular, very little is known regarding the role of pOCTs
in tumor disposition of cationic drugs and theranostic agents used in cancer management. Further,
besides therapeutic agents, humans are chronically exposed to a variety of environmental
xenobiotics which may also interact with these transporters. Research conducted in this thesis
aims to address some of these gaps by elucidating the role of pOCTs in the tumor disposition of a
cancer theranostic agent (i.e. meta-iodobenzylguanidine — mIBG) (Chapter 2) and in the tissue
disposition of xenobiotic cations of environmental origin (i.e. benzalkonium chlorides — BACs)
(Chapter 3).

Another major gap is the accurate prediction of transporter-mediated renal DDIs in clinical
practice based on in vitro data. The research presented in this thesis revealed that many drugs and
environmental compounds are likely to be substrates or inhibitors of pOCTs, raising the concern
of renal DDIs involving the OCT2/MATE1-2K pathway. In vitro data is routinely used during
drug development to inform and predict DDI risk in the clinic (FDA Guidance, 2020). However,
there are significant challenges in translating in vitro data to in vivo inhibition, especially for
MATE inhibitors, leading to a high number of false positive predictions and to unnecessary clinical
evaluations (Mathialagan et al., 2021; Krishnan et al., 2022). New tools to improve DDI risk
assessment are greatly needed, and thus Chapter 4 proposes innovative and promising method to

improve the prediction of OCT2/MATEL-mediated renal DDIs.



The background rationales for each of the following chapters are described below.

1.3 ROLE OF TRANSPORTERS IN THE DISPOSITION OF THE THERANOSTIC AGENT

META-IODOBENZULGUANIDINE (MIBG)
1.3.1 Clinical Uses of mIBG

Radiolabeled meta-iodobenzylguanidine (mIBG) is a metabolically stable structural analog
of norepinephrine currently used as a theranostic agent — that is, a compound with both therapeutic
and diagnostic capabilities. This radiopharmaceutical was first developed in the late 1970s as a
non-invasive imaging agent with the goal of detecting irregularities in the medulla of adrenal
glands such as adrenal medullary hyperplasia and related tumors (Wieland et al., 1980). mIBG
can be labeled with either 1 or 12| isotopes, and in addition to its adrenergic imaging capabilities
1231311 m|BG is also successful in cardiac imaging and as targeted radiotherapy for neuroendocrine
tumors (Nakajima et al., 2018; O’Brien and Pryma, 2022).

1231.mIBG scintigraphy is routinely used in the clinic to diagnose and monitor
neuroendocrine cancers such as pheochromocytoma, paraganglioma, and neuroblastoma (Van
Berkel et al., 2015; Parisi et al., 2016; Desai et al., 2019). While ?I-mIBG (AdreView™) leads
to better imaging resolution and is better suited for imaging with conventional gamma cameras,
1311-.mIBG (AZEDRA®) emits particulate radiation (B radiation) which can result in DNA damage
and cell death, and thus !I-mIBG is favorable as a targeted radiotherapy alternative for
neuroendocrine tumors. In 2018, the FDA approved the use of high-dose 3'I-mIBG in the
treatment of advanced pheochromocytoma and paraganglioma, two forms of neuroendocrine
cancers most prevalent in adults (Eisenhofer et al., 2011; llanchezhian et al., 2020). Its use in high-

risk neuroblastoma — a neuroendocrine tumor most prevalent in children — is currently under



investigation in multiple clinical trials (Wilson et al., 2014a; Parisi et al., 2016; Suh et al., 2020).
However therapeutic response to **}I-mIBG in neuroblastoma is highly variable and cannot be
predicted by mIBG tumor avidity alone (Wilson et al., 2014a). The mechanisms driving the uptake

and retention of mIBG in these tumor tissues are further described in section 1.3.3.

1.3.2 mIBG Disposition in Healthy Tissue and Clearance

After being administered intravenously, *231]-mIBG whole-body scintigraphy shows that
— in addition to its uptake in neuroendocrine tumors and in the heart — mIBG rapidly distributes to
a variety of healthy tissues, including the salivary glands, liver, urinary bladder, intestines, and
adrenal glands (Coleman et al., 2009; Chin et al., 2014). Following high-dose *3!I-mIBG therapy,
the accumulation and distribution of mIBG to these healthy tissues are associated with several
adverse reactions including sialadenitis (i.e. painful swelling of salivary glands), cardiac, liver and
gastrointestinal toxicities (Modak et al., 2008; Bleeker et al., 2013; Parisi et al., 2016). A majority
of the mIBG administered dose (> 90%) is excreted unchanged in the urine with 50% of the dose
excreted within 24 hours (Lashford et al., 1988; Blake et al., 1989; Lopez Quifiones et al., 2022),
and mIBG renal clearance is ~2.5-fold higher than the glomerular filtration rate (GFR), indicating
a significant component of renal tubular secretion (Blake et al., 1989; Ldépez Quifiones et al.,
2020).

Previous work conducted in our laboratory has identified mIBG as an excellent substrate
of OCT1-3 and MATE1/2K (L6pez Quifiones et al., 2020). This finding suggests that OCT1 and
OCT3 transporters may play important roles in the extensive tissue distribution of mIBG in
humans, and more specifically in its uptake in the liver, salivary glands, and heart (Lépez Quifiones

et al., 2020, 2022). Additionally, the efficient transport of mIBG by OCT2 and MATE1/2K, as



well as its 20-fold higher transepithelial permeability (basolateral-to-apical) across OCT2/MATE1
double-transfected cells in comparison to control cells suggests that the renal organic cation
secretion system is a major elimination pathway mediating tubular secretion of mIBG (Lo6pez
Quifones et al., 2020).

The identification of mIBG as a substrate of these transporters raises concerns regarding
the potential for transporter-mediated drug-drug interactions (DDIs). For instance, inhibition of
OCT2 could impact renal clearance and lead to significant increases in systemic exposure to
radiolabeled mIBG. On the other hand, inhibition of MATE-mediated efflux may also increase
intrarenal accumulation of mIBG, leading to an increased risk of nephrotoxicity (Yin and Wang,
2016; Lopez Quifiones et al., 2020, 2022). Thus, DDIs involving these renal transporters can have
significant implications for patient safety, and coadministration of mIBG with potential
OCT2/MATEs inhibitors should be avoided. Contrastingly, inhibition of OCT1 and OCT3-
mediated uptake of mIBG in healthy tissue may be desirable, as uptake in normal tissue may
compete with tumor uptake, interfere with tumor imaging, and lead to radiation-induced toxicities
(Bayer et al., 2016; Lépez Quifiones et al., 2022). However, a detailed understanding of the
mechanisms driving mIBG uptake and retention in neuroendocrine tumors is also necessary when
developing strategies aimed to reduce mIBG healthy tissue uptake without compromising its tumor

exposure.

1.3.3 mIBG Tumor Disposition

As previously mentioned, high-dose *'I-mIBG (AZEDRA®) is approved by the FDA for
the treatment of pheochromocytoma and paraganglioma. It has also been used to treat relapsed and

refractory neuroblastoma and is currently under investigation as frontline therapy in the treatment
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of high-risk neuroblastoma (Wilson et al., 2014a; Parisi et al., 2016; Suh et al., 2020). **'I-mIBG
kills tumor cells by exposure to radiation ( particles), and consequently tumor uptake and
retention are important determinants of its clinical efficacy.

The norepinephrine transporter (NET) is highly expressed in the majority of
neuroendocrine tumors and is known to mediate the initial uptake of mIBG and to correlate with
mIBG tumor avidity (Eisenhofer, 2001; DuBois et al., 2012, 2017; Streby et al., 2015). Although
the initial uptake by NET is a major determinant in mIBG avidity, retention of mIBG is also an
important determinant in tumor exposure. In pheochromocytoma and paragangliomas (the two
adult forms of neuroendocrine tumors), the vesicular monoamine transporters (VMATS) have been
suggested to mediate mIBG transport into intracellular storage vesicles (Eisenhofer, 2001;
Blanchet et al., 2012), contributing to the intracellular retention of mIBG. Neuroblastoma,
however, contains lower amounts of storage vesicles in comparison to pheochromocytomas and
paragangliomas (Montaldo et al., 1991; Streby et al., 2015), and the use of the VMAT inhibitor
reserpine had minimal impact on mIBG retention in neuroblastoma-derived cell lines (Smets et
al., 1990; Mairs et al., 1991). Importantly, electron spectroscopy imaging revealed that majority
of mIBG is concentrated in the mitochondria of neuroblastoma cells (Gaze et al., 1991), and
multiple studies reported that in neuroblastoma, mIBG is stored and retained intracellularly via
mechanisms independent from its cellular uptake (Lashford et al., 1991; Montaldo et al., 1991;

lavarone et al., 1993).

1.3.4 Knowledge Gaps

Although the vast majority of neuroblastoma tumors (>90%) are mIBG avid (Streby et al.,

2015; Parisi et al., 2016), therapeutic response of neuroblastoma to 3'1-mIBG treatment remains
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highly variable and cannot be predicted by NET expression alone (Wilson et al., 2014a; Streby et
al., 2015; Parisi et al., 2016), and the mechanisms involved in mIBG mitochondrial uptake and
retention in neuroblastoma remain poorly understood. The identification of mIBG as a substrate
of OCTs and MATEs (Lopez Quifiones et al., 2020) raises the question of whether transporters
other than NET could be involved in tumor disposition of mIBG in neuroblastoma. PMAT is a
pOCT and monoamine transporter that was identified as one of the top 25 candidate genes as
immunotherapy targets in neuroblastoma (Orentas et al., 2012). Additionally, the substrate profile
of PMAT largely overlaps with those from OCTs, suggesting that PMAT could represent a pOCT
transporter expressed in neuroblastoma with the potential to transport mIBG.

In Chapter 2 of this thesis, we evaluated the expression of pOCTs and monoamine
transporters functionally related to NET in neuroblastoma tumor samples and cell lines, and
explored the association between the expression of these transporters and the overall survival of
high-risk neuroblastoma patients. Further, we investigated the subcellular localization of PMAT

in neuroblastoma and its potential role in the intracellular disposition of mIBG.

1.4 EMERGING CONCERNS ON BENZALKONIUM CHLORIDES (BACS)

1.4.1 Uses, Regulatory Status and Human Exposure

Benzalkonium chlorides (BACs) are a class of quaternary ammonium compounds often
commercialized as a mixture of homologous compounds with alkyl chain length ranging from 8
to 18 carbons (C8 to C18), with higher antimicrobial activity reported for BAC C12-C16 (Jono et
al., 1986; Pereira and Tagkopoulos, 2019; Pena et al., 2023). Due to their broad-spectrum

antimicrobial properties, BACs have widespread applications and are used as disinfectants or

12



preservatives in cleaning, pharmaceutical, and personal care products (Kim et al., 2018; Pereira
and Tagkopoulos, 2019).

The Environmental Protection Agency (EPA) and the FDA share the role of regulating the
use of BACs in the United States. These agencies determine the maximum allowed concentrations
in commercial products, and such regulations should be regularly updated based on current
scientific data. The EPA reports the NOAEL (no observed adverse effect level) of BACs to be 44
mg/kg/day, with a maximum acceptable chronic oral dose of 0.44 mg/kg/day. These values,
however, were determined based on observable effects only (e.g., changes to body weight), and
not on detailed biochemical studies (EPA, 2006).

Although BACs have been generally recognized as safe by the FDA, the toxic effects of
these compounds on a wide range of biological systems are being increasingly acknowledged. For
instance, BACs are toxic to aquatic life (e.g.: LCsp to fish between 0.5 to 5 ppm) (Kimmerer et
al., 1997; Natecz-Jawecki et al., 2003a) and toxic to enteric and ganglion neuronal cells at
micromolar concentrations (Herman and Bass, 1989a; Sarkar et al., 2012a). Additionally, BACs
have been characterized as potent inhibitors of the last step of cholesterol biosynthesis (Herron et
al., 2016), disrupting lipid homeostasis in neuronal cell lines and in mouse neonatal brain even at
nanomolar concentrations (Hines et al., 2017; Herron et al., 2019). Toxicological studies with mice
reported that exposure to a mixture of quaternary ammonium compounds containing BACs led to
a reduction in mice fertility and to an increased incidence of neural tube defects in embryos (Melin
et al., 2014, 2016; Hrubec et al., 2017). These findings highlight that even low levels of exposure
to BACs may lead to significant biochemical interactions impacting development, reproduction,

and lipid homeostasis. Thus, the FDA questioned the safety of these compounds and has since

13



called for additional safety data concerning their usage in healthcare and consumer products to
evaluate their eligibility for classification as GRAS (US FDA, 2015, 2016).

The pervasive use of BACs in cleaning, pharmaceutical, and personal care products and in
the food processing industry suggests that humans are exposed to BACs via several routes,
including inhalation, dermal contact, and ingestion (Arnold et al., 2023). In fact, BACs have not
only been detected in human blood samples, but their concentration was also correlated with
toxicological endpoints such as increases in inflammatory cytokines, decreased mitochondrial
function, and disruption of sterol homeostasis (Hrubec et al., 2021). Further, a study analyzing
human serum samples collected before and during the COVID-19 pandemic detected BACs in
more than 95% of samples with over a 2-fold increase in the median BAC concentration during
the pandemic when compared to pre-pandemic levels (Zheng et al., 2021), suggesting that the

increased use of disinfecting chemicals was reflected in the levels of systemic exposure in humans.

1.4.2 Metabolism, Tissue Distribution, and Toxicity of BACs

Comprehension of the mechanisms driving the clearance and the tissue disposition of
BACs is necessary to improve our understanding of the systemic exposure and toxicology of
BACs. Information on the metabolism of BACs in mammals remains limited, but in vitro studies
by Seguin et al. (2019) have revealed that BACs are extensively metabolized by human liver
microsomes, with longer-chain BACs exhibiting enhanced metabolic stability. Additionally, a
screening of recombinant human hepatic cytochrome P450 (CYP) isoforms showed that CYP2D6,
CYP4F2, and CYPF12 are the major contributors to the hepatic metabolism of BACs (Seguin et

al., 2019), and thus known genetic polymorphisms reducing or leading to loss of function of these
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enzymes may significantly impact systemic exposure to BACs, making certain individuals more
susceptible to their harmful effects.

In addition to systemic exposure, understanding the tissue disposition of BACs can help
predict which organs are more susceptible to BAC-induced toxic effects in humans. The majority
of the current knowledge on BACs’ tissue distribution comes from biodistribution studies in
rodents. These studies show that following oral or intravenous administration, BACs can quickly
distribute to several tissues, including the heart, liver, lungs, spleen, and kidneys (Xue et al., 2002;
Kera et al., 2021). Importantly, the kidneys are consistently reported as a major organ of BAC
distribution, reaching tissue concentrations much higher than plasma levels (Xue et al., 2002,
2004; Kera et al., 2021). Additionally, studies in pregnant mice revealed that BAC-C12 and -C14
can cross the blood-placental barrier and reach the neonatal brain, potentially impairing
neurodevelopment (Herron et al., 2019).

While most biodistribution studies dosed BACs as a mixture of homologues and quantified
either total BACs or a single BAC homologue as a surrogate, a study by Kera et al. (2021)
investigated how the alkyl chain length of BACs influenced their tissue distribution. Their results
revealed that while lungs, liver, spleen and fat samples showed higher concentrations of longer-
chain BACs (C16 > C14 > C12), the opposite trend was observed in the kidneys, with preferential
accumulation of short-chain BACs. Interestingly, despite the high degree of kidney accumulation,
BACs concentration in urine was found to be very low.

Although no studies to date have investigated levels of BACs in human tissue samples,
pathological examinations following poisoning cases provide insight into the tissues most affected
following acute exposure to BACs. In reports of accidental or deliberate consumption of products

containing BACs, not only the digestive tract (which is in direct contact with BACs upon oral
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intake), but also the lungs, heart, liver, and kidneys are often reported as affected tissues, thus
suggesting that extensive tissue distribution of BACs is also observed in humans and likely plays
a significant role in its toxicological effects (van Berkel and de Wolff, 1988; Hitosugi et al., 1998;

Tambuzzi et al., 2022).

1.4.3 Knowledge Gaps

The high prevalence of BACs in our environment and their broad tissue distribution is
concerning. The high degree of BAC accumulation in organs such as the kidney suggest not only
the potential for nephrotoxicity under chronic exposure, but also poses the question of whether
these compounds could affect renal drug clearance via xenobiotic-drug interactions. Despite a
growing body of literature concerning the toxicology, systemic exposure, and tissue distribution
of BACs, the mechanisms driving their tissue accumulation in vivo remain unclear; hence,
uncovering these mechanisms could help us better understand the overall persistence and toxicity
potential of BACs in humans.

As previously mentioned, BACs are quaternary ammonium compounds containing a
positive charge. Interestingly, the tissue disposition of BACs largely overlaps with tissues with
significant expression of pOCTs (i.e.: OCT1 in the liver, OCT2 and MATEs in the kidneys, and
OCT3 in tissues such as the heart and placenta). Although these transporters are known to interact
with a variety of organic cations, including quaternary ammonium compounds (Tanihara, Masuda,
Sato, Katsura, Ogawa, and K ichi Inui, 2007; Sala-Rabanal et al., 2013), their potential interaction
with BACs has not been explored. Thus, in Chapter 3 of this thesis, we investigated BACs of

various alkyl chain lengths (C8, C10, C12, and C14) as inhibitors and substrates of the hOCT1-3
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and hMATEL/2K transporters and further evaluated the potential role of hOCT2 and hMATEL in

the renal accumulation of BACs using an in vitro model of renal transepithelial transport.

1.5 SIGNIFICANCE OF OCT2 AND MATE1 IN RENAL DRUG-DRUG INTERACTIONS
(DDls)

1.5.1 Renal DDIs Involving the OCT2/MATE-pathway

Renal clearance is a major drug elimination pathway that results from glomerular filtration,
tubular secretion, and tubular reabsorption. As stated earlier, a major drug secretion system in the
human kidney is the organic cation secretion system, comprised of the OCT2 and MATE1/2K
transporters (International Transporter Consortium et al., 2010; Yin and Wang, 2016). These SLC
transporters are expressed in PTECs and work sequentially to mediate tubular secretion of its
substrates, playing a role in the renal secretion of many drugs including metformin, atenolol,
cimetidine, oxaliplatin and mIBG (Yonezawa et al., 2006; Morrissey et al., 2013; Yin et al., 2015;
Lépez Quifiones et al., 2020).

Polypharmacy can lead to inhibition of OCT2 and MATEs, resulting in drug-drug
interactions (DDIs) that can impact both systemic and local drug concentrations. For this reason,
regulatory agencies, including the FDA, EMA, and PMDA recommend all NMEs to be evaluated
as potential inhibitors of these transporters during drug development (EMA Guidance, 2012;
PMDA Guidance, 2018; FDA Guidance, 2020). In both in vitro and in clinical studies, metformin
is often used as a probe substrate of the OCT2 and MATE1/2K transporters, as it is exclusively
renally eliminated and sensitive to OCT2/MATE inhibition in vivo due to the high contribution of

tubular secretion to its total clearance (FDA Table of Substrates, Inhibitors, and Inducers, 2023).
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Historically, several clinically significant renal DDIs have been reported and attributed to
inhibition of the OCT2 and/or MATEL/2K transporters (Yin and Wang, 2016; Koepsell, 2021).
Some examples include clinical DDI studies reporting a significant reduction of metformin renal
clearance and an increase in its plasma exposure following co-administration with cimetidine,
pyrimethamine, and dolutegravir, known inhibitors of the OCT2 and/or MATEL/2K transporters
(Somogyi et al., 1987; Kusuhara et al., 2011; Song et al., 2016). And while there have been such
discoveries, it is impractical to clinically evaluate a large number of compounds in order to
investigate their DDI potential. Thus, in vitro inhibition studies are routinely used during drug
development as a high-throughput screening method to assess which compounds are more likely

to result in clinically significant DDIs.

1.5.2 Impact on Renal Drug Accumulation and Nephrotoxicity

Functioning sequentially to mediate the tubular secretion of organic cations, OCT2 is
expressed at the basolateral membrane (blood-facing) of PTECs and mediate the uptake of drugs
from plasma into the intracellular space, while MATEs are expressed in the apical membrane
(urine-facing) and mediate the efflux of drugs from the intracellular space into the proximal tubule
lumen (Otsuka et al., 2005; Morrissey et al., 2013). In addition to their role in the clearance and
systemic exposure of drugs, OCT2 and MATEs can also greatly influence local drug levels in
human PTECs. The efficiency of basolateral uptake versus apical efflux is what determines the
degree of accumulation of a substrate into renal cells, and thus inhibition of basolateral OCT2 or
apical MATE has opposite outcomes in regard to the intrarenal level of substrate drugs (Motohashi
and Inui, 2013; Yin and Wang, 2016; Yin et al., 2016). DDIs in which OCT2 is the major site of

interaction can reduce drug uptake and accumulation in renal cells, thus having a nephron-
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protective effect. In contrast, inhibition of apical MATEs diminishes efflux and thus can increase
drug intracellular accumulation, which may result in drug-induced nephrotoxicity and kidney
injury (Morrissey et al., 2013; Yin and Wang, 2016).

The importance of precisely locating the site of interaction (OCT2 versus MATES) in renal
DDils in vivo is clearly exemplified when looking at cisplatin nephrotoxicity. Cisplatin is a
chemotherapeutic drug used in the treatment of various types of cancer, and cisplatin-induced
nephrotoxicity is a major dose-limiting factor (Pabla and Dong, 2008; Dasari and Tchounwou,
2014). In vitro studies revealed that cisplatin is a substrate of OCT2 and MATEL/2K (Yonezawa
et al., 2006), and thus the roles of these transporters in the renal accumulation and nephrotoxicity
of this drug in vivo have been investigated (Filipski et al., 2009; Nakamura et al., 2010). These
studies revealed that disruption of OCT2 has a nephron-protective effect, with Oct1/Oct2-deficient
mice found to be protected from severe cisplatin-induced renal tubular necrosis and with reduced
nephrotoxicity observed in cancer patients carrying a variant of human OCT2 with reduced
function (Filipski et al., 2009). Contrastingly, disruption of MATEL activity was shown to
aggravate cisplatin nephrotoxic effects, with Matel-deficient mice exhibiting higher renal
accumulation of cisplatin in comparison to wild-type mice (Nakamura et al., 2010). Additionally,
co-administration of cisplatin and the selective MATEL inhibitors pyrimethamine or ondansetron
increased the nephrotoxic effects of cisplatin in mice, further demonstrating that pharmacological
MATE inhibitors have the potential to increase renal accumulation and nephrotoxicity of drugs
(Nakamura et al., 2010; Li et al., 2013). Importantly, this impact of MATE inhibitors is not
restricted to cisplatin and could also influence the intrarenal accumulation of many other
OCT2/MATE substrates, such as the theranostic agent **!I-mIBG, potentially leading to radiation-

induced renal toxicity (L6pez Quifiones et al., 2022).
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Inhibitors of the organic cation secretion system are often non-specific and can interact
with both OCT2 and MATEs, and thus correctly identifying the major site of interaction in vivo is
critical for accurately assessing the potential hazards and consequences of an interaction. When
MATEs are inhibited, the systemic exposure of substrates may not be impacted, resulting in
interactions that go unnoticed in classical DDI studies. However, such invisible DDIs may still
greatly impact intrarenal accumulation of drugs and the potential for drug-induced nephrotoxicity.
Hence, the accurate prediction of the inhibitory potential of NMEs towards MATES in vivo is of

major importance.

