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ABSTRACT
Targeting Solute Carrier Transporters for Drug Delivery to the
Central Nervous System

Ethan George Geier

The blood-brain barrier (BBB) is a major reason that approximately 95% of small
molecule drugs developed to target the central nervous system (CNS) fail. Thus, new
approaches for delivering drugs across the BBB should be explored. The goal of this
research was to identify solute carrier (SLC) influx transporters expressed at the BBB,
and determine how SLCs can be exploited to deliver low CNS permeability platinum
drugs across the BBB.

My first goal was to identify SLC transporters expressed at the human BBB. In
human brain microvessels isolated from cerebral cortex, expression profiling of 359 SLC
transporters, comparative expression with human kidney and liver samples, and
immunoassays confirmed and identified BBB drug transporters, including SLC7AS5,
SLC22A3, SLC47A1, and SLC19A1. Furthermore, pharmacokinetic studies in mice
with small molecule inhibitors of the reduced folate carrier (Rfc), established Rfc-
mediated uptake of methotrexate across the BBB.

The large neutral amino acid transporter 1, LAT1 is one of several SLC
transporters that mediate drug uptake across the BBB. The role of LAT1 in CNS drug
delivery was characterized by (a) using LAT1 expressing cell lines to determine whether
LAT1 can be targeted to deliver synthetic anti-cancer platinum analogs to the CNS; (b)

creating and characterizing a mouse model with reduced function Lat1 as a tool for



assessing LAT1 targeted drugs in vivo; and (c) using virtual screening of ~19,000
compounds against a comparative structural model of LAT1. One out of seven LAT1-
targeted synthetic platinum analogs was a cytotoxic substrate of the transporter.
Although Lat1 deletion appears to be embryonic lethal, Lat1 heterozygous mice have
decreased Lat1 mRNA expression, and gabapentin and levodopa brain accumulation.
Four novel LAT1 ligands were identified by comparative modeling, virtual screening,
and experimental validation. These results provided a rationale for the enhanced brain
permeability of two drugs. Two hits also inhibited proliferation of a cancer cell line by
different mechanisms, providing useful chemical tools to characterize the role of LAT1 in
cancer. The research presented here has important implications for LAT1-targeted
CNS drug delivery and cancer therapy, and provide important tools to continue to

address these implications in future studies.
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CHAPTER 1
Membrane transporters at the blood-brain barrier and regulation of drug
permeability to the central nervous system
Introduction

Membrane transporters are of significant pharmacological and physiological
importance due to their roles as major determinants of the absorption, distribution and
elimination of numerous exogenous and endogenous substances. To date, two major
superfamilies of transporters have been identified in the human genome. These are the
solute carrier superfamily (SLC), consisting of 55 families and at least 362 transporter
genes coding for proteins that function primarily as facilitated influx pumps [1], and the
ATP binding cassette superfamily (ABC), which includes seven families and 48
members, most of which are active efflux pumps relying on ATP hydrolysis for energy [2,
3]. Given the importance of transporters as permeability barriers and enhancers for
nutrients, xenobiotics and clinically relevant drugs, a number of studies have explored
their expression levels and cellular localization in tissues involved in drug absorption,
distribution, metabolism and elimination (ADME) [2, 4-11]. These studies have
contributed greatly to our understanding of the molecular processes that govern drug
distribution across tissue barriers.

The blood-brain barrier (BBB) regulates exchange between the blood and the
brain through the unique properties of the endothelial cells forming the CNS vasculature
to maintain the neural microenvironment [12, 13]. However, these properties, such as
the presence of several ABC efflux transporters and drug metabolizing enzymes,

simultaneously prevent most drugs from permeating the CNS [14, 15]. The two primary



routes by which small molecules pass through the BBB are transcellular passive
diffusion and carrier-mediated transport. Low molecular weight (< 450 Da), lipophilic
molecules tend to passively diffuse across the BBB, whereas more hydrophilic
molecules require carrier-mediated processes to reach the CNS [16, 17]. These
carriers are primarily SLC transporters that mediate the CNS uptake of essential
nutrients such as carbohydrates, amino acids and vitamins from the blood. Moreover,
many of these transporters are also involved in influx of drugs into the CNS, suggesting
that they can be targeted to facilitate drug penetration across the BBB.

The remainder of this introductory chapter will focus on the different drug
transporters that regulate drug penetration across the BBB. These transporters will be
discussed in two groups: SLC influx transporters that facilitate, and ABC efflux
transporters that restrict the entry of drugs into the CNS. Only transporters with
evidence of protein expression at the human BBB will be discussed. However, the
functional evidence for transporter contributions to CNS drug permeability will primarily
be derived from non-human experimental models, such as knockout (KO) mice, due to
the obvious ethical considerations and technical limitations with sampling from the

human CNS.

ABC Efflux Transporters

ABC transporters expressed at the BBB primarily function to prevent circulating
small molecules such as toxins and drugs from reaching the CNS by coupling the
hydrolysis of ATP with transport of these substrates against their concentration gradient

back into the blood [18, 19]. While the goal of this research focuses on characterizing



and targeting SLC influx transporters to deliver drugs across the BBB, it is important to
note the integral role that ABC transporters play in supporting BBB function. Moreover,
the maijority of previous studies investigating membrane transporter function at the BBB
have focused on ABC efflux transporters, particularly ABCB1 (MDR1). Even though
MRNA expression of ABC transporter genes from all identified subfamilies have been
detected at the human BBB [20], only members of the ABCB, ABCC, and ABCG
subfamilies have been functionally characterized in the context of drug delivery to the
CNS. Furthermore, the results of these studies have led to the proposed strategy of
targeting ABC transporters with selective inhibitors to enhance the CNS permeability of
their drug substrates. However, this leaves the CNS more vulnerable to insult from
circulating toxins, and has not yet proven to be clinically efficacious [21]. The ABC

transporters that support BBB function are discussed by subfamily below.

Multidrug Resistance Protein 1 (MDR1; P-glycoprotein; ABCB1)

MDR1 is the most extensively studied transporter at the BBB, and its ability to
greatly reduce the CNS permeability of many different drug classes, including
anticancer, antiviral, and antiepileptic drugs is well established [18, 22]. Aside from
being expressed in organs such as the small intestine, liver, and kidney, it is highly
expressed on the blood-facing membrane of the brain endothelial cells of many different
species [23], where it transports lipophilic, uncharged and cationic compounds into the
blood [21, 24] (Table 1.1). This function at the BBB was first established by
demonstrating that Mdr1a KO mice were much more sensitive to the antiparasitic drug

ivermectin relative to wild type mice [25]. The authors of this study determined that this



was caused by increased brain accumulation of ivermectin in the Abcb1a KO mice
relative to wild type mice, and went on to demonstrate that other MDR1 substrates
behaved in a similar manner in these mice. Since this seminal study, numerous others
have employed a similar approach to investigate the impact of MDR1 on CNS drug
penetration [26, 27]. More recently, positron emission tomography (PET) has been used
to investigate MDR1 function at the human BBB. This noninvasive technique for
determining transporter activity at the BBB measures the brain accumulation of ''C-
labeled MDR1 substrate, such as verapamil or loperamide, when given with and without
an MDR1 inhibitor [28, 29]. However, nearly all studies using this technique have only
observed modest (two-fold or less) increases in brain accumulation of the labeled probe
substrate when administered with an inhibitor versus without [21]. Thus, at the BBB,
MDR1 clearly functions to restrict drug penetration into the CNS in both preclinical

animal models of drug disposition and humans.

Breast Cancer Resistance Protein (BCRP; MXR; ABCG2)

BCRP is the next most extensively characterized efflux transporter at the BBB
after MDR1. It has a broader tissue expression pattern than MDR1 [23], but is similar to
MDR1 in that it is expressed in the blood-facing membrane of the BBB [30, 31] (Table
1.1). Furthermore, BCRP appears to be expressed at levels comparable to MDR1 in
the human BBB [15]. BCRP was initially discovered through its interactions with various
anticancer drugs, such as mitoxantrone and topotecan, and since then has been shown
to transport antivirals and cholesterol lowering statins [18, 23]. At the BBB, BCRP

extrudes its substrates from brain endothelial cells back into the blood, preventing them



from reaching the CNS. This function has primarily been established through the
observed increase in brain accumulation of BCRP substrates, such as daidzein and
genistein in BCRP KO mice relative to wild type mice [32]. Although these compounds
are not considered drugs, they clearly establish BCRP-mediated efflux at the BBB to
prevent xenobiotic penetration into the brain.

Since BCRP and MDR1 have overlapping substrate profiles, some studies have
used dual Berp/Mdr1a/1b KO mice to distinguish between the contributions of each
transporter to limiting drug penetration across the BBB [27, 32, 33]. These studies have
found that the brain accumulation of certain dual Mdr1 and Bcrp drug substrates, such
as flavopiridol and elacridar, increase disproportionately in Berp/Mdr1a/1b KO mice
relative to what would be expected from the individual knockout mice. In other words,
the increased brain uptake in the dual knockout is greater than the sum of the increased
brain uptake observed in the individual knockout mice. This phenomenon may be due
to the nonlinear function relating brain drug distribution to the fraction excreted (f.) by
efflux transport pathways (fold change in CNS distribution = 1/(1-f¢)), such that CNS
exposure increases exponentially as a greater fraction of excretory transport pathways,
whether it be one or multiple transporters, is inhibited [34]. However, this is likely to
only be observed in preclinical genetic knockout models of drug transport where
complete inhibition of each transporter is achieved, and not observed in clinical
situations where chemical inhibition of MDR1, BCRP, and other BBB efflux transporters
is generally about 50% or less [21]. Differences in the brain accumulation of PET probes
such as "'C-tariquidar in these three strains of knockout mice have also been used to

demonstrate this phenomenon [35], but unlike PET studies interrogating MDR1 function



at the human BBB, these studies have been limited to preclinical animal models.
Nevertheless, it is clear that BCRP and MDR1 prevent many drugs from crossing the

BBB, and provide a formidable barrier to delivering drugs into the CNS.

Multidrug Resistance-associated Proteins (MRPs; ABCCs)

MRPs transport a wide variety of neutral and/or anionic drugs and drug
conjugates, and are expressed in most human tissues, including the brain endothelial
cells of several different species [20] (Table 1.1). However, only Mrp1, Mrp4 and Mrp5
proteins have been detected and localized to the blood-facing membrane at the human
BBB, where they are presumed to restrict drug entry into the brain [36]. Despite these
findings, only MRP4 protein was detected at the human BBB by mass spectrometry [15].
Furthermore, studies in Mrp1 KO mice have demonstrated virtually no measurable
function at the rodent BBB [37, 38], while MRP5 function at the BBB has not been
characterized. MRP4, however, appears to play a minor role in limiting brain exposure
to certain drugs, as demonstrated by increased brain accumulation of adefovir and
topotecan in Mrp4 KO mice relative to wild type mice [39, 40]. It should be noted that
while these changes were reported to be statistically significant, they are less than two-
fold in magnitude, and far smaller than the ~100-fold increase in brain accumulation of
some drugs in Mdr1a KO relative to wild type mice. Therefore, the contribution of MRPs

to limiting drug penetration across the BBB into the CNS appears to be minimal.



SLC Influx Transporters

Unlike ABC efflux transporters, SLC influx transporters primarily function to
transport small molecules into the CNS from the systemic circulation either on their own
or in combination with another SLC transporter. Also unlike ABC transporters, far less
is known about the full complement of SLCs expressed at the human BBB, let alone
how they contribute to drug transport here. This has led some to believe that the
contribution of carrier-mediated processes to drug uptake into the CNS may be greater
than is currently presumed [19]. Nevertheless, several SLC drug transporters have
been identified at the human BBB and functionally characterized in animal models.
These transporters fall into two major categories: nutrient and established drug
transporters. Established drug transporters found at the BBB have primarily been
characterized to interact with drug substrates in organs outside of the CNS, such as the
organic anion transporting polypeptides (OATPSs) in the liver and intestine. Nutrient
transporters have been characterized through their interactions with endogenous
substrates such as amino acids, and were later found to transport nutrient mimetic
drugs at the BBB. The SLC transporters contributing to drug uptake across the BBB are

considered below.

Large-neutral Amino Acid Transporter 1 (LAT1; SLC7A5)

LAT1 is a sodium-independent exchanger highly expressed in the brain, testis,
placenta, and many types of cancer where it mediates transport of large-neutral amino
acids (e.qg., tyrosine) across the cell membrane [41]. More specifically, LAT1 is

expressed at the human BBB, and is presumed to have the same localization pattern as



the rodent and bovine BBBs, where it is present in both the blood- and brain-facing
membranes [15, 42, 43] (Table 1.1). LAT1 also transports several prescription drugs
used to treat different CNS diseases, such as the antiparkinsonian drug L-DOPA and
the anticonvulsant gabapentin [44-47]. Furthermore, LAT1 is the only SLC influx
transporter that has been shown to contribute to drug uptake across the human BBB.
This was demonstrated indirectly in Parkinsonian patients by observing a decreased
response to L-DOPA when administered with the LAT1 competitive inhibitors L-leucine
and L-phenylalanine, despite no changes in L-DOPA plasma concentrations [48].
These results are supported by PET studies that demonstrated a decrease in '®F-L-6-
fluorodopa brain accumulation in cynomolgus monkeys when the PET tracer is dosed
after an intraperitoneal injection of L-phenylalanine versus alone [49]. These studies
provide clear evidence for LAT1-mediated uptake of several drugs across the BBB into
the human brain and suggest that LAT1 may be targeted to enhance drug delivery to
the CNS.

Studies of targeting LAT1 to enhance CNS drug delivery are a major focus of this
dissertation research, and are aimed at addressing the following questions. Are there
chemically novel LAT1 ligands that can be identified through comparative modeling and
in vitro cell-based assays? Can a genetically deficient Lat1 knockout mouse model be
created and used to evaluate the contribution of Lat1 to drug uptake across the BBB
into the CNS? Can low CNS permeable platinum chemotherapeutics be targeted to
LAT1, and if so do these LAT1-targeted platinum drugs have enhanced penetration

across the BBB?



Equilibrative Nucleoside Transporter 1 (ENT1; SLC29A1)

ENT1 mediates the facilitated transport of purine and pyrimidine nucelosides,
and is ubiquitously expressed in human tissues. Aside from endogenous nucleosides,
ENT1 also transports numerous nucleoside analog drugs, including the anticancer
drugs cytarabine and gemcitabine [50]. Even though ENT1 protein is expressed at the
human BBB [15], its localization here is yet to be determined (Table 1.1). Nevertheless,
ENT1-mediated uptake of several nucleoside analogs at the rodent BBB has been
observed. The brain uptake of the PET probe, 3’-deoxy-3’-fluorothymidine was reduced
by approximately 30% in Ent1 KO mice and wild type mice treated with the Ent1
inhibitor, nitrobenzylmercaptopurine ribonucleoside (NBMPR), relative to untreated wild
type mice [51]. In another study, brain exposure to the A1 adenosine receptor agonist,
tecadenoson, was reduced three-fold in NBMPR treated mice relative to untreated
controls [52]. Although ENT1-mediated drug uptake at the BBB is evident from these
studies, it is not clear whether ENT1 acts alone or in concert with another BBB

transporter to transport drugs into the brain.

Monocarboxylate Transporter 1 (MCT1; SLC716A1)

MCT1 transports small, aliphatic monocarboxylates such as lactate and acetate
by either co-transport with a proton or in exchange for another monocarboxylate, and is
ubiquitously expressed in human tissues [14, 53]. At the BBB, Mct1 has a similar
expression pattern to Lat1 in that it is expressed in both the blood- and brain-facing
membranes of the rat BBB [42] (Table 1.1). Furthermore, MCT1 transports the general

anesthetic, gamma-hydroxybutyric acid (GHB) [54], and may also transport other drugs,



including valproic and salicylic acids [55]. MCT1 function at the BBB has been
characterized in rats, where GHB uptake into the brain was reduced two-fold by
concomitant treatment with the Mct1 competitive inhibitor, lactate, as compared to
untreated controls [56, 57]. The authors concluded that this uptake was due to Mct1
since it is the only MCT present at the rat BBB. However, this does not exclude the
presence of an unidentified transporter at the BBB that may also interact with lactate
and GHB. Even though there is some evidence for MCT1-mediated drug uptake across
the BBB, this function cannot be definitively attributed to MCT1 without using animal

models with altered MCT1 function at the BBB.