1.5.3 Gaps and Challenges in the Prediction of MATE1-mediated Renal DDIs

Currently, all NMEs should be investigated as potential inhibitors of OCT2 and
MATE1/2K transporters during drug development according to regulatory guidelines (FDA
Guidance, 2020). This investigation is initially conducted in vitro, where the half-maximal
inhibitory concentration (ICso) towards a specific transporter is determined using single-
transfected cell lines. Following the in vitro investigation, the clinical risk of DDI is assessed by
dividing the inhibitor’s maximal unbound plasma concentration (Imax,u) by the 1Cso value obtained
for each transporter (Imax,u/ICs0), and if any of the calculated ratios is above the threshold set by
the regulatory authority (i.e. > 0.1 for OCT2 or MATEL by FDA), the sponsor is recommended to
conduct an in vivo DDI study (FDA Guidance, 2020). While this approach is widely adopted due
to its simplicity, there are challenges in translating in vitro data to successfully predict in vivo
DDls, and these challenges are especially apparent for MATEs.

While many compounds exhibit potent MATEL inhibition in vitro — with Imaxu/ICso greatly

surpassing the 0.1 threshold — they often lack translation to in vivo DDIs (Hibma et al., 2016;
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Mathialagan et al., 2021; Ogasawara et al., 2021; Krishnan et al., 2022), and the high rates of
false- and over-prediction of MATE1-mediated DDIs often lead to unnecessary and costly clinical
evaluations (Mathialagan et al., 2021; Krishnan et al., 2022). A possible reason contributing to
the poor in vitro to in vivo extrapolation of MATE1-mediated DDIs could be the use of plasma
Imax,u to predict the degree of MATEZL-inhibition in vivo. As previously mentioned, MATES are
located at the apical membrane of PTECs — not in direct contact with the plasma — and previous
evidence from our lab suggests that MATEL is inhibited through an intracellular binding site (Yin
et al., 2016). Hence, intracellular inhibitor concentrations may be more relevant in assessing DDI
potential towards MATEL, and these concentrations may significantly differ from Imaxu.
Additionally, while OCT2 and MATEs function sequentially to mediate tubular secretion, the
current assessment of DDI potential is based on the inhibition of individual transporters and does
not consider their interplay or the overall inhibitor’s impact on the net secretion process.
Accurate prediction of OCT2/MATE-mediated renal DDIs based on in vitro data remains
a challenge. Refinement of in vitro systems is important given that it may increase their
translational value, and hence various modifications to current in vitro inhibition assays have been
proposed to better mimic what is observed in vivo, including the addition of a pre-incubation step
with inhibitor, inclusion of plasma proteins, estimation of inhibitor intracellular concentrations and
considerations on substrate-dependent inhibition (Yin et al., 2016; Arakawa et al., 2017; Kikuchi
etal., 2017, 2019). In Chapter 4 of this thesis, | address the issue of false- and over-prediction of
MATE1-mediated DDIs and evaluate the use of a simple OCT2/MATEL double-transfected cell
system as an alternative approach to assess the inhibitory potency of compounds. This strategy is
innovative and promising as it allows the assessment of an inhibitor’s overall impact on

OCT2/MATE1-mediated secretion, and it inherently accounts for the inhibitor’s intracellular
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accessibility and ability to inhibit MATE1 from the intracellular side. Additionally, this in vitro
system allows the evaluation of the inhibitor’s impact on intracellular accumulation of the
substrate, which could serve as a valuable indicator of intrarenal drug accumulation and drug-

induced nephrotoxicity.

1.6 HYPOTHESIS AND SPECIFIC AIMS

The overall goal of my dissertation research is to advance our understanding of the
involvement of pOCTs in the tissue-specific disposition of drugs and environmental xenobiotics,
as well as in renal drug-drug interactions. More specifically, I aim to elucidate the role of pOCTs
in tumor distribution of mIBG and healthy-tissue disposition of BACs and to improve in vitro to
in vivo prediction of OCT2/MATE1-mediated renal DDIs. Three hypotheses and specific aims

are proposed:

Hypothesis 1: PMAT is a novel previously unrecognized transporter involved in the intracellular
disposition of *I-mIBG in neuroblastoma.
Specific Aim 1: A) Explore the expression level of pOCTs and monoamine transporters in
neuroblastoma cell lines and tumor samples. B) Investigate the relationship between transporter
expression and overall survival of high-risk neuroblastoma patients. C) Determine subcellular
localization of PMAT and whether it can mediate the uptake of mIBG in mitochondria of
neuroblastoma-derived cell lines.

In this Aim, we first explore the expression of monoamine transporters and pOCTs using
genomic data (MRNA-seq) from a cohort of high-risk neuroblastoma patients obtained from an

open-access database (TARGET NCI Database). The expression of these transporters is also
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evaluated in two neuroblastoma-derived cell lines (SH-SY5Y and SK-N-BE(2)) and in local tumor
samples obtained from Seattle Children's Hospital using RT-gPCR. Second, I investigate the
relationship between overall survival and transporter expression level through survival analysis
using gene expression array data matched to the clinical outcomes of patients from the TARGET
database. Finally, after determining the substrate status of mIBG with PMAT and using
immunostaining to ascertain the subcellular localization of PMAT in neuroblastoma, | determined
whether a PMAT inhibitor (Decynium-22) could impact the uptake of mIBG in mitochondria
isolated from SH-SY5Y and SK-N-BE(2) cells. Together, this comprehensive study shines light
on novel molecular markers to help inform neuroblastoma disease prognosis and provides
evidence on how the expression of transporters other than NET (i.e. PMAT) may contribute to the

variable response of high-risk neuroblastoma to *3!I-mIBG therapy.

Hypothesis 2: BACs can interact with the OCTs and MATESs, and these transporters may
contribute to the tissue disposition, accumulation, and toxicity of these xenobiotics.

Specific Aim 2: A) Determine the in vitro inhibitory potential and substrate status of BACs
towards OCTs and MATEs. B) Characterize BAC transport mediated by OCTs and MATEs. C)
Elucidate the potential involvement of OCT2 and MATEL in renal accumulation of BACs.

In this Aim, | systematically characterize the detailed interactions, including inhibitory
potential, substrate status, and transport kinetics of BACs of varying alkyl chain length (C8, C10,
C12, and C14) with human OCT1-3 and MATE1/2-K. | also use an in vitro cell culture model
(OCT2/MATEL double-transfected MDCK cells) to investigate the role of OCT2 and MATEL in
the renal accumulation of short-chain BACs. Together, my study improves our understanding of

the mechanisms driving BAC disposition in humans, which directly informs the toxicology of

23



these compounds as their tissue accumulation may lead to biochemical interactions and deleterious

effects.

Hypothesis 3: Intracellular accessibility of inhibitors is crucial for MATE inhibition in vivo, and
the use of flux studies in OCT2/MATEL double-transfected MDCK cells has the potential to
improve the prediction of in vivo renal DDIs involving the renal OCT2/MATEL pathway.
Specific Aim 3: A) Compare the inhibition potency of compounds in single- vs. double-
transporter transfected cell lines. B) Investigate the usefulness of in vitro transwell studies using
OCT2/MATEL1 double-transfected cells in predicting in vivo DDIs involving the OCT2/MATEL
pathway.

In this Aim, | evaluate and compare the inhibitory potential of compounds towards OCT2
and MATEL through classic uptake inhibition studies employing single-transporter transfected
HEK?293 cells, as well as a novel double-transporter transfected (OCT2/MATE1) MDCK cells. 1
propose the calculation of a new parameter (ICsofux) using the double-transfected cells, which
reflects inhibitory potency on overall OCT2/MATE1-mediated tubular secretion and already
accounts for inhibitor intracellular accessibility bypassing the need to measure intracellular
inhibitor concentrations. Additionally, the performance of 1Csg fiux versus 1Csg values for individual
transporter in the prediction of in vivo renal DDIs was evaluated using a static model. This study
highlights the importance of inhibitor intracellular accessibility for accurate prediction of
hMATEL1-mediated renal DDIs and provides an innovative in vitro approach to identify whether
NMEs are likely or not to inhibit MATEL in vivo. The strategy proposed in Aim 3 can improve
in vivo prediction of OCT2/MATEL-mediated renal DDIs using in vitro data, and thus has the

potential to reduce the burden of unnecessary and costly clinical DDI investigations.
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The impact of pOCTs in human tissues

(A) Cancer

* Uptake, efflux and retention )

- (B) Healthy tissue
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outcome * Impact on pharmacological

effect

¢ Impact on off-target effect
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* Site for drug-drug
interactions (DDIs)

Figure 1.1. The impact of pOCTs in tissues in which these transporters are expressed.

The pOCT transporters are expressed in some types of cancers, in many healthy tissues, and in
organs of elimination, and the expression of these transporters in each of these tissues have
different implications on the pharmacokinetics, pharmacodynamics and toxicity of its substrates.
(A) In cancer tissue, pOCTs may mediate the uptake or efflux of anti-cancer drugs, directly
impacting the exposure and retention of such compounds in cancer tissues, and thus potentially
influencing treatment outcomes. (B) In healthy tissues in which these transporters are highly
expressed (e.g. brain, heart, liver, and kidneys), the pOCTs can facilitate entry of its substrates

mediating tissue-specific disposition which may result in pharmacological effect (thus impacting
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pharmacodynamics) or off-target effect (thus impacting toxicity). (C) In organs of elimination
such as the liver and kidneys, the presence of these transporters can directly impact the
pharmacokinetics of its substrates, and the pOCTs expressed in these tissues (i.e. OCT1, OCT2,

and MATES) are recognized as important sites for drug-drug interactions.
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Chapter 2. THE PLASMA MEMBRANE MONOAMINE
TRANSPORTER (PMAT) IS HIGHLY EXPRESSED IN
NEUROBLASTOMA AND FUNCTIONS AS AN MIBG
TRANSPORTER

Part of this chapter was published in:

Vieira L.S., Zhang Y., Lépez Quifiones A.J., Hu T., Singh D.K., Stevens J., Prasad B., Park J.R.
and Wang J. “The Plasma Membrane Monoamine Transporter (PMAT) is Highly Expressed in
Neuroblastoma and Functions as an mIBG Transporter”. Journal of Pharmacology and
Experimental Therapeutics (2023) Dec;387(3):239-248. doi: 10.1124/jpet.123.001672. Epub 2023
Aug 4. PMID: 37541765

Data from this study was generated in part by Drs. Zhang, Lopez Quifiones, Hu and Singh. The
individual contribution of these authors is acknowledged in the methodology section.

2.1 ABSTRACT

Neuroblastoma (NB) is a pediatric cancer with low survival rates in high-risk patients. 3|-
mIBG has emerged as a promising therapy for high-risk NB and kills tumor cells by radiation.
Consequently, 311-mIBG tumor uptake and retention are major determinants for its therapeutic
efficacy. mIBG enters NB cells through the norepinephrine transporter (NET), and accumulates
in mitochondria through unknown mechanisms. Here we evaluated the expression of monoamine
and organic cation transporters in high-risk NB tumors and explored their relationship with MYCN
amplification and patient survival. We found that NB mainly expresses NET, the plasma
membrane monoamine transporter (PMAT), and the vesicular membrane monoamine transporter
1/2 (VMAT1/2), and that the expression of these transporters is significantly reduced in MYCN-
amplified tumor samples. PMAT expression is the highest and correlates with overall survival in
high-risk NB patients without MYCN amplification. Immunostaining showed that PMAT resides
intracellularly in NB cells and co-localizes with mitochondria. Using cells expressing PMAT,

mIBG was identified as a PMAT substrate. In mitochondria isolated from NB cell lines, mIBG
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uptake was reduced by ~50% by a PMAT inhibitor. Together, our data suggest that PMAT is a
previously unrecognized transporter highly expressed in NB and could impact intracellular

transport and therapeutic response to *I-mIBG.

2.2 INTRODUCTION

Neuroblastoma (NB) is the most common extra-cranial solid tumor in children, and
accounts for ~15% of all cancer-related pediatric deaths (Park et al., 2010; Irwin and Park, 2015).
NB is a neuroendocrine tumor derived from primordial neural crest cells of the sympathetic
nervous system. The disease originates in adrenal glands and sympathetic ganglia but frequently
metastasizes to other body areas (Park et al., 2010; Parisi et al., 2016). Amplification of the proto-
oncogene MYCN is observed in ~25% of NB cases and strongly correlates with tumor
aggressiveness and poor outcome (Huang and Weiss, 2013; Irwin and Park, 2015). Based on
MYCN amplification status and other clinical factors, NB patients are stratified into low-,
intermediate-, or high-risk groups to guide the choice of treatment regimens (Park et al., 2013;
Irwin and Park, 2015). Although the outcomes for low- and intermediate-risk NB are good,
majority of NB patients at the time of diagnosis have high-risk disease with less than 50% survival
rates (Borriello et al., 2016; Smith and Foster, 2018; Tolbert and Matthay, 2018). Currently, new
targeted therapies, including **!I-mIBG radiotherapy and immunotherapy, are being developed to
improve the outcome for high-risk NB (Irwin and Park, 2015; Parisi et al., 2016). There is also an
urgent need for novel biomarkers to help inform disease prognosis and facilitate treatment
selection for high-risk patients.

Meta-iodobenzylguanidine (mIBG), a metabolic stable analog of norepinephrine, is used

as a targeted radiopharmaceutical for imaging and treatment of NB. 1-123 labeled mIBG (*%I-

28



mIBG or AdreView™) is used in whole-body imaging as the gold standard for diagnosis and
therapeutic monitoring for NB and other neuroendocrine cancers (e.g. pheochromocytomas and
paragangliomas) (Van Berkel et al., 2015; Parisi et al., 2016). 1-131 labeled mIBG (**'1-mIBG or
Azedra®) has been used to treat relapsed or refractory NB and is currently under numerous clinical
trials as a frontline therapy for high-risk NB (Wilson et al., 2014b; Parisi et al., 2016; Suh et al.,
2020). mlIBG is known to enter tumor cells via the norepinephrine transporter (NET — SLC6A2),
expressed in ~90% NB tumors (Streby et al., 2015; Parisi et al., 2016). However, therapeutic
response to 1**1-mIBG is highly variable and cannot be predicted by NET expression alone (Wilson
et al., 2014b; Streby et al., 2015; Parisi et al., 2016).

1311-mIBG kills tumor cells by radiation, and hence tumor uptake and retention are major
determinants for its therapeutic efficacy. After entering NB cells via NET, mIBG appears to be
stored and retained intracellularly by mechanisms independent from its cellular uptake (Lashford
et al., 1991; Montaldo et al., 1991; lavarone et al., 1993). Electron spectroscopic imaging in
cultured NB cells further revealed that the majority of mIBG is retained within mitochondria, with
lesser accumulation in storage vesicles (Gaze et al., 1991). Numerous studies also reported that
non-radiolabeled mIBG affected mitochondrial function by inhibiting the respiratory chain
(Loesberg et al., 1990; Cornelissen et al., 1995). Although the vesicular monoamine transporter
land 2 (VMAT1/2 - SLC18A1/2) are likely to mediate the transport of mIBG into storage vesicles,
the mechanisms underlying mIBG transport into mitochondria are currently unknown.

The plasma membrane monoamine transporter (PMAT — SLC29A4) is a monoamine and
organic cation transporter first cloned and characterized in our laboratory (Engel et al., 2004;
Wang, 2016; Vieira and Wang, 2021). PMAT is a Na*-independent, membrane potential-driven

transporter highly expressed on the plasma membrane of neuronal cells and choroid plexus

29



epithelial cells in the human brain (Dahlin et al., 2007; Itagaki et al., 2012; Duan and Wang, 2013;
Wang, 2016; Vieira and Wang, 2021). The substrate and inhibitor profiles of PMAT largely
overlap with those of polyspecific organic cation transporters including the organic cation
transporters (OCTs) and multidrug and toxin extrusion proteins (MATES). We recently showed
that mIBG is an excellent substrate for OCTs and MATEs and that these transporters could play a
major role in mIBG disposition in normal tissues (Lopez Quifiones et al., 2020, 2022). In an
exploratory study, Orentas et al. annotated gene expression in pediatric cancers and generated a
list of potential immune targets based on their difference from normal tissue (Orentas et al., 2012).
PMAT was ranked among the top 25 candidate genes as immunotherapy targets for NB (Orentas
et al., 2012). Based on this evidence, we hypothesized that PMAT is expressed in NB cells and
plays a role in tumor disposition of mIBG. The goals of this study are to determine the expression
and cellular localization of PMAT in NB tumors, explore its relationship with disease prognosis,

and evaluate its role in intracellular disposition of mIBG.

2.3  MATERIALS AND METHODS

2.3.1 Materials

Meta-iodobenzylguanidine (mIBG), glyburide, decynium-22 (D22) and other chemicals
were purchased from Sigma Aldrich (St. Louis, MO). Optima grade of acetonitrile (ACN) and
formic acid were obtained from Thermo Fisher (Rockford, IL). Cell culture media and reagents

were purchased from Invitrogen (Carlsbad, CA).
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2.3.2 TARGET Neuroblastoma Database

The Therapeutically Applicable Research to Generate Effective Treatments (TARGET)

neuroblastoma  project  (https://ocg.cancer.gov/programs/target/projects/neuroblastoma) is

supported by the National Cancer Institute with the initial goal to molecularly characterize genetic
changes driving the initiation and progression of neuroblastoma. The TARGET database contains
gene expression data (MRNA-seq or gene array data) collected from tumor samples from patients
enrolled in Children's Oncology Group biology studies and clinical trials targeting high-risk or
relapsed NB. In this study, we utilized mRNA-seq data (154 NB samples) and gene expression
array data with matched clinical outcome (249 NB samples). The mRNA-seq data was generated
from NB tumor samples and transformed into Fragments Per Kilobase of transcripts per Million
mapped reads (FPKM) according to the TARGET protocol

(https://ocg.cancer.gov/programs/target/target-methods#3216). Relative expression of transporter

genes was normalized to the expression of the housekeeping gene GAPDH in each sample.
Matched clinical outcome information was not available for this dataset. Gene expression array
data was obtained from 249 NB patient samples with matching clinical outcome information and
was used in survival analysis. Data was generated using Gene Chip® Human Exon ST Array
(Affymetrix) as described in the TARGET Project Experimental Methods

(https://ocqg.cancer.gov/programs/target/target-methods#421).

2.3.3 Kaplan-Meier Survival Analysis

Kaplan-Meier survival analysis was performed using the gene expression array data in the
TARGET database containing 249 NB patients with matched clinical information including

overall survival time and MYCN amplification status. The gene expression array data of selected
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transporter genes was extracted using the RStudio program and matched to clinical information
based on the alphanumeric patient identifier assigned to each sample. Demographic and clinical
information of these patients is summarized in Table 2.1. The majority of patients in this cohort
are Stage 4 high-risk NB patients. Six NB patients had MYCN status marked as “unknown” and
were excluded from the survival analysis. The 243 patients used in the analysis consisted of 68
patients with MYCN amplification and 175 without MYCN amplification. The gene expression
array data was divided into high-expression group (top 50%) and low-expression group (bottom
50%). After stratification based on MYCN amplification status, the proportional hazards
assumption was confirmed by the Schoenlfeld residuals test using RStudio. Kaplan-Meier survival
analysis was performed among patients with MYCN amplification or non-amplification using

GraphPad Prism 7.

2.3.4 Cell Lines and Cell Culture

Flp-In human embryonic kidney (HEK) 293 cell lines (RRID:CVCL_0045) stably
transfected with human PMAT, NET, or empty vector (0cDNAS5/FRT) were previously generated
in our laboratory (Duan and Wang, 2010, 2013; Lopez Quifiones et al., 2020). Cells were
maintained in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, 2mM L-glutamine, 100 U/mL penicillin, 100 ug/mL streptomycin, and
150 ug/mL hygromycin B. Flasks and plates were coated with 0.1 mg/mL poly-D-lysine in Milli-
Q water to promote HEK293 cell attachment. The NB cell lines SH-SY5Y (ATCC® Cat# CRL-
2266, RRID:CVCL_0019) and SK-N-BE(2) (ATCC® Cat# CRL-2271, RRID:CVCL_0528) were
purchased from ATCC (Manassas, VA) and cultured with 1:1 DMEM:F12 medium supplemented

with 15% fetal bovine serum, 100 U/mL penicillin and 100 pg/mL streptomycin. These two cell
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lines were chosen to respectively represent MY CN non-amplified and amplified NB cells. All cell

lines were cultured in a humidified cell incubator at 37°C and with 5% CO:..

2.3.5 (QPCR Analysis of Transporter Expression in NB Tumor Samples and Cell Lines

Experiments in this section were conducted by Dr. Yuchen Zhang. Snap frozen tumor
samples with clinically assigned MYCN status were obtained from Seattle Children’s Hospital
from 9 NB patients. Thirty mg of each frozen tumor sample were homogenized using a bead ruptor
from Omni International (Kennesaw, GA), and NB cell lines (SH-SY5Y and SK-N-BE(2)) were
cultured in T25 culture flask to 70-80% confluence. Total RNAs were extracted using RNeasy
Purification Kit obtained from Qiagen (Holden, Germany), and reverse transcribed into cDNA by
High-Capacity cDNA Reverse Transcription Kit from Applied Biosystems (Foster City, CA).
Twenty ng of cDNA were used for TagMan Real Time PCR according to the manufacturer’s
protocol. The primer and probe assay sets for selected genes were purchased from Applied
Biosystems (Foster City, CA). Their assay IDs are: Hs00232074_m1 (MYCN), Hs00928283_m1
(PMAT), Hs00915193_m1 (VMAT1), Hs00996835 m1 (VMAT2), Hs00427552_m1 (OCT1),
Hs00161893 m1 (OCT2), Hs01009571 ml (OCT3), Hs00217320 m1 (MATEL),
Hs00945652 m1  (MATE2), Hs00426573_ m1  (NET), Hs00997374 ml  (SERT),

Hs00984348_m1 (DAT) and Hs02786624_g1 (GAPDH).