Organic Anion Transporting Polypeptides (OATPs; SLCOs)

OATPs are sodium-independent anion exchangers, and range in tissue
distribution from single tissues to ubiquitous expression [58]. There is some
disagreement over which OATP proteins are expressed at the human BBB, with
OATP1A2 (SLCO1A2) and OATP2B1 (SLCO2B1) having been detected by
immunohistochemistry (IHC) but not by mass spectrometry [15, 59, 60]. In these same
IHC studies, human OATP2B1 was localized to the blood-facing membrane of the BBB,
with the localization of OATP1A2 not determined. To further complicate matters, there
appear to be species differences in the localization of both proteins. IHC studies in rats
localized Oatp2b1 to either the brain-facing membrane of the BBB or pericytes that
surround the brain microvessels [42]. The OATP1A2 rodent homolog Oatp1a4 localizes
to the brain-facing membrane of the rat BBB [42], while in mice, Oatp1a4 localizes to

both membranes [61] (see Table 1.1 for summary). Despite the differences in

10



expression pattern, both OATPs transport a wide range of drug substrates, including
cholesterol-lowering statins and the antihistamine fexofenadine [62-65]. However, only
the function of Oatp1a4 at the BBB has been investigated. Studies in mice using the in
situ brain perfusion technique demonstrated large (up to seven-fold) reductions in the
brain uptake of pitavastatin, rosuvastatin, taurocholate and ochratoxin A in Oatp1a4 KO
mice relative to wild type mice [61]. However, the authors of this study went on to
demonstrate that there were no differences in the brain accumulation of pitavastatin,
rosuvastatin and taurocholate after systemic infusions of each drug in Oatp1a4 KO and
wild type mice. Even though this study provides evidence for OATP function at the BBB
under the artificial in situ brain perfusion conditions, the contribution of these
transporters to drug uptake into the CNS appears to be minimal under physiological
conditions, perhaps suggesting low expression levels on the endothelial plasma

membrane.

11



(1ed)

ureig/e1koueg pooig umoudun aAllel|ided | 1942d1lVO | L9C0DTS
asno ob
 anou) . o yeldieo | peLoos
leig/poolg umouMun V UIX0jJeJyoQ ‘ejejoyooine] | aAnejjioed
‘(yeJ) uieag ‘UleISeANSOY ‘ullelseAelld ¢vldlvO | cVLOOTS
(1ed) ] aAney|oe
uIBIg/poOIg umoudun ajelAingAxolpAH-ewweb ‘poidnoo- H LLOW LV9LDTS
umouxun umoudun uosuopeods | dAljeyljioe LIN3 LV62O71S
(yed)
uleig/poolg uleig/poo|g edopona dAljeyljioe L1V gv.071S
(esnow)) pooig | p5 umousun Aoy SddN | so0gv
‘(yeJ) uieag :
(yeJ) pooig poo|g ueosjodo HINOJEPY 3Ny PdHN 0089y
(yeJ ‘esnow)
uelg pooig umoumun SAIY LddN 1008V
(yes ‘esnowi) . HXIN
00 uIg]sIuaL) ‘ulazple BAI0 .
poolg pooig I8)1siueg) "ulezpleq oy ‘M09 49015174
VY uLodso|oA) ‘uosjasuepuQ
(yeJ ‘esnow) 00 ‘auopliadwoq ‘|jexeloed OO db-4
poolig PooIg ‘BUNSEIQUIA ‘UROBULIBA| v tuan | FEOFY
‘lwedela ‘epiweladoT]
uonezijeso uonezijeso SOIBISANS 5001 WwISIUBYO3N . oUB
JUSPOY uewny leljsqng eqo.id 999 yodsues | I8J0.4d 9

"SND 8y ojul axeldn Bnip Buneipsw sislodsuel) suelquis|\ ‘L a1qel

12



Oatp1a4d

OATP1A2?
MDR1

BCRP OATP2B1

MCT1?
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Brain

Figure 1.1. ABC and SLC drug transporters expressed at the human BBB. Black and
white circles represent ABC and SLC transporters, respectively, that have been
localized at the human BBB, with the exception of OATP1A2 and MCT1, for which
localization at the rodent BBB is shown. Transporters that mediate drug penetration
across the BBB have arrows that indicate the experimentally determined direction of
transport. Red represents the blood and blue represents the endothelial cell nucleus.
The brain parenchyma is also labeled as the space surrounding the outer endothelial

cell membrane.
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Future Directions

Membrane transporters clearly play an important role in how the BBB regulates
CNS drug uptake. While the contribution of ABC efflux transporters, such as MDR1 and
BCRP to regulating drug penetration across the BBB has been studied extensively, the
contribution of SLC influx transporters to this process is not well understood. Our poor
understanding of how SLC transporters function at the BBB originates with not knowing
which SLCs are expressed, let alone their localization at the human BBB. Even for
SLCs with evidence of function at the BBB, such as ENT1, the localization is unknown
(Table 1.1). Clearly, further studies identifying and localizing SLC transporters
expressed at the human BBB will help elucidate their contributions not just to drug, but
also to overall small molecule uptake across the BBB.

The few studies investigating SLC function at the BBB suggest that transporters
such as LAT1 facilitate drug uptake into the CNS, and may provide a novel strategy for
delivering drugs across the BBB. Indeed, this idea has been explored in several studies
that have demonstrated drugs modified to become LAT1 substrates have enhanced
brain accumulation relative to the unmodified drugs [66, 67]. However, these proof of
concept studies used small molecule inhibitors that do not specifically target LAT1, and
measured drug uptake into the brain under non-physiological conditions. Further
studies exploring how transporters such as LAT1 may be targeted to enhance drug
uptake across the BBB are needed to help validate this approach as a viable strategy

for delivering drugs to the CNS.
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Summary of Dissertation Chapters

SLC transporters are important mediators of drug disposition, and help regulate
the distribution of nutrients, xenobiotics, and drugs in all tissues throughout the body.
This is particularly true of the CNS, where the BBB prevents free exchange between the
blood and the brain. The goal of this research is to test the hypothesis that SLC influx
transporters can be exploited to deliver drugs across the BBB into the CNS. This

hypothesis is addressed in the following chapters.

Chapter 2. Profiling and Characterization of Solute Carrier Transporters in the
Human Blood-Brain Barrier

The neuroprotective function of the BBB presents a major challenge for CNS
drug delivery. Critical to this function, BBB membrane transporters include ABC
transporters that limit drug penetration across the BBB, and the less well characterized
SLC influx transporters. The goal of this chapter was to identify drug transporters
expressed at the human BBB, and determine their functionality at the BBB using mice.
The expression of 359 SLC and 49 ABC transporters in human cerebral cortex and
isolated brain microvessels (BMV) was characterized. ABCB1 and ABCG2 were the
most highly enriched ABC transporters in BMVs. Analysis of SLC transporters identified
uncharacterized BBB transporters (e.g. SLC19A3 and SLC47A2), and found xenobiotic
transporters expressed at similar or higher mRNA levels in BMVs relative to human liver
or kidney samples. Immunohistochemistry identified the reduced folate carrier (RFC),
MATE1 and OCT3 protein in BMVs. In mice, methotrexate uptake into the brain was

sensitive to two Rfc inhibitors, indicating Rfc-mediated CNS permeability of
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methotrexate. These findings highlight contributions of SLC transporters to BBB

function.

Chapter 3. Targeting LAT1 with Chemically Modified Cisplatin Analogs

LAT1 is a sodium-independent exchanger of amino acids that also mediates drug
uptake across the BBB. Cisplatin is an effective anticancer drug that has low CNS
permeability, and is amenable to chemical modifications. Furthermore, some modified
cisplatin derivatives inadvertently have enhanced transporter interactions (e.g.
oxaliplatin with organic cation transporters). There are two goals for the studies in this
chapter: demonstrate that LAT1-targeted cisplatin analogs are LAT1 substrates in vitro,
and generate a mouse model with reduced Lat1 function to investigate LAT1-specific
drug uptake across the BBB. Cell-based assays identified one out of seven LAT1-
targeted platinum compounds to be a weak LAT1 substrate with similar cytotoxic
potency as cisplatin. Although homozygous deletion of Lat1 in mice is embryonic lethal,
Lat1 heterozygous mice had reduced brain accumulation of two Lat1 drug substrates.
These results indicate that LAT1 is capable of transporting cytotoxic platinum-based
compounds, and that Lat1 heterozygous mice serve as a model for determining Lat1-

mediated brain uptake of drugs and other small molecule substrates.

Chapter 4. Structure-based Ligand Discovery for the Large-neutral Amino Acid
Transporter 1, LAT1
LAT1 was first discovered for its ability to transport branched-chain and aromatic

amino acids such as leucine and phenylalanine. Even though the amino acid substrate
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profile of LAT1 is well established, the endogenous, xenobiotic, and drug ligand profile
of LAT1 is unknown. Identifying such ligands will aid in the design of new LAT1-
targeted drug analogs. Thus, the goal of this chapter was to identify and characterize
novel LAT1 ligands that could be used to design novel LAT1-targeted platinum
compounds. Four ligands, including one chemically novel substrate, were identified by
comparative modeling, virtual screening, and experimental validation. These results
may rationalize the enhanced brain permeability of two drugs, including the anticancer
agent acivicin. Aside from the BBB, LAT1 also plays an important role in cancer
development. In this context, two hits were found to inhibit proliferation of a cancer cell
line by different LAT1-specific mechanisms. Taken together, these results provide new
chemical tools for characterizing the role of LAT1 in cancer metabolism and drug uptake

across the BBB.
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CHAPTER 2
Expression Profiling and Characterization of Solute Carrier Transporters in the

Human Blood-Brain Barrier

Introduction

The blood-brain barrier (BBB) regulates exchange between the blood and the
central nervous system (CNS) through unique properties of the endothelial cells forming
the CNS vasculature [1, 2]. This function helps maintain the neural microenvironment
while simultaneously preventing most drugs from permeating the CNS, thereby limiting
treatment options for many diseases. It is estimated that around 95% of small molecule
drugs developed to target the CNS fail, and this is in large part due to their inability to
efficiently penetrate the BBB [2]. Clearly there is a need to better understand the
properties of the BBB that regulate drug entry into the CNS.

The two primary routes by which most small molecules pass through the BBB to
the CNS are transcellular passive diffusion and carrier-mediated transport. Low
molecular weight (< 450 Da), lipophilic molecules tend to passively diffuse across the
BBB, whereas more hydrophilic molecules require carrier-mediated processes to reach
the CNS [3, 4]. Furthermore, both paths require overcoming the ATP-binding cassette
(ABC) transporters and metabolic enzymes expressed in CNS endothelial cells [5, 6].
For example, ABC transporters such as MDR1 have well-established roles in preventing
small molecule drugs from crossing the BBB [7, 8]. Accordingly, most BBB transporter
expression profiling and functional studies have focused on ABCs, whereas the solute

carrier (SLC) transporters as a group have been largely overlooked.
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SLC transporters play major roles in the delivery of nutrients to the CNS [9], and
are also capable of transporting small molecule drugs across the BBB. For example,
the large-neutral amino acid transporter 1, LAT1, is expressed at the BBB and has
previously been thought to mediate the transport of a few drugs with amino acid-like
structures across the BBB, e.g., the anti-parkinsonian drug L-DOPA [6, 10]. However,
recent structure-function studies from our laboratory suggest that the transporter may
facilitate the uptake of a wider range of chemical structures beyond amino acid analogs
[11]. There is also evidence for nucleoside analog uptake into the CNS via the
equilibrative nucleoside transporter 1 expressed at the BBB [12, 13]. Despite these
examples, the full complement of SLC transporters expressed at the human BBB
remains unclear, and the extent to which SLC transporters may contribute to small
molecule drug penetration across the BBB is unknown.

In this study, we isolated human brain microvessels (BMV) to identify SLC
transporters expressed at the human BBB. The transporter expression profile was
determined using a real-time PCR (RT-PCR) OpenArray containing probes for 359 SLC
and 46 ABC transporters [14]. Unlike most previous BBB expression profiling studies,
transcriptomic studies were followed up with immunoassays to determine the presence
of transporter protein in BMVs. Finally, transporter expression results were translated to
functional studies investigating the contribution of the reduced folate carrier (RFC) to
methotrexate uptake into the CNS of mice. These studies suggest that the BBB is rich
in expression of SLC transporters and imply an important role for this superfamily in

CNS homeostasis and drug delivery.
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Materials and Methods

Tissue acquisition. Four partial human cerebral cortex samples were procured
from the National Disease Research Interchange (Philadelphia, PA). Donor
demographics and medical history are provided in Table 2.1. For comparative
expression profiling of non-ocular tissue, normal human liver and kidney tissue were
commercially obtained (Asterand, Detroit, MI). All tissues were acquired in accordance
with UCSF Institutional Review Board and ethics committee guidelines (IRB number 11-

06153).

Table 2.1. Tissue donor information.

Brain Cause of

Region Analysis Age Sex Race Death Comorbidities
Cortex '(I?:el\r)l’:\\;r?%c 62 M c Respiratory = COPD, cardiomyopathy,
ng ’ arrest high blood pressure
OpenArra Cardio- COPD, hypertension,
Cortex T: Man y 63 M C pulmonary heart disease,
9 arrest hypothyroidism
Cortex TagMan 68 F C Ln;:ﬁg;?r?:;e Hypertension
Heart disease,
Cardiac hypertension, bladder
Cortex  IHC 65 M c arrest cancer, anemia, gout, type
Il diabetes

IHC, immunohistochemistry; WB, western blot; M, Male; F, Female; C, Caucasian;

COPD, chronic obstructive pulmonary disease.

BMV isolation. BMVs were isolated using a previously established protocol [15].

Approximately one gram of tissue was homogenized in ice cold Hanks’ balanced salt
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solution (HBSS; Invitrogen, Carlsbad, CA) with a Potter—Elvehjem homogenizer
(Thomas Scientific, Swedesboro, NJ). The homogenate was centrifuged for 5 min at
1000 g at 4°C, and the supernatant was aspirated. The pellet was resuspended in an
autoclaved 17% dextran solution (Sigma-Aldrich, St Louis, MO) and centrifuged for 15
min at 4250 g at 4°C. The myelin-enriched supernatant was aspirated and the resulting
BMV-enriched pellet was resuspended in ice cold HBSS. This solution was applied to a
40 um nylon mesh filter, and BMVs retained on the filter were washed with 40 ml of ice
cold HBSS. BMVs were recovered from the filter, and centrifuged for 5 min at 4250 g at
4°C. The resulting pellet was then used immediately for RNA extraction or
immunohistochemistry (IHC).

RNA extraction and reverse transcriptase PCR. Total RNA was extracted
from the BMV-enriched samples (n=3), cerebral cortex (n=3), liver (n=59), and kidney
(n=60) tissue homogenates using TRIzol Reagent and RNeasy Plus Micro Kit (Qiagen,
Valencia, CA), according to the kit instructions. After separation of the organic and
aqueous phases by centrifugation, total RNA was isolated from the aqueous phase
using an RNeasy Plus Micro Kit. After isolation, RNA samples were stored at -80°C.
Total RNA (up to 1 pg) was reverse transcribed using the SuperScript VILO cDNA
Synthesis Kit (Life Technologies, Grand Island, NY) according to the manufacturer’s
instructions. The resulting cDNA samples were stored at -80°C.

Real Time-PCR. High-throughput, RT-PCR was performed using a customized
OpenArray® system (Life Technologies) as previously described [14]. cDNA at a
concentration of 108 ng/uL and SYBR Green qPCR reagent (Fast Start DNA SYBR

Green kit, Roche, CA) were dispensed into custom plates containing 448 pre-validated
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real-time SYBR Green PCR assays. RT-PCR occurred in a computer-controlled
imaging thermal cycler where 9216 PCR amplifications and dissociation curves were
implemented in less than four hours. The transporter genes analyzed and the PCR
primers used are described in a previous study [14]. Post-acquisition data processing
generated fluorescence amplification and melt curves for each through-hole in the array,
from which cycle threshold (Ct) and melt temperature (Tr,) were computed and used for
further data analysis.

The relative expression of each gene in the different tissues was calculated by
the AACt comparative expression method [16]. The ACy values for all the genes in
each sample were calculated by subtracting the mean C+ values for three housekeeping
genes (GAPDH, B-Actin, and B2 microglobulin) from the C+ for each target gene. The
relative quantity of each gene was then determined by calculating the 22 value. To
determine the fold change in gene expression relative to a reference tissue, the log2-
transformed relative quantity values from each tissue were compared to each other.

Microplate-based SYBR green RT-PCR was used to measure cell type marker
gene expression. Two ng of BMV or cerebral cortex cDNA was used as a template, and
PCR primers for either platelet endothelial cell adhesion molecule (PECAM1), vascular
endothelial cadherin (VEC), glucose transporter 1 (GLUT1), synaptophysin (SYP), or
glial fibrillary acidic protein (GFAP). RT-PCR reactions were carried out in 96-well
reaction plates in a volume of 10 yL using the Fast SYBR green Universal Master Mix
(Life Technologies). Reaction plates were run on the Applied Biosystems 7900HT Fast

Real-Time PCR System with the following profile: 95°C for 20 seconds followed by 40
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cycles of 95°C for 3 seconds and 60°C for 30 seconds. The relative expression of each
mRNA was calculated by the comparative AACt method described above.
Microplate-based TagMan RT-PCR was done using BMV cDNA as a template
and TagMan Gene Expression Assays for human GAPDH (Hs99999905 m1), ACTB
(Hs01060665_m1), PGK1 (Hs99999906_m1), ABCB1 (Hs00184491_m1), ABCG2
(Hs01053790_m1), SLC2A1 (Hs00892681_m1), SLC5A6 (Hs00221573_m1), SLC7A5
(Assay ID: Hs01001190_m1), SLC19A2 (Hs00949696_m1), SLC22A3 (Hs01009568),
SLC47A1 (Hs00217320), SLC47A2 (Hs00398719_m1), SLCO1A2 (Hs00366488 m1),
SLCO2B1 (Hs_00200670), and SLCO3A1 (Hs00203184_m1). RT-PCR reactions were
carried out in 96-well reaction plates in a volume of 10 yL using the TagMan Fast
Universal Master Mix (Life Technologies). Reactions were run on the Applied
Biosystems 7500 Fast Real-Time PCR System with the following profile: 95°C for 20
seconds followed by 40 cycles of 95°C for 3 seconds and 60°C for 30 seconds. The
relative expression of each mRNA was calculated by the comparative AACt method.
Western blot analysis. Western blotting of human BMV and human embryonic
kidney (HEK) transfected cell lysates was performed as previously described [17].
Protein was extracted from BMVs and HEK cells by incubating with prechilled CellLytic
Mecell lysis buffer (Sigma-Aldrich, St Louis, MO) containing a protease inhibitor cocktail
for 20 min at 4°C. Homogenates were centrifuged for 10 min at 15,000 rpm at 4°C, and
the protein concentration of the supernatant determined by BCA protein assay (Thermo
Fisher Scientific, Rockford, IL) using the manufacturer’s protocol. Up to 50 ug of total
protein was subjected to SDS-PAGE using a tris-glycine 4-15% polyacrylamide gel (Bio-

Rad, Hercules, CA), and then transferred onto a polyvinylidene difluoride membrane
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(Bio-Rad, Hercules, CA). Membranes were blocked in Protein-free T20 Blocking Buffer
(Thermo Fisher Scientific, Rockford, IL) for 1 hr at room temperature, and then
incubated with primary antibodies diluted in blocking buffer overnight at 4°C (see
Materials and Methods section for antibody information). Membranes were then washed
with tris-buffered saline containing 0.1% tween 20 (TBST) at pH 7.4 6 times for 5 min
prior to incubating with HRP-conjugated goat anti-rabbit IgG diluted in TBST for 1 hr at
room temperature. Membranes were then washed 6 times for 5 min in TBST again, and
developed with SuperSignal West Femto Kit (Thermo Fisher Scientific, Rockford, IL)
using the manufacturer’s protocol. All scanned membrane images were processed
using ImageJ.

Immunohistochemistry. |HC analysis of isolated BMVs was performed as
previously described [18]. BMV-enriched pellets were resuspended in ice cold HBSS
and seeded onto positively charged glass slides, and fixed with 4% paraformaldehyde
for 15 min at 4°C. Slides were then washed and stored in HBSS at 4°C until use (within
one week of fixing). Fixed BMVs were permeabilized and nonspecific antibody binding
blocked by treatment with 30% normal goat serum in phosphate-buffered saline (PBS)
containing 0.1% tween 20 (PBST) at pH 7.4 for 1 hr at room temperature, and incubated
overnight at 4°C in PBS containing 3% normal goat serum and primary antibodies
against the following target proteins: LAT1 (Epitomics, Burlingame, CA), OCT3
(Genway, San Diego, CA), RFC (Sigma-Aldrich), MATE1 (Sigma-Aldrich, St Louis, MO),
OATP1B3 (Sigma-Aldrich) and Rfc (LifeSpan Biosciences, Seattle, WA). Negative
control sections were stained without primary antibody at this step. Slides were then

washed with PBS 6 times for 5 min and incubated with an Alexa 488 conjugated
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secondary antibody (Life Technologies) for 1 hr at room temperature. Slides were
washed with PBS 6 times for 5 min again, and mounted in VECTASHIELD Mounting
Medium with DAPI (Vector Labs, Burlingame, CA). Fluorescent imaging was done on a
Zeiss Axiolmager M1 microscope with AxioCam Mrm camera (Carl Zeiss Microscopy,
Thornwood, NY), and bright field imaging was done on a Leica DM IL LED microscope
with DFC400 camera (Leica Microsystems, Buffalo Grove, IL). Image files were
processed with Imaged [19].

Animals. C57BL/6J mice were housed under a 12-hour light/dark cycle with free
access to water and folate deficient food (Harlan Laboratories, Indianapolis, IN). All
animals used in experiments were between 8 to 10 weeks of age. mice were obtained
from the Jackson Laboratory (Bar Harbor, ME). Mice were maintained on a folate
deficient diet for 2 weeks prior to experiments. All experiments in mice were approved
by the Institutional Animal Care and Use Committee of University of California at San
Francisco (protocol # AN089117-01B).

Pharmacokinetic and tissue accumulation studies. Male C57BL/6J mice were
dosed with 15 pg/kg *H-methotrexate in saline alone, with 1.5 mg/kg
bromosulfophthalein (Sigma-Aldrich), or with 1.5 mg/kg folinic acid (Sigma-Aldrich) via
tail vein injection. Blood samples were collected at 5, 10, 15, 30, and 60 min by tail
bleeding into heparinized microhematocrit capillary tubes (Fisher Scientific, Pittsburgh,
PA). Mice were sacrificed 60 min after injection, perfused with 10 mL of ice cold PBS,
and brain, liver, and kidney tissues were collected immediately. Blood was centrifuged
to obtain plasma, and tissues were homogenized in Solvable (PerkinElmer, Waltham,

MA). The amount of *H-MTX in plasma and tissue samples was quantified by liquid
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scintillation counting using a Beckman LS 6500 scintillation counter (Brea, CA).
Pharmacokinetic parameters were obtained by non-compartmental analysis using
WinNonlin 6.3 (Pharsight Corporation, Mountain view, CA).

Statistical analysis. Data were compared by one-way ANOVA followed by
Dunnett’'s multiple comparison test. All statistics were done with GraphPad Software (La
Jolla, CA), and probability values lower than 0.05 were considered statistically

significant.

Results

Validation of BMV enrichment. Human cerebral cortex samples (Table S1)
from three donors were used to prepare BMV enriched fractions for human BBB
transporter identification by mRNA expression profiling. BMV enrichment was
determined by visual inspection (Figure 2.1A) and measuring expression of pan-
endothelial (PECAM1 and VEC), brain endothelial (GLUT1), neuronal (SYP), and
astrocytic (GFAP) cell markers (Figure 2.1B). Visual inspection indicated that the
majority of blood vessels in BMV fractions were < 10 ym diameter. Furthermore, cell
marker analysis revealed that all measured endothelial cell genes increased from 3 to
45-fold, while SYP and GFAP were both reduced approximately 2-fold in BMV enriched
fractions relative to paired whole cerebral cortex samples. These results indicate that
the BMV fraction was successfully enriched with the blood vessels comprising the BBB.

Transporter mRNA expression profile in BMVs. A custom RT-PCR OpenArray
platform was used to profile expression of 359 SLC and 46 ABC transporter genes in

validated BMV enriched and paired whole cerebral cortex samples from two donors
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(Table 2.1). We detected expression of 244 and 248 SLC genes in both BMV and
cerebral cortex samples, respectively, while 42 ABC genes were expressed across all
BMV and cerebral cortex samples. Out of all transporter genes detected, 225 SLC and
39 ABC genes were detected in both paired BMV-cerebral cortex samples, with 46 SLC
and 13 ABC genes expressed at least two—fold higher on average in BMVs relative to
cerebral cortex. Table 2.2 contains a complete list of genes detected in BMVs and their
relative expression levels. The 25 most highly expressed transporter genes relative to
cerebral cortex are shown in Figure 2.2A. Nineteen SLC and 3 ABC genes were
uniquely detected in both BMV samples, and not detected in both cerebral cortex
samples (Figure 2.2B). Importantly, this analysis identified many transporters
previously unknown to have enriched expression in human BMVs, including SLC6A13,
SLC19A3, all SLC26s and SLC47A2 (Figure 2.2; Table 2.2).

Several transporters previously identified in the human BBB, such as SLC7AS5,
SLCO2B1, ABCB1, and ABCG2, were also enriched in our BMV samples (Figure 2.2B).
Enrichment of these and several other genes (SLC22A3, SLC47A1, SLC47A2 and
SLC5A6) was confirmed by TagMan gene expression analysis of three BMV and paired
cerebral cortex samples (Figure 2.3). OpenArray results indicated that SLC719A2,
SLCO1A2, and SLCO3A1 were not enriched in BMV samples, and were included as
negative controls. Furthermore, linear regression analysis on the OpenArray and
TagMan enrichment values yielded an r* = 0.60 (Figure 2.3), indicating good agreement
between the two RT-PCR technologies, and confirming the array-based expression

profiling results.
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Figure 2.1. Validation of BMV enrichment from cerebral cortex samples. (A)
Representative image of an aliquot from a BMV enriched sample. The scale bar is set
to 50 um. (B) Expression of cell-type marker genes in BMV and paired cerebral cortex
samples. Messenger RNA expression levels of BMV samples are normalized to paired
cerebral cortex. Platelet endothelial cell adhesion molecule (PECAM1) and vascular
endothelial cadherin (VEC) are pan-endothelial cell markers, while glucose transporter 1
(GLUTT1) is a brain endothelial cell marker. Synaptophysin (SYP) is a neuronal cell
marker and glial fibrillary acidic protein (GFAP) is an astrocytic cell marker. Values

represent the mean + SEM (n=3).
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Figure 2.2. Transporter gene mRNA expression levels in BMVs. Relative expression of
SLC and ABC genes was determined by OpenArray-based RT-PCR. (A) The top 25
genes with the most enriched mRNA expression in BMVs relative to paired cerebral
cortex are depicted (see Table 2.2 for complete list). Only genes detected across both
BMV and both cerebral cortex samples were included. (B) Genes detected in both BMV
samples but not in both cerebral cortex samples. Expression levels were normalized to
the lowest average expression value detected in BMV samples, and the dotted line
represents the highest average expression level detected. All values represent the

mean x SD (n=2).
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Figure 2.3. Validation of OpenArray gene expression results. (A) The mRNA expression
levels of 12 genes in BMV and cerebral cortex samples (n=3) were determined by
TagMan RT-PCR and compared to OpenArray results. (B) Linear regression of the
relative mRNA expression in BMV samples determined by TagMan RT-PCR versus
those determined by OpenArray RT-PCR (r?=0.60). All values represent the mean + SD.

Linear regression was done using Prism 5 GraphPad software.
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Figure 2.4. Comparative expression analysis of drug transporters in BMV, kidney and
liver samples. Gene expression of SLC and ABC transporters with established roles in
drug disposition in kidney (n=60) and liver (n=59) was determined by array-based RT-
PCR and compared to BMV expression levels. BMV mRNA expression level of drug
transporters normalized to average kidney (A) and liver (B) expression levels. Only
genes detected across both BMV samples were included. Dotted lines represent the

expression level in either kidney or liver. All values represent the mean £ SD (n=2).
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Drug transporter expression in BMVs relative to kidney and liver. A well-
known function of the BBB is to regulate CNS exposure to circulating xenobiotics,
including many drugs by various mechanisms. Drug transporters have been well-
characterized in playing important roles in the absorption, distribution, metabolism, and
excretion (ADME) of drugs from the body through organs such as the kidney and liver
[20]. To identify transporters that may support this critical BBB function, drug transporter
expression was first normalized to average housekeeping gene levels within a given
sample, followed by comparison of the normalized BMV values to the normalized kidney
and liver values. ABCB1, ABCC5, ABCG2, SLC22A5, and SLCO1A2 were expressed at
higher levels (> 2-fold) in BMVs than in the kidney, while ABCC1, ABCC3, ABCCS6,
SLC15A1, SLC19A1, SLC22A3, SLC22A6, SLC47A1, and SLC47A2 were expressed at
similar levels (within 2-fold) between BMV and kidney samples (Figure 2.4A). ABCB1,
ABCC4, ABCG2, SLC19A1, SLC22A5, and SLCO2B1 were expressed at higher levels
in BMVs than in the liver, while ABCC6, SLC10A1, and SLC47A1 at similar levels
between BMV and liver samples (Figure 2.4B). Even though some of these
transporters are already known to interact with xenobiotics and/or are highly expressed
at the BBB (i.e. SLC22A5, SLCO2B1, ABCB1 and ABCG2), these results suggest that
other drug transporters may also play a role in regulating xenobiotic penetration across
the BBB. Moreover, two transporters known to play a role in both BBB and hepatic
drug disposition, ABCB1 and ABCG2, were expressed at approximately 10- and 150-

fold higher levels, respectively in the BBB compared to the liver.
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Figure 2.5. Protein expression of SLC transporters in BMVs. Immunofluorescence
staining (green) determined the presence of LAT1 (A), OCT3 (B), RFC (C), and MATE1
(D), and the absence of OATP1B3 (E) in BMVs. OATP1B3 and LAT1 served as
negative and positive controls, respectively. A negative control with primary antibody
omitted is also shown in (F). Nuclei were stained with DAPI (blue), and scale bars are

set to 20 ym in all images.
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Figure 2.6. Confirmation of SLC transporter protein expression in BMVs and antibody

specificity. Western blot analysis of BMVs detected the expression of OCT3 (A),
MATE1 (B), and RFC (C). (D) OATP1B3 was included as a negative control and was
not detected in BMVs. In all panels, antibody specificity was determined using HEK cells
transfected with OCT3, MATE1, RFC, OATP1B3, or EV. All molecular weights indicated
are in kDa. TT, transporter transfected cell lysate; EV, empty vector transfected cell

lysate.
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Transporter protein expression in BMVs. Protein expression of several
transporters at the human BBB was further characterized by western blotting and IHC of
isolated human BMVs. LAT1 (SLC7A5) was included as a positive control, and
OATP1B3 (SLCO1B3) was included as a negative control since its mMRNA expression
level was near the limit of detection. LAT1, RFC, and OCT3 (SLC22A3) were detected
in BMVs < 10 ym in diameter and produced average signal intensities 4.5 - 5.5-fold
higher than negative control (Figure 2.5A-C). MATE1 (SLC47A1) was primarily detected
in BMVs > 10 um in diameter, and produced an average signal intensity approximately
3-fold greater than that of the negative control (Figure 2.5D). OATP1B3, however, was
not detected in BMVs, and had average signal intensities within 2-fold of the negative
control (Figure 4E). Western blot analysis confirmed the IHC results, and verified
antibody specificity in HEK-EV and -transporter transfected cells (Figure 2.6). Taken
together these results confirm LAT1 and RFC expression in the human BBB, and reveal

the expression of OCT3 and MATE1 proteins in the human BBB.

Table 2.2. Genes expressed in human BMVs in comparison to housekeeping genes

and paired cerebral cortex samples.

Gene Relative Exprgssion Relative Expression
(% of House-keeping genes) (Fold over cerebral cortex)

ABCA10 0.377 ND

ABCA12 0.127 0.518
ABCA13 0.281 0.927
ABCA2 6.59 2.07
ABCA3 0.772 1.00
ABCAS 1.11 1.46
ABCA6 0.482 2.65
ABCA7 0.191 1.67
ABCAS8 0.224 0.729
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ABCA9 1.077 3.12
ABCB1 13.1 10.4
ABCB10 0.821 1.99
ABCB11 0.132 0.447
ABCB4 0.195 1.19
ABCB6 3.87 2.96
ABCB7 0.509 2.57
ABCBS8 0.201 1.88
ABCB9 0.209 ND

ABCC1 0.806 0.987
ABCC10 0.895 3.77
ABCC12 0.499 1.53
ABCC2 0.278 2.27
ABCC3 0.110 1.17
ABCC4 0.337 0.678
ABCCS 5.81 2.11

ABCC6 0.187 1.87
ABCC7 0.205 0.647
ABCC8 2.30 4.58
ABCC9 1.10 1.86
ABCD1 0.134 ND

ABCD2 0.481 0.856
ABCD3 5.14 1.36
ABCD4 0.257 0.939
ABCE1 0.549 1.22
ABCF1 2.00 1.26
ABCF2 0.984 1.56
ABCF3 0.867 3.99
ABCG1 1.62 0.773
ABCG2 4.15 8.96
ABCGH4 0.693 1.18
ABCG5 0.186 1.05
ABCG8 0.515 3.17
SLC10A1 0.191 ND

SLC10A3 0.165 1.55
SLC10A4 0.510 1.34
SLC10AS5 0.327 0.581
SLC10A6 0.192 1.46

SLC10A7 0.194 1.84

SLC11A2 0.322 0.600
SLC12A1 0.206 2.23
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SLC12A2 0.519 1.63
SLC12A5 12.9 0.504
SLC12A6 0.909 1.09
SLC12A7 6.28 1.71

SLC13A3 0.179 1.65
SLC14A1 1.07 0.693
SLC15A1 0.115 1.27
SLC15A3 0.440 2.89
SLC15A4 0.837 0.985
SLC16A1 0.591 1.20
SLC16A10 0.243 0.662
SLC16A11 0.320 1.90
SLC16A13 0.0957 ND

SLC16A2 0.880 0.967
SLC16A4 0.298 ND

SLC16A6 0.357 1.93
SLC16A7 0.835 0.933
SLC16A8 0.323 2.86
SLC16A9 0.218 1.32
SLC17A2 0.256 1.54
SLC17A3 0.223 3.07
SLC17A4 0.301 ND