2.3.6  Immunolocalization and Fluorescence Imaging

Experiments in this section were conducted by Dr. Yuchen Zhang and Dr. Tao Hu. Optimal
Cutting Temperature compound embedded slides were prepared from NB patient tumor tissues

from Seattle Children’s Hospital. SH-SY5Y and SK-N-BE(2) cells were grown to 50%
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confluency on 4-chamber glass slides from ThermoFisher (Waltham, MA). Slides were washed
with PBS three times before incubation with ice-cold methanol at 4°C for 15 minutes. After
washing three times with PBS, cells were blocked with 5% normal donkey serum from Sigma-
Aldrich (St. Louis, MO) in PBS for 1 hour at room temperature. The block buffer was then
replaced with primary antibodies in 1% normal donkey serum in PBS + 0.05% Tween 20 (PBS-
T) at different ratios: Anti-PMAT: 1:80 (customized antibody previously developed and validated
in our laboratory (Dahlin et al., 2007; Duan and Wang, 2013)); Anti-Na*/K* ATPase: 1:100
(Abcam® Cat# ab7671, RRID:AB_306023); Anti-COXIV: 1:200 (Abcam® Cat #ab33985,
RRID:AB_879754); Anti-GPR94: 1:100 (Invitrogen® Cat# MA3-016, RRID:AB_2248666);
Anti-VMAT1: 1:250 (Santa Cruz® Cat #sc-166391, RRID:AB_2187835). Slides were incubated
in a humidified chamber at 4°C overnight before washing with PBS-T for 5 minutes three times.
The secondary antibodies were diluted in 2.5% normal donkey serum in PBS-T at 1:1,000 ratio
and incubated with cells at room temperature for 1 hour. After another three 5-minute washes,
slides were mounted with DAPI mounting solution and stored at 4°C for at least 2 hours before
imaging. Confocal imaging was conducted at the Keck Microscopy Center at the University of
Washington using a Zeiss 710 Confocal microscope.

Fluorescent imaging was used to visualize the cellular uptake of IDT307 (a fluorescent
substrate of PMAT) in SH-SY5Y cells. Cells were seeded onto Nunc Glass Bottom Dishes
(Thermo Scientific, Rochester, NY) at a density of 1.0x10° cells/mL and allowed to grow
overnight. After washing with uptake buffer (1X Hank’s Balanced Salt Solution and 20 mM
HEPES, pH 7.4), cells were incubated with IDT307 (1 uM) and Mitotracker Deep Red (Life

Technologies, Eugene, OR) for 30 min. Fluorescent signals were imaged with a Zeiss LSM 510
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META confocal microscope using 488 nm excitation and 520 nm emission wavelengths for

IDT307 as described previously (Hu et al., 2022).

2.3.7 Whole Cell mIBG Uptake and Inhibition Assays

Experiments in this section were conducted by Dr. Antonio Jesus Lopez Quifiones and Dr.
Yuchen Zhang. Uptake and inhibition assays were conducted as previously described (Duan and
Wang, 2010; Lopez Quifiones et al., 2020) in HEK293 cells stably transfected with pcDNAS5S/FRT
(vector), human PMAT or NET, as well as in SH-SY5Y and SK-N-BE(2) cells. Briefly, cells were
grown to 90% confluency and incubated in pre-warmed Krebs-Ringer-HEPES (KRH) buffer
(125mM NaCl, 4.8mM KCI, MgCl, 1.2mM, CaCl, 1.2mM, glucose 5.6mM, HEPES 25mM,
KH2PO4 1.2mM, pH = 7.4) containing mIBG. For studies in transfected HEK293 cell lines,
transporter-specific uptake was calculated by subtracting the uptake in vector cells from uptake in
transporter-expressing cells. PMAT-mediated mIBG uptake was determined at varying substrate
concentrations, and kinetic parameters were determined in the initial linear phase of uptake. For
inhibition assays, cells were incubated with KRH buffer containing mIBG at specified
concentrations in the presence of varying concentrations of D22. At the end of the experiment,
cells were permeabilized with acetonitrile and mIBG was quantified by LC-MS/MS as described
below. Uptake was normalized to total protein in each well determined using BCA protein Kit
(ThermoFisher, Waltham, MA). For mIBG dose-dependent uptake studies, data was fitted to the
Michaelis-Menten equation by non-linear regression (GraphPad Prism 7) to obtain the Kkinetics
parameters. For dose-dependent inhibition by D22, uptake data was normalized to the control
(absence of inhibitor) and the 1Cso was obtained by fitting data to a four-parameter dose-dependent

inhibition equation as described previously (Lopez Quifiones et al., 2020).
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2.3.8 Mitochondria Preparation and Uptake Experiments

Mitochondrial fractions from SH-SY5Y and SK-N-BE(2) cells were prepared using a
protocol adapted from Yu et al. (Yu et al., 2003). SH-SY5Y and SK-N-BE(2) cells were grown
to 50-60% and 70-80% confluency respectively, were harvested and rinsed with PBS at 4°C. Cell
pellets were resuspended in 1 mL of ice-cold isotonic sucrose buffer (0.25 M sucrose, 10 mM
HEPES, 1 mM EDTA, pH = 7.4) with freshly added protease inhibitor cocktail, and subject to 60
strokes in a Dounce homogenizer on ice. The homogenate was centrifuged at 1,000 x g for 10
minutes at 40C to remove nuclei and unbroken cells. The supernatant was transferred to a new
tube and centrifuged at 10,000 x g for 15 minutes at 40C to obtain the mitochondrial fraction.
Mitochondrial pellets were freshly isolated before each uptake experiment and kept in ice before
conducting uptake experiments. The procedure of mitochondrial preparation was verified by
pyruvate uptake in presence and absence of the mitochondria pyruvate carrier inhibitor a-cyano-
4-hydroxycinnamate as previously described (Nancolas et al., 2016). Mitochondrial uptake was
carried out using a protocol adapted from Nancolas et al. (Nancolas et al., 2016). Mitochondrial
pellets were resuspended in 200 pL of assay buffer (KCI 125 mM, HEPES 20 mM, EDTA 1 mM,
pH = 7.4) at 37°C. Two aliquots were used for mitochondrial mIBG (2 uM) uptake in the absence
or presence of D22 (100 uM) at 37 oC. After 5 min incubation, uptake was terminated by addition
of D22 (final concentration 100 uM) to the reaction, followed by rapid sedimentation by
centrifugation (15,000 x g for 1 minute at 40C). Mitochondrial pellets were washed 3 times in ice-
cold assay buffer and then lysed with 120 pL of 10% acetonitrile containing glyburide (internal
standard). Ten microliters of lysate were used for protein quantification by BCA assay and 100 pL

were ultracentrifuged and used for LC-MS/MS analysis.
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2.3.9 Quantification of mIBG by LC-MS/MS

Nonradioactive mIBG was used in all transport studies and the compound was quantified
using a LC-MS/MS method previously developed in our laboratory (L6opez Quifiones et al., 2020).
Briefly, an AB-Sciex API 4000 QTrap mass spectrometer (Foster City, CA) coupled with Acquity
UPLC system (Waters Corporation, Milford, MA) operated in the positive electrospray ionization
mode was used to quantify mIBG. Cell and mitochondrial lysates were in 10% acetonitrile
containing 50 nM glyburide as internal standard. The mass-to-charge (m/z) transitions used for
quantification of mIBG and glyburide were 276.1 — 216.97 and 494.1 — 369, respectively.

Instrument control and data processing was performed using AB-Sciex Analyst software 1.6.

2.3.10 Proteomic Data Acquisition

Experiments in this section were conducted by Dr. Dilip K. Singh. Cell lines were
processed to isolate total membrane fraction using Mem-PER™ Plus membrane protein extraction
kit (Thermo Scientific, Fair Lawn, NJ) for protein digestion using an optimized protocol (Xu et
al., 2018). The digested samples were analyzed for the PMAT surrogate peptide,
FVLFYTTR, using an Easy Spray 1200 series nanoLC coupled Q-Exactive HF MS (Thermo
Fisher Scientific, Waltham, MA) and a Thermo Scientific™ Acclaim™ PepMap™ 100 C18 HPLC
column (75 um x 250 mm). The mobile phase consisted of water with 0.1% formic acid (A) and
80% acetonitrile with 0.1% formic acid (B) and the following LC gradient (%B) was used to elute
the peptides at a flow rate of 300 nL/min: 0-10% (0-2 min), 10-45% (2-27 min), 45-100% (27—
28 min), and 100% (28-35 min). MS data were acquired using a parallel reaction monitoring
(PRM) mode with an AGC target of 2e5 and collision energy of 27eV. The isolation of precursors

was performed with a window of 1.6 m/z. Resolution for the HCD spectra was set to 30,000
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at m/z 200 with maximum ion injection time of 80 ms. Xcalibur (Thermo Scientific, Version
4.3.73.11) was used for data acquisition. The data were analyzed using Skyline (University of

Washington, Seattle, WA)

2.3.11 Statistical Analysis

Cell uptake and inhibition studies were performed in triplicate and repeated three times
independently. Data are presented as mean = S.D., unless specified otherwise. Statistical
significance was determined using unpaired Student’s t test with or without Bonferroni method for
multiple comparison correction as specified in figure legends. For Kaplan-Meier survival analysis,
statistical significance was assessed using Log-Rank test. A P-value < 0.05 was considered
statistically significant. GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA) was used

for statistical analysis.

2.3.12 Ethics Statements

The TARGET neuroblastoma project is a publicly available database that provides open
access to de-identified genomic and clinical data from neuroblastoma patients’ tumor samples. All
methods and experimental protocols were reviewed and approved by the Human Subjects Division
at the University of Washington according to federal and state regulations. Snap frozen, de-
identified tumor samples used were obtained from a tissue bank at the Seattle Children’s Hospital.
Sample collection and use was approved by the Institutional Review Board at the Seattle
Children’s Hospital with informed consents obtained from all participants and/or their legal

guardian(s).
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2.4 RESULTS

2.4.1 PMAT mRNA is Highly Expressed in NB Patient Tumor Samples and Correlates with
MYCN Amplification Status

The mRNA expression of monoamine transporters (SLC6A2 — NET, SLC6A3 — DAT,
SLC6A4 — SERT, SLC18A1/2 - VMAT1/2) and polyspecific organic cation transporters (SLC29A4
— PMAT, SLC22A1-3 — OCT1-3, SLC47A1/2 — MATEL/2K) in NB was first explored using
MRNA-seq data from 154 tumor samples mined from the TARGET database. Those tumor
samples were obtained from patients enrolled in different studies targeting high-risk and/or
relapsed NB. Among the genes analyzed, PMAT, NET, VMAT1 and VMAT2 were highly
expressed in NB tumor samples, with PMAT expression level being the highest among all the
transporters explored (Figure 2.1 A). In contrast, DAT, SERT, OCTs, and MATESs had minimal
expression in NB tumor samples. Previously, two studies observed that MYCN amplified tumors
had lower NET and VMAT protein expression compared to non-amplified tumors (DuBois et al.,
2012; Temple et al., 2016). We thus analyzed if the mMRNA expression of PMAT, NET, and
VMAT1/2 was correlated with the clinically assigned MYCN status in the TARGET mRNA-seq
database. Consistent with the clinical assignment, the MYCN mRNA level was much higher in
the amplified cohort (Figure 2.1 B). A significant correlation between PMAT expression and
MYCN status could be detected, with PMAT mRNA expression found to be significantly higher
in MYCN non-amplified (N=121) than amplified samples (N=33) (Figure 2.1 C). Consistent with
previous studies showing decreased NET and VMAT1/2 protein expression in MYCN amplified
tumor, mMRNA expression of those transporters is also significantly reduced in tumor samples with

MYCN amplified (Figure 2.1 D-F).
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We further investigated through RT-gPCR the expression of these transporters in local NB
tumor samples from the Seattle Children’s Hospital (Figure 2.2 A) and in two NB-derived cell
lines with (SK-N-BE(2)) or without (SH-SY5Y) MYCN amplification (Figure 2.2 B). Our gPCR
results showed that the overall mMRNA expression pattern in NB local tumor samples and NB-
derived cell lines was similar to that from the TARGET database. In both MYCN amplified and
non-amplified samples, PMAT expression is the highest among the analyzed genes whereas
expression of DAT, SERT, OCT1/2/3 and MATEL/2K is minimal. A preliminary proteomic
measurement in SH-SY5Y and SK-N-BE(2) cells also detected PMAT expression at the protein
level (Figure 2.3). Together, our data demonstrates that in addition to NET and VMAT1/2, NB
tumors and cell lines highly express PMAT and that MY CN amplification decreases the expression

of these transporters.

2.4.2 Low PMAT and VMAT1/2 Expression Correlated with Poor Prognosis in NB Patients
without MYCN Amplification

Overall survival (OS) is one of the most important prognosis targets in clinical studies.
The TARGET database provided gene expression array data with matched OS information for a
cohort of 243 patients. Using this data, we explored the relationship between OS, MYCN
amplification status, and transporter expression levels. The majority of this cohort of patients were
at stage 4 NB (Table 2.1), and accordingly, low overall survival rates (35-42%) were observed
regardless of MYCN status (Figure 2.4 A). In this high-risk population, MYCN amplification
was found to slightly correlate with worse overall survival (P = 0.018). Gene expression of NET,
PMAT, and VMAT1/2 was evenly divided into high- and low-expression groups, and survival

analysis was performed for each gene. As shown in Figure 2.4, OS did not show significant
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differences between the high- and the low-expression groups for NET and VMAT1. Interestingly,
a significant association was observed for PMAT and VMAT2 (P=0.004 and P<0.001,
respectively) with the high-expression group of these transporters correlating with better overall
survival.

Given that MYCN amplification itself is a predictor for OS (Figure 2.4 A), we next
investigated the relationship between transporter expression and patient survival after stratification
by MYCN status (Figure 2.5). In patients with MYCN amplification (N=68), no association was
observed for PMAT or VMAT1/2 whereas high expression of NET correlated with a worse
outcome (P=0.006). Interestingly, in MYCN non-amplified patients (N=175), high expression of
PMAT, VMAT1 and VMAT2 significantly correlated with better survival (P<0.001, P=0.004 and
P=0.007, respectively). No association was observed for NET in this cohort. A similar result was
also observed when the survival data was analyzed using the Cox regression model, which
evaluates the effect of transporter expression as a continuous variable instead of the categorical

“low” and “high” expression groups.

2.4.3 PMAT Protein is Localized Intracellularly in NB-Derived Cell Lines and Tumor Samples

PMAT protein is localized intracellularly in NB-derived cell lines and tumor samples. To
investigate the cellular localization of PMAT, immunocytochemistry was conducted in SH-SY5Y
and SK-N-BE(2) cells using an anti-PMAT antibody previously developed in our laboratory
(Dahlin et al., 2007). Colocalization was performed using antibodies against cellular markers of
the plasma membrane (Na+/K+ ATPase), mitochondria (COXIV), endoplasmic reticulum
(GRP94), and storage vesicles (VMAT1) (Figure 2.6). Surprisingly, in both cell lines, PMAT

immunostaining was predominately localized to intracellular compartments with little expression
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on the plasma membrane (Figure 2.6 A and E). The PMAT immunofluorescence largely
overlapped with the mitochondrial marker COXIV (Figure 2.6 B and F). Significant PMAT
staining was also observed in endoplasmic reticulum and storage vesicles (Figure 2.6 C, D, G and
H). Immunohistostaining was also conducted in NB tumor samples obtained from Seattle
Children's Hospital. Although the cellular resolution was lower, staining of PMAT protein was
observed in patient tumor samples. The immunofluorescence was primarily located intracellularly
and appeared to partially co-localize with COXVI, VMATL1 and nuclei (Figure 2.7). To obtain
additional evidence of PMAT in mitochondria in NB cells, we co-incubated SH-SY5Y cells with
a mitochondria dye (MitoTracker) and IDT307, a fluorescent norepinephrine analog and substrate
of PMAT (Duan et al., 2015; Hu et al., 2022). An extensive overlay of IDT307 fluorescence with
MitoTracker was observed (Figure 2.8), suggesting that the fluorescent PMAT substrate

accumulated in the mitochondria of the NB cells.

2.4.4 mIBG is a Substrate of PMAT

Although NET is considered the major transporter responsible for the uptake of mIBG into
NB cells, the mechanisms involved in mIBG intracellular retention are currently unclear. The high
levels of PMAT expression in NB and its unique intracellular localization in these cells raised the
possibility that this transporter could play a role in tumor disposition of mIBG. Cell-based uptake
assays were then performed to determine if mIBG is transported by PMAT. The time-dependent
uptake in vector-transfected and PMAT-expressing HEK293 cell lines showed that mIBG uptake
in PMAT-expressing cells was much greater than that in vector cells and was about 15-fold higher
at plateau (Figure 2.9 A). Concentration-dependent initial rate studies further revealed that

PMAT-mediated mIBG uptake displayed typical Michaelis-Menten kinetics with Km and Vmax of
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151.7 £ 50.7 uM and 16.4 £ 1.8 nmol/mg protein/min, respectively (Figure 2.9 B). Dose-
dependent inhibition studies with decynium-22 (D22) — a classic PMAT inhibitor (Engel et al.,
2004) —showed that D22 is capable of inhibiting mIBG uptake in both PMAT and NET-expressing
HEK?293 cell lines, with calculated I1Cso values of 4.8 = 0.6 uM for PMAT and 35.1 + 8.7 uM for
NET (Figure 2.9 C). These data demonstrate that mIBG transport by PMAT is efficient, saturable,

and inhibitable.

2.4.5 PMAT May Play a Role in Mitochondrial Uptake of mIBG in NB

The high expression of PMAT in NB tumor cells (Figure 2.1 and Figure 2.2) coupled with
its robust mIBG transport activity (Figure 2.9) suggest that PMAT may play a role in mIBG
disposition in NB tumor cells. We then incubated cultured SH-SY5Y and SK-N-BE(2) cells with
mIBG in the presence of varying concentrations of D22. D22 dose-dependently inhibited mIBG
total uptake in both NB-derived cell lines (Figure 2.10 A and B). However, this effect could also
be due to D22 inhibition of NET-mediated initial uptake of mIBG into NB cells. To separate the
effect from NET-mediated uptake at the plasma membrane, we isolated mitochondria from SH-
SY5Y and SK-N-BE(2) cells and conducted mIBG uptake experiments. After a 5 minute
incubation, mIBG accumulated in the mitochondria of NB-derived cell lines. D22 reduced mIBG
levels by 42% and 51% in the mitochondria isolated from SK-N-BE(2) and SH-SY5Y,
respectively (Figure 2.10 C). These results suggest that PMAT may contribute to the accumulation
of mIBG in the mitochondria of NB-derived cell lines, potentially playing an important role in the

retention of mIBG in NB.
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2.5 DISCUSSION

High-risk NB patients face poor survival rates (Irwin and Park, 2015; Parisi et al., 2016).
Targeted !I-mIBG therapy has emerged as a promising therapy for high-risk NB patients, but
therapeutic response is highly variable. Although NET has been well established as the mediator
of initial mIBG uptake into NB tumors, clinical response to *3!1-mIBG cannot be predicted by NET
expression alone (Streby et al., 2015). Here, we determined the expression of PMAT in NB and
explored its role in tumor disposition of mIBG. Our results showed that PMAT is highly expressed
in NB tumor cells and its expression level was positively associated with overall survival for high-
risk NB patients without MYCN amplification. In contrast to its typical localization at the plasma
membrane of healthy tissues, the PMAT protein is unusually localized intracellularly in NB cells
with predominant localization in mitochondria. PMAT efficiently transports mIBG and may play
arole in its intracellular distribution. Our findings reveal a novel role of PMAT as a potential risk
marker to predict disease prognosis in NB patients without MYCN amplification. Furthermore,
our results suggest that PMAT is a previously unrecognized transporter involved in intracellular

disposition of mIBG and thus may influence clinical response to *I-mIBG therapy.

The gene expression of monoamine and polyspecific organic cation transporters was
profiled in 154 NB samples from the TARGET database, in 9 NB samples from Seattle Children’s
Hospital, and in two NB-derived cell lines (Figure 2.1 and Figure 2.2). The results consistently
showed that in both MYCN amplified and non-amplified NB, tumor cells mainly express PMAT,
NET, and VMAT1/2 with insignificant expression of DAT, SERT, OCT1/2/3, and MATE1/2-K.
Remarkably, PMAT has the highest expression level in NB tumor samples and cultured cells, in
agreement with a previous report ranking PMAT among the top 25 membrane protein genes

overexpressed in NB (Orentas et al., 2012). Our preliminary proteomic study also confirmed
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PMAT protein expression in SH-SY5Y and SK-N-BE(2) cells (Figure 2.3). Interestingly,
expression of PMAT, NET and VMAT1/2, were reduced in NB tumors with MYCN amplification
(Figure 2.1 and Figure 2.2). Previous studies also observed that MYCN amplified tumors had
lower NET or VMAT1/2 protein expression as compared to non-amplified tumors (DuBois et al.,
2012; Temple et al., 2016). MYCN is a master regulator of gene transcription, acting either as a
transcriptional activator or repressor of its target genes to drive tumorigenesis (Huang and Weiss,
2013; Hsu et al., 2016). These results suggest that PMAT, NET, and VMATL1/2 are targets of

MYCN transcriptional repression.

We next explored if the expression levels of PMAT, NET and VMATL1/2 in NB tumors
were associated with overall survival using gene array data with matched clinical information from
a TARGET database cohort of 243 patients. After stratification based on MYCN status, we
revealed that the expression of PMAT, VMAT1 and VMAT?2 positively correlated with survival
of patients without MYCN amplification (Figure 2.5). The association between PMAT expression
and survival in the MYCN non-amplified group was most striking, with an overall survival of
~60% in the high-expression group versus 25% in the low-expression group (Figure 2.5). The
reason behind this observation is unknown. The clinical and gene expression data analyzed in this
study were obtained from patients who received a variety of treatment regimens including
multimodal chemotherapy with drugs that are not PMAT substrates. Hence, the observed
association between PMAT expression and clinical outcome is less likely to be related to PMAT-
mediated drug transport. Instead, this association may reflect an innate relationship with disease
progression.