SLC17A5 0.478 0.906
SLC17A6 0.382 0.466
SLC17A7 28.3 1.06
SLC18A2 0.279 1.40
SLC19A1 0.642 ND

SLC19A2 0.293 0.696
SLC19A3 2.73 5.01

SLC1A1 2.63 0.834
SLC1A2 33.8 0.788
SLC1A3 0.663 1.21

SLC1A4 5.75 1.48
SLC1A6 0.172 2.15
SLC20A1 1.56 1.02
SLC20A2 5.86 1.06
SLC22A1 0.206 1.76
SLC22A10 0.357 1.46
SLC22A13 0.178 1.03
SLC22A15 0.788 1.30
SLC22A17 1.34 2.20
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SLC22A18 0.280 1.04
SLC22A2 0.192 0.573
SLC22A23 0.495 223
SLC22A2 0.113 0.724
splice

SLC22A3 0.684 246
SLC22A5 1.20 1.51

SLC22A6 0.395 1.95
SLC22A7 0.146 1.22
SLC22A8 0.219 1.85
SLC22A9 1.94 1.38
SLC23A2 312 0.776
SLC24A1 0.183 1.16
SLC24A2 215 0.454
SLC24A3 0.334 0.489
SLC24A4 0.383 1.16
SLC24A6 0.191 1.55
SLC25A1 0.396 1.66
SLC25A10 0.164 1.40
SLC25A11 0.671 1.40
SLC25A12 222 0.816
SLC25A13 0.941 1.04
SLC25A14 0.271 110
SLC25A15 0.169 115
SLC25A16 0.491 112
SLC25A17 0.403 0.839
SLC25A18 157 1.41

SLC25A20 0.302 0.928
SLC25A22 422 0.667
SLC25A23 294 220
SLC25A24 0.298 268
SLC25A25 0.553 1.71

SLC25A27 110 0.476
SLC25A28 3.59 0.827
SLC25A29 0.149 1.48
SLC25A3 5.82 0.559
SLC25A30 0.754 1.45
SLC25A32 0.234 163
SLC25A36 3.01 1.55
SLC25A38 0.500 1.25
SLC25A39 0.759 203
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SLC25A4 1.85 0.807
SLC25A41 0.249 ND

SLC25A42 0.207 1.50
SLC25A44 0.508 0.722
SLC25A5 3.88 0.627
SLC25A6 5.45 1.27
SLC25A9 0.180 1.43
SLC26A1 0.230 ND

SLC26A10 0.193 ND

SLC26A11 0.149 1.72
SLC26A2 0.968 5.11

SLC26A3 0.148 ND

SLC26A4 0.240 1.44
SLC26A6 0.382 3.69
SLC26A7 0.218 1.15
SLC26A8 0.210 0.902
SLC27A1 2.83 ND

SLC27A4 0.533 1.06
SLC27A6 0.168 1.43
SLC28A2 0.477 0.879
SLC28A3 0.117 ND

SLC29A1 0.419 2.34
SLC29A2 0.611 2.62
SLC29A3 0.272 1.47
SLC2A1 1.09 4.80
SLC2A2 0.162 1.06
SLC2A3 22.6 1.88
SLC2A4 0.149 ND

SLC2A5 0.356 1.04
SLC2A6 0.621 4.12
SLC2A8 0.455 0.901
SLC2A9 0.184 ND

SLC30A4 0.529 1.28
SLC30A7 0.279 1.30
SLC30A9 1.88 0.682
SLC31A1 1.86 1.39
SLC31A2 0.274 0.325
SLC32A1 0.339 0.589
SLC33A1 0.616 0.955
SLC35A1 2.42 1.51

SLC35A2 0.715 0.728
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SLC35A3 0.252 2.36
SLC35A4 0.961 1.21

SLC35A5 0.330 1.04
SLC35B1 0.627 0.553
SLC35B2 0.268 0.622
SLC35B3 0.169 0.887
SLC35B4 0.615 0.540
SLC35C1 0.235 1.82
SLC35C2 0.277 0.990
SLC35D2 0.594 3.24
SLC35E1 1.24 0.538
SLC35E2 5.43 1.57
SLC35F1 0.902 0.346
SLC35F2 0.391 1.04
SLC35F3 0.105 ND

SLC35F5 4.03 1.51

SLC36A1 0.793 0.843
SLC36A4 0.613 0.745
SLC37A1 0.527 1.30
SLC37A3 0.177 1.31

SLC37A4 0.665 1.04
SLC38A1 1.20 0.453
SLC38A10 0.157 1.85
SLC38A11 1.90 10.5
SLC38A2 19.9 1.15
SLC38A3 6.39 2.30
SLC38A5 11.2 11.2
SLC38A6 0.173 ND

SLC38A7 0.223 2.45
SLC38A9 0.739 0.828
SLC39A1 0.751 1.86
SLC39A10 2.86 1.05
SLC39A12 0.285 0.444
SLC39A13 0.226 1.05
SLC39A14 0.333 0.738
SLC39A2 5.45 0.779
SLC39A3 1.28 1.00
SLC39A6 0.775 0.958
SLC39A7 0.933 2.97
SLC39A8 0.853 3.36
SLC39A9 0.248 0.942
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SLC3A1 6.01 0.530
SLC3A2 3.66 1.31

SLC40A1 0.705 2.25
SLC41A1 0.714 1.21

SLC41A2 0.539 0.454
SLC41A3 0.342 0.383
SLC42A3 0.173 ND

SLC43A2 1.10 1.13
SLC43A3 0.414 1.78
SLC44A1 3.80 0.688
SLC44A2 7.07 1.17
SLC44A5 0.446 1.22
SLC45A1 0.186 1.19
SLC45A3 0.104 ND

SLC45A4 2.15 1.41

SLC46A2 0.192 ND

SLC46A3 0.517 0.996
SLC47A1 0.735 8.42
SLC47A2 0.205 2.06
SLC48A1 1.51 0.872
SLC4A10 13.3 0.767
SLC4A4 2.06 0.711
SLC4AS5 0.178 2.21

SLC4A7 0.132 1.35
SLC4A8 0.580 0.391
SLC5A1 0.110 0.792
SLC5A10 0.194 2.48
SLC5A11 0.235 1.34
SLC5A4 0.779 1.68
SLC5A6 2.04 4.42
SLC6A1 1.93 2.48
SLC6A11 0.239 0.474
SLC6A12 2.61 12.0
SLC6A13 0.808 7.93
SLC6A15 0.817 0.394
SLC6A16 0.141 1.75
SLC6A17 2.48 0.665
SLC6A2 0.282 2.41

SLC6A20 0.251 2.05
SLC6A4 0.117 0.621
SLC6A7 1.44 0.756
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SLC6A8 4.70 0.805
SLC7A1 4.80 2.72
SLC7A10 0.220 1.97
SLC7A11 1.54 1.16
SLC7A14 0.381 0.300
SLC7A2 0.518 3.10
SLC7A4 0.180 1.59
SLC7AS 6.91 13.4
SLC7A6 4.64 1.39
SLC7A7 0.656 2.32
SLC7A8 3.33 0.910
SLC7A9 0.272 1.27
SLC8A1 1.35 0.429
SLC8A2 1.66 0.599
SLC8A3 0.889 1.16
SLCI9A1 0.893 0.773
SLCY9A11 0.197 0.775
SLCY9A2 0.676 1.11

SLCY9A3R2 2.68 4.44
SLCI9AS 0.322 ND

SLCY9A6 1.76 0.412
SLCY9A7 0.250 0.676
SLCY9A8 0.287 1.98
SLCY9A9 0.824 1.95
SLCO1A2 5.62 1.39
SLCO1B3 0.317 2.52
SLCO1C1 0.434 0.679
SLCO2A1 0.400 1.07
SLCO2B1 19.1 8.34
SLCO3A1 0.744 0.870
SLCO4A1 1.00 3.10
SLCO5A1 0.843 3.96

ND, not determined.

All values represent the mean of n=2 BMV samples.
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Expression and function of the reduced folate transporter, Rfc, in mouse
brain. Functional implications of the mRNA expression profiling and IHC results were
investigated by measuring the brain penetration of *H-methotrexate in wild type male
C57BL/6 mice. Methotrexate, a well-established substrate of human and mouse RFC
[21, 22], was selected to probe RFC function at the BBB because its acute and chronic
neurotoxicity [23, 24]. Before initiating pharmacokinetic studies, expression of the
mouse ortholog, Rfc, in isolated mouse BMVs was confirmed by IHC (Figure 2.7A-B).
Rfc was detected in mouse BMVs <10 ym in diameter and produced an average signal
intensity approximately 4.5 fold that of negative control, similar to the signal intensity of
RFC in human BMVs (see Figure 2.5C). These results indicate that the mouse is a
suitable model for ascertaining the role of RFC in the BBB.

Mice have approximately 10-fold higher serum folate levels than humans [27].
Since endogenous circulating folates compete with *H-methotrexate for uptake by Rfc,
and to more closely simulate human serum folate levels, all mice were maintained on a
folic acid deficient diet for two weeks prior to pharmacokinetic studies. A single i.v. dose
of 15 pg/kg *H-methotrexate alone or concomitantly with either 1.5 mg/kg folinic acid, a
reduced folate and Rfc substrate, or 1.5 mg/kg bromosulfophthalein, an Rfc inhibitor,
was administered to the mice. Pharmacokinetic parameters were obtained by non-
compartmental analysis (Table 2.3). Both folinic acid and bromosulfophthalein elevated
the mean plasma concentrations of ®H-methotrexate at all time points (Figure 2.7C-D),
and increased the area under the plasma concentration-time curve (AUC) three- and

two-fold, respectively. Furthermore, both Rfc inhibitors reduced the volume of
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distribution, indicating probable changes in tissue accumulation. Indeed, folinic acid
and bromosulfophthalein significantly reduced the plasma normalized brain levels of *H-
methotrexate at 60 minutes by one third and one half of control levels, respectively
(Figure 2.7E). Similar changes in *H-methotrexate kidney accumulation were also
observed (Table 2.3). These results indicate that a component of methotrexate uptake
into the mouse brain occurs through a folinic acid- and bromosulfophthalein- sensitive,

carrier-mediated process, such as transport by Rfc at the BBB.

Table 2.3. Pharmacokinetic parameters and kidney accumulation of [*H]-methotrexate
(15 pg/kg) after i.v. administration alone, with folinic acid (1.5 mg/kg), or with

bromosulfophthalein (1.5 mg/kg).

Methotrexate Methotrexate + Methotrexate
Folinic Acid + Bromosulfophthalein

AUC.60 (Min*ng/mL) 242 + 455 635 + 196~ 444 + 112*
CL (mL/min*kg) 56.6 +9.13 22.9+9.14* 29.0 + 8.26*
Terminal ty2 (min) 19.2 +2.77 246 +4.04 24.0+9.25
Vss (L/kg) 1.22 £ 0.271 0.697 + 0.314* 0.889 + 0.410
Co (ng/mL) 20.7 £ 6.46 39.4 +18.8 30.1+10.0
Kidney/plasma 165 + 25.6 57.5 + 20.0* 73.3 + 16.9*
(60 min)

All pharmacokinetic values represent the mean + SD (n=4)

* P < 0.05 compared to methotrexate
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Figure 2.7. The role of the reduced folate carrier Rfc in methotrexate uptake into the

mouse brain. (A) Immunofluorescence staining (green) revealed the presence of the

reduced folate carrier (Rfc) in mouse BMVs. (B) Negative control (NC) with primary

antibody omitted. Nuclei were stained with DAPI (blue), and scale bars are set to 20 ym

in all images. ®H-methotrexate plasma concentrations in wild type C57BL/6J mice
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maintained on a folate deficient diet and dosed i.v. with *H-methotrexate (15 ug/kg)
alone, (C) with folinic acid (1.5 mg/kg), or (D) with bromosulfophthalein (1.5 mg/kg).
Plasma concentrations were determined at 5, 10, 15, 30, and 60 minutes post dose. (E)
Plasma normalized brain accumulation of *H-methotrexate 60 min post dose in mice
dosed with ®H-methotrexate alone, with folinic acid, or with bromosulfophthalein. All
values represent the mean + SD (C-D) or SEM (E) (n=4). MTX, methotrexate; FA, folinic

acid; BSP, bromosulfophthalein. * P < 0.05.
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Discussion

We used a semi-unbiased, array-based expression profiling approach to identify
SLC and ABC transporters expressed at the human BBB. Coupled with immunoassays,
these results led to functional studies investigating how SLC transporters contribute to
methotrexate uptake into the brain. Three key findings emerge from this study. First,
there were a large number of SLC transporters with enriched expression in the human
BBB. Second, SLC transporters previously unknown to be expressed at the BBB were
identified. This finding expands the current knowledge of BBB function. Third, a
comparative expression approach revealed that drug transporters with important roles in
renal and hepatic drug disposition were expressed at similar or higher levels in the BBB.

A large number of SLC transporters are enriched in the human BBB,
including several previously unidentified transporters. Over the past two decades
considerable information has been obtained about the role of ABC transporters in the
BBB. In stark contrast, very little is known about SLC transporters in the BBB. In the
current study, 65 SLC transporters were enriched or uniquely expressed in the human
BBB (Figure 2.2; Table 2.2). These transporters interact with a diverse assortment of
nutrients and help us better understand how the BBB supports CNS function. For
example, sulfated proteoglycans are important components of the brain extracellular
matrix that help to regulate neuronal growth, plasticity and regeneration [26]. Sulfates
are charged inorganic molecules required for normal cell function that cannot diffuse
across cell membranes [27], and would be highly unlikely to reach the brain
independent of a carrier-mediated process. The previously unidentified SLC26A71 and

SLC26A2 sulfate transporters [28] had highly enriched expression in BMVs (Figure 2.2),
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suggesting that these two transporters may play a critical role in supplying the brain with
sulfates required for proper proteoglycan synthesis.

Other previously unrecognized transporters that were identified include SLC6A13,
SLC19A3, and SLC47A2. Their putative functional roles at the BBB are addressed in
turn. The BBB plays a crucial role in removing the neurotransmitter y-aminobutyric acid
(GABA) from the brain interstitial fluid by effluxing it into the blood via the betaine/GABA
transporter (BGT-1; SLC6A12) [29, 30]. We confirmed that SLC6A12 is expressed at
high levels in the BBB, and also identified another GABA transporter, SLC6A13, with
enriched expression in BMVs (Figure 2). It is possible that both transporters function in
the elimination of excess GABA from the CNS. SLC79A3 transports thiamine, and
mutations in this transporter cause a biotin-responsive basal ganglia disease with
bilateral necrosis in the caudate nucleus and putamen [31, 32]. Though the mutated
transporter is well-recognized as being the cause of the disease, these studies establish
that the transporter may also play a role in delivering its essential substrates to the CNS.
SLC47A2 encodes a multi-drug efflux pump, MATEZ2. It has largely been thought to be
a kidney specific transporter with a central role in renal secretion of organic cations [33].
MATE2 together with the more abundantly expressed SLC47A1 (MATE1) may play a
role in the entry or efflux of organic cations across the BBB and into the CNS. It will be
interesting to learn whether SLC47A2, like SLC47A1, is expressed in larger
microvessels (Figure 2.5D).

Comparative expression studies suggest that xenobiotic transporters with
important roles in liver and kidney drug disposition have important roles in the

BBB. The BBB represents a major obstacle to delivering drugs into the CNS. Given
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that CNS drugs continue to have a high failure rate [2], new approaches to delivering
drugs across the BBB should be explored. To our knowledge, this is the first study
comparing drug transporter expression in the BBB to other ADME organs. This analysis
revealed numerous SLC drug transporters expressed in human BMVs at similar or
higher mRNA levels than in the kidney and liver (Figure 2.4). Furthermore, SLC22A3
(OCT3) and MATE1 protein were also detected in BMVs (Figure 2.5). Many of these
transporters, such as SLC22A3, SLC22A5 (OCTN2), SLC22A6 (OAT1), SLC47A1, and
SLC47A2 often work in concert with each other and other transporters to eliminate
drugs through the proximal tubule of the kidney and/or hepatocytes of the liver [33, 34].
These transporters may also work in concert at the BBB and provide a means to shuttle
drugs into the CNS. These results will be useful in guiding functional studies aimed at
elucidating how drugs cross the BBB (i.e. our studies with Rfc and methotrexate). For
example, cationic opioid analgesics such as oxycodone cannot readily diffuse across
the BBB to reach their opioid receptor targets. Animal models have provided evidence
for transport of oxycodone across the BBB [37], and human brain endothelial cell lines
indicate that this process is at least partially mediated by a proton-coupled organic
cation antiporter [36]. MATE1 and MATEZ2 are proton-coupled organic cation antiporters
that were detected in BMVs (Figure 2), and therefore may play a role in transporting
oxycodone across the BBB.

In vivo studies in mice suggest that the reduced folate carrier, Rfc
(Slc19a1), mediates the uptake of methotrexate into the brain. RFC mRNA was
expressed in human BMVs at similar levels as the kidney (Figure 2.4), where it is has a

well-established role in the renal secretion of methotrexate [37]. This process is similar
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to how intrathecally administered methotrexate is taken up from the cerebrospinal fluid
(CSF) by RFC in the choroid plexus and subsequently effluxed into the blood [38, 39].
Although methotrexate lacks many of the physicochemical properties that would favor
passive permeation across the BBB and into CNS, several lines of evidence indicate
that intravenously administered methotrexate does reach the CNS. First, high-dose
methotrexate is part of first-line therapy for the treatment of primary CNS lymphoma, a
rare type of primary brain tumor [40]. Second, methotrexate causes severe neurotoxic
side effects such as seizures, dementia, and leukoencephalopathy when administered
at high doses (= 1 g/m?) [23]. Finally, in mice MTX has been detected in the CSF, and
is cytotoxic to proliferating hippocampal cells when dosed intravenously [41, 42].
Despite this large body of evidence for entry of the drug into the brain, the mechanism

of methotrexate uptake into the CNS has remained unclear.

Our expression profiling and IHC results (Figure’s 2.2, 2.4, and 2.5) confirm
previous reports of RFC expression at the human and mouse BBB [6, 43], indicating
that it may contribute to methotrexate uptake into the CNS. Our pharmacokinetic
studies indicate that methotrexate uptake into the mouse brain occurs through a
bromosulfophthalein- and folinic acid-sensitive, carrier-mediated process (Figure 2.7).
This process may occur at either or both the BBB and the blood-CSF barrier created by
the choroid plexus. We propose that Rfc in the BBB contributes substantially to the
brain uptake of methotrexate.

First, folate is primarily supplied to the brain in its reduced forms by a complex

process that involves endocytic uptake from the blood at the choroid plexus by the
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alpha folate receptor (FRa), intracellular release from endosomes, and carrier-mediated
transport into the CSF by RFC [9]. However, methotrexate has a much lower affinity
than reduced folates do for FRa, making it highly unlikely that methotrexate will
outcompete these endogenous ligands for FRa transport [39, 44]. Second,
bromosulfophthalein has been shown to distinguish between transporter- and receptor-
mediated cellular uptake of methotrexate [45, 46]. Our results indicate that a component
of methotrexate uptake into the brain is bromosulfophthalein-sensitive, and therefore
unlikely to be receptor-mediated (Figure 2.7E). Finally, only about 10% of methotrexate
is converted to 7-hydroxy-methotrexate during first-pass metabolism in the liver [47].
Since methotrexate was given intravascularly, virtually all of the methotrexate measured
in these studies represents the parent form of the drug. Although these observations
are in line with Rfc-mediated transport of methotrexate across the BBB into the brain,
further experiments to distinguish between Rfc in the choroid plexus versus BBB are
needed to establish the relative contributions of the two processes.

In summary, our results suggest a broad role for SLC transporters in the BBB in
terms of maintaining CNS homeostasis of small molecules including vitamins, amino
acids, neurotransmitters and various other essential nutrients. Finding that a broad
array of xenobiotic transporters are expressed in the BBB suggest that these
transporters may be targeted to achieve the CNS delivery of pharmaceuticals needed

for the treatment of neurodegenerative and other diseases that affect the CNS.
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CHAPTER 3

Development of LAT1-targeted Cisplatin Analogs and a Lat1 Null Mouse

Introduction

Most FDA-approved drugs with central nervous system (CNS) targets are
thought to cross the BBB by diffusion. However, some drugs utilize solute carrier (SLC)
influx transporters at the BBB to penetrate the CNS. The large-neutral amino acid
transporter 1 (LAT1) is a heterodimeric nutrient transporter composed of SLC3A2 and
SLC7A5 (4F2hc and 4F2Ic), and is responsible for transporting branched chain and
aromatic amino acids from the blood to the brain, while also transporting drugs, such as
the anti-Parkinson’s drug, L-3,4-dihydroxy-L-phenylalanine (levodopa), across the BBB
[1, 2]. This directional transport is possible because LAT1 is expressed in both the
blood- and brain-facing membranes of the BBB [3-5]. This expression pattern makes
LAT1 an ideal target for drug delivery to the CNS. Moreover, several studies have
illustrated that chemically modifying existing FDA-approved drugs to target LAT1
enhances their penetration across the BBB into the CNS [6, 7]. However, this strategy
has not been applied to the poorly CNS permeable platinum-based chemotherapeutics,
some of the most effective anti-cancer drugs available.

Platinum-based drugs function by covalently binding to cellular DNA to form DNA
adducts that subsequently activate DNA-damage recognition/repair, cell-cycle arrest,
and apoptotic signaling pathways [8]. Cisplatin and carboplatin-based therapies are
indicated for the treatment of metastatic testicular and ovarian tumors, and advanced

bladder cancer, but are also known to be effective in treating both primary lung and
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breast tumors [9, 10]. Furthermore, platinum-based doublet therapy is considered the
standard of care for treating lung cancer. Because currently available platinum analogs
cannot cross the BBB, they are generally considered ineffective for the treatment of
metastases to the brain or primary tumors of the CNS. However, if platinum-based
chemotherapeutics could penetrate the CNS, they may be effective in treating CNS
metastases, particularly those that frequently arise from primary lung and breast tumors.
A small clinical study illustrated this idea by treating CNS metastases in patients
diagnosed with a variety of primary cancers, including lung and ovarian cancer, with
carboplatin in conjunction with osmotic disruption of the BBB. The authors of this study
demonstrated a significant increase in median survival time for patients with brain
metastases from lung, lymphoma, and ovarian carcinomas relative to previously
reported median survival times under standard treatment regimens [11]. However, BBB
disruption does not selectively allow carboplatin to cross the BBB, and leaves the CNS
vulnerable to insult by circulating toxins. Targeting LAT1 to enhance the BBB
penetration of platinum-based chemotherapeutics obviates the need for BBB disruption,
and may provide a safer and more effective strategy for treating metastatic brain tumors.
Historically, new generation platinum compounds have been developed to
reduce toxicity or resistance, but not to improve platinum delivery to specific organs,
particularly to the CNS. The goal of research described in this chapter was two-fold:
determine whether LAT1 could be targeted with platinum-based drugs, and generate a
mouse model with reduced Lat1 function to investigate LAT1-specific drug uptake
across the BBB. This goal was addressed with cell-based assays to characterize

LAT1’s interaction with synthetic cisplatin analogs, and the characterization of
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genetically modified mice with pharmacokinetic studies to assess Lat1’s contributions to

drug uptake across the BBB in vivo.

Materials and Methods

Cell lines. A human embryonic kidney cell line stably expressing the Tet
repressor and stably transfected with plasmids expressing SLC7A5 and SLC3A2 under
the control of tetracycline inducible promoter (HEK-LAT1) were obtained from Pfizer.
Cells were maintained at 37°C and 5% CO, in DME H21 media containing 10% FBS, 2
mM L-glutamine, 100 units/ml penicillin, 100 ug/ml streptomycin, and 3 ug/ml blasticidin.

Two different clones (BH3 and CC3) of VGB6 mouse embryonic stem cells with
an integrated bacterial artificial chromosome (BAC) vector expressing neomycin
phosphotransferase instead of Sic7a5 were obtained from the Knockout Mouse Project
Repository (Figure 3.4; KOMP; University of California, Davis). Targeted VGB6 cells
were karyotyped and maintained in knockout DMEM containing 15% knockout serum
replacement, 2 mM L-glutamine, 100 units/ml penicillin, 100 ug/ml streptomycin, 1 mM
sodium pyruvate, non-essential amino acids, 4 ug/ml insulin, and 0.04 U/ml leukemia
inhibitory factor on mouse embryonic fibroblasts at 37°C and 5% CO; at the University
of California, San Francisco ES Cell Targeting core until microinjection.

RNA extraction and reverse transcriptase PCR. Total RNA was extracted
from non-induced and doxycycline induced HEK-LAT1 cells grown to 90% confluence in
poly-D-lysine-coated 24-well plates (BD Falcon, Franklin Lakes, NJ) with the RNeasy
Plus Micro Kit (Qiagen, Valencia, CA), according to the kit instructions. After isolation,

RNA samples were stored at -80°C. One ug of total RNA was reverse transcribed using
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the SuperScript VILO cDNA Synthesis Kit (Life Technologies, Grand Island, NY)
according to the manufacturer’s instructions. The resulting cDNA samples were diluted
10-fold and stored at -80°C.

Real Time-PCR. Five ng of template cDNA were mixed with one of the following
TagMan Gene Expression Assays (Life Technologies): GAPDH (Hs99999905 m1),
ACTB (Hs01060665 m1), or SLC7A5 (Assay ID: Hs01001190_m1). This mixture was
then diluted with 2X TagMan Fast Universal Master Mix (Life Technologies) to a final
reaction volume of 10 uL in 96-well reaction plates. Reaction plates were run on the
Applied Biosystems 7900HT Fast Real-Time PCR System with the following profile:
95°C for 20 seconds followed by 40 cycles of 95°C for 3 seconds and 60°C for 30
seconds. The relative expression of SLC7A5 was calculated by the AACt comparative
expression method [12].

Western blot analysis. Protein was extracted from BMVs, and transporter- and
empty vector transfected human embryonic kidney cells by incubating with prechilled
CellLytic Mcell lysis buffer (Sigma-Aldrich, St Louis, MO) containing a protease inhibitor
cocktail for 20 min at 4°C. Homogenates were centrifuged for 10 min at 15,000 rpm at
4°C, and the protein concentration of the supernatant determined by BCA protein assay
(Thermo Fisher Scientific, Rockford, IL) using the manufacturer’s protocol. Up to 20 ug
of total protein was subjected to SDS-PAGE using a Tris-glycine 4-15% polyacrylamide
gel (Bio-Rad, Hercules, CA), and then transferred onto a polyvinylidene difluoride
membrane (Bio-Rad, Hercules, CA). Membranes were blocked in Protein-free T20
Blocking Buffer (Thermo Fisher Scientific, Rockford, IL) for 1 hr at room temperature,

and then incubated with a primary antibody against Lat1 (Abbiotec, San Diego, CA) or a
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B-actin-HRP conjugated antibody (Santa Cruz Biotechnology, Santa Cruz, CA) diluted in
blocking buffer overnight at 4°C. Membranes were then washed with Tris-buffered
saline containing 0.1% tween 20 (TBST) at pH 7.4 6 times for 5 min prior to incubating
with HRP-conjugated goat anti-rabbit IgG diluted in TBST for 1 hr at room temperature.
Membranes were then washed 6 times for 5 min in TBST again, and developed with
Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Rockford, IL) using
the manufacturer’s protocol. All scanned membrane images were processed and
quantified using ImageJ.

LAT1-targeted platinum design and synthesis. Seven LAT1-targeted
platinum analogs were designed to have LAT1 substrates covalently attached to either
the leaving group or non-leaving group side of the platinum atom (Figure 3.1), and
synthesized according to established protocols [13, 14]. In some cases, such as with
149,187, and 207, analogs structurally similar to LAT1 substrates were covalently
attached to the platinum atom due to feasibility of chemical synthesis. All analogs were
synthesized and validated by nuclear magnetic resonance at the University of
Minnesota by Dr. Swati More.

Cellular uptake studies. Uptake studies were performed as described
previously [15]. Briefly, HEK-LAT1 cells were seeded at a density of 2x10° cells per well
in poly-D-lysine-coated 24-well (BD Falcon) plates. After 24 hours, cells were exposed
to growth medium either with 2 mM sodium butyrate and doxycycline for 24 hours to
induce LAT1 expression or without these inducers as a control. Once cells reached 80-
90% confluence, they were rinsed with pre-warmed, sodium-free choline buffer (140

mM choline chloride, 2 mM KCI, 1 MgCIl, mM, 1 CaCl, mM, 1 M Tris), and then
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incubated in 0.3 ml of pre-warmed choline buffer containing 1 uM unlabeled gabapentin
and 10 nM [*H]-gabapentin (American Radiolabeled Chemicals, St. Louis, MO) for 3
minutes at 37°C. The reaction was terminated by washing cells twice with 1.0 ml of ice-
cold choline buffer, followed by addition of 700 pl lysis buffer (0.1% SDS v/v, 0.1 N
NaOH). Intracellular radioactivity was determined by scintillation counting and
normalized per well protein content as measured by BCA protein assay (Pierce,
Rockford, IL).

Cellular platinum accumulation was determined as previously described [16].
Briefly, HEK-LAT1 cells were seeded and grown as described above for measuring [°H]-
gabapentin uptake, except with the addition of pre-warmed choline buffer containing 10
MM cisplatin or LAT1-targeted platinum compound instead of gabapentin, and incubated
for 2 hours at 37°C and 5% CO,. The reaction was terminated by washing cells twice
with 1.0 ml of ice-cold choline buffer, followed by addition of 100 ul of 70% nitric acid at
65°C for at least 2 hours to break down cells. Distilled water containing 10 ppb iridium
(Sigma-Aldrich, St. Louis, MO) and 0.1% TritonX-100 was used to dilute the nitric acid
to 7% (v/v). Platinum concentration was measured by inductively coupled plasma mass
spectrometry (ICP-MS) at the Analytical Facility of the University of California, Santa
Cruz. Cellular platinum concentration was normalized to total protein content that was
determined from a 24-well plate of HEK-LAT1 cells treated identically as the uptake
plate.

Cell proliferation studies. HEK-LAT1 cells were seeded at 5 x 10° cells per
well in poly-D-lysine-coated 96-well plates (BD Falcon), and on the following day cells

were exposed to growth medium either with 2 mM sodium butyrate and doxycycline for
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24 hours to induce LAT1 expression, or without these inducers as a control. After
induction, cells were treated with fresh growth medium (no sodium butyrate or
doxycycline) containing either drug (0.32 to 500 uM) or vehicle (0.85% saline solution)
for 72 hours. Cell density was measured 72 hours post-treatment using the CellTiter-Glo
cell viability kit (Promega, Madison, WI) according to the manufacturer’s instructions.
Cell lysates were transferred to white opaque 96-well plates (Corning Life Sciences)
and bioluminescence was measured on a Glomax luminometer (Promega). Cell
viability was expressed as percent of vehicle treatment, and drug concentration-
response curves were generated using GraphPad Prism version 5.0 (La Jolla, CA).
These curves were analyzed using a curve fit for sigmoid dose-response, and the

concentration at which cell growth was inhibited by 50% (Glso) was derived.

Generation of transgenic mice. Chimeric mice were generated at the
Gladstone Transgenic Gene-targeting core (San Francisco, CA) by injecting both BH3
and CC3 clones into the blastacoel cavity of day 3.5 embryos from albino C57BL/6J-
tyr<c-2J mice, and implanted into host female albino C57BL/6J-tyr<c-2J mice. Clones
BH3 and CC3 produced 13 and 2 chimeras, respectively, which were mated to albino
C57BL/6J-tyr<c-2J mice (Jackson Laboratory, Bar Harbor, ME) to determine germ line
transmission of the Slc7a5-targeted construct and generate mice heterozygous for Lat1.
Subsequent heterozygous mice were then mated to generate homozygous mutant mice.

Animals. All mice strains were housed under a 12-hour light/dark cycle with free
access to water and standard chow (Harlan Laboratories, Indianapolis, IN). Wild type
albino C57BL/6J-tyr<c-2J mice used for crossing to chimeric mice were obtained from

the Jackson Laboratory (Bar Harbor, ME). All animals used in experiments were
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between 8 to 10 weeks of age. All experiments in mice were approved by the
Institutional Animal Care and Use Committee of University of California at San
Francisco (protocol # AN089117-01B).

Pharmacokinetic and tissue distribution studies. Male C57BL/6 wild type
and Lat1 heterozygous mice were dosed with 200 uCi/kg [°H]-gabapentin (300 ng/kg) or
[*H]-levodopa (2.2 pg/kg) (American Radiolabeled Chemicals) in saline via tail vein
injection. Blood samples were collected at 5, 10, 15, 30, 60, 90 120, and 240 min by talil
bleeding into heparinized microhematocrit capillary tubes (Fisher Scientific, Pittsburgh,
PA), and centrifuged for 5 min at 12,000 times g to obtain plasma. Mice were sacrificed
15 or 240 min after injection, perfused with 10 mL of ice cold PBS, and brain, testicle,
lung, heart, skeletal muscle from the left hind flank, liver, and kidney tissues were
collected immediately, and dissolved in Solvable (PerkinElmer, Waltham, MA) overnight
at 50°C. The amount of [°H]-gabapentin or [°H]-levodopa in plasma and tissue samples
was quantified by liquid scintillation counting using a Beckman LS 6500 scintillation
counter (Brea, CA). Pharmacokinetic parameters were obtained by non-compartmental
analysis using WinNonlin 6.3 (Pharsight Corporation, Mountain view, CA).

Statistical analysis. Data were analyzed in GraphPad Prism version 5.0 by
either Student’s unpaired t-test, one-way ANOVA followed by Dunnett’'s multiple
comparison test, two-way ANOVA followed by Bonferroni correction, or Chi-square test.

Probability values lower than 0.05 were considered statistically significant.
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Figure 3.1. Chemical structures of LAT1-targeted platinum compounds. The

structure of cisplatin is depicted in the top left, with the leaving and non-leaving group

sides of the platinum atom labeled. LAT1-targeted platinum compounds were designed

to have LAT1 substrates, or substrate analogs covalently attached to the leaving or non-

leaving group side of the platinum atom. Numbers below the chemical structures are

used to refer to each compound.
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Results

Cellular accumulation of LAT1-targeted platinum analogs. HEK-LAT1 cells
induced to overexpress LAT1 by treatment with doxycycline had a 250-fold and 125-fold
increase in SLC7A5 and SLC3A2 mRNA expression, respectively, relative non-induced
cells (Figure 3.2a). Furthermore, the LAT1 drug substrate, gabapentin, accumulated to
10-fold higher levels in induced HEK-LAT1 cells relative to non-induced cells (Figure
3.2b). These results validate HEK-LAT1 cells as an in vitro model for measuring LAT1-
mediated transport.