MY CN amplification is the most well-established clinical marker for NB prognosis, found

in ~40% of advanced stage and high-risk NB (Irwin and Park, 2015; Otte et al., 2021). A large
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percentage of high-risk NB patients do not present MYCN amplification. Indeed, 70% of our
survival analysis NB patient cohort did not have MYCN amplification (Table 2.1). There is an
ongoing need for identification of novel and independent prognosis biomarkers that can better
predict disease progress and guide selection of appropriate treatment strategy (Inomistova et al.,
2015; Otake et al., 2016; Ahmed et al., 2017). In this regard, PMAT shows promise as a prognosis
marker for high-risk NB patients without MYCN amplification. Further studies are needed to
validate PMAT’s association with NB patient outcome and evaluate its potential as a novel

prognosis marker in this population.

PMAT is a monoamine and organic cation transporter highly expressed in human brain,
complementing the activity of high-affinity monoamine transporters such as NET (Duan and
Wang, 2010; Vieira and Wang, 2021; Bowman et al., 2022). In healthy tissues and transfected
cell lines, PMAT is localized to the plasma membrane of cells (Engel et al., 2004; Dahlin et al.,
2007; Duan and Wang, 2013). Intriguingly, immunolocalization studies in NB-derived cell lines
(Figure 2.6) and NB tumor samples (Figure 2.7) revealed that PMAT protein is retained
intracellularly in NB, with large co-localization with mitochondria. Corroborating with this
finding, IDT307 — a fluorescent PMAT substrate — also accumulated within the mitochondria in
SH-SY5Y cells (Figure 2.8). The reason why PMAT is abnormally localized intracellularly in
NB cells is unknown. Protein mislocalization in cancer has been previously reported including
transporters typically found in the plasma membrane (Wapnir et al., 2003; Wang and Li, 2014;
Guo et al., 2019). For instance, the sodium iodine symporter (NIS) is localized to the basolateral
membrane (blood-facing) of thyroid follicular cells and mediates iodide uptake (Dohan et al.,
2003). However, NIS was reported to be abnormally localized intracellularly in thyroid cancers

as well as in certain extrathyroidal malignancies (Wapnir et al., 2003; Micali et al., 2014; Oh and
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Ahn, 2021). Further studies have uncovered that the pituitary tumor-transforming gene 1 binding
factor (PBF) — a proto-oncogene upregulated in thyroid cancer — directly binds to NIS and alters
its subcellular localization, regulating its activity (Smith et al., 2009; Bulotta et al., 2016). The
altered localization of transporters in cancer cells could alter cellular disposition of substrate drugs

and endogenous molecules, influencing tumor response to cancer therapeutics.

Although mIBG is known to enter NB tumor cells via NET expressed in the plasma
membrane of most NB cells, the mechanisms involved in its intracellular distribution and
elimination or retention are poorly understood. Previously, VMATSs have been suggested to
mediate mIBG transport into intracellular storage vesicles, affecting mIBG retention in
pheochromocytomas and paragangliomas — two adult forms of neuroendocrine tumors (Blanchet
etal., 2012). However, NB cells contain lower amounts of storage vesicles in comparison to these
tumors (Montaldo et al., 1991; Streby et al., 2015), and the use of reserpine —a VMAT inhibitor
— had minimal impact on mIBG retention in NB cells (Smets et al., 1990; Mairs et al., 1991).
Importantly, electron spectroscopy imaging showed that after entering NB cells majority of mIBG
is concentrated in mitochondria (Gaze et al., 1991). Our results revealed PMAT’s main
localization in mitochondria in NB cells, suggesting that PMAT could be involved in mIBG
mitochondrial uptake. This mitochondrial uptake may represent an important retention mechanism
of 1311-mIBG in NB, which could lead to DNA damage and cell death due to increased exposure
to the ionizing radiation (P particles) emitted by iodine-131. Additionally, this mitochondrial
uptake could also contribute to mitochondrial damage and cell death — analogous to the toxicity
observed for antiviral drugs following mitochondrial uptake mediated by the human equilibrative

nucleoside transporters 1 and 3 (Lai et al., 2004; Govindarajan et al., 2009).
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Uptake studies in HEK293 cells expressing PMAT on the plasma membrane revealed that
PMAT indeed transports mIBG (Figure 2.9). The Ki value of PMAT mIBG transport was 151.7
+ 50.7 uM, which is 17-fold higher than that of NET (LOpez Quifiones et al., 2020). This is
consistent with PMAT functioning as a low-affinity, high-capacity monoamine transporter. Given
that intracellular concentrations of mIBG are likely high due to the concentrative uptake by NET,
this high K could be advantageous to avoid transporter saturation. To obtain functional evidence
of PMAT’s involvement in mIBG disposition in NB cells, we performed mIBG uptake studies in
two NB-derived cell lines in the presence of the PMAT inhibitor D22 (Figure 2.10 A and B).
Although we observed dose-dependent inhibition of mIBG uptake by D22 in NB-derived cells,
D22 can inhibit both NET- and PMAT-mediated mIBG uptake (Figure 2.9 C). Hence, it is difficult
to tease out the contribution of NET versus PMAT inhibition. Ideally, uptake studies in a NB cell
line with PMAT knockout would help answer this question. However, attempts to generate such
a cell line were unsuccessful due to the presence of PMAT pseudogenes (e.g., SLC29A4P1 and
SLC29A4P2). We thus isolated mitochondria from SH-SY5Y and SK-N-BE(2) cells and
performed mIBG uptake studies in the absence or presence of D22. D22 significantly reduced
mitochondrial mIBG uptake (Figure 2.10 C), providing functional evidence of PMAT-mediated
mIBG uptake in mitochondria. As PMAT-mediated transport is driven by membrane potential
(Itagaki et al., 2012), the membrane potential (~ -150mV) across mitochondria inner membrane
would serve as an ideal driving force for PMAT-mediated mIBG uptake. Together, our results
suggest that PMAT may play a role in the distribution of mIBG into intracellular organelles after
its initial uptake by NET, potentially impacting tumor retention and exposure to *!I-mIBG. Thus,
differences in PMAT expression in NB tumors may contribute to variable response to **'I-mIBG

therapy.
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In summary, we identified PMAT as a new monoamine and organic cation transporter
highly expressed in NB. Among high-risk NB patients without MYCN amplification, PMAT
expression level is associated with overall survival. PMAT efficiently transports mIBG, but is
mainly localized in mitochondria of NB cells, and mediates mitochondrial uptake of mIBG.
Together, our study suggests that PMAT is a previously unrecognized transporter involved in
mIBG intracellular disposition in NB, and hence may be an important determinant of tumor
retention, exposure, and response to *3!I-mIBG therapy. As new radiolabeled mIBG analogs (e.g.
BE-mFBG, 2''At-mABG) are being developed for cancer imaging and therapy, our findings also
provide new insights on developing strategies to improve the specificity and efficacy of these

analogs based on their transport and interaction with transporters in tumor cells.
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Figure 2.1. RNA expression of selected transporter genes in NB samples from TARGET
database.

MRNA-seq (FPKM) data of 154 patients was acquired from TARGET neuroblastoma database.
(A) The expression of selected genes was calculated relative to the expression of GAPDH in each
sample. Data are presented as the mean + S.E.M. (B-F) Scatter plots of relative expression of
selected genes in MYCN amplified (N=33) versus non-amplified (N=121) samples. Dots
represent individual observations and horizontal line with error bar represents the mean + S.E.M.
of the group. Statistical significance was determined using an unpaired Student’s t test and the

calculated p-value is shown for each gene.
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Figure 2.2. qPCR analysis of mMRNA expression of selected transporter genes in local NB tumor samples and two NB-derived

cell lines.

(A) gPCR results from mRNA extracted from local patient NB tissues from the Seattle Children’s Hospital. (B) qPCR results from

MRNA extracted from NB-derived SH-SY5Y and SK-N-BE(2) cell lines. Data are presented as the mean = S.E.M. Expression of genes

with overall high expression was compared between MYCN amplified samples versus non-amplified samples. Statistical significance

was determined using an unpaired Student’s t test (*P < 0.05; **P < 0.01; ***P < 0.001)
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Figure 2.3. Detection of PMAT protein expression in the membrane fraction of hPMAT-overexpressing HEK293 cells, SH-SY-

5Y, and SK-N-BE2 cell lines.

NanoLC coupled high-resolution-based parallel reaction monitoring (PRM) based proteomics method was employed. PMAT peptide,

FVLFYTTR was used as a surrogate for protein quantification. While PMAT relative protein expression (A) in hPMAT expressing

HEK293 cells (B) was much higher than the SH-SY-5Y (C) and SK-N-BE2 (D) cell lines, the PRM method confirmed using multiple

MS fragments that these cell lines express PMAT at a protein level.
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Figure 2.4. Kaplan-Meier Survival Curves of 243 NB patients from TARGET database based on transporter gene expression
without stratification of MYCN status.

For selected transporters (B-E), gene expression array data was divided into high and low expression groups (top and bottom 50"
percentile respectively), and Kaplan-Meier survival analysis was performed. For survival curve for MYCN (A), the clinically assigned
MY CN status was used to divide the patients into MYCN amplified (N=68) or non-amplified (N=175) groups. Statistical significance

was determined using the Log-Rank Test (ns — not significant; *P < 0.05; **P < 0.01; ***P < 0.001).
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Figure 2.5. Kaplan-Meier survival curves based on transporter gene expression levels after

Gene expression array data and survival data were acquired from the TARGET database. Patients
were divided into MYCN Amplified (N=68) and MYCN Non-amplified (N=175) groups based on
their clinically assigned MYCN status. Each group was then divided into high (top 50" percentile
— red) and low (bottom 50" percentile — blue) expression levels of NET, PMAT, VMAT1 or

VMAT?2. Survival between high- and low-expression groups were compared using Log-Rank Test
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Figure 2.6. PMAT protein localization in NB-derived cell lines determined by immunofluorescence staining.

Co-immunofluorescence was conducted with cultured cell slides of SH-SY5Y (A-D) or SK-N-BE(2) (E-H) cells. The red color in figures
indicates the staining of PMAT (A-H), and the green color represents the expression of the plasma membrane marker Na*/K* ATPase
(A and E), mitochondrial marker COXIV (B and F), endoplasmic reticulum marker GRP94 (C and G) or vesicular marker VMATL1 (D

and H). The nuclei were stained with DAPI and are shown in blue.
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A PMAT B PMAT + COXIV

Figure 2.7. PMAT protein expression and localization in local NB patient tissue samples determined by immunofluorescence.

Co-immunofluorescence was conducted with patient tissue slides from Seattle Children’s Hospital NB tumor samples. The red color in
the figures indicates the staining of PMAT (A-C), and the green color represents the expression of the mitochondrial marker COXIV
(B) or vesicular marker VMAT1 (C). The nuclei were stained with DAPI and are shown in blue. Arrows indicate areas where co-

localization of PMAT with COXI1V (B) or VMAT1 (C) was observed.
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Mitotracker

Figure 2.8. Intracellular localization of IDT307 in SH-SY5Y cells.
SH-SY5Y cells were incubated with IDT307 (1 uM) and Mitotracker Deep Red for 30 min. Localization of IDT307 (green, A) and

Mitotracker (red, B) was determined by confocal microscopy. Yellow indicates co-localization (C).
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Figure 2.9. Kinetics of mIBG uptake by PMAT and inhibition of PMAT- or NET-mediated mIBG uptake by D22.

(A) Time-dependent uptake of 1uM mIBG was measured at 37°C with pcDNAS (vector) and PMAT transfected HEK293 cells. (B)
Concentration-dependent uptake of PMAT-mediated mIBG transport after a 2-minute incubation. Transporter-specific uptake was
calculated by subtracting the activity in vector-transfected cells from the activity in PMAT-expressing cells. (C) Effect of D22 on mIBG
(2 uM) uptake mediated by PMAT or NET. Transporter-specific uptake was obtained by subtracting the uptake in vector-transfected
cells and data is expressed as a percentage of mIBG uptake in the absence of D22 (control). The ICso values were obtained by fitting

the data using non-linear regression. All data points represent the mean £ S.D. from three independent experiments.
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Figure 2.10. Effect of D22 on mIBG uptake in whole cells and in mitochondria isolated from NB-derived cell lines.

Effect of D22 on mIBG (2 uM) uptake by intact SH-SY5Y (A) and SK-N-BE(2) (B) cells. Uptake of mIBG in absence and presence of
varying D22 concentrations were compared using one-way ANOVA with the Bonferroni method to correct for multiple comparisons.
Mitochondrial uptake of mIBG (2 uM) was measured in the absence or presence of D22 (100 uM) (C). Mitochondrial fractions were
isolated from SH-SY5Y or SK-N-BE(2) cells. Data is expressed as a percentage of mIBG uptake relative to uptake in the absence of
D22. All data points represent the mean + S.D. from three independent experiments. Mitochondrial uptake of mIBG in the absence and

in the presence of D22 were compared using unpaired Student’s t test (*P < 0.05, ***P < 0.001).
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Table 2.1. Demographic and clinical information from 249 patients with gene expression

array data available on TARGET Neuroblastoma Database.

Number of
patients (%)
Male 143 (57.4%)
Gender Female 106 (42.6%)
American Indian or Alaska Native 1 (0.4%)
Asian 3 (1.2%)
Race Black or African America 31 (12.4%)
Native Hawaiian or other Pacific Islander 3 (1.2%)
White 180 (72.4%)
Unknown 31 (12.4%)
Stage 1 30 (12.0%)
Stage 3 1 (0.4%)
INSS Stage Stage 4 216 (86.8%)
Unknown 2 (0.8%)
Amplified 68 (27.3%)
MYCN status Non-amplified 175 (70.3%)
Unknown 6 (2.4%)

NOTE. Data collected on 05/13/2020 from TARGET neuroblastoma database — gene expression

array and clinical file. Abbreviations: INSS, International Neuroblastoma Staging System.
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Chapter 3. INTERACTION AND TRANSPORT OF BENZALKONIUM
CHLORIDES (BACS) BY THE ORGANIC CATION AND
MULTIDRUG AND TOXIN EXTRUSION TRANSPORTERS

3.1 ABSTRACT

Humans are chronically exposed to benzalkonium chlorides (BACs) from different
environmental sources. The FDA has recently called for additional BAC safety data, as these
compounds have been reported as cytotoxic and with great potential for biochemical interactions.
Biodistribution studies revealed that BACs extensively distribute to many tissues and accumulate
at high levels, especially in the kidneys, but the underlying mechanisms are unclear. The goals of
this study were to characterize the interactions of BACs of varying alkyl chain length (C8 to C14)
with the human organic cation transporters (hOCT1-3) and multidrug and toxin extrusion proteins
(hMATEL/2K), with the goal to identify transporters that could be involved in the tissue
disposition of BACs. Using transporter-expressing cell lines, we showed that all BACs are
inhibitors of hOCT1-3 and hMATEL/2K, with 1Csg values ranging from 0.83 to 25.8 uM. Further,
the short-chain BACs (C8 and C10) were identified as substrates of these transporters.
Interestingly, while BAC C8 displayed typical Michaelis-Menten kinetics, C10 demonstrated a
more complex substrate-inhibition profile. Transwell studies with transfected Madin-Darby
canine kidney cells revealed that intracellular accumulation of basally applied BAC C8 and C10
was substantially higher (8.2- and 3.7-fold, respectively) in hOCT2/hMATEL double-transfected
cells in comparison to vector-transfected cells, supporting a role of these transporters in mediating
renal accumulation of these compounds in vivo. Together, our results suggest that BACs interact

with hOCT1-3 and hMATEZ1/2K as both inhibitors and substrates, and that these transporters may
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play important roles in tissue distribution and potential toxicity of short-chain BACs. Our findings
have important implications for understanding human exposure and susceptibility to BACs due to

environmental exposure.

3.2 INTRODUCTION

Benzalkonium chlorides (BACs) are quaternary ammonium compounds (Figure 3.1) with
alkyl chain lengths ranging from 8 to 18 carbons (C8 to C18). These compounds are cationic
surfactants with broad anti-microbial properties and are widely used as disinfectants or
preservatives in cleaning products, medical products, and in the food processing industry (Pereira
and Tagkopoulos, 2019). Although BACs have been used in consumer products since the 1950°s
and were believed to be safe, a wide range of cytotoxicity has been reported in various biological
systems (Herman and Bass, 1989b; Natecz-Jawecki et al., 2003b; Sarkar et al., 2012b; Melin et
al., 2014; Hrubec et al., 2017; Herron et al., 2021; Arnold et al., 2023), and the US Food and Drug
Administration (FDA) has called for additional safety data on its use in healthcare and consumer
antiseptic products (FDA, 2015, 2016).

The widespread use of cleaning products containing BACs in hospitals, restaurants, and at
home indicates that humans are frequently and chronically exposed to these compounds. Indeed,
a study analyzing human serum samples collected before (n = 111) and during (n = 111) the
COVID-19 pandemic detected BACs in more than 95% of samples and showed a 174% increase
in the median BAC concentration during the pandemic when compared to pre-pandemic levels
(Zheng et al., 2021). Moreover, another study found that blood concentrations of BACs (C12,
C14 and C16) correlated with toxicological endpoints, such as decreased mitochondrial function,

increased inflammatory cytokines, and altered sterol biosynthesis (Hrubec et al., 2021).
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Importantly, short-chain BACs were found to be potent inhibitors of cholesterol biosynthesis in
cell lines (Herron et al., 2016), suggesting that even low levels of BAC exposure could lead to
significant biochemical interactions.

Biodistribution studies in rats have reported that following oral or intravenous
administration, BACs are highly distributed to several tissues including the heart, liver, lungs,
spleen, and kidneys (Xue et al., 2002, 2004; Kera et al., 2021). The kidneys were identified as a
major organ of accumulation, with BAC concentrations much above plasma levels and showing
preferential accumulation of shorter alkyl chain BACs (Kera et al., 2021). Additionally, BAC C12
and C16 have been reported to cross the blood-placental barrier and to reach mice neonatal brain
(Herron et al., 2019). Although tissue distribution in humans is more difficult to assess,
pathological examinations following poisoning cases reported lungs, heart, liver, and kidneys as
affected tissues (van Berkel and de Wolff, 1988; Hitosugi et al., 1998; Tambuzzi et al., 2022),
suggesting BACs may distribute to these organs. In particular, a case report on a delayed death
following suicidal ingestion of Lysoform® — containing BACs as the main constituent — was the
first to reveal microscopic pictures of BAC toxicity, showing clear signs of acute kidney injury
including foci of tubular necrosis (Tambuzzi et al., 2022). These emerging evidences demonstrate
that BACs distribute and accumulate in various human tissues with potential toxicological effects.
However, the mechanisms driving the accumulation of BACs in these tissues are poorly
understood.

The human polyspecific organic cation transporters are a group of solute carrier
transporters that mediate cellular transport of many endogenous and exogenous organic cations,
impacting their systemic and tissue-specific disposition (International Transporter Consortium et

al., 2010; Wagner et al., 2016; Koepsell, 2020). This group includes the organic cation transporters
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1, 2,and 3 (hOCT1, hOCT2 and hOCT3) and the multidrug and toxin extrusion proteins 1 and 2K
(hMATEL and hMATE2K). Interestingly, the tissue distribution of these transporters largely
overlaps with tissues in which BAC accumulation has been reported (Kera et al., 2021). For
instance, hOCTL1 is a major isoform highly expressed in the liver known to mediate uptake of
organic cations into hepatocytes, hOCT2 and hMATEL/2K are expressed respectively in the basal
and apical membranes of renal proximal tubule cells and mediate renal uptake and tubular secretion
of its substrates, and hOCT3 is broadly expressed in several tissues including the heart, skeletal
muscle, and placenta, playing an important role in drug transport in these organs (Wagner et al.,
2016; Lee et al., 2018). We thus hypothesized that hOCT and hMATE transporters are involved
in the tissue disposition of BACs.

Although hOCTs and hMATESs have been previously reported to interact with various
quaternary ammonium compounds (Zhang et al., 1999; Dresser et al., 2002; Tanihara, Masuda,
Sato, Katsura, Ogawa, and K-I Inui, 2007; Sala-Rabanal et al., 2013), their interaction with BACs
has never been investigated. In this study, we characterized the interactions of BACs of varying
alkyl chain lengths (C8 to C14) with hOCT1-3 and hMATEL/2K transporters. Compounds were
investigated as potential inhibitors and substrates, and detailed kinetic interactions were
characterized. The potential impact of hOCT2 and hMATEL in BAC renal disposition and
accumulation was investigated by using an in vitro model of renal transepithelial transport

employing hOCT2/hMATE1 double-transfected cells.
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3.3 MATERIALS AND METHODS

3.3.1 Materials

[**C]Metformin (115 mCi/mmol) was purchased from Moravek Biochemicals, Inc. (Brea,
CA). Optima LC—MS grade acetonitrile, water, formic acid, and ammonium formate used in liquid
chromatography were purchased from Fisher Scientific (Santa Clara, CA). Lucifer yellow (LY)
was from MP Biomedicals (Irvine, CA). Benzalkonium Chlorides (BACSs) of various alkyl chain
lengths (C8, C10, C12 and C14) were from Sigma-Aldrich (St. Louis, MO). Deuterated (d-
benzyl) BACs (d7-C10-BAC, d7-C12-BAC and d7-C14-BAC) were synthesized as previously
described (Herron et al., 2016). Cell culture media and reagents were purchased from Invitrogen

(Carlsbad, CA).

3.3.2 Cell Lines and Cell Culture

FIp-In human embryonic kidney (HEK) 293 cells stably transfected with hOCT1, hOCT2,
hOCT3, hMATELl, hMATE2K or empty pcDNAS5/FRT vector (control) were previously
established in our laboratory (Duan and Wang, 2010; Yin et al., 2015). HEK293 cells were
maintained in high glucose Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum, 2 mM L-glutamine, 100 IU/mL penicillin, 100 pg/mL streptomycin, and 150 pug/mL
hygromycin B. The surface of the flasks and plates was coated with 0.1 mg/mL poly-D-lysine in
Milli-Q water to improve HEK293 cell attachment. The Madin-Darby Canine Kidney (MDCK)
cells double-transfected with hOCT2 and hMATEL or empty vector were previously generated
and validated in our laboratory (Yin et al., 2015) and were maintained in high glucose Dulbecco’s

modified Eagle’s medium supplemented with 15% fetal bovine serum, 500pg/mL G418, and
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200ug/mL hygromycin B. All cell lines were cultured in a 37°C humidified incubator with 5%

CO..