Seven LAT1-targeted platinum compounds were screened for transport by LAT1
in cellular uptake studies with HEK-LAT1 cells. Only compound 207 showed a modest
(two-fold) increase in the rate of total platinum accumulation (Figure 3.3). However, the
overall rate of accumulation for compound 207 was 15-fold lower than cisplatin in
induced cells. All other compounds, including both negative controls, cisplatin and
compound 121, demonstrated no change (approximately one-fold) in the rate of
platinum accumulation in induced versus non-induced cells. Interestingly, compound
147 had a 15-fold higher rate of cellular accumulation than cisplatin in both induced and

non-induced cells.
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Figure 3.2. Characterization of HEK-LAT1 cells. (a) Real-time PCR quantification of
SLC7A5 and SLC3A2 gene expression in cells induced to overexpress both genes by
treatment with doxycycline (white bars) relative to non-induced cells (black bars). (b)
Gabapentin (1 uM unlabeled gabapentin and 10 nM [*H]-gabapentin) accumulation in
cells induced to overexpress both genes by treatment with doxycycline (white bars)
relative to non-induced cells (black bars). All values represent the mean + SEM of 3

separate experiments.
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to overexpress LAT1 by treatment with doxycycline (white bars) or non-induced cells
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t-test.
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Cytotoxicity of LAT1-targeted platinum compounds. The cytotoxic potency
of seven LAT1-targeted platinum compounds and cisplatin (negative control) was
determined by measuring growth inhibition of induced versus non-induced HEK-LAT1
cells (Table 3.1). The Glsg values of compounds 147 and 207 (~5-10 uM) were similar
to cisplatin, while all other compounds were at least 10-fold less potent than cisplatin in
non-induced cells. This is especially interesting considering there is up to a 300-fold
difference in the cellular accumulation rates of all three compounds in induced cells
(Figure 3.3). More importantly, after incubating cells with each compound for 72 hours,
overexpression of LAT1 conferred resistance to compound 207 (resistance factor =
0.42), but had no effect on the potency of cisplatin or the other six LAT1-targeted
platinum compounds (resistance factors ~ 1.00). However, this LAT1-dependent
resistance was abrogated with shorter exposure times (resistance factors ~ 1.00; Table
3.1). These data partially agree with the cell accumulation results (Figure 3.3) in that
both suggest compound 207 is a LAT1 substrate. However, while the cell accumulation
results indicate that LAT1 mediates net uptake of compound 207 into cells over short
incubation times (hours), the cytotoxicity data suggest that LAT1 mediates net efflux of

compound 207 out of cells over long incubation times (days).
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Table 3.1. Cytotoxic potency of LAT1-targeted platinum compounds and cisplatin

against HEK-LAT1 cells.

Compound Time (hr) | _ Doxycycline (uM) | + Doxycycline (uM) Rel:salztz:lace
113 72 104 £ 12.8 100 + 5.04 1.04
119 72 ND ND ND
121 72 ND ND ND
147 72 5.83 £ 0.801 4.34 + 0.911 1.34
149 72 117 £ 4.55 119 + 141 0.983
187 72 ND ND ND
207" 72 9.35+1.22 22.3+4.02 0.419
207 24 15.1+1.94 15.4 + 3.14 0.981
207 2 86.2 + 0.80 109 + 111 0.790

Cisplatin 72 8.09+1.76 9.08 + 3.12 0.891

Cisplatin 24 34.2+3.35 38.2+2.18 0.895

Cisplatin 2 142 + 9.25 129 + 2.00 1.10
*, P<0.05

a, Resistance factor is the ratio of - doxycycline: + doxycycline.

ND, Not determined because Gls, value was greater than 200 pM.

All values represent the mean Glso + SEM of 2-4 separate experiments.
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Generation of Lat1 deficient mice. Targeted constitutive deletion of Lat1 from
C57BL/6NTac-derived ES cells was accomplished with a BAC-based vector, and the
confirmed Lat1 null (Lat1 -/-) cells were used to generate chimeric mice (see Materials
and Methods; Figure 3.4). Out of 15 viable chimeric mice (14 male; 1 female), two
clone BH3-derived chimeras had germline transmission of the Lat1 null allele and
produced heterozygous offspring. Unfortunately, after genotyping over 60 offspring
from 10 different heterozygous breeding pairs, no Lat1 null mice have been observed
(Table 3.2). This result indicates that Lat1 likely plays an important role during

embryonic development, and loss of Lat1 is embryonic lethal.

Table 3.2. Observed versus expected genotypes of pups from heterozygous

breeding pairs.

Genotype | Observed* | Expected*
Wild Type 21 16
Heterozygous 42 31
Lat1 Null 0 16
*, P <0.0001

82



a Slc7a5
chr8: 121,873,895 - 121,910,992

- =
&1 8 8+ 13 i
—> < —> <
hUbCpro-neo” lacZ
Homologous BAC Targeting Vector Homologous
Recombination Recombination

b +- +- WTWT
Lat1
LacZ

Figure 3.4. Strategy for targeted deletion of Lat1 in C57BL/6NTac ES cells. (a) A

BAC-based vector containing the neomycin phosphotransferase (neo’) gene regulated
by the human ubiquitin C promoter (hUbCprom) and p-galactosidase gene (lacZ)
regulated by the endogenous Slc7a5 (Lat1) promoter was used to constitutively delete
the Slc7a5 gene through homologous recombination. Triangles represent loxP sites,
black boxes represent exons, the black arrow represents the start codon for Lat1, and
blue arrows represent primer sites used to determine mice genotypes. (b) PCR products
of ~550 and ~300 base pairs from reactions containing either the Lat1 or lacZ

genotyping primers, respectively, and genomic DNA isolated from the tails of four mice.
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Characterization of heterozygous mice. Since Lat1 null mice are not viable,
heterozygous mice were characterized as an in vivo model for determining Lat1’s
contribution to drug disposition. Before pharmacokinetic studies began, general
characteristics of heterozygous mice were determined. Heterozygous mice had no
obvious anatomical or morphological abnormalities, and were indistinguishable from
their wild type littermates. Furthermore, average body and organ weights of adult 8-
week-old heterozygous and wild type littermates were similar (Table 3.3).

Lat1 mRNA and protein expression were also characterized to determine
whether heterozygous mice are valuable for measuring Lat1 function in vivo. Lat1
MRNA expression was measured in tissues with high Lat1 expression levels, such as
the brain, testes, spleen, and bone marrow [17, 18], and the kidney as a negative
control tissue with low Lat1 expression (Figure 3.5a). In all tissues tested, Lat1 mRNA
was reduced by greater than 50% in heterozygous mice relative to wild type littermates,
including those with low levels of Lat1 such as the kidney. A polyclonal antibody
against Lat1 was validated by Western blot of brain, testes, and kidney tissue extracts
(Figure 3.5b). A single band ~52 kDa was observed in the brain and testes, but was
absent from the kidneys when tissue extracts were separated under reducing conditions
(UniProt predicted molecular weight ~55 kDa). However, no difference in Lat1 protein
expression was observed in the brain and testes of heterozygous and wild type
littermate mice. Since Lat1 and 4f2hc are linked by a disulfide bond and this
heterodimer is the primary species expressed at the cell surface [18], brain lysates were

analyzed under non-reducing conditions (Figure 3.5c). Expression of the Lat1-4f2hc
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heterodimer was unchanged between heterozygous and wild type littermate mice. Thus,
while Lat1 mRNA expression appears to be reduced in heterozygous mice relative to
wild type littermates, it is unclear if Lat1 protein expression is also decreased in
heterozygous mice.

Pharmacokinetic studies with established Lat1 drug substrates, gabapentin and
levodopa, were used to determine if heterozygous mice have reduced Lat1 function.
There were no differences between all pharmacokinetic variables in heterozygous
versus wild type mice administered a 300 ng/kg (200 uCi/kg) intravascular bolus dose of
[*H]-gabapentin (Figure 3.6a; Table 3.4). Similar results were obtained in the tissue
distribution studies for most tissues, with no differences observed in the gabapentin
tissue/plasma of the testes, lung, heart, skeletal muscle, liver, and kidney between
heterozygous and wild type mice 15 minutes after administration (Figure 3.6b).
Interestingly, gabapentin brain accumulation in heterozygous mice was approximately
40% lower than in wild type mice (Figure 3.6¢). Reduced Lat1 brain function in
heterozygous mice was confirmed using another prototypical Lat1 drug substrate,
levodopa, which had approximately 40% lower brain accumulation in heterozygous mice
relative to wild type mice following an intravascular bolus dose of 2.2 ug/kg (200 uCi/kg;
Figure 3.6¢). These results agree with the observed reductions in brain expression of
Lat1 mRNA in heterozygous mice relative to wild type littermates, and suggest that Lat1

plays an important role in mediating drug uptake into the brain.

85



Table 3.3. Body and organ weights of heterozygous and wild type mice.

Heterozygous Wild Type Ratio
Body Weight (g) 23.3+£1.69 24.0+£1.90 0.963
Brain (mg) 461 £ 26.7 476 £ 19.5 0.969
Testicle (mg) 77.1 +£9.51 68.0 £ 8.37 1.13
Kidney (mg) 171 £19.5 168 £ 17.9 1.02
Heart (mg) 127 £17.0 130 £ 30.8 0.978
Lung (mg) 54.3+14.0 54.0 + 5.48 1.01

All values represent the mean + SD of 7 heterozygous and 5 wild type 8-10 week old

male mice; Ratio = heterozygous : Wild type.

Table 3.4. Pharmacokinetic parameters after intravascular administration of a 300

ng/kg bolus dose of [*H]-gabapentin to heterozygous and wild type mice.

Heterozygous Wild Type Fold Change
AUC.240 (Min*ng/mL) 22.9+3.23 20.3+3.76 1.13
CL (mL/min*kg) 12.9 £ 1.81 14.3 £ 2.81 0.900
Terminal ty2 (min) 67.0 £ 3.28 78.7£13.9 0.851
Vss (L/kg) 1.06 £ 0.0910 1.23 £ 0.231 0.862
Co (ng/mL) 464 £ 81.0 438 £ 107 1.06

All values represent the mean + SD of n = 4 8-10 week old male mice per genotype;

Fold change = heterozygous : Wild type.
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Figure 3.5. Lat1 mRNA and protein expression in heterozygous and wild type
littermate mice. (a) Real-time PCR quantification of Lat1 mRNA expression in brain,
testis, bone marrow, spleen, and kidney tissue lysates from heterozygous (white
columns) and wild type (black columns) mice. Lat1 expression was normalized to the
average expression levels of two housekeeping genes. Values represent the mean *

SEM of n=3 mice/genotype. (b-c) Western blot detection of Lat1 protein in whole brain
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lysates from heterozygous and wild type mice. Lat1 (monomer) and Lat1-4f2hc
(heterodimer) had approximate molecular weights of 52 and 95 kDa, respectively, and
B-actin was used as a loading control. Semi-quantitative analysis of Western blots is
depicted below each blot in (b) and (c). +/-, heterozygous mice. WT, wild type mice. NR,
sample run under non-reducing conditions. R, sample run under reducing conditions

with 2-Mercaptoethanol. All mice were 7-9-week-old males. *, P < 0.05.
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Figure 3.6. Pharmacokinetics and tissue distribution of Lat1 drug substrates. (a)
Gabapentin plasma concentration-time curve, and (b) tissue distribution in heterozygous
and wild type littermates following a 300 ng/kg (200 uCi/kg) intravascular bolus dose of
[3H]—gabapentin. Plasma concentration values at 5, 10, 15, 30, 60, 90, 120, and 240
minutes post dose are the mean + SD of n=4 mice per genotype. Tissue distribution
values are the mean + SEM of n=3 heterozygous mice and n=3 wild type mice. (c)
Brain uptake of [°H]-gabapentin and [°H]-levodopa (2.2 pg/kg; 200 pCi/kg) in
heterozygous and wild type littermates following an intravascular bolus dose. Values
are the mean = SEM of n=3 mice per genotype. All mice were 7-9-week-old C57BL/6

males. *, P <0.05.
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Discussion

LAT1-targerted cisplatin derivatives were synthesized and screened for LAT1-
dependent transport and cytotoxicity using cell-based uptake and proliferation assays.
Furthermore, a transgenic mouse with reduced LAT1 function was generated as an in
vivo model for determining LAT 1-mediated drug penetration across the BBB. Three key
findings emerge from these studies. First, LAT1 transports cytotoxic platinum-based
drugs. Second, complete loss of Lat1 function is embryonic lethal. Third, heterozygous
mice have reduced Lat1 function in the brain, despite no observable differences in Lat1
protein expression.

LAT1 transports targeted platinum-based chemotherapeutics. LAT1 was
first characterized by its ability to transport aromatic and branched-chain amino acids
[19], and was later found to transport several drugs, such as gabapentin and levodopa
[20]. This characteristic combined with being highly expressed in tumor and brain
endothelial cells have made LAT1 an attractive drug target. Previous studies have
demonstrated that modifying approved drugs to target LAT1 can increase drug uptake
across the BBB [6, 7], and that both small molecule and antibody therapies targeting
LAT1 may be effective treatments for a variety of cancers [21, 22]. In this study, one
out of seven LAT1-targeted platinum compounds was identified as a weak LAT1
substrate (compound 207; Figure 3.3). The low success rate was likely due to the initial
synthesis strategy, which prioritized feasibility of synthesis over optimizing compound
structure. Furthermore, while the cell accumulation studies suggest LAT1 mediates net
uptake of compound 207, the cytotoxicity studies suggest that LAT1 may be mediating

net efflux of these drugs out of cells during longer exposure times (Table 3.1). These
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results are in agreement with LAT1’s facilitative, obligatory exchange mechanism of
transport [23], since the direction of net transport may change as a substrate’s
concentration gradient across the plasma membrane changes over time. This is
supported by the elimination of LAT1’s protective effect at shorter exposure times.

Another interesting result was the lack of correlation between cellular platinum
accumulation and cytotoxic potency. Cisplatin had a 13-fold higher rate of accumulation
in induced HEK-LAT1 cells relative to compound 207 (Figure 3.3), yet compound 207
was equipotent to cisplatin over longer exposure times, and more potent over shorter
exposure times (Table 3.1). Once inside the cell, platinum-based drugs can be
sequestered in subcellular organelle and deactivated by reacting with metallothionein
and glutathione [24], both of which prevent drug binding to genomic DNA. It is possible
that compound 207 is less susceptible to these processes than cisplatin once inside the
cell, and is therefore more free to bind genomic DNA. Another possibility is that
compound 207 binds to genomic DNA more efficiently than cisplatin, thereby requiring
lower intracellular drug concentrations to achieve a similar cytotoxic effects as cisplatin.
However, additional studies are required to elucidate the mechanism underlying the
differences in cisplatin and compound 207 cytotoxic potencies.

Despite some discrepancies in the cell accumulation and cytotoxicity data, these
proof-of-concept studies indicate that LAT1 can transport cytotoxic, platinum-based
compounds, and provide a foundation to develop improved LAT1-targeted platinum-
based drugs.

Constitutive genetic ablation of Lat1 is embryonic lethal. After genotyping

over 60 F2 offspring, no Lat1 null mice have been observed (Table 3.2). Since this
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result is highly unlikely to occur by chance alone, it is probable that Lat1 deletion is
lethal during embryonic development. Furthermore, these results are in agreement with
reports by transgenic mouse repositories that indicate mice homozygous for Lat1
deletion are not viable (Mutant Mouse Regional Resource Centers). Influx transporters
are responsible for supplying cells with a wide variety of essential nutrients from dietary
sources, and genetic ablation of these transport pathways can result in embryonic
lethality. For example, folate is an essential B vitamin required during embryonic
development, and deletion of Sic719a1, the reduced folate carrier, results in embryonic
lethality [25]. Lat1-mediated transport is a major route by which cells are supplied with
essential amino acids, such as phenylalanine and leucine [26]. Furthermore, essential
amino acids play an important role in pre-implantation embryonic development by
promoting normal blastocyst development [27]. Since LAT1 is expressed during pre-
implantation embryonic development [28], it is possible that lack of LAT1 function leads
to an inadequate supply of essential amino acids and disrupts proper blastocyst
development. Studies are ongoing to determine at which stage of embryonic
development loss of Lat1 function is lethal.

Heterozygous mice have reduced brain uptake of Lat1 drug substrates.
Previous studies have frequently suggested that LAT1 plays an important role in
mediating drug uptake across the BBB [29-31]. However, all of these studies probed
LAT1 function in the BBB with small molecule inhibitors (primarily amino acids) that are
not necessarily specific to LAT1. In this study, genetically modified mice heterozygous
for Lat1 were validated as a model for measuring Lat1-specific contributions to drug

uptake across the BBB. Heterozygous mice had reduced Lat1 mRNA expression in
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several tissues, including the brain (Figure 3.5). More importantly, the tissue
accumulation of gabapentin and levodopa in heterozygotes was only reduced in the
brain (Figure 3.6). Since LAT1 expression in the brain is almost exclusively in the BBB
(Chapter 2, Figure 2.2a), these changes are likely due to reduced Lat1 function in the
BBB. This expression pattern may explain how Lat1 alters the brain accumulation of
gabapentin and levodopa, but other organs with high Lat1 expression, such as the
testes, do not have altered accumulation. It is possible that in other organs with high
Lat1 expression, no change in gabapentin or levodopa accumulation was observed
because other transporters that interact with the drugs are also expressed. In contrast,
in the BBB, Lat1 may be the primary transporter for these compounds. These results
confirm previous studies of LAT1 function in the BBB, and validate Lat1 heterozygous
mice as a model for measuring Lat1-mediated brain uptake.

Despite decreased Lat1 function and mRNA expression at the BBB, there were
no observable changes in Lat1 protein in the brain or testes of heterozygous mice
relative to wild type littermates (Figure 3.5). However, the observed functional changes
were modest in magnitude, and suggest that any change in Lat1 protein expression
would be small. The Western blotting technique used to measure Lat1 protein
expression is semi-quantitative in nature, and may not be sensitive enough to detect the
small, subtle changes in protein expected in these studies. More importantly, numerous
studies attempting to correlate mMRNA and protein levels in model organisms and
humans have often observed a very poor correlation, including decreased mRNA

expression, but no change in the protein expression of many different genes [32-35].
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These discordant results are not completely unexpected, but need to be confirmed with
further studies using more sensitive protein quantification methods, such as ELISA.

In summary, these studies suggest that platinum-based drugs can be modified to
target LAT1, and establish a new strategy for developing anti-cancer platinum analogs.
Finding that Lat1 null mice are not viable highlights the important roles essential nutrient
transporters play during embryonic development. Finally, Lat1 heterozygous mice
provide a new tool for determining Lat1-mediated brain uptake of drugs, and suggest

influx transporters play an important role in regulating drug penetration across the BBB.
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CHAPTER 4
Structure-based ligand discovery for the

Large-neutral Amino Acid Transporter 1, LAT1

Introduction

The large-neutral amino acid transporter (LAT1, SLC7A5). LAT1 is a sodium-
independent exchanger found in the brain, testis, and placenta, where it mediates
transport of large-neutral amino acids (e.g., tyrosine) and thyroid hormones (e.g.,
triiodothyronine (T3)) across the cell membrane [1]. More specifically, LAT1 is highly
expressed in the blood- and brain-facing membranes of the Blood-Brain-Barrier (BBB)
to supply the central nervous system (CNS) with essential nutrients and to help maintain
the neural microenvironment [2]. LAT1 is also an important drug target because it
transports several prescription drugs, such as the antiparkinsonian drug L-Dopa and the
anticonvulsant gabapentin across the BBB, thereby enabling their pharmacologic effects
[3, 4]. This function at the BBB has made LAT1 a target for drug delivery by modifying
CNS impermeable drugs such that they become LAT1 substrates, and have enhanced
BBB penetration [5, 6].

In addition, LAT1 expression levels are increased in many types of cancer,
including non-small cell lung cancer and glioblastoma multiforme (GBM) [7, 8]. LAT1
expression increases as cancers progress, leading to higher expression levels in high-
grade tumors and metastases [9]. In particular, LAT1 plays a key role in cancer-
associated reprogrammed metabolic networks by supplying growing tumor cells with

essential amino acids that are used as nutrients to build biomass and signaling
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molecules to enhance proliferation by activating pro-growth pathways such as the
mTOR pathway [10]. Furthermore, inhibiting LAT1 function reduces tumor cell
proliferation, indicating that it may be a viable target for novel anticancer therapies [11-
13]. A cancer drug targeting LAT1 can therefore be a LAT1 inhibitor that deprives the
cancer cells of nutrients or a cytotoxic LAT1 substrate with an intracellular target (e.g., a
metabolic enzyme).

LAT1 structure. LAT1 is a large protein with 12 putative membrane-spanning
helices [14]. To transport solutes across the membrane, LAT1 binds SLC3A2, a
glycoprotein with a single membrane spanning helix that serves as a chaperone for
LAT1 [14]. The atomic structure of human LAT1 is not known, but LAT1 exhibits
significant sequence similarity to prokaryotic transporters such as members of the
acid/polyamine/organocation transporter (APC) family, whose representative structures
have been recently determined by X-ray crystallography [15-19]. Structures of the
arginine:agmatine antiporter AdiC from E. coli [15, 17, 18] and Salmonella enterica [20]
in different conformations reveal an internal two-fold pseudo-symmetry, similar to the
structures of the sodium and chloride dependent leucine transporter, LeuT [19, 21].
These data, combined with structures of additional related transporters [22] and
Molecular Dynamics (MD) simulations [23], suggest a common transport mechanism
among the LAT1 homologs and LeuT, where the role of sodium in LeuT is proposed to
be mimicked by a proton in some APC transporters [23]. Thus, LAT1 probably also
transports ligands across the cell membrane via the ‘alternating access’ transport

mechanism [22, 24, 25].
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In this study, we take an integrated computational and experimental approach to
characterize novel LAT1 ligands. We construct structural models of LAT1 based on
structures of homologous APC family transporters from prokaryotic organisms, and then
perform virtual ligand screening of metabolite and prescription drug libraries against
these models to predict small molecule ligands. The top scoring hits are tested
experimentally for LAT1 inhibition and transport using cis-inhibition experiments and
trans-stimulation assays, respectively. Furthermore, we characterize the effect of select
validated ligands on cell proliferation. Finally, we describe the pharmacological
implications of our results, including how the intended and unintended effects of the
discovered ligands may be mediated by LAT1 transport across the BBB as well as their

potential use as chemical tools to characterize the role of LAT1 in cancer.

Materials and Methods

Template selection. To identify potential templates for modeling LAT1, we used
fold-recognition and modeling servers HHpred [26] and I-Tasser [27], as well as
analzyed the LAT1 entries in the database of comparative protein structure models
ModBase [28] and the Transporter Classification Database (TCDB) [29]. These
computational tools revealed that LAT1 exhibits significant sequence similarity to protein
structures in the APC (Amino acid-Polyamine-organoCation) superfamily of the
Orientations of Proteins in Membranes (OPM) database [30]. To select the optimal
template for structure-based ligand discovery, we used the following considerations: (i)

sequence similarity to LAT1, (ii) structure quality, and (iii) conformation, including
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whether it is ligand-bound or not, and whether the structure is in an occluded, inward-
facing, or outward-facing conformation.

Comparative model construction. LAT1 was modeled using MODELLER-10v8
based on the X-ray structure of the arginine/agmatine transporter AdiC from E. coli in
the outward-occluded arginine-bound conformation (PDB identifier 3L1L) [17]. We also
modeled LAT1 based on the structure of the amino acid, polyamine, and organo-cation
transporter ApcT from M. jannaschii in an inward-apo conformation (PDB id 3GI9) [16].
We relied on a previously published alignment [15] as well as alignments obtained from
the Promals3D server [31], where gaps were present primarily, but not only, in the
predicted extracellular loops and were manually refined (Figure 4.1). For each template
structure and alignment, 100 models were generated using the standard ‘automodel’
routine of MODELLER-10v8 [32]. The initial models were assessed using Z-DOPE, a
normalized atomic distance-dependent statistical potential based on known protein
structures [33]. For selected LAT1 models, the binding site was refined by repacking the
sidechains on a fixed backbone using Scwrl4 [34]. The final models for virtual screening
were selected based on their ability to discriminate known ligands from decoy
compounds using “enrichment curves” derived from ligand docking calculations [35-37].
These final models were also evaluated based on residue hydrophobicity [38] and
evolutionary conservation profiles (Figure 4.2) [39].

Residue conservation and hydrophobicity analysis. Evolutionary
conservation was calculated using the ConSurf server (http://consurf.tau.ac.il/) [39]. For
the LAT1 model, we used the default parameters. The conservation values for the AdiC

structure were not complete using a variety of similarity cutoffs and databases, probably
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because prokaryotic proteins in this family are highly divergent in sequence [19]. Thus,
for the AdiC structure, we used the cuttof on sequence identity of 20%, the cutoff on the
E-value of 0.1, and the UniProt database. The computed conservation values were
mapped onto the LAT1 model and the template structure using Chimera [40], using the
scripts provided by the ConSurf server. The hydrophobicity profile was computed using
Chimera, relying on the Kyte-Doolitle hydrophobicity scale [38].

The conservation and hydrophobicity profiles are generally similar in the LAT1
model and the AdiC structure, further confirming the model. The minor differences in the
hydrophobicity profiles of LAT1 and AdiC can be partially explained by the differences in
their binding partners. For example, LAT1 binds the single transmembrane protein
SLC3A2, while AdiC is not known to be involved in a similar interaction. Finally,
hydrophobic and non-conserved positions are usually predicted to face the estimated
location of the lipid membrane, while conserved and hydrophilic residues are modeled
in the core, where they may be involved in helix-helix interactions and ligand recognition
[41, 42]. In contrast, the conservation profile on the surface of the experimentally
determined AdiC structure does not give such a clear signal, possibly because it is
involved in protein-protein interactions.

Selection of molecules for experimental testing. The top 500 highest-ranking
hits in each of the four computational screens (ie, two datasets against two models)
were analyzed manually. In particular, we examined similarities of the docking poses of
these ligands to those in the predicted complexes of LAT1 with known ligands.
Additionally, we discarded top ranked hits for several reasons [36, 43, 44]: 1) likely false

positives related to the limitation of the docking programs, including docking poses with
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high internal energies or stranded polar groups, 2) compounds that are not purchasable
or too expensive, 3) compounds that are not novel, as we tried to balance between
chemically novel molecules and those that are pharmacologically interesting but might

not exhibit novel chemistry.
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Figure 4.1. LAT1-AdiC alignment. The sequence alignment was visualized using
Jalview [45]. The aligned residues are colored based on their type using the “Clustlx”
color scheme. The template structure (PDB code 3L1L) helical and strand segments are
indicated with red rectangles and green arrows, respectively. The transmembrane
helices (TMH) of 3L1L were defined using the PPM server [46]; the remainder of the
secondary structure segments (SS) were defined by the DSSP program [47]. The
residues that are important for LAT1 ligand binding according to our model are
highlighted with grey stars. The LAT1 loop that was excluded from modeling is marked

with /.
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Figure 4.2. Conservation and hydrophobicity profiles for the LAT1 model and the
AdiC structure. Side-views of the LAT1 model and the AdiC structure. Evolutionary
conservation grades (from 1-9) are mapped onto the surface of the LAT1 model (a) and
the AdiC structure (b); the residue positions are colored in cyan for most variable, to
white, and to maroon for most conserved; unassigned positions are colored yellow.
Hydrophobicity values are mapped onto the surface of the LAT1 model (¢) and the AdiC
structure (d); the residues are colored in blue for the most hydrophilic, to white, and to

orange for the most hydrophobic.
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Virtual screening and ligand docking. Virtual screening against the LAT1
models was performed using a semi-automatic docking procedure [37], relying on
DOCK 3.5.54 [48]. The docking poses of the database molecules were ranked by
DOCK score, which is a sum of van der Waals, Poisson—Boltzmann finite-difference
electrostatics, and ligand desolvation penalty terms. Poses of the 500 highest-ranked
compounds from each one of the docking screens were inspected by eye to prioritize
compounds for experimental testing [35, 36].

Chemical similarity calculations. The chemical novelty of the top hits was first
evaluated using Instant JChem 5.7.0, 2011, ChemAxon (http://www.chemaxon.com).
Specifically, we calculated the chemical dissimilarity measure
‘JCDissimilarityCFTanimoto’ among the top small molecule hits and the 44 known LAT1
ligands from the databases ChEMBL [49] and UniProt [50], as well as from the literature
[1]; predicted ligands with values higher than 0.7 were classified as chemically novel.

Cell lines. Stably transfected human embryonic kidney 293 cells were created by
transfecting pcDNAS/FRT (Invitrogen) vector containing the full-length human LAT1
cDNA (HEK-LAT1) and the empty vector (HEK-EV) using Lipofectamine 2000
(Invitrogen) per the manufacturer’s instructions. Transfected cells were maintained in
DMEM-H21 containing 10% FBS, 100 units/mL penicillin, 100 pyg/mL streptomycin, and
200 pg/mL hygromycin B at 37 °C and 5% CO,. Stable LAT1 knock down cells were
created by infecting 2 x 10° T98G GBM cells with lentivirus produced by the UCSF
Lentiviral RNAI core [51] carrying a pSicoR vector expressing green fluorescent protein
(GFP) and either an anti-LAT1 shRNA (T98G-KD; Table 4.1) or empty vector (T98G-

EV) at a multiplicity of infection equal to 10. One week post-infection GFP” cells were
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isolated using fluorescence-activated cell sorting (FACS) analysis by the Laboratory for
Cell Analysis at the UCSF Comprehensive Cancer Center. GFP* T98G-KD and T98G-
EV cells were validated for LAT1 RNA and functional knock down as described below.
T98G, T98G-KD, and T98G-EV cells were maintained in DMEM-H21 containing 10%

FBS, 100 units/mL penicillin, and 100 ug/mL streptomycin at 37°C and 5% CO..

Table 4.1 Anti-LAT-1 shRNA sequences.

Cell Line® Position® Sequence®

T98G-KD1 3861 GAAAGTAGCTGCTAGTGAA
T98G-KD2 4294 GCTAACGTCTTACTAATTT
T98G-KD3 4512 GTTAATGGCTAACCTGTTA

a, Cell line indicates the name given to T98G glioblastoma cells stably expressing a
given shRNA construct.

b, Position indicates the first base pair within the human SLC7A5 mRNA sequence each
shRNA targets.

¢, Sequence of each construct targeting LAT-1 mRNA.
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Inhibition of [PH]-Gabapentin uptake. Uptake studies were performed as
described previously [52]. Briefly, HEK-LAT1 cells were seeded at a density of 2x10°
cells per well in poly-D-lysine-coated 24-well (BD Falcon) plates and were grown to 80-
90% confluence. Cells were rinsed with pre-warmed, sodium-free choline buffer (140
mM choline chloride, 2 mM KCI, 1 MgCIl, mM, 1 CaCl, mM, 1 M Tris), and then
incubated in 0.3 ml of pre-warmed choline buffer containing 1 uM unlabeled gabapentin
and 10 nM [*H]-gabapentin (American Radiolabeled Chemicals) for 3 minutes at 37°C in
the presence of 10 and 100 uM test compound (Sigma-Aldrich). The reaction was
terminated by washing cells twice with 1.0 ml of ice-cold choline buffer, followed by
addition of 700 pl lysis buffer (0.1% SDS v/v, 0.1 N NaOH). Intracellular radioactivity
was determined by scintillation counting and normalized per well protein content as
measured by BCA protein assay (Pierce). Concentration-dependent inhibition was
measured under the same conditions as for the single-point measurements. Cells were
incubated with 0.5, 1, 10.0, 50.0, 100.0, and 200.0 uM 3,5 diiodo-L-tyrosine or 10.0,
50.0, 100.0, 400.0, 800.0, and 1,600.0 uM acivicin. The concentration at which 50% of
[’H]-gabapentin accumulation is inhibited (ICso) was computed by fitting the data using

GraphPad Prism version 5.0.

Trans-stimultion of [PH]-L-Leucine efflux. Trans-stimulation studies were
performed by monitoring intracellular L-leucine efflux from HEK-LAT1 cells stimulated
by extracellular addition of known or putative LAT1 substrates. HEK-LAT1 cells were
seeded under the same conditions described for inhibition experiments. Cells were
rinsed with pre-warmed choline buffer, and then preloaded with [°H]-L-Leucine (Perkin

Elmer) by incubating cells in 0.3 ml of pre-warmed choline buffer containing 1 uM
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unlabeled and 10 nM radiolabeled substrate for 5 minutes at 37°C. Uptake was
terminated by washing cells twice with 1.0 ml of ice-cold choline buffer, and [°H]-L-
Leucine efflux was then induced by addition of 1 mM test compound (Sigma-Aldrich) in
pre-warmed choline buffer for 1 minute at 37°C. Trans-stimulation was terminated by
washing cells twice with 1.0 ml of ice-cold choline buffer, followed by addition of 700 pl
lysis buffer (0.1% SDS v/v, 0.1 N NaOH). Intracellular radioactivity was determined as

described above.

Cell proliferation assay. T98G-KD and T98G-EV cells were seeded at 2.5 x 10°
cells per well in 96-well plates (Corning Life Sciences), and on the following day cells
were exposed to growth medium containing either drug or vehicle (0.85% saline
solution) for 48 hours. Cell density was measured on the treatment day and 48 hours
post-treatment using the CellTiter-Glo cell viability kit (Promega) according to the
manufacturer’s instructions. Cell lysates were transferred to white opaque 96-well plates
(Corning Life Sciences) and bioluminescence was measured on a Glomax luminometer
(Promega). Proliferation of each cell line after 48 hours was first normalized to the
density measured on treatment day (0 hours), followed by normalization of drug to

vehicle treatment.