3.3.3 Uptake and Inhibition Assays in HEK293 Cells

Uptake and inhibition assays were performed as previously described (Duan and Wang,
2010; Yin et al., 2015, 2016) with modifications for analysis of BACs by liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Briefly, HEK293 cells were seeded in 96-well plates
and grown to greater than 90% confluency (1-2 days). Prior to incubation, cells were washed twice
with prewarmed Krebs-Ringer-HEPES (KRH) buffer (5.6 mM glucose, 125 mM NaCl, 4.8 mM
KCI, 1.2 mM KH2PO4, 1.2 mM CaClz, 1.2 mM MgSOs, and 25 mM HEPES, pH 7.4). Uptake was
initiated by the addition of buffer at 37°C containing a substrate with or without inhibitor. For
hOCT-transfected cells KRH at pH 7.4 was used, while for h(MATE-transfected cells KRH was
adjusted to pH 8.0. Uptake was quenched by washing the cells three times with ice-cold KRH
buffer. After washing, cells from incubations with BACs were permeabilized with 100 pL of
acetonitrile:water (1:1) containing 50 nM internal standard (d--BACs) for analysis by LC-MS/MS.
Precipitated protein was then solubilized in 100 pL 1 M NaOH at 37°C for 1 hour, neutralized with
100 pL 1 M HCI, and protein content from each well was measured by the BCA method. For
incubations containing radiolabeled substrate (**C-metfomin), cells were directly lysed with 1 M
NaOH, neutralized with 1 M HCI, and the lysate was used for protein quantification (BCA method)
and for measuring radioactivity by liquid scintillation counting (Tri-Carb, Perkin Elmer, Waltham,
MA). For inhibition studies, *C-metformin was used as the classic substrate at 8.7 uM (1
MCi/mL), well below its reported Kn value for these transporters (Liang and Kathleen M

Giacomini, 2017). Experiments were performed within the initial uptake rate period. Transporter-
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specific uptake was calculated by subtracting uptake in the vector-transfected cells, and uptake in

the presence of inhibitor was normalized to uptake in the absence of inhibitor.

3.3.4 Trans-stimulation Studies in HEK293 Cells

In trans-stimulation experiments, pcDNAS (vector)-transfected and hOCT1-, hOCT2- and
hOCT3-transfected cells were preincubated for 15 minutes with KRH buffer at pH 7.4 with or
without (control) 1 uM of indicated BAC. Cells were then rinsed two times with ice-cold KRH
buffer before incubation at 37°C for 4 minutes in KRH buffer (pH 7.4) containing 8.7 uM (1
UCi/mL) #C-metformin. Cells were then rinsed three times with ice-cold KRH buffer and lysed
with NaOH 1M as described above. Radioactivity and protein content were measured in the lysate.
Uptake in the vector-transfected cells was subtracted from transporter-transfected cells to obtain
transporter-specific uptake, and metformin uptake after pre-incubation with BACs was normalized

to uptake in the control condition.

3.3.5 Transwell Studies in hOCT2/hMATE1 Double-Transfected MDCK Cells

Transepithelial flux of BACs across MDCK cell monolayers was determined as previously
described with slight modifications (Yin et al., 2015, 2016; L6pez Quifiones et al., 2020). Briefly,
empty vector and hOCT2/hMATE1-expressing MDCK cells were seeded at a density of 2 x 10°
cells’cm? on 12-well Corning™ Transwell™ inserts (PET membrane, 0.4 UM pore size).
Transport experiments were performed 5 days after seeding. These studies were performed under
a pH gradient (basolateral pH 7.4 and apical pH 6.0). An apical pH of 6.0 was chosen based on

previously published methods by our and other groups to mimic the average urine pH (Tsuda et
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al., 2009; Rowland and Tozer, 2010; Miller et al., 2011; Yin et al., 2015). The integrity of the
MDCK monolayer and proper formation of tight junctions was verified by measurement of
transepithelial flux of lucifer yellow (50 uM). Only data from inserts with less than 5% lucifer
yellow transfer over the 2-hour time course were accepted (Papp < 1.6 * 10°° cm/s). After removal
of cell culture media from both sides of the inserts, cells were carefully washed three times with
warm KRH buffer pH 7.4. For apical-to-basal (A-to-B) transport, 1.5 mL of KRH buffer (pH 7.4)
was added to the B chamber, and transport was initiated by adding 0.5 mL of KRH (pH 6.0)
containing 1uM BAC (C8 or C10) and lucifer yellow (50 uM) to the A chamber. Similarly, for
basal-to-apical (B-to-A) transport, 0.5 mL of KRH buffer (pH 6.0) was added to the A chamber,
and transport was initiated by adding 1.5 mL of KRH (pH 7.4) containing BAC and lucifer yellow
to the B chamber. When pyrimethamine was used, it was added to the A chamber only at 10 uM.
To measure transcellular transport, at each time point, 100 uL of sample from the receiving
chamber was collected and replaced with the adequate buffer. Fluorescence measurements of
lucifer yellow were performed from a top-read position in a Synergy HTX plate reader (Biotek,
Winooski, Vermont) using a 420/50 nm excitation and 528/20 nm emission filter set. After
fluorescence was measured, 100 pL of acetonitrile containing 100 nM d7-BACs was added to each
sample, followed by centrifugation and quantification of BACs by LC-MS/MS. At the end of the
experiment (120 minutes), inserts were washed three times with ice-cold KRH buffer, and cells
were permeabilized using acetonitrile containing 100 nM d7-BACs, diluted 1:1 with KRH buffer
and centrifuged before LC-MS/MS analysis. Following permeabilization, the precipitated protein
was solubilized with 1 M NaOH and neutralized with 1 M HCI, and protein content was measured

by BCA method and used to normalize intracellular accumulation of BACs.
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3.3.6 Quantification of BACs by LC-MS/MS

Levels of BAC C8, C10, C12 and C14 were quantified using a LC-MS/MS system
consisting of a Waters Acquity UPLC system coupled to a Waters Synapt XS quadrupole time-of-
flight (QToF) mass spectrometer (Waters Corporation, Milford, MA). Samples were prepared in
50% acetonitrile containing 50 nM individual d7-BACs as internal standards. The autosampler
compartment was maintained at 10°C from which 8 pL sample aliquots were injected to the LC
column by a flow-through needle. Reversed-phase analyte separation was performed on a Thermo
Hypersil GOLD Cgyg column (100x2.1 mm, 1.9 um particle size) operated at ambient temperature
and 0.4 mL/min flow rate. The initial mobile phase composition of solvent A (water with 0.1%
formic acid and 2 mM ammonium formate) and solvent B (acetonitrile) was 80% A and 20% B.
Percent B was linearly increased at a rate of 6% per minute out to 10 minutes to reach 80% B.
Percent B then increased to 100% to wash the column for 2 minutes before returning to the initial
conditions (20% B) to re-equilibrate the column for 2 minutes prior to the next injection.
Electrospray ionization in positive ion mode (ESI+) was run under the following source conditions:
capillary voltage 2.5 kV, cone voltage 30 V, source offset 10 V, source temperature 150°C,
desolvation temperature 500°C, cone gas flow 50 L/hr, desolvation gas flow 1000 L/hr, and
nebulizer gas flow 6.5 bar. The mass detector was calibrated to sodium formate cluster ions
immediately prior to each run. During data acquisition, leucine-enkephalin lock mass ([M+H]*
556.2771 m/z) was sampled at regular intervals and applied as the mass correction reference.

Targeted MS/MS detection of BACs was accomplished by isolation of the precursor [M]*
ions in the quadrupole followed by fragmentation in the transfer cell and accurate mass
measurement by the time-of-flight mass analyzer. Fragmentation of BAC [M]" precursor ions

produced [M - benzyl]* and [benzyl]* as the two major fragment ions for the unlabeled BACs, or
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[M - d7-benzyl]* and [d7-benzyl]* fragment ions for deuterium-labeled d7-BAC internal standards.
The precursor to product mass-to-charge (m/z) transitions monitored for each analyte are described
in Table 3.1. LC-MS/MS chromatograms were accurate mass filtered (£0.020 Da) for the two
major fragment ions and the resulting peak areas were integrated using TargetLynx application
manager in MassLynx software (Waters Corporation). Analyte peak areas were normalized to the
appropriate internal standard peak area where d7-BAC-C10 served as the internal standard for
BAC-C8 and BAC-C10, d7-BAC-C12 as the internal standard for BAC-C12, and d7-BAC-C14 as

the internal standard for BAC-C14.

3.3.7 Data Analysis

Inhibition, uptake, and trans-stimulation studies in HEK293 cells were performed in
triplicate and repeated at least three independent times. The concentrations of BACs were
corrected based on nonspecific binding to plastic, which was determined by comparison of drug
concentration when diluted in organic solvent in comparison to KRH buffer. Transwell studies in
MDCK cells were performed in one (A-to-B direction) or two (B-to-A direction) individual
apparatuses and were repeated independently at least three times. Data is reported as mean + SD.
Data was plotted and fitted through nonlinear regression using GraphPad Prism 7.0 (GraphPad
Software Inc., La Jolla, CA). ICso values were obtained by fitting the following four-parameter

dose-dependent inhibition equation to the data:

(Top—Bottom)

Equation 3.1: V = Bottom + ="y

Where V is the rate of uptake in the presence of inhibitor, “Bottom” is the residual non-inhibitable

baseline value, “Top” is the rate of uptake in the absence of inhibitor, [I] is the inhibitor
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concentration, and H is the Hill coefficient. To obtain graphs and kinetic parameters, the

Michaelis-Menten equation was fitted by nonlinear regression to the BAC C8 data:

Vinax * [S]

Equation 3.2: V= Kot 5]

Where v is the uptake velocity, Vmax is the maximum uptake velocity of the system, Kn is the
Michaelis-Menten constant, and [S] is the substrate concentration. A substrate-inhibition kinetic
model previously described (Leow and Chan, 2019) was fitted to the BAC C10 transporter-specific

uptake data:

Vinax * [S]

K+ [S] * (1 + %)

Equation 3.3: v=

Where Kijs; is the affinity constant for binding of the substrate to the inhibitory site. For the
Transwell experiments, the Papp 0f BAC C8 and C10 were calculated using the following equation:

Equation 3.4: P,y = (dQ/dt) /(A * Cy)

Where dQ/dt is the amount of compound transported over time, A is the insert membrane surface
area, and Co is the initial compound concentration in the donor chamber. Statistical significance
was assessed using one-way ANOVA followed by Dunnett’s post hoc test to correct for multiple
comparisons or an unpaired student’s t-test (with or without Bonferroni post hoc test for multiple
comparisons) as specified in the figure legends. A P value less than 0.05 was considered

statistically significant.
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3.4 RESULTS

3.4.1 BACs are Strong Inhibitors of the Polyspecific Organic Cation Transporters

To determine if BACs of varying alkyl chain lengths (C8, C10, C12 and C14) interact with
hOCT1, 2, and 3 and hMATEL1 and 2K, the uptake of the probe substrate metformin was measured
in the absence and presence of varying BAC concentrations. Metformin was used at 8.7 uM, well
below its reported Kn, value for these transporters (Liang and Kathleen M Giacomini, 2017). All
BACs inhibited metformin uptake by hOCT1-3 and hMATEL/2K, displaying dose-dependent
inhibition with ICsg values ranging from 0.83 to 25.8 uM (Figure 3.2 and Table 3.2). To examine
whether BAC chain length impacts inhibition potency, the 1Cso values towards each transporter
were plotted as a function of BAC chain length (Figure 3.3). No apparent trend was observed.
However, hMATE1 seems to be the most sensitive transporter to BACs, with 1Cso values
consistently lower than other transporters (Figure 3.3 and Table 3.2). Interestingly, a stimulatory
effect on hOCT2-mediated metformin uptake was observed for C8 and C10 at low concentrations
(Figure 3.2 A and B), which was not observed for C12 or C14 (Figure 3.2 C and D). This
stimulatory effect may be due to trans-stimulation of the transporter. We thus performed trans-
stimulation studies in hOCT1-3 transfected HEK293 cells. As shown in Figure 3.4, pre-loading
hOCT2-transfected HEK293 cells with BAC C8 and C10, but not C12 and C14, led to an enhanced
uptake of metformin. No stimulation was observed for hOCT1 or hOCTS3; instead, a slight trans-

inhibitory effect by C8 and/or C10 was observed (Figure 3.4).
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3.4.2 BAC C8and C10 are Transported by hOCT1-3 and hMATE1/2K

To determine if BACs are substrates of polyspecific organic cation transporters, we directly
measured BAC accumulation in vector- and transporter-transfected HEK293 cells. At a substrate
concentration of 1 uM and incubation time of 10 min, C8 significantly accumulated in cells
expressing hOCT1, 2, and 3 (~ 13 to 16-fold) and hMATE1/2K (3.4 and 8.3-fold respectively) in
comparison to pcDNADS vector cells (Figure 3.5). Similarly, C10 also had significantly higher (~
2.3 to 3.3-fold) accumulation in transporter-transfected cell lines. In contrast, C12 only displayed
a slight uptake (< 1.5-fold) in hOCT1 and hMATE2K-transfected cells, and no significant
accumulation was observed for C14 (Figure 3.5). These results demonstrate that short-chain
BACs (C8 and C10) are substrates for hOCT1-3 and hMATEL/2K whereas longer-chain BACs

are poor or not substrates for these transporters.

3.4.3 Transport Kinetics of BAC C8 and C10 by hOCTs and hMATEs

The accurate determination of transporter kKinetic parameters requires the selection of time
points in the initial linear phase of uptake (i.e., initial uptake rates) (Brouwer et al., 2013).
Therefore, the time course of C8 and C10 uptake by hOCT1, hOCT2, hOCT3, hMATE1 and
hMATE2K was examined to determine the initial uptake rate. The data showed that uptake of C8
and C10 was higher in transporter-expressing cells at all time points tested, and substantial
accumulation was achieved after 5- to 10-min incubation in comparison to vector-transfected cells
(Figure 3.6). Uptake of C8 and C10 by hOCT1-3 was linear up to 7-10 minutes (Figure 3.6 A
and B) and their uptake by hMATE1/2K was linear up to 4-7 minutes (Figure 3.6 C and D).

Hence, concentration-dependent studies to determine kinetic parameters were conducted with a 4-
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minute incubation time for hOCT1-3 and a 2-minute incubation time for \MATE1/2K. Specific
transporter-mediated uptake was obtained by subtracting uptake in vector-transfected cells.

As shown in Figure 3.7, hOCT1-, hOCT2-, hOCT3-, hMATEL- and hMATE2K-mediated
uptake of C8 displayed saturable kinetics with typical Michaelis-Menten curves, as confirmed by
the linear nature of the Eadie-Hofstee plots. The Kn and Vmax values for each transporter, derived
from nonlinear regression fitting to Equation 3.2, are summarized in Table 3.3. The apparent
affinities of the human polyspecific organic cation transporters for C8 are similar, ranging from 6
to 19 uM, which is consistent with their 1Cso values (ranging from 5 to 14 uM, Table 3.2).
Interestingly, C10 displayed an atypical transport kinetic profile for all hOCTs and hMATEs, with
a hook in the upper left quadrant in the Eadie-Hofstee plot (Figure 3.8). These patterns could
suggest substrate inhibition kinetics due to substrate binding to multiple sites in these transporters
where binding to a secondary site may hinder transport efficiency. We then fit C10 kinetics data
using Equation 3.3, which includes an affinity constant for binding to the inhibitory site (Kis).
The Km, Vmax, and Kijs) values calculated for each transporter are presented in Table 3.3. The
estimated Ki s values are 5 to 15-fold higher than the Kn for hOCT1, hOCT2, hMATEL1, and
hMATE2K, indicating a higher affinity to the binding site that results in substrate translocation.
On the other hand, the Km and Kij s for hOCT3 were more comparable, suggesting the affinities to

the translocation and the inhibition binding sites are less discernible.

3.4.4 Transepithelial Transport of BAC C8 and C10 in hOCT2/hMATE1-Transfected MDCK
Cells

The hOCT2 and hMATEL/2K transporters work sequentially to mediate tubular secretion

of common substrates and how they function can influence intrarenal accumulation of compounds
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(Yin and Wang, 2016). Previous studies have revealed significant renal accumulation of BACs in
rats following oral and intravenous dosing, with higher accumulation reported for shorter-chain
BACs (Xue et al., 2004; Kera et al., 2021). Our uptake study in HEK293 transporter-transfected
cells shows that BAC C8 and C10 are substrates of hOCT2 and hMATE1/2K (Figure 3.5). To
investigate the potential role of these transporters in renal secretion and intrarenal accumulation of
these compounds, transepithelial flux and accumulation of BAC C8 and C10 were assessed in a
Transwell system employing vector-transfected and hOCT2/hMATEL1-double transfected MDCK
cells. As shown in Figure 3.9 (panels A and B), the B-to-A flux rates of BAC C8 and C10 were
constant over the 120-minutes time course, and transport was higher in the double-transfected cells
in comparison to vector-transfected cells. The A-to-B transport of BAC C8 and C10 was negligible
in both vector- and transporter-transfected cells, with BAC levels in the receiver chamber below
our LC-MS/MS limit of quantification. The calculated B-to-A Papp of BAC C8 was 17.9 £ 0.6 x
10 cm/s, and of C10 was 13.7 = 1.0 x 10® cm/s in hOCT2/hMATE1-transfected cells, which are
respectively 4 and 1.5-fold higher than the B-to-A Papp in vector cells (Figure 3.9 C and D). These
results suggest that hOCT2 and hMATEL in the human kidney can facilitate tubular secretion of
these compounds. In vector-transfected MDCK cells, there was detectable transport of BAC C8
and C10 in the B-to-A direction but not in the A-to-B direction. The reason for this observation is
unknown but may be due to the expression of endogenous transporters in MDCK cells, such as the

canine OCT2 and/or P-glycoprotein (Shu et al., 2001; Goh et al., 2002).
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3.4.5 Intracellular Accumulation of BAC C8 and C10 in hOCT2/hMATEZ1-Transfected MDCK
Cells

The intracellular accumulation of BAC was measured at the end of the transport study.
When BACs were added to the basal chamber, intracellular accumulation in the double-transfected
cells was 8.2 and 3.7 times that in vector cells for C8 and C10, respectively (Figure 3.10 A and
B). This data suggests that hOCT2 facilitates BAC uptake into MDCK cells at a rate significantly
higher than their apical efflux rate mediated by hMATEL. Intriguingly, BACs also accumulated
when added to the apical chamber in double-transfected cells, with 15- and 5-fold increase for C8
and C10 respectively in comparison to vector cells (Figure 3.10 A and B). This data is surprising
as it suggests that apical NMATEL could facilitate BAC uptake into the MDCK cells. To further
test this hypothesis, we measured intracellular accumulation of apically added BACs in the
absence or presence of the classic A(MATEL inhibitor pyrimethamine. Indeed, in the presence of
10 uM of pyrimethamine added apically, the accumulation of BAC C8 and C10 was significantly
reduced (Figure 3.10 C and D). Together, these findings strongly suggest that hOCT2 and

hMATEZ1 could play an important role in the intrarenal accumulation of BACs in vivo.

3.5 DIscussION

Due to the widespread use of BACs in cleaning products (e.g.: Lysol, Clorox, hand
sanitizers and wipes) and in pharmaceutical and personal care products, the general population is
exposed to these compounds and BACs have been detected in human blood/serum samples, with
increased exposure level observed during the pandemic (Hrubec et al., 2021; Zheng et al., 2021).
Studies in rodents have shown that BACs can accumulate in several tissues, with especially high
levels in the kidneys (Kera et al., 2021). Although the tissue distribution of BACs overlaps

significantly with tissue expression of the polyspecific organic cation transporters, the roles of

76



these transporters in BAC disposition are currently unknown. In this study, we comprehensively
characterized the interaction between BACs C8, C10, C12 and C14 (Figure 3.1) with hOCT1-3
and hMATE12K transporters as inhibitors or substrates. The role of hOCT2 and hMATEL1 in
intrarenal accumulation of short-chain BACs was also investigated using an in vitro model of renal
secretion. Findings from our study have important implications for improving our understanding
of the mechanisms involved in the disposition and systemic toxicology of BACs.

Our studies showed that all investigated BACs (C8 to C14) are potent hOCT and hMATE
inhibitors with ICsp values in the high nM to low uM range (Figure 3.2 and Table 3.2). The
calculated 1Cso values are well below the plasma levels reported for these compounds (Zheng et
al., 2021), and although the plasma concentrations of BACs are unlikely to elicit meaningful
transporter inhibition, the potential involvement of BACs in xenobiotic-drug interactions cannot
be ruled out due to their extensive tissue accumulation (Xue et al., 2002, 2004; Kera et al., 2021).
We did not observe a relationship between BAC chain length and inhibitory potency towards these
transporters (Figure 3.3). Previous studies analyzing other quaternary ammonium compounds
(i.e.: n-tetraalkylammonium) have reported a relationship between their inhibitory potency and
alkyl chain length (Zhang et al., 1999; Dresser et al., 2002). However, the basic structure of BACs
is different from n-tetraalkylammonium compounds. Previous pharmacophore studies on the
OCTs showed that inhibitors with a positively charged moiety and a hydrophobic aromatic moiety
separated by a distance (i.e., the Ar-N distance) around 1-3 carbon length offer the optimal
inhibitor binding to the transporter (Zolk et al., 2009). The presence of the positive charge and the
benzyl group at 1 carbon length in all BACs may already satisfy these basic pharmacophore
features required for the inhibition of these transporters (Figure 3.1). Hence, further increasing the

alkyl chain lenght.may not have a significant impact on inhibitor potency.
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The alkyl chain length does, however, appear to play a role in the substrate-status of these
compounds, as our uptake studies revealed BAC C8 and C10, are good substrates of hOCT1-3 and
hMATEL/2K (Figure 3.5), whereas hOCT/hMATE-mediated uptake seemed less relevant for C12
and C14. Both C8 and C10 are transported by hOCTs and hMATEs with Ky, the low uM range
(Table 3.3). Detailed kinetic analysis showed that while BAC C8 displayed typical Michaelis-
Menten Kinetics (Figure 3.7), C10 demonstrated a more complex substrate-inhibition profile
(Figure 3.8). hOCT1, hOCT2, hOCT3 and hMATEL have been reported to have multiple binding
sites (Belzer et al., 2013; Harper and Wright, 2013; Martinez-Guerrero and Wright, 2013;
Boxberger et al., 2018; Khanppnavar et al., 2022). Our results suggest that at higher concentrations
BAC C10 may bind to a second binding region, which may hinder the transport by either an
allosteric effect or steric hindrance (Hutzler and Tracy, 2002; Tracy, 2003; Leow and Chan, 2019).
Alternatively, BACs are cationic surfactants that could disrupt membrane or cell integrity at higher
concentrations, affecting overall cellular accumulation.

The identification of BAC C8 and C10 as substrates of the hOCT1-3 and hMATE1/2K
transporters suggests that the polyspecific organic cation transporters could be involved in the
tissue-specific disposition of these compounds in humans. The liver is considered a major site of
BAC elimination in humans, where these compounds are metabolized via alkyl chain oxidation
mediated by the cytochrome P450 (CYP) enzymes in the CYP4F subfamily and CYP2D6 (Seguin
et al., 2019). hOCTL1 is highly expressed in the sinusoidal membrane of human hepatocytes, and
the identification of BAC C8 and C10 as substrates of hOCT1 suggests that this transporter may
mediate the uptake of C8 and C10 BACs into hepatocytes, thus facilitating their metabolism by
intracellular CYPs. Additionally, fetal exposure to BACs is of special concern in view that short-

chain BACs are potent inhibitors of cholesterol biosynthesis (Herron et al., 2016), which is critical
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during neurodevelopment (Zhang and Liu, 2015). In fact, rodents exposed to a quaternary
ammonium mixture containing BACs have been reported to have decreased fertility and increased
incidence of neural tube defects in embryos (Melin et al., 2014, 2016; Hrubec et al., 2017). hOCT3
is highly expressed in the human placenta and could facilitate fetal exposure to organic cation
drugs (Leeetal., 2018). Although no data is currently available regarding BAC C8 and C10 fetal
accumulation, it is possible that hOCT3 could facilitate the placental transport of BACs,
contributing to the deleterious effects observed in embryonic development.

The hOCT2 and hMATEL/2K transporters have been implicated in the renal elimination
and accumulation of many organic cations (Yonezawa and Inui, 2011; Yin and Wang, 2016; Lépez
Quifones et al., 2020). The identification of BAC C8 and C10 as substrates of hOCT2 and
hMATEL/2K (Figure 3.5), and the results from our transepithelial transport and permeability
study employing hOCT2/hMATEL1 double-transfected cells (Figure 3.9) indicate the involvement
of these renal transporters in renal disposition of these short-chain BACs. Although no parent
BACs have been found in human urine samples (Li et al., 2023), it is possible that C8 and C10 are
secreted by hOCT2/hMATESs but undergo complete reabsorption in the nephron tubules, similarly
to what has been reported for choline (Wright et al., 1992). Importantly, the kidneys have been
consistently reported as a major organ for BAC accumulation in various biodistribution studies in
rats. For instance, 30 minutes after a single intravenous dose of BAC mixture (7 mg/kg), the
highest level of BAC accumulation was observed in the kidneys, which is ~ 42-fold higher than
serum concentrations (Xue et al., 2002). Similarly, 24 hours after oral administration of BACs
(250 mg/kg) to rats, kidney concentrations were 15-fold higher than in blood (Xue et al., 2004).
Kera et al. (2021) further demonstrated that shorter-chain BACs reached higher concentrations in

the kidneys of rats in comparison to longer-chain BACs (C12 > C14 > C16) following IV
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administration of a BAC mixture containing equal amounts of each chain length. In contrast, the
lungs and spleen preferentially accumulated longer chain BACs (C16 > C14 > C12). In the renal
proximal tubule cells, hOCT2 and hMATEL sequentially mediate the uptake and the efflux of
substrates, and the interplay between the two transporters can significantly impact intracellular
accumulation of the substrates. If efflux is slower than uptake, compounds will significantly
accumulate and potentially lead to nephrotoxicity (Yonezawa and Inui, 2011; Yin and Wang,
2016). The higher accumulation observed in the hOCT2/hMATE1-transfected cells in comparison
to vector cells when BACs were applied to the basal chamber suggests that h(MATE1-mediated
efflux is less efficient than OCT2-mediated uptake (Figure 3.10).

Interestingly, we also observed high accumulation of BACs in the hOCT2/hMATEL-
transfected cells when BACs were applied to the apical chamber (A-to-B) (Figure 3.10 A and B).
This may suggest that the initial high BAC concentrations in the apical chamber of our in vitro
system may drive hMATEL to function as an uptake transporter, allowing BACs to accumulate
intracellularly. The contribution of A(MATEL1 to the apical uptake of BAC C8 and C10 was further
corroborated by the inhibitory effect of pyrimethamine — a classic h(MATE1 inhibitor — which
reduced C8 and C10 accumulation by 40% and 35%, respectively, when added apically (Figure
3.10 C and D). This is different from what has been previously observed in our laboratory for
other hOCT2/hMATEL substrates such as atenolol, cimetidine and meta-iodobenzylguanidine
(Yin et al., 2015, 2016; Lépez Quifiones et al., 2020), for which intracellular accumulation in the
A-to-B direction in hOCT2/hMATEL1-transfected cells was either comparable or only slightly
higher than accumulation in vector-transfected cells. The reason behind this difference is currently
unknown. However, in contrast to the other organic cations studied in this double-transfected

system, BACs are membrane disruptors, and their addition to the apical side may alter the
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microenvironment around the apical membrane of cells and dissipate the proton gradient across
the membrane, which could potentially impact the directionality of hMATE1-mediated transport.
In conclusion, our Transwell study results demonstrate that the expression of hOCT2 and hMATEL
have substantial impact on the intracellular accumulation of BAC C8 and C10, and thus these
transporters may represent a previously unrecognized pathway driving intrarenal accumulation of
short-chain BACs in vivo.

In summary, we provide the first evidence that BACs can interact with the polyspecific
organic cation transporters both as inhibitors and substrates. Our results showed that BACs C8 to
C14 are potent inhibitors towards hOCT1-3 and hMATE1/2K, and that the shorter alkyl chain
BACs (C8 and C10) are excellent substrates of these transporters. Our data suggests that hOCT1
and hOCT3 can be determinants in the distribution of BAC C8 and C10 into tissues such as the
liver and placenta, whereas hOCT2 and hMATEL contribute to renal accumulation of these
compounds. Our findings provide new insights on the molecular mechanisms driving the tissue-
specific disposition of BACs which could have implications for understanding and predicting
tissue exposure and organ susceptibility to BAC toxicity in humans as a result of chronic

environmental exposure.
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Figure 3.1. Structure of benzalkonium chlorides (BAC) C8, C10, C12 and C14.
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Figure 3.2. Concentration-dependent inhibition of hOCT1, hOCT2, hOCT3, hMATE1, and hMATE2K by BAC C8, C10, C12,
and C14.

Uptake of C-metformin (8.7 uM) in the absence and presence of BAC C8 (A and E), C10 (B and F), C12 (C and G) and C14 (D and
H) was measured in both vector- and transporter-transfected HEK293 cells for 4 minutes at 37°C. Transporter-specific uptake was
obtained by subtracting the activity in vector cells from the activity in transporter-expressing cells, and data is presented as percentage
of metformin uptake in the absence of BACs. Each data point represents mean £ SD from at least three independent experiments. 1Csg

values obtained from the dose-dependent inhibition curves are summarized in Table 3.2.
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Figure 3.3. Relationship between the alkyl chain length of BACs and their 1Cso towards
hOCT1, hOCT2, hOCT3, hMATE1 and hMATE2K.

Each point represents the mean + SD ICso value obtained from at least three independent
experiments. Although no apparent trend was observed between inhibitory potency and alkyl

chain length, BACs appear to be slightly more potent inhibitors of hnMATEL.
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Figure 3.4. Trans-stimulation of *C-Metformin uptake in hOCT1-, hOCT2-, and hOCT3-
expressing HEK293 cells.

Cells were preincubated for 15 minutes at 37°C in the absence (control) or presence of BACs at 1
UM. BACs were removed from extracellular space by washing with ice-cold buffer before cells
were incubated for 4 minutes at 37°C with 8.7 pM 4C-Metformin (1 pCi/mL). Transporter-
specific uptake was calculated by subtracting uptake in vector-transfected cells subjected to the
same conditions, and uptake was normalized to each cell line control. Each bar represents mean
+ SD from four independent experiments. The uptake of metformin after preincubation with BACs
was compared to the control for each transporter-transfected cell line, and statistical significance
was determined by using one-way ANOVA followed by Dunnett’s post hoc test (¥* P <0.01; ***

P < 0.001).
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Figure 3.5. Uptake of BAC C8, C10, C12 and C14 by hOCT1-3 (A), and hMATEL1/2K (B).
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The uptake of 1 uM BAC (C8 to C14) was measured after 10 minutes incubation at 37°C in both pcDNA5 (vector) and transporter

expressing HEK?293 cells. Data are presented as the means £ SD from three independent experiments. The uptake of each BAC in

transporter-expressing cells was compared with that in vector-transfected cells (* P < 0.05; ** P < 0.01; *** P < 0.001). Statistical

significance was determined by using one-way ANOVA followed by Dunnett’s test.
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Time course of BAC C8 and C10 uptake mediated by hOCT1-3 and

Uptake of 1 uM BAC C8 (A and C) or C10 (B and D) was measured in HEK293 cells expressing

pcDNAS empty vector (black), hOCT1 (red), hOCT2 (blue), hOCT3 (green), h(MATE1 (orange)

and hMATE2K (purple) at specified time points (1 to 30 minutes) at 37°C. Data points represent

the mean + S.D. from three independent experiments.
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Figure 3.7. BAC C8 uptake kinetics by hOCT1-3 and hMATE1/2K.

Concentration-dependent uptake was measured in both control and transporter-expressing cell lines at 37°C within the linear phase of
uptake (4 minutes for hOCT1-3 and 2 minutes for h(MATE1/2K). Transporter-specific uptake was obtained by subtracting the uptake
in control cells from the uptake in transporter-expressing cells. (A-E) panels display saturation curves (v vs. s) and (F-J) panels show
Eadie-Hofstee transformations (v vs. v/s) for the kinetic data. Based on the Eadie-Hofstee plots, the standard Michaelis-Menten equation
(Equation 3.2) was fitted to the data from hOCT1- (A), hOCT2- (B), hOCT3- (C), hMATE1- (D) and hMATE2K- (E) mediated uptake

of BAC C8. Concentration-dependent uptake was performed independently three times for each transporter, and results from one
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representative experiment are shown. Data points represent the means + S.D. in triplicate. The Kinetic parameters summarized in Table

3.3 are the mean + S.D. of the values from all three independent experiments.
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Figure 3.8. BAC C10 uptake kinetics by hOCT1-3 and hMATEL/2K.

Concentration-dependent uptake was measured in both control and transporter-expressing cell lines at 37°C within the linear phase of
uptake (4 minutes for hOCT1-3 and 2 minutes for h(MATE1/2K). Transporter-specific uptake was obtained by subtracting the uptake
in control cells from the uptake in transporter-expressing cells. (A-E) panels display saturation curves (v vs. s) and (F-J) panels show
Eadie-Hofstee transformations (v vs. v/s) for the kinetic data. Based on the Eadie-Hofstee plots, a substrate-inhibition kinetic model
(Equation 3.3) was fitted to the data from hOCT1- (A), hOCT2- (B), hOCT3- (C), h(MATEL- (D) and hMATE2K- (E) mediated uptake

of BAC C10. Concentration-dependent uptake was performed independently three times for each transporter, and results from one
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representative experiment are shown. Data points represent the means + S.D. in triplicate. The Kinetic parameters summarized in Table

3.3 are the mean + S.D. of the values from all three independent experiments.
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Figure 3.9. Transepithelial transport and apparent permeability (Papp) of BAC C8 and C10
in vector-transfected and hOCT2/hMATE1 double-transfected MDCK cells.

Basolateral to apical (B-to-A) transport of BAC C8 (A) or C10 (D) across vector (open circle) and
hOCT2/hMATEL1-transfected (closed circle) MDCK monolayers. Apical to basolateral (A-to-B)
transport of BAC C8 and C10 were below the limit of quantification and thus are not shown.
Transport was initiated by adding KRH buffer containing 1 uM BAC to the basal chamber, and a
100 pL aliquot was collected periodically from the apical chamber and replenished with an equal
volume of KRH buffer. BAC C8 and C10 in the aliquots were measured by LC-MS/MS. The pH
in the apical and basal chamber was 6.0 and 7.4, respectively. B-to-A Papp of BAC C8 (C) and

BAC C10 (D) was calculated using Equation 3.4 described in Materials and Methods. Transport
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and permeability were compared between vector- and OCT2/hMATEL1-transfected MDCK cells
(** P < 0.01; *** P < 0.001). Statistical significance was determined by using an unpaired
Student’s t test with the Bonferroni correction when multiple comparisons were done. Each data

point represents the means + S.D. from three independent experiments.
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Figure 3.10. Intracellular accumulation of BAC C8 and C10 in vector- and hOCT2/hMATE1
double-transfected MDCK cells.

At the end of the 120-minute transepithelial transport assay, MDCK cells were lysed and the
intracellular accumulation of BAC C8 (A) and C10 (B) was measured by LC-MS/MS and
normalized to protein content. Intracellular accumulation of C8 and C10 applied basally or
apically in hOCT2/hMATE1-transfected cells were compared to their respective accumulation in
vector-transfected MDCK cells (*** P < 0.001). Additionally, accumulation of C8 (C) and C10
(D) applied apically in hOCT2/nhMATEL1-transfected cells was measured in the absence (control)
or presence of 10 uM pyrimethamine (also applied apically) and values were compared (*** P <

0.001). Statistical significance was determined by using an unpaired Student’s t test with the
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Bonferroni correction when multiple comparisons were done. Each data point represents the

means = S.D. from data obtained from three independent experiments.
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Table 3.1. Mass-to-charge (m/z) transitions monitored for BACs and d7-BACs in targeted
MS/MS.

A Waters Synapt XS quadrupole time-of-flight (QToF) mass spectrometer was used. The nominal
m/z values are reported for the precursors, while fragments m/z are reported after mass correction

based on the leucine-enkephalin lock mass reference.

Analyte Precursor m/z (nominal) Fragment m/z (accurate)
BAC-Cs 248 > 156.176 / 91.055
BAC-Cio 276 > 184.206 / 91.055
BAC-C12 304 > 212.238/91.055
BAC-Cu4 332 > 240.269 / 91.055
d7-BAC-Cyo 283 > 184.206 / 98.098
d-BAC-Cy2 311 > 212.238/98.098
d7-BAC-Cu4 339 > 240.269 / 98.098
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Table 3.2. 1Cso of BAC C8, C10, C12 and C14 of metformin uptake by hOCT1-3 and

hMATEL/2K.

Data is presented as mean + S.D. of the ICso values from three or four independent experiments.

ICs0 £ S.D. (uM)

PAC hOCT1 hOCT?2 hOCT3 hMATE1 hMATE2K
C8 59+0.6 119+53 122+6.8 49+22 14029
C10 3.0+£0.7 149+34 107+1.2 1.6+0.7 10.8+4.0
C12 5.5+0.9 84+49 33+15 0.83+038 83+22

C14 116+21 240+115 86=*16 3.7+13 25.8 +6.8
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Table 3.3. Kinetic parameters of BAC C8 and BAC C10 uptake by hOCT1-3, and hMATE1/2K.
Models were chosen based on examination of Eadie-Hofstee plots. The standard Michaelis-Menten equation (Equation 3.2) was fitted
to the BAC C8 data, while a substrate-inhibition model (Equation 3.3) was fitted to the BAC C10 uptake kinetics data. Results are

represented as mean * S.D. of the Ki, Vmax and Kj s from three independent experiments.

BAC C8 BAC C10
Transporter Ko Vo K V max Kig
(uM) (pmol/mg protein/min) (nM) (me) I/mg (nM)
protein/min)

hOCT1 8.7+23 1091 + 339 6.8 +3.8 1480 + 163 03.1+194
hOCT?2 10.4+3.9 965 + 43 19.1+6.8 2673 £ 412 106.5+11.2
hOCT3 189+24 1716 + 157 274 +22.1 2421 + 1233 37.1+19.3
hMATEL1 6.0+0.7 487 + 206 49+14 975 + 49 52.2+16.2
hMATE2K 9.7+4.1 2239 + 385 19.3+0.3 6102 + 973 111+ 27.6
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Chapter 4. USE OF A DOUBLE-TRANSFECTED SYSTEM TO
PREDICT OCT2/MATEI-MEDIATED RENAL DRUG-DRUG
INTERACTIONS

4.1 ABSTRACT

Accurate predictions of renal drug-drug interactions (DDIs) mediated by the human
organic cation transporter 2 (hOCT2) and multidrug and toxin extrusion proteins (hMATES)
remain challenging. Current DDI evaluation using plasma maximal unbound inhibitor
concentrations (Imax,u) and I1Cso values determined in single transporter-transfected cells frequently
leads to false or overprediction, especially for h(MATE1. Emerging evidence suggests intracellular
unbound inhibitor concentration may be more relevant for A(MATEL inhibition in vivo. However,
the determination of intrarenal inhibitor concentrations is impractical. Here we explored the use
of hOCT2/hMATEL double-transfected MDCK cells as a new in vitro tool for DDI risk
assessment. Our results showed that potent in vitro hMATEL1 inhibitors (hydroxychloroquine,
brigatinib, and famotidine) failed to inhibit metformin B-to-A flux in the double-transfected
system. On the other side, the classical hOCT2/hMATEL inhibitors, pyrimethamine and
cimetidine, dose-dependently inhibited metformin’s apparent B-to-A permeability (Pspp). The
different behaviors of these h(MATELX inhibitors in the double-transfected system can be explained
by their different ability to gain intracellular access either via passive diffusion or transporter-
mediated uptake. A new parameter (ICsofiux) Was proposed reflecting the inhibitor’s potency on
overall hOCT2/hMATEL1-mediated tubular secretion. The 1Cso fiux Values significantly differ from
the ICso values determined in single transporter-transfected cells. Importantly, the 1Csofiux
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accurately predicted in vivo DDIs (within 2-fold) when used in a static model. Our data
demonstrated that the 1Csofiux approach circumvents the need to measure intracellular inhibitor
concentrations and more accurately predicted hOCT2/hMATEL-mediated renal DDIs. This
system represents a new approach that could be used for improved DDI assessment during drug

development.

4.2 INTRODUCTION

The renal organic cation secretion system, constituted by the organic cation transporter 2
(hOCT2) and multidrug and toxin extrusion proteins 1 and 2K (hMATE1/2K), is a major drug
secretion system in the human kidney. Respectively expressed in the basolateral and the apical
membrane of renal proximal tubular epithelial cells (PTECs), hOCT2 and hMATEs work
sequentially to mediate renal secretion of many cationic drugs such as metformin, atenolol, and
cimetidine (Morrissey et al., 2013; Yin and Wang, 2016). Inhibition of hOCT2/hMATES can lead
to drug-drug interactions (DDIs), which may impact not only systemic exposure and
pharmacokinetics of substrate drugs but also their intrarenal accumulation, potentially leading to
nephrotoxicity (Morrissey et al., 2013; Yin and Wang, 2016). Evaluation of new molecular
entities (NMEs) as substrates and inhibitors of renal hOCT2 and hMATEL/2K transporters is
recommended by regulatory agencies, including the US Food and Drug Administration (FDA), the
European Medicines Agency (EMA) and the Pharmaceuticals and Medical Devices Agency
(PMDA).

Current guidelines for initial DDI assessment are based on the inhibitor’s maximal
unbound plasma concentration (Imax,u) and its half-maximal inhibitory concentration (1Csp) towards
a specific transporter determined using single-transfected cell lines (FDA. In vitro DDI guidance,
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2020). If the Imaxu/ICso value is larger than the regulatory agency’s cutoff value (e.g., > 0.1 for
hOCT2 or hMATEL by FDA), the sponsor should consider conducting an in vivo DDI study (FDA.
In vitro DDI guidance, 2020). While this approach is widely adopted due to its simplicity and
feasibility, there are gaps in translating in vitro data to successfully predict in vivo DDIs, especially
for AMATESs. Indeed, many compounds exhibit potent hAMATEZ inhibition in vitro with Imax.u/ICso
surpassing the cutoff value, but this does not translate to DDIs in vivo (Hibma et al., 2016;
Mathialagan et al., 2021; Ogasawara et al., 2021; Krishnan et al., 2022). For instance, famotidine
has an Imax,u/ICso value of 4 for NMATEL (40-fold above the FDA cutoff value). However, clinical
evaluation showed no impact of famotidine on metformin exposure in vivo (Hibma et al., 2016).
The high rate of false- or over-prediction for h(MATE1-mediated DDIs is concerning as it can lead
to costly and unnecessary clinical studies (Mathialagan et al., 2021; Krishnan et al., 2022).

One possible reason contributing to the false- or over-prediction of hMATE1-mediated
DDIs is that plasma Imaxu IS used to predict the degree of hMATEL-inhibition in vivo.
Physiologically, h(MATE is located at the apical (urine-facing) membrane of PTECs, not in direct
contact with the plasma. Although unbound drug is also present in the filtrate, previous evidence
suggests that hNMATE inhibitors may need to enter PTECs in order to inhibit the transporter (Yin
etal., 2016). Thus, unbound intracellular concentration of the inhibitor would be more relevant in
predicting hMATE inhibition than Imax.u, Wwhich may significantly differ from unbound intracellular
concentrations due to multiple factors, including passive permeability, transporter-mediated
uptake/efflux, and intracellular binding or sequestration of the inhibitor (Figure 4.1). However,
accurate determination or prediction of intracellular concentrations in human PTECs can be
challenging and laborious (Guo et al., 2018). Additionally, many inhibitors interact with both

hOCT2 and hMATEs with varying inhibition potencies. While tubular secretion is sequentially
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mediated by hOCT2 and hMATEs, initial DDI assessment is based on the inhibition of individual
transporters, which does not consider the inhibitor’s overall impact on the net secretion process
and possible interplay between apical and basolateral transporters.

The Transwell system employing transporter-transfected Madin-Darby canine kidney
(MDCK) cells is commonly used in drug transporter research. Unlike uptake studies which
measure cellular accumulation, the Transwell system allows the measurement of substrate flux
across a monolayer of MDCK cells. Single- or double-transfected MDCK cells are typically
employed in substrate evaluation for efflux transporters (e.g. P-gp) or assessment of substrate
transepithelial transport mediated by multiple transporters (e.g. the hOCT2/hMATEL pathway)
(Sato et al., 2008; Konig et al., 2011; Yin et al., 2015, 2016; Lopez Quifiones et al., 2020).
However, its utility in quantitative assessment of renal DDIs has been largely unexplored. Here,
we used hOCT2/hMATE1 double-transfected cells as an in vitro model to assess the inhibitory
potential of compounds on the transepithelial flux of the organic cation probe substrate metformin.
A new parameter reflecting the inhibition potency of a compound on metformin transepithelial
basal-to-apical (B-to-A) flux (ICsoiux) is proposed and used to predict the in vivo DDI potential
using a static model. Our results showed that this approach can accurately predict
hOCT2/hMATEL1-mediated renal DDIs without the necessity to measure intracellular inhibitor

concentrations.

4.3 MATERIALS AND METHODS
4.3.1 Materials

[**C]Metformin (112 mCi/mmol) was purchased from Moravek Biochemicals, Inc. (Brea,

CA). [*H]mannitol (20 Ci/mmol) was purchased from American Radiolabeled Chemicals, Inc. (St.
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Louis, MO). Hydroxychloroguine (HCQ) was purchased from Toronto Research Chemicals, Inc.
(North York, ON, Canada). Brigatinib (BRI) was purchased from MedChemExpress LLC
(Monmouth Junction, NJ). Pyrimethamine (PYR) was purchased from TCIl America, Inc.
(Portland, OR). Cimetidine (CIM) and famotidine (FAM) were purchased from Sigma Aldrich (St.
Louis, MO). All chemicals were analytical grade. Cell culture media and reagents were purchased

from Invitrogen (Carlsbad, CA).

4.3.2 Cell Lines and Cell Culture

Flp-In human embryonic kidney (HEK) 293 cells stably transfected with hOCT2,
hMATE1, or empty pcDNAS5/FRT vector (control) were previously established in our laboratory
(Duan et al., 2015; Yin et al., 2015). Both control and transporter-expressing HEK293 cells were
maintained in high glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum, 2 mM L-glutamine, 100 1U/mL penicillin, 100 pg/mL streptomycin, and
150 pg/mL hygromycin B. The surface of the flasks and plates were coated with 0.1 mg/mL poly-
D-lysine in Milli-Q water to improve HEK293 cell attachment. The Madin-Darby Canine Kidney
(MDCK) cells double-transfected with hOCT2 and hMATEL or empty vector were previously
generated and validated in our laboratory (Yin et al., 2015) and were maintained in DMEM
supplemented with 15% fetal bovine serum, 500pg/mL G418, and 200pg/mL hygromycin B. All

cell lines were cultured in a 37°C humidified incubator with 5% CO..

4.3.3 Inhibition Assays in HEK293 Cells

Inhibition assays were performed as previously described (Duan and Wang, 2010; Yin et

al., 2015, 2016) with slight modifications. Briefly, HEK293 cells were seeded in poly-D-lysine
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coated 96-well plates and grown to greater than 90% confluency (1-2 days). Cells were washed
twice with prewarmed Krebs-Ringer-HEPES (KRH) buffer (5.6 mM glucose, 125 mM NaCl, 4.8
mM KCI, 1.2 mM KH2PO4, 1.2 mM CaCly, 1.2 mM MgSOs, and 25 mM HEPES, pH 7.4). Uptake
of C-labeled metformin in vector-transfected and transporter expressing HEK293 cells were
performed within the linear range of metformin uptake at 37°C in the presence or absence of
various inhibitor concentrations. Experiments were conducted at sub-saturating concentration of
14C-metformin (8.9 uM and 1 puCi/mL). For hOCT2-transfected cells uptake was performed using
KRH at pH 7.4, while for h(MATE1-transfected cells KRH at pH 8.0 was used to generate an
outwardly directed proton gradient favoring metformin uptake. Uptake was quenched by washing
the cells three times with ice-cold KRH buffer. After washing, cells were solubilized with 100 pL
1M NaOH at 37°C and neutralized with 100 puL 1M HCI after 1 hour. Radioactivity of 150 pL of
the lysates was measured by a Tri-Carb Liquid Scintillation Counter (Perkin Elmer, Waltham,
MA). The protein content in the lysates was measured through the BCA method using 20 uL of
the lysate, and the uptake in cells was normalized to their total protein content. Transporter-specific
uptake was calculated by subtracting the uptake in the vector-transfected cells, and uptake in the

presence of inhibitor was normalized to uptake in the absence of inhibitor.

4.3.4 Transwell Studies in hOCT2/hMATE1 Double-Transfected MDCK Cells

Transepithelial flux of metformin across MDCK cell monolayers was determined as
previously described (Yin et al., 2015, 2016). Briefly, empty vector and hOCT2/hMATEL1-
expressing MDCK cells were seeded at a density of 2 x 10° cells/cm? on 12-well Corning™
Transwell™ inserts (PET membrane, 0.4 UM pore size). Transport experiments were performed

5 days after seeding. Integrity of the MDCK monolayer and proper formation of tight junctions
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was verified by measurement of transepithelial flux of mannitol as described previously (Yin et
al., 2015), and only data from inserts in which mannitol apparent permeability (Papp) value was
below 1 x 10 cm/s were accepted. After removal of cell culture media from both sides of the
inserts, cells were carefully washed three times with warm KRH buffer pH 7.4. For apical-to-
basal (A-to-B) transport, 1.5 mL of KRH buffer (pH 7.4) was added to the B chamber, and
transport was initiated by adding 0.5 mL of KRH (pH 6.0) containing [**C]metformin (1uCi/mL,
8.9uM) and [*H]mannitol (1puCi/mL, 50nM) to the A chamber. Similarly, for basal-to-apical (B-
to-A) transport, 0.5 mL of KRH buffer (pH 6.0) was added to the A chamber, and transport was
initiated by adding 1.5 mL of KRH (pH 7.4) containing radiolabeled metformin and mannitol to
the B chamber. An apical pH of 6.0 was used based on previously published methods by our and
other groups to mimic the average urine pH (Tsuda et al., 2009; Rowland and Tozer, 2010; Muller
et al., 2011; Yin et al., 2015). To measure transcellular transport, at each time point 50 pL of
sample from the receiving chamber were collected for metformin and mannitol quantification and
replaced with an equal volume of the appropriate KRH buffer. Inhibitors studied (HCQ, BRI, PYR,
CIM and FAM) were applied to the basal, apical or both chambers at the start of the Transwell
study as specified in the figure legends. At the end of the experiment (120 minutes), inserts were
washed three times with ice-cold KRH buffer and cells were lysed using 1M NaOH and then
neutralized with 1M HCI after 1 hour. Radioactivity of the cell lysate and buffer aliquots collected
during the transcellular transport time course was measured by a Tri-Carb Liquid Scintillation
Counter (Perkin Elmer, Waltham, MA). Intracellular accumulation of metformin was normalized

to total protein content in cell lysate, which was measured by the BCA method.
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4.3.5 Data Analysis

Inhibition studies in HEK293 cells were performed in triplicate and repeated at least three
times independently. Transwell studies using MDCK cells were performed in two individual
apparatuses and were repeated independently at least three times. Data is reported as mean + SD
from at least three independent replicates. Data was plotted and fitted through nonlinear regression
using GraphPad Prism 7.0 (GraphPad Software Inc., La Jolla, CA). ICsp values were obtained by

fitting the following four-parameter dose-dependent inhibition equation to the data:

(Top—Bottom)

Equation 4.1: V = Bottom + 1+ /1Cag)F

where V is the rate of uptake — or apparent permeability (Papp) value — in the presence of
inhibitor; Bottom is the residual non inhibitable baseline value constrained to values higher or
equal to zero; Top is the rate of uptake — or Ppp value — in the absence of inhibitor; I is the inhibitor
concentration; and H is the Hill coefficient. For the Transwell experiments, the Papp of metformin
was calculated using the following equation:

Equation 4.2: Py, = (dQ/dt) /(A * Cy)

where dQ/dt is the amount of metformin transported over time, A is the insert membrane
surface area, and Coq is the initial metformin concentration in the donor chamber. Statistical
significance was assessed using one-way ANOVA followed by Dunnett’s post hoc test to correct

for multiple comparisons. A P value less than 0.05 was considered statistically significant.
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4.3.6 Prediction of hOCT2 and hMATE1-Mediated DDIs with Metformin

The effect of inhibition of hOCT2 and hMATE1L on plasma exposure of metformin was
assessed using the mechanistic static model previously proposed by Feng et al. (Feng et al., 2013;

Feng and Varma, 2016):

. . _ _ [Iu,max]/ICSO )
Equation 4.3: AUCR= 1/ (1 fsec* 1+[Imax)/ICs0

where AUCR represents the area under the concentration-time curve ratio in the presence
over absence of an inhibitor; [Imaxu] represents the plasma maximum inhibitor unbound
concentration; 1Cso represents the concentration of inhibitor necessary to inhibit 50% of either
individual transporter activity or transepithelial flux; and fsec represents the fraction of metformin’s
renal clearance mediated by secretion in the absence of inhibitors. In our calculations, glomerular
filtration rate of healthy young adults was assumed to be 120 mL/min, and metformin fsec was
calculated as 0.8 considering that metformin is exclusively renally eliminated, has a renal clearance
of 600 mL/min (Bristol-Myers Squibb Company. Glucophage (metformin hydrochloride)

[package insert], 2017) and is negligibly bound to plasma proteins.

4.3.7 Estimated Physicochemical Properties of Compounds

The strongest basic pKa values for tested inhibitors were collected from

https://go.drugbank.com/. Calculated LogP values (computed by XLogP3 3.0) were collected from

https://pubchem.ncbi.nim.nih.gov/. LogD at pH 6.0 and 7.4 were calculated using ChemAxon’s

Calculator Plugins. The percentage of ionization at pH 7.4 was calculated using the Henderson-

Hasselbalch equation.
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4.4 RESULTS
4.4.1 Hydroxychloroquine (HCQ) and Brigatinib (BRI) Selectively Inhibit hAMATE1.

In order to evaluate the impact of inhibitor intracellular accessibility on hMATE1
inhibition in the double-transfected system, it is necessary to have compounds that are selective
for NMATELX inhibition. To expand the profile of hAMATEL1 selective inhibitors, we chose HCQ
and BRI based on literature evidence suggesting these compounds may preferentially inhibit
hMATESs over hOCT2 (Takeda Pharmaceutical Company Ltd. ALUNBRIG (brigatinib) [package
insert], 2020; Yee et al., 2021). Next, we determined ICso values of HCQ and BRI towards hOCT2
and hMATE1 in HEK?293 cells expressing a single transporter. Metformin was used as a probe
substrate at a concentration well below its apparent affinity (Km) value (Yin et al., 2016). For
hOCT2-expressing cell line, experiments were performed at pH 7.4, and for hnMATE1-expressing
cell line, experiments were performed at pH 8.0 (Tanihara, Masuda, Sato, Katsura, Ogawa, and K
ichi Inui, 2007). Results showed that both HCQ and BRI preferentially inhibit A(MATE1 (Figure
4.2). HCQ inhibited hMATE1 with a calculated 1Cso of 2.4 £ 1.3 uM, and no significant inhibition
of hOCT2 was observed up to 100 puM, in agreement to what was previously reported by Yee et
al., 2021. BRI was found to be approximately 10-fold more potent towards hMATE1 than hOCT2,

with 1Csp values of 0.63 + 0.24 uM and 6.5 + 2.3 UM respectively.

4.4.2 MATEL1 Inhibition by HCQ and BRI Does Not Translate to Inhibition of Metformin Flux in
hOCT2/hMATE1 Double-Transfected MDCK Cells.

Next, we tested the inhibitory potential of HCQ and BRI towards the B-to-A transepithelial

flux of metformin in a hOCT2/hMATEL double-transfected MDCK cell system. An HCQ
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concentration of 40 uM and a BRI concentration of 6.25 uM were selected for this study. Based
on the ICsp values determined in single-transfected HEK293 cells, at these concentrations, HCQ
was expected to completely inhibit h(MATEZL, with no impact on hOCT2 transport (Figure 4.2 A),
and BRI would lead to near complete inhibition of hAMATE1 but only partial inhibition of hOCT2
(Figure 4.2 B). In addition, due to stronger A(MATEZX inhibition, both drugs were expected to lead
to an increase in metformin intracellular accumulation. To assess inhibitor accessibility, inhibitors
were applied to the apical, basolateral, or to both Transwell chambers. Contrary to the prediction,
HCQ had no or minimal impact on metformin B-to-A transepithelial flux regardless of which
chamber it was applied to (Figure 4.3 A). Similarly, BRI had no or minimal impact on metformin
B-to-A flux over the two-hour time course (Figure 4.3 B). When Papp of metformin was calculated,
no inhibitory effect was observed by either HCQ or BRI, except for a small inhibitory effect of
HCQ and BRI when applied to the basal chamber (approximately 15% and 25% reduction
respectively) (Figure 4.4 A and B). The small inhibitory effect observed by basally added BRI is
likely due to partial inhibition of basolateral hOCT2. Consistent with the lack of significant
hMATEL inhibition, there were no changes in metformin intracellular accumulation in the
presence of either inhibitor ( Figure 4.4 C and D). These results demonstrate that although HCQ
and BRI are potent hMATEL inhibitors in the single-transfected cell system, these compounds are
unable to inhibit hAMATEL in the hOCT2/hMATE1-transfected MDCK monolayer when substrate

is added basolaterally.
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4.4.3 Classic MATE/OCT Inhibitors Dose-Dependently Reduced Metformin Transepithelial

Flux in Double-Transfected Cells.

The lack of inhibition by HCQ and BRI observed in the double-transfected system indicates
that these compounds are less likely to produce significant DDIs involving hOCT2/hMATEL in
vivo. Clinical metformin DDI studies using these compounds as perpetrators have not yet been
reported in the literature. However, clinical DDI studies have been conducted for several classical
inhibitors of the renal organic cation secretion system. Therefore, we explored the usefulness of
the Transwell system employing hOCT2/hMATE1 double-transfected MDCK cells in the
assessment of DDI potential of the classic OCT2 and MATEL inhibitors pyrimethamine (PYR)
and cimetidine (CIM). We also chose to evaluate famotidine (FAM), which is a selective and
potent in vitro hMATEL inhibitor but did not lead to significant clinical DDI with metformin
despite reaching plasma Imaxu 4-fold higher than its ICso value (Table 4.1) (Hibma et al., 2016).
We next determined the dose-dependent effect of PYR, CIM, and FAM in metformin
transepithelial flux and intracellular accumulation in the double-transfected MDCK system.
Inhibitors were applied to both apical and basal chambers simulating the in vivo microenvironment
of the nephron where inhibitors are present in both the plasma and the filtrate. Asshown in Figure
4.5, PYR and CIM dose-dependently inhibited metformin transepithelial flux and increased
metformin intracellular accumulation up to 3-fold in comparison to the absence of inhibitor,
suggesting predominant inhibition of apical hAMATE1. FAM, however, had minimal impact on
metformin transepithelial flux, and led to only a marginal increase in metformin intracellular
accumulation at the highest concentration tested (40 uM), which is 160-fold above its reported
ICso value towards hMATEL (0.25 uM) (Hibma et al., 2016). These results are consistent with

outcomes from clinical DDI studies, in which co-administration of PYR or CIM with metformin
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led to a significant increase in metformin AUC, whereas FAM had no impact on metformin

exposure (Somogyi et al., 1987; Kusuhara et al., 2011; Hibma et al., 2016).

4.4.4 Flux ICso (ICs0,fux) Values Obtained from Transwell Studies More Accurately Predicted in

vivo Metformin DDI.

The results from our Transwell inhibition study suggest that the hOCT2/hMATEL double-
transfected in vitro system has significant predictive value. To further assess if this approach can
be used to quantitatively predict the degree of hOCT2/hMATEL1 inhibition in vivo, we propose the
calculation of a flux 1Cso (ICso,fiux) based on the dose-dependent impact of inhibitor on metformin
Papp Values. The ICso fiux takes into consideration the overall impact of the inhibitor on metformin
secretion clearance mediated sequentially by hOCT2 and hMATEL. Metformin Pgpp values were
calculated using Equation 4.2 at varying inhibitor concentrations, and 1Cso fiuix Values were then
estimated from the dose-response curves (Figure 4.6 and Table 4.2). As shown in Table 4.2, the
ICso.fux Values obtained from Papp are different from those 1Cso reported for either transporter using
single-transfected HEK293 cells. According to the latest 2020 FDA guidance, an in vivo DDI
study is recommended if Imax,u/ICs0> 0.1 for either hOCT2 or hMATE]1. To determine whether the
use of different in vitro systems (e.g., double-transfected cells in Transwell system) leads to
different recommendations for in vivo DDI assessment, the Imaxu/ICso values of CIM, PYR, and
FAM were calculated using ICsq values determined from hOCT2-transfected, hMATEL-
transfected or hOCT2/hMATEL1 double-transfected cell lines (Table 4.2). While the use of hOCT2
ICso values led to calculated ratios below 0.1, the use of hMATEL ICso values resulted in ratios
well above the 0.1 cutoff value (1.36, 5.1, and 4.0 for PYR, CIM, and FAM, respectively), leading

to recommendations of in vivo DDI studies for all three compounds. In contrast, when using the
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ICso,fiux Values, the calculated ratios resulted in positive DDI prediction for PYR and CIM (0.29
and 0.36 Imaxu/ICsoiux, respectively), but not for FAM (Imaxu/ICsofiix < 0.025). A predicted
recommendation based on Transwell inhibition studies matches the results observed in clinical
metformin DDI studies (Table 4.2). Next, we predicted the percent change in metformin AUC
using a static model (Equation 4.3). As shown in Table 4.2, while the prediction using hOCT2
ICso value for FAM is consistent with in vivo metformin DDI observation, the use of these values
for PYR and CIM led to 35-fold and 8-fold underprediction, respectively. For hnMATEL, the use
of hMATEL ICso led to overprediction of PYR and CIM-mediated DDIs by 2.4 and 4-fold,
respectively, and a complete false prediction for FAM. In contrast, predictions using the 1Csg fiux
values were all within 2-fold of the observed AUC change from in vivo DDI studies (Table 4.2).
This data suggests that compared to a prediction based on individual transporter ICso values, the
use of ICsofux Values obtained from hOCT2/hMATEL double-transfected cells more accurately
predicted in vivo metformin DDI not only in a qualitative manner (based on the Imax.u/ICso ratio
threshold set by the FDA), but also when used in a static model to predict the percent change to

metformin AUC.

4.4.5 Consideration of Physicochemical Properties, Membrane Permeability, and Substrate

Status May Help Explain Inhibition Discrepancies.

An interesting observation in our study is that the degree to which our ICsofiux values
differed from 1Csg values obtained from hMATE1-transfected cells varied significantly among the
inhibitors studied (5-fold for PYR, 14-fold for CIM, and >160-fold for FAM) (Table 4.2). Such
differences are likely rooted in their different ability to enter the cells, either by passive diffusion

or/and carrier-mediated transport, to access the hMATEL1 inhibition site (Figure 4.1). We thus
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examined the physicochemical properties of the inhibitors explored in this study as an indicator of
their ability to cross the membrane by passive diffusion (Table 4.3). All inhibitors under
consideration are weak bases ionized to different degrees under physiological pH. FAM, HCQ,
and BRI are highly ionized (>90%), while PYR and CIM are ionized to a lower extent. LogD
values were calculated at a physiologically relevant pH of 7.4 (blood) and 6.0 (urine). LogP and
LogD values suggest that CIM, FAM, and HCQ are highly hydrophilic, whereas PYR and BRI are
more lipophilic. The low molecular weight of PYR, in combination with its high lipophilicity,
indicates that PYR may be successful in passively permeating through the membrane and reaching
hMATEL site of inhibition. Despite its high lipophilicity, BRI is a large molecule (molecular
weight > 500 g/mol), which could limit its passive permeability (Lipinski et al., 2001) and
potentially explain its lack of inhibition in the double-transfected system. In contrast, CIM, FAM,
and HCQ are small and highly hydrophilic molecules, which have difficulty crossing the
membrane without the assistance of an uptake transporter. This could explain the lack of inhibitory
effect of FAM and HCQ in the double-transfected system. CIM is the exception, but it can enter
the cells through carrier-mediated uptake, as CIM has been previously reported to be a substrate
of hOCT2 and to accumulate in hOCT2/hMATE1-transfected MDCK cells (Yin et al., 2016).
Together this data suggests that the ability of the inhibitor to enter cells, either by passive diffusion
or carrier-mediated uptake, is an important determinant in its ability to produce clinically

significant DDIs through hMATEZX inhibition in vivo.

4.5 DISCUSSION

Accurate prediction of hOCT2/hMATE1-2K-mediated renal DDIs based on in vitro data
remains a challenge (Mathialagan et al., 2021; Krishnan et al., 2022). Current DDI risk assessment
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relies on the use of plasma Imaxu and 1Cso determined for a single transporter, which frequently
leads to false or overprediction for hMATEs. In this study, we explored the use of
hOCT2/hMATEL1 double-transfected MDCK cells as a new in vitro tool for DDI risk assessment.
A new inhibition parameter (ICsofux) reflecting an inhibitor’s overall impact on renal secretory
clearance was obtained and used to predict in vivo metformin DDIs.

hMATE functions as a proton/organic cation antiporter, with proton binding occurring on
the opposite side of substrate binding. For inhibition experiments using hMATEL single-
transfected cells, the extracellular or intracellular pH is modified to create an outwardly directed
proton gradient, driving hMATEL to function as an uptake transporter. In this state, the organic
cation binding site is exposed to the extracellular space, allowing 1Cso determination through
conventional uptake studies where substrates and inhibitors are both added to the extracellular
side. In PTECs, however, (MATE1 mediates organic cation efflux utilizing the inwardly directed
physiologic proton gradient. In this state, organic cation binds from the intracellular side, whereas
proton binds from the lumen side. Our previous work suggested that in the natural physiological
state, hMATEL inhibitor binding occurs from the intracellular side (Yin et al., 2016). Our
inhibition study with HCQ and BRI further corroborates this observation, as these potent \MATE1
inhibitors (Figure 4.2) showed no inhibitory effect on metformin B-to-A flux when applied
apically at concentrations much higher than their 1Cso determined in single-transfected cells
(Figure 4.3 and Figure 4.4). Collectively, these data strongly suggest that when hMATEL
functions as an efflux transporter, inhibitors must be present intracellularly, i.e., at the same side
with the substrate, to exert an inhibitory effect. The artificial cell models used previously obviate

the need for this critical inhibitor disposition characteristic, given that the double-transfected
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system takes into consideration the inhibitor’s intracellular accessibility, while the single
transporter-transfected system lacks attention to the disposition characteristics of the inhibitor.

hMATEs inhibitors can gain intracellular access via passive diffusion or transporter-
mediated uptake. Their intracellular concentrations may be additionally influenced by intracellular
binding/sequestration and transporter-mediated efflux (Figure 4.1). The lack of inhibitory effect
of HCQ and BRI on metformin B-to-A flux (Figure 4.3 and Figure 4.4) indicates that they may
not reach sufficient intracellular concentration to inhibit h(MATEL1. HCQ is highly ionized at
physiological pH and has a low LogD, limiting its passive membrane permeability. BRI is also
highly ionized, and although it has an intermediate LogD, its larger molecular size may also limit
its passive permeability (Lipinski et al., 2001) (Table 4.3). Neither HCQ nor BRI have been
reported as a substrate of the basolateral uptake transporter hOCT2. Instead, both were reported
as substrates of the efflux transporter P-glycoprotein (P-gp) present in human kidneys (Li et al.,
2018; Weiss et al., 2020) and MDCK cells (Goh et al., 2002). Additionally, HCQ is known to
accumulate within lysosomes (Derendorf, 2020). Together, these factors may contribute to low
unbound intracellular concentrations resulting in the lack of hMATEL inhibition in the double-
transfected system. These data also suggest that HCQ and BRI may not affect metformin renal
secretion in vivo. Unfortunately, no in vivo metformin DDI information is available for HCQ or
BRI to corroborate our hypothesis.

PYR and CIM are classic inhibitors of the renal organic cation secretion system known to
impact metformin exposure in vivo (Somogyi et al., 1987; Kusuhara et al., 2011). Both PYR and
CIM display much higher inhibitory potency towards hMATEL than for hOCT2 (Table 4.2). FAM
is also a potent hAMATEL inhibitor (1Cso = 0.25 M) in vitro but has no in vivo effect on metformin

exposure (Hibma et al., 2016). When evaluated in our double-transfected Transwell system, PYR
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and CIM dose-dependently inhibited metformin Papp (Figure 4.5 A and B). The observed increase
in metformin intracellular accumulation (Figure 4.5 D and E) further suggests that the main site
of inhibition is hAMATEZ. In contrast, FAM had minimal impact on metformin transepithelial flux
and intracellular accumulation at concentrations up to 40 uM (Figure 4.5 C and F), demonstrating
a disconnect between inhibition in single- versus double-transfected cell models. These
observations are fully consistent with clinical DDI study outcomes, in which co-administration of
PYR or CIM with metformin led to a significant increase in metformin AUC, whereas FAM did
not (Somogyi et al., 1987; Kusuhara et al., 2011; Hibma et al., 2016).

The different impact of these three inhibitors on metformin flux could be explained by their
inherent characteristics impacting intracellular accessibility (Figure 4.1). PYR is a small
lipophilic molecule only partially ionized at pH 7.4 (Table 4.3), and thus more likely to enter cells
by passive diffusion. In contrast, FAM is predominantly ionized at physiologic pH, highly
hydrophilic (LogD7.4 =-2.6), and not a (or a poor) hOCT?2 substrate (Motohashi et al., 2004; Tahara
et al., 2005). These factors likely contribute to poor FAM intracellular accessibility and lack of
hMATEL inhibition in the Transwell system (Figure 4.5 and Figure 4.6). Although CIM is also
a small and highly hydrophilic compound, it is a substrate of hOCT2 (Tahara et al., 2005; Tanihara,
Masuda, Sato, Katsura, Ogawa, and K ichi Inui, 2007). Previously, we demonstrated that hOCT2-
mediated uptake is crucial for granting CIM intracellular access to inhibit hNMATEL (Yin et al.,
2016). Hence, despite CIM’s low passive permeability, the presence of hOCT2 in our double-
transfected system facilitates CIM intracellular accessibility, resulting in the observed dose-
dependent inhibition of metformin Pqpp (Figure 4.5 and Figure 4.6).

Our results suggest that the use of unbound intracellular inhibitor concentrations instead of

plasma Imaxu could better predict h(MATE-mediated clinical DDIs. However, determination of
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such concentrations with human PTECs can be challenging and possibly impractical during early
drug development. We thus proposed a new approach that accounts for the inhibitor’s intracellular
accessibility and allows the prediction of DDI potential using plasma inhibitor concentrations. In
this approach, a new inhibition parameter (ICsofiux) reflecting the inhibitor’s potency on overall
renal secretory clearance was determined in hOCT2/hMATE1 double-transfected MDCK cells
(Figure 4.6). The ICsosux directly links the inhibitory effect on substrate flux with extracellular
inhibitor concentrations in the transport buffer, which reflects plasma Imaxu (Figure 4.1). As
shown in Table 4.2, the 1Cso fiux Values calculated from metformin Papp for PYR, CIM, and FAM
were quite different from ICso obtained by uptake studies in single transporter-transfected cells,
with the difference being 5-fold for PYR, 14-fold for CIM and >160-fold for FAM for hnMATEL.
In quantitative prediction of in vivo DDIs using a static prediction model (Equation 4.3), the use
of 1Cso,fux performed substantially better than individual transporter ICso values for PYR and CIM
(Table 4.2). Importantly, it accurately predicted the lack of in vivo DDI for FAM, which would
otherwise be incorrectly predicted when using hMATEL ICso. Therefore, the ICso fiux approach
could mitigate the risk of false and over-predictions commonly observed for predicting hAMATE1-
mediated DDIs, reducing the burden of unnecessary and costly clinical DDI investigations.

The use of hOCT2/hMATEL double-transfected MDCK cells and the 1Csofiux approach
have several advantages for predicting renal transporter-mediated DDIs. First, the system is robust
for identifying h(MATELX inhibitors that are likely to lead to false DDI prediction as it accounts for
inhibitor intracellular accessibility without the need to measure intracellular inhibitor
concentrations. Second, it measures the overall inhibitory effect on hOCT2/hMATE1-mediated
secretory clearance without assuming a single transporter as the site of interaction. Third,

intracellular substrate accumulation can be measured, which could serve as a useful indicator of
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intrarenal drug accumulation and drug-induced nephrotoxicity. Lastly, compared to other
emerging in vitro platforms such as cultured organoids and microphysiological systems, which
require expensive human renal cells and specialized culturing techniques, the double-transfected
MDCK system is less complex, cost-effective, and scalable for high throughput screening, which
could be incorporated into the current scheme of in vitro DDI assessments during preclinical drug
development. A similar concept can be implemented to predict DDIs for other transport pathways,
such as hOATP1B/hMRP2 in human hepatocytes.

Our approach nevertheless has limitations. We only considered hMATEL1 as the apical
efflux transporter. Although recent proteomic studies have reported hMATE2K expression levels
are much lower than hMATEZL in human PTECs (Prasad et al., 2016; Kikuchi et al., 2021), we
cannot exclude the possibility that A(MATE2K may also contribute to renal DDIs. Nevertheless,
the concept and approach developed in this study should be applicable to hMATE2K using double-
or triple-transfected cell systems expressing h(MATE2K. Our model uses a canine-derived cell
line (MDCK) that was derived from the distal tubule and also expresses endogenous canine
transporters (e.g. P-gp) (Goh et al., 2002). Further, it does not account for the potential role of
other human PTEC transporters in the basolateral uptake of h(MATEL inhibitors. Additionally,
differences in hOCT2 and hMATEL expression levels in MDCK-transfected cells in comparison
to human PTECSs could impact quantitative predictions. Finally, although ICso fiux performed well
in our predictions with PYR, CIM, and FAM, this strategy should be further validated with more
inhibitors for which clinical DDI information is available.

In summary, our findings highlight the importance of considering inhibitor’s accessibility
to intracellular space — via passive diffusion or transporter-mediated uptake — for accurate

prediction of AMATE1-mediated DDI in vivo. The use of a double-transfected system and 1Cso,fiux
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has the potential to bridge the gap in the current prediction of nMATE1-mediated DDIs and reduce

the burden of unnecessary and costly clinical DDI investigations.
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Figure 4.1. Representation of the renal secretion of organic cations (OC™) sequentially
mediated by hOCT2 and hMATEL.

hOCT2 is expressed in basolateral membrane of renal proximal tubule cells and mediates OC*
uptake driven by the inside-negative membrane potential. h(MATE1L is expressed in the apical
membrane and functions as a proton/OC* exchanger mediating the efflux of OC™ from intracellular
space to the proximal tubule lumen. Imaxu denotes the maximal unbound plasma concentration of
the inhibitor which also presents in the filtrate due to glomerular filtration. Although Imax.u is often
used for assessment of DDI potential, intracellular inhibitor concentration ([1]intra) Mmay be more

relevant for assessment of A(MATE1-mediated DDI, which can be influenced by many factors.
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Figure 4.2. Inhibition of hOCT2 and hMATEL by hydroxychloroquine (A) or brigatinib (B) using metformin as probe substrate.
Cells were incubated in KRH buffer containing *C-labeled metformin (8.9 uM) for 2 minutes in the presence or absence of inhibitor at
indicated concentrations. Transporter-specific uptake was calculated by subtracting the uptake in vector-transfected HEK293 cells and
data is presented as percentage of the uptake in the absence of inhibitor. A non-linear regression was fit to the data using Equation 4.1.

Each data point represents mean + SD from at least three independent experiments.
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Figure 4.3. Effect of 40 uM hydroxychloroquine (A) or 6.25 uM brigatinib (B) on B-to-A transcellular flux of metformin in

hOCT2/hMATEL1-expressing MDCK cells.

The pH in the basal and apical chambers were maintained at 7.4 and 6.0, respectively. Cells were incubated in KRH buffer containing
14C-metformin (8.9 uM) in the basal chamber, and B-to-A flux of metformin was measured in the absence or presence of inhibitors

added to apical, basolateral or both chambers. An aliquot of buffer from the apical chamber was sampled periodically and replenished

with an equal volume of KRH buffer with or without inhibitor. Data is presented as mean + SD of three independent experiments.
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Figure 4.4. Effect of hydroxychloroquine and brigatinib in metformin apparent permeability

(Papp) and intracellular accumulation in MDCK-hOCT2/hMATEL1 cells.

The B-to-A Papp value of metformin in the absence or presence of 40uM hydroxychloroquine (A)

or 6.25 UM brigatinib (B) was calculated using Equation 4.2.

Intracellular accumulation of

metformin was measured at the end of the Transwell study in the absence and presence of

hydroxychloroquine (C) or brigatinib (D). Inhibitors were added to apical, basal or both chambers

at the beginning of the Transwell experiment. Permeability and accumulation in the presence of

inhibitors was compared to those in absence of inhibitor (* P < 0.05). Statistical significance was

determined using one-way ANOVA followed by Dunnett’s post hoc test to correct for multiple

comparisons. Data is presented as mean + SD of three independent experiments.
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Figure 4.5. Effect of pyrimethamine, cimetidine and famotidine in metformin B-to-A transcellular flux (A, B and C) and
intracellular accumulation (D, E and F) in hOCT2/hMATE1-expressing MDCK cells.

The pH in the basal and apical chambers were maintained at 7.4 and 6.0, respectively. Cells were incubated in KRH buffer containing
14C-metformin (8.9 uM) in the basal chamber in the absence or presence of inhibitors. Inhibitors were added to both apical and basal

chambers at indicated concentrations. An aliquot of buffer from the apical chamber was sampled periodically up to 120 minutes and B-
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to-A flux of metformin was measured in the absence and presence of varying concentrations of pyrimethamine (A), cimetidine (B) and
famotidine (C). At the end of the transport experiment, cells were lysed, and intracellular accumulation of metformin was measured in
the absence and presence of pyrimethamine (D), cimetidine (E) and famotidine (F). *** P<0.001, **P < 0.01, *P < 0.05 indicates

significantly higher accumulation in comparison to control (absence of inhibitor). Statistical significance was determined using one-way

ANOVA followed by Dunnett’s post hoc test to correct for multiple comparisons. Data is presented as mean + SD of at least three

independent experiments.
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Figure 4.6. Dose-dependent inhibition of metformin B-to-A Papp in hOCT2/hMATEL1 double-
transfected MDCK cells by pyrimethamine, cimetidine and famotidine.
Papp Values in the absence or presence of varying inhibitor concentrations were calculated using
Equation 4.2. Inhibitors were added to both basal and apical chambers at the start of the Transwell
experiment at indicated concentrations. Each data point represents mean + SD from three to four

independent experiments.
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Table 4.1. Assessment of DDI potential and predictivity of static prediction models using Imaxu and 1Cso values collected from literature.

Predicted Change

Observed Change

. . Imax ¢ Imax,u ICso (uM) Imax,u/ICs0 in Metformin . " . L
Inhibitor Dosing (M) u (M) AUC (%) mi/[Ue(tj (():)‘/n;m Prediction
OCT2 MATEI OCT2 MATEI OCT2  MATEI °
Fedratinib 600mg® 3.8 0.045% 0.17° 0.78% 0352% 022 049 17 35 _3A FP
Ranitidine 152?5;3?’ 140  085C 1.19 157° 404> 008 029 6 22 2.2B FP
800mg
Famotidine (160mg ; ; 1.0E 665 0258 002 4 | 178 0F FP
every 4h) B

8mg QD, F F F F F
Ondansetron 5 days F 02F 025 005 3.8 0035 001 143 | 89 21 0
Cimetidine  100™8 BéD’ 956 089 76 9354 158 008 5.1 6 202 500 0

5 days

Pyrimethamine 50mg ! 229" 0.13! 0.3 229" 022" 0.01 1.36 1 85 35! O
Trimethoprim 202?5;;)’1]])’ 148 06 89 272' 63 032 141 24 88 295 0

Predicted change in metformin AUC was calculated based on Equation 4.3.

FP — false prediction; O — overprediction
A Value from Ogasawara et al., 2021
B Value from Cho and Chung, 2016

€ Value from FDA drug label (GlaxoSmithKline. ZANTAC 150

(ranitidine hydrochloride) [package insert], 2004)
D Value from Morrissey et al., 2016
E Value from Hibma et al., 2016

F Value from Li et al., 2016

S Value from Somogyi et al., 1987
H Value from Yin et al., 2016
''Value from Kusuhara et al., 2011
I Value from Miiller et al., 2015
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Table 4.2. Prediction of hOCT2 and hMATE1l mediated DDIs utilizing 1Cso values

determined in single- vs. double-transfected cells (1Csofiux).

Data is presented as mean + SD from three or four independent experiments.

Predicted Observed Difference
. Transporter ICs0 (nM) Imaxu/  change in change in
Inhibitor Substrate: . . from
assessed M. . ICso Metformin Metformin
etformin observed
AUC (%) AUC (%)
hOCT2 2294 0.01 1 35-fold |
PYR hMATEI1 0224 1.36 85 35 B 2.4-fold 1
hOCT2/hMATEL 1.04 = 0.15 0.29 22 1.6-fold |
(Flux)
hOCT2 93.54 0.08 6 8.3-fold |
A
CIM hMATEI1 1.5 5.1 202 50 € 4-fold 1
hOCT2/hMATEL 21.4+10.0 0.36 27 1.9-fold |
(Flux)
hOCT2 66 P 0.02 1 No difference
False
D
hOCT2/hMATEL > 40 <0.025 <2 No difference
(Flux)

Imax,u USed in calculations for PYR, CIM and FAM are 0.3, 7.6 and 1 pM respectively. Further

details of these values can be found in Table 4.1. Predicted change in metformin AUC was

calculated based on Equation 4.3. Overprediction or underprediction are respectively indicated

by 1 or |.

AValue from Yin et al., 2016.

B Value from Kusuhara et al., 2011.

Value from Somogyi et al., 1987.
D Value from Hibma et al., 2016
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Table 4.3. Physicochemical properties and membrane permeability values of compounds

investigated in the present study.

Compound (gl\/qnm) pKa 0:; i;:)fnli;ef (XLE;)I%ZI: 3.0) LogD (ChemAxo
) ) pH74 pH6.0
PYR 248.7 7.34 46.6 2.7 2.25 1.19
CIM 252.3 6.91 24.4 0.4 2025 -0.84
FAM 337.5 8.38 90.5 0.6 2.6 -3.35
HCQ 335.9 9.7 99.5 3.6 0.62 -3.7
BRI 584.1 8.54 93.2 4.6 2.49 1.1

MW — molecular weight. Only the strongest basic pKa is reported. Percent ionized at pH 7.4 was

calculated using the Henderson-Hasselbalch equation.
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Chapter 5. CONCLUSIONS AND FUTURE DIRECTIONS

The polyspecific organic cation transporters (pOCTSs) are increasingly acknowledged as
important determinants in the absorption, distribution, and excretion of many drugs and
environmental compounds, impacting pharmacokinetics, pharmacodynamic and toxicological
effects of its substrates and representing a potential site for drug interactions (International
Transporter Consortium et al., 2010; Wagner et al., 2016; Koepsell, 2020). Although great
advances have been made in characterizing substrates and inhibitors of these transporters and in
understanding their molecular features and mechanisms of transport, there are still many gaps in
our knowledge regarding the role of pOCTs in the disposition and drug interaction of a broader
spectrum of chemicals in the human body. This dissertation focused on addressing some of these
gaps, and our studies were designed to: (1) elucidate the role of monoamine transporters and
pOCTs — especially PMAT — in the disposition of the theranostic agent mIBG in neuroblastoma;
(2) investigate the role of pOCTs in the healthy tissue disposition of the environmental chemicals
benzalkonium chlorides (BACs); (3) explore the use of a double-transfected system to improve
prediction of DDIs mediated by the OCT2/MATEZ1 renal transporters.

In Chapter 2, we showed that neuroblastoma tumors and cell lines mainly express NET,
PMAT, and VMAT1/2, and that the expression of these transporters is significantly reduced when
the proto-oncogene MYCN is amplified. We further revealed that PMAT expression is the highest
among these transporters, and its expression correlated with improved survival of high-risk
neuroblastoma patients without MYCN amplification. We identified that PMAT efficiently
transports mIBG, is mainly localized in the mitochondria of neuroblastoma cells, and mediates
mitochondrial uptake of mIBG. Our results suggest that PMAT represents a novel risk marker to

help predict disease prognosis in neuroblastoma, and that variable expression of PMAT in
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neuroblastoma may help explain the interindividual variability in the response to *!I-mIBG
therapy. Further studies investigating the protein expression of PMAT in neuroblastoma tumors,
and its association with mIBG avidity and retention are important next steps in substantiating our
findings. Additionally, investigating the relationship between treatment outcome and tumor
expression of PMAT in neuroblastoma patients treated specifically with **I-mIBG would provide
more direct clinical evidence of PMAT’s significance in predicting response to *1-mIBG
treatment.

In Chapter 3, we showed that all BACs (C8 to C14) are inhibitors of OCT1-3 and
MATE1/2K, and that short-chain BACs (C8 and C10) are also substrates of these transporters.
Furthermore, we demonstrated that C8 and C10 are transported across OCT2/MATEL double-
transfected MDCK monolayer and that the expression and function of these transporters
significantly impact BAC intracellular accumulation. Our results indicate that transport mediated
by OCT2 and MATEL represents a previously unrecognized pathway driving intrarenal
accumulation of BAC C8 and C10, and that OCT1 and OCT3 may play important roles in the
tissue distribution of these compounds. The work presented in this dissertation focused on the
pOCTs. However, the interaction of BAC with other transporters that take organic cations as
substrates (e.g. P-glycoprotein) should also be evaluated and characterized as these transporters
could also impact systemic and tissue-specific BAC exposure in humans. Studies in Oct1/2 double
knockout mouse models with BAC could further test the significance of these transporters in
mediating renal accumulation of these compounds in vivo. Moreover, investigation of BAC
accumulation in human proximal tubule epithelial cells, toxicity studies employing a kidney-on-
a-chip system, and the assessment of OCT2 and MATEI inhibitor’s impact on BAC accumulation

and nephrotoxicity could provide further evidence of the significance of OCT2 and MATEL-
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mediated transport in C8 and C10 BAC renal accumulation in humans. Further, given their
significant kidney accumulation and their inhibitory potential towards MATEL, the possible
involvement of BACs in xenobiotic-drug interactions could be explored in vitro using our
OCT2/MATEL1 double-transfected renal secretion model. Lastly, because C8 and C10 are usually
not the main BAC homologs in commercial products, they are often overlooked in contrast to their
longer chain counterparts. However, given that short-chain BACs show potential for biochemical
interactions and were identified as potent inhibitors of cholesterol biosynthesis even at nM
concentrations (Herron et al., 2016), further in vivo studies focusing on the biodistribution and
chronic exposure effect of C8 and C10 BAC would be valuable.

In Chapter 4, we propose a novel strategy using OCT2/MATEL double-transfected MDCK
cells to assess the DDI potential of compounds toward the renal organic cation secretion system.
Our results showed that inhibition of MATE1 assessed through simple uptake studies using single-
transfected cells does not necessarily translate to inhibition in the double-transfected system. This
finding suggests that when MATEL functions as an efflux transporter (as is the case in the double-
transfected system and in vivo) inhibitor accessibility to the intracellular space is crucial for
interaction with MATEL. Nevertheless, further studies directly measuring the unbound
intracellular concentration of inhibitors in our double-transfected system are necessary to confirm
this hypothesis. The double-transfected system allowed us to calculate a new parameter (1Cso fiux),
which reflects the inhibitor’s overall impact on OCT2/MATE1-mediated transepithelial flux of
substrate and already accounts for the inhibitor’s ability to reach the intracellular space.
Importantly, the use of ICso fiux in a static DDI prediction model performed better than ICso values
determined in single transported-transfected cells when predicting in vivo DDIs involving the

OCT2/MATEL1 pathway. Our findings indicate that this novel approach has the potential to

132



identify in vitro MATEL inhibitors that are unlikely to cause in vivo DDIs, thus reducing the
burden of unnecessary and costly clinical DDI investigations. Although we assessed a total of five
inhibitors in this study, only three of them had clinical DDI studies available in the literature, and
thus a comprehensive study should be done using a larger number of inhibitors, allowing
assessment of the positive predictive value and negative predictive value of this novel test strategy.
Additionally, although we used metformin as the classic OCT2/MATEL substrate in our studies,
other substrates could be employed in this system to evaluate its usefulness in predicting substrate-
dependent inhibition. Finally, a similar concept could be implemented using other double or triple-
transporter transfected MDCK cells to predict DDIs involving other transport pathways.

In summary, this dissertation research has greatly contributed to our understanding of the
involvement of pOCTs in the systemic and tissue-specific exposure of a broader spectrum of
compounds, including a cancer theranostic agent and environmental xenobiotics, and supports a
new innovative strategy to improve the prediction of renal DDIs. Specifically, the research
revealed that: (1) PMAT is highly expressed intracellularly in neuroblastoma, transports mIBG
and thus may represent a major determinant in the therapeutic efficacy of *!I-mIBG; (2) pOCTs
transport BAC C8 and C10 and thus can impact tissue accumulation and toxicity of these
compounds, having important implications for understanding human exposure and susceptibility
to environmental BACs; and (3) the use of OCT2/MATE1 double-transfected MDCK cells and
the 1Cso fiux approach provides a promising strategy to assess the inhibitory potential of compounds
towards the renal organic cation secretion system, with the ability to identify in vitro MATE1
inhibitors unlikely to result in in vivo DDIs, thus reducing the burden of unnecessary and costly

clinical DDI investigations.
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