LAT1 mRNA expression. LAT1 expression was measured as described
previously [53]. Briefly, total RNA was isolated from cells plated in 6-well plates (Corning
Life Sciences) with Qiagen’s RNeasy RNA Isolation Kit per the manufacturer’s protocol,
and stored at -80°C until use. Reverse transcriptase PCR was done on 2 ug of total

RNA using the Invitrogen SuperScript VILO cDNA Synthesis Kit per the manufacturer’s
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protocol to create a cDNA library. The resulting cDNA was used as template for qRT-
PCR using TagMan Gene Expression Assays for human LAT1 (Assay ID:
Hs01001190_m1) and human GAPDH (Assay ID: Hs99999905 m1). gRT-PCR
reactions were carried out in 96-well reaction plates in a volume of 10 pL using the
TagMan Fast Universal Master Mix (Applied Biosystems). Reactions were run on the
Applied Biosystems 7500 Fast Real-Time PCR System with the following profile: 95°C
for 20 seconds followed by 40 cycles of 95°C for 3 seconds and 60°C for 30 seconds.
The relative expression of each mRNA was calculated by the comparative AACt
method.

LAT1 kinetic studies. The kinetics of L-leucine uptake in HEK-LAT1 cells were
determined as described previously [52]. Briefly, varying amounts of unlabeled L-
leucine were added to the uptake solutions to give increasing total ([*H] plus unlabeled
L-leucine) substrate concentrations, ranging from 1 to 300 uM at 37°C. Nonspecific cell-
associated radioactivity was determined by measuring substrate uptake at 4°C at each
substrate concentration, and these values were then subtracted from the results at 37°C
in LAT1-transfected cells to give the final kinetic data. The K, and V.« values were
obtained by fitting the Michaelis-Menten equation V = Vpax * [S)/(Kn + [S]) using
GraphPad Prism version 5.0, where V refers to the rate of substrate transport, Vax
refers to the maximum rate of substrate transport, [S] refers to the concentration of
substrate, and K, is defined as the concentration of substrate at the half-maximal
transport rate.

Statistical analysis. Data were analyzed by either one-way ANOVA followed by

Dunnett’s multiple comparison test, or two-way ANOVA followed by Bonferroni
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correction for multiple testing. Probability values lower than 0.05 were considered

statistically significant.

Results

LAT1 predicted structure and ligand binding. LAT1 was modeled based on
the X-ray structure of the arginine/agmatine transporter AdiC from E. coli in the outward-
occluded arginine-bound conformation [17] and the structure of the amino acid,
polyamine, and organo-cation transporter ApcT from Methanococcus jannaschii in an
inward-apo conformation [16] (Figure 4.1) (Materials and Methods) . The final LAT1
model contains the whole transmembrane domain of the protein (i.e., the 12
transmembrane helices), including the residues constituting the predicted ligand binding
site. Comparative models were first scored using Z-DOPE, a normalized atomic
distance-dependent statistical potential based on known protein structures [33]. The Z-
DOPE scores of the top models were -0.3, suggesting that 60% of its Ca atoms are
within 3.5 A of their correct positions [54] (Table 4.2). Each model was also evaluated
based on its ability to discriminate between known ligands and likely non-binders
(“decoys”), using “enrichment curves” derived from ligand docking calculations [35]. The
logAUC score for the final refined LAT1 model was 31.9 (Table 4.2), suggesting that it is

suitable for predicting ligands for experimental testing [35, 37, 55].
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Table 4.2. Assessment of the LAT-1 models

Occluded conformation

Model? Z-DOPE® logAUC®
Template Structure -1.23 10.1
Initial model -0.3 21.5
Model 1 -0.23 31.3
Model 2 -0.12 31.9

a, Model marks the model assessed by the two scores; Template structure is ApcT[17];
Initial model represents the top scoring model computed by MODELLER[27].

Model 1 and Model 2 are the final models used for virtual screening.

b, Z-DOPE is a normalized atomic distance-dependent statistical potential based on
known protein structures [28]. Per-residue Z-DOPE score of the initial model was

also compared to that of the template structure (not shown).

c, logAUC is the area under the enrichment curve[30]. An enrichment curve is obtained
by plotting the percentage of actual ligands found (y-axis) within the top ranked

subset of all database compounds (x-axis on logarithmic scale).
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The model of LAT1 interacting with phenylalanine indicates that the majority of the
key polar interactions between LAT1 and the carboxyl and amino group of the amino
acid ligands are conserved between LAT1 and the AdiC template structure (Figure 4.3a
and Figure 4.1). For example, the backbone polar groups of LAT1 residues T62, 163,
164, S66, G67, F252, A253, and G255 are predicted to form polar interactions with
phenylalanine (Figure 4.3). These residues correspond to A22, 123, M24, S26, G27,
W202, S203, and 1205 of AdiC that make similar interactions with the carboxyl and
amino groups of its ligand arginine [17]. Because the carboxyl and amino groups are
conserved among all other known LAT1 ligands, such as thyroxine and gabapentin

(Figure 4.3b), we hypothesize that they make similar interactions with LAT1.
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Figure 4.3. Predicted LAT1 structure and ligand binding mode. (a) Predicted
structure of the LAT1 — phenylalanine complex. LAT1 (grey) and phenylalanine (cyan)
are shown as stick models; oxygen, nitrogen, and hydrogen atoms are depicted in red,
blue, and white, respectively; key hydrogen bonds between phenylalanine and LAT1
(involving residues Thr62, 1le63, lle64, Ser66, Gly67, Phe252, Ala253, and Gly255) are
shown as dotted grey lines. (b) Structures of representative LAT1 substrates. Known
LAT1 substrates, including metabolites (Tryptophan, Methionine, and Thyroxine) and
prescription drugs (Melphalan, L-DOPA, and Gabapentin) are shown using MarvinView

5.4.1.1 (http://www.chemaxon.com/).
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Conversely, differences in the ligand preferences of LAT1 and AdiC may be
explained by two maijor differences in the binding sites of the LAT1 model and the AdiC
structure (Figure 4.4). First, several residues with hydrophobic side chains (i.e., 1139,
V148, F252, and F402, W405) are located in the LAT1 binding site, likely contributing to
increased ligand binding affinity of hydrophobic amino acids to LAT1 via van der Waals
interactions and the hydrophobic effect (e.g., the tryptophan indole ring). Some of these
hydrophobic residues are replaced by non-hydrophobic residues in LAT1 homologs,
including the template structure AdiC and other SLC7 members. For instance, the
aromatic residue W405 in LAT1 corresponds to the polar T361 in AdiC. Second, several
binding site residues in AdiC are replaced by residues with smaller side chains in LAT1,
creating a larger volume in LAT1’s binding site that can accommodate larger amino
acids. For instance, M104, 1205, and W293 in AdiC correspond to the smaller V148,

G255, and S342 in LAT1 (Figure 4.3a and Figure 4.4).
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Figure 4.4. Binding sites of LAT1 and AdiC. LAT1 model (light grey) is superposed
on the X-ray structure of AdiC (pink). All other protein atoms are illustrated by sticks;
oxygen, nitrogen, and sulfur atoms are colored in red, purple, and yellow, respectively.
Phenylalanine, a substrate of LAT1, is depicted in cyan sticks and its predicted
hydrogen bonds with LAT1 (involving residues T62, 163, 164, S66, G67, F252, A253,

and G255) are shown as dotted grey lines.
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Virtual screening of drugs and metabolites. We computationally screened
filtered libraries of 6,436 and 12,730 small molecules from the KEGG DRUG and KEGG
LIGAND COMPOUND databases [35], respectively, against two LAT1 models (Figure
4.5). Some of the top-scoring hits were shown previously to be LAT1 ligands, increasing
our confidence in the binding site model. For example, the known substrate L-Trp was
ranked #50 in the docking screen of KEGG LIGAND COMPOUND. The 200 (3.1%)
KEGG DRUG and 500 (3.9%) KEGG COMPOUND top-scoring hits against our top two
models were analyzed manually. A compound was selected for experimental testing
based on three criteria: (i) similarity between its docking pose and those of known
ligands in complex with LAT1 [35]; (ii) the chemical novelty of its scaffold, especially if it
occurred frequently among the top scoring compounds; and (iii) its pharmacological
effect [35].

Experimental validation of predicted ligands. A LAT1 overexpressing cell line
was generated by stably transfecting HEK cells with human LAT1 cDNA. HEK-LAT1
cells expressed 20-fold higher levels of LAT1 mRNA relative to HEK-EV cells, and
demonstrated LAT1-specific uptake of the established system L substrates, gabapentin
and L-leucine (Figure 4.6a-d). Twelve of the top-scoring molecules were selected for
experimental testing by cis-inhibition assay (Table 4.3; Figure 4.5). Each molecule was
tested as a LAT1 ligand by determining its ability to inhibit transport of a known LAT1
substrate, gabapentin in HEK-LAT1 cells at concentrations of 10 yM and 100 uM
(Figure 4.7). The known LAT1 inhibitor, 2-aminobicyclo-(2, 2, 1)-heptane-2-carboxylic
acid (BCH), was also included as a positive control. At 100 uM, inhibition of intracellular

gabapentin accumulation ranged from 88% (3,5-diiodo-L-tyrosine) to less than 10%
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(cystine, mebendazole, and nocadezole), with the metabolites 3,5-diiodo-L-tyrosine and
3-iodo-L-tyrosine, as well as the tryptophan hydroxylase inhibitor fenclonine and the
anticancer agent acivicin, demonstrating significant inhibition of gabapentin and L-
leucine transport (Figure 4.6e and 4.7a). Acivicin also obtained a dissimilarity score of
0.74 using the JCDissimilarityCFTanimoto score, which calculates dissimilarities among
molecules based on chemical fingerprints, indicating that it is a chemically novel LAT1

ligand (Table 4.3).
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Table 4.3. Small molecules tested in uptake kinetic assays.

Docking screen

Name® Function® Dissimilarity® | Sketch®
3.5.- Tyrosine metabolism; thyroid N
o . hormone deficiency treatment; | 0.26 @f
Diiodotyrosine : .
radioactive agent :

. Tyrosine metabolism; Ny
3-lodo-L-tyrosine radioactive agent 0.23 ©_/_<
Fenclonine Serotonin inhibitor 0.18 @ﬂ
Acivicin Antineoplastic 0.74 e Si
Rufinamide Antiepileptic 0.79 @(@4

. . s
Nocodazole Antineoplastic 0.74
[®
Antihypertensive; treatment of o«
Guanfacine; Estulic | attention deficit hyperactivity 0.70 @(WY
disorder )
Cabagin U Gastrointestinal agent 0.13 S
(Vitamin U) 3
Cystine Anti-inflammatory 0.66 %\f/'\?
Zonisamide Anticonvulsant 0.83 @Qx
Interferes with carbohydrate o0
Mebendazole metabolism and inhibits 0.69 \
polymerization of microtubules
Zileuton Anti-inflammatory 0.73 ® J<

a, Name is the generic or chemical name of the molecule; names of experimentally

confirmed hits are marked in bold font.

b, Function specifies the pharmacological function of the drug or the physiological

function of the metabolite, as applicable.
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c, Dissimilarity is calculated relying on the Chemaxon fingerprints
(http://www.chemaxon.com). Dissimilarity values of > 0.7 suggest that the
molecule is chemically different from all known LAT-1 ligands.

d, Sketch provides the 2D sketch of the molecule.
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Figure 4.5. Predicted binding modes for LAT1 ligands. Predicted binding modes of
the known substrate tryptophan (green lines) and four ligands discovered in the docking
screen (a-d). Residues making polar interactions with the ligand are illustrated with
sticks; carbon atoms are colored in white, nitrogen atoms in blue, and oxygen atoms in
red; hydrogen bonds are represented by dotted grey lines. The predicted pose of a
known LAT1 ligand, tryptophan, is shown with green lines. The compounds depicted are
3-lodo-L-tyrosine (a), 3,5-diiodo-L-tyrosine (b), fenclonine (c), and acivicin (d). Halogen

atoms in the discovered ligands are colored in purple (iodine) and green (chlorine).
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Figure 4.6. Validation of LAT1 function in HEK-LAT1 cells. (a) Overexpression of
LAT1 in transfected HEK-LAT1 cells relative to EV cells. (b) Validation of LAT1 function
in LAT1 transfected cells. Gabapentin (1 uM unlabeled and 10 nM radiolabeled) uptake

in HEK-LAT1 cells was ~2-fold higher than in EV cells. (c) Kinetics of L-leucine uptake
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in HEK-LAT1 cells. L-leucine uptake was measured at 1, 10, 20, 50, 75, 150, and 300
MM and the curve was fit to the Michaelis-Menten equation to obtain a K, value of 60.6
1+ 13.1 uM. (d) Distinguishing LAT1 from LAT-2 uptake of gabapentin in HEK-LAT1 cells
by cis-inhibition with L-alanine. Cells were co-incubated with gabapentin and either 1
mM BCH (LAT1 and LAT-2 inhibitor), L-alanine (LAT-2 inhibitor), or L-serine (negative
control). BCH reduced intracellular gabapentin accumulation by ~83%, while L-alanine
and L-serine were not able to inhibit intracellular gabapentin accumulation. (e)
Predicted LAT1 ligands were validated by cis-inhibition of L-leucine uptake in HEK-
LAT1 cells. Cells were co-incubated with L-leucine (1 uM unlabeled and 10 nM
radiolabeled) and predicted ligands at 100 uM concentration. BCH is included as a
positive control. Each point is the mean of 2-3 separate experiments; error bars
represent SEM. Statistical analysis by one-way ANOVA and Dunnett’'s multiple
comparison test in (d) and (e), and two-tailed unpaired t-test in (b); the * symbol

indicates P < 0.05.
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Figure 4.7. Experimental validation of predicted LAT1 ligands. Predicted LAT1
ligands were validated by cis-inhibition of gabapentin uptake and trans-stimulation from
HEK-LAT1 cells (a-c). (a) Cells were co-incubated with twelve predicted ligands and a
positive control (BCH) at either 100 uM (black columns) or 10 uM (white columns)
concentrations and gabapentin (1 uM unlabeled and 10 nM radiolabeled). Each column
depicts the mean of 2-4 separate experiments; error bars represent the SEM. (b) and
(c) Dose-dependent inhibition of gabapentin (1 uM unlabeled with 10 nM radiolabeled)
accumulation by 3,5-diiodo-L-tyrosine (ICso = 7.9 yM) and acivicin (ICso = 340 uM),
respectively. Each point is the mean of 2-3 separate experiments; error bars represent
the SEM. Statistical analysis in (a) by one-way ANOVA and Dunnett’s multiple

comparison test; the * symbol indicates P < 0.05.
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The potencies of selected active ligands were further established by determining
the ICsp values for inhibiting gabapentin accumulation in the HEK-LAT1 cells. 1Csg
values ranged from 7.9 uM (3,5-diiodo-L-tyrosine; Figure 4.7b) to 340 uM (acivicin;
Figure 4.7c). At 10 pM, inhibition of gabapentin accumulation ranged from 61% (3,5
diiodo-L-tyrosine) to less than 10%, with 3,5-diiodo-L-tyrosine and 3-iodo-L-tyrosine
significantly inhibiting gabapentin transport (Figure 4.7a). Interestingly, 3,5-diiodo-L-
tyrosine is a stronger inhibitor than the positive control BCH. In summary, one-third (four
out of twelve) of the top-scoring molecules selected for experimental testing are LAT1
ligands capable of inhibiting gabapentin transport in HEK-LAT1 cells.

Identification of LAT1 substrates. The four molecules found to significantly
inhibit gabapentin accumulation in the HEK-LAT1 cells were further analyzed as
putative substrates by frans-stimulation assay. This assay takes advantage of LAT1’s
obligatory exchange mechanism of transport by exchanging intracellular L-Leucine from
pre-loaded HEK-LAT1 cells with an extracellular molecule only if it is a LAT1 substrate.
Three known LAT1 substrates served as positive controls and were able to induce L-
leucine efflux from the HEK-LAT1 cells, including L-leucine (43%), gabapentin (36%),
and BCH (30%) (Figure 4.8a). In contrast, glycine was used as a negative control
because it is known not to be a LAT1 substrate, and did not induce any L-leucine efflux.
Two of the four inhibitors confirmed in our cis-inhibition assay also induced L-leucine
efflux. Acivicin and fenclonine induced L-leucine efflux by 27% and 29%, respectively,
indicating that they are transported by LAT1. These results indicate that the drug-like
molecules acivicin and fenclonine, which both have pharmacodynamic effects in the

CNS, are likely LAT1 substrates. Surprisingly, both of the more potent LAT1 inhibitors,
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the metabolites 3,5-diiodo-L-tyrosine and 3-iodo-L-tyrosine were only able to induce
7.9% and 5.4% L-leucine efflux, respectively, suggesting that they are inhibitors that
only bind to, but are not transported by LAT1. Finally, guanfacine and rufinamide were
also studied, and both did not induce significant L-leucine efflux.

Inhibition of LAT1-dependent cell proliferation. LAT1 is highly expressed in
various cancer cells, providing them with nutrients and signaling molecules for growth.
Thus, a drug targeting LAT1 in cancer can be an inhibitor that deprives the cancer cells
from nutrients or a cytotoxic substrate with an intracellular target. We therefore
investigated the anti-proliferative effects of select validated LAT1 ligands including the
LAT1 substrate acivicin and the inhibitor 3-iodo-L-tyrosine, by cell proliferation assay in
the high LAT1 expressing GBM cell line, T98G [8]. The LAT1 specific effects of each
ligand on cell growth were determined in control cells (T98G-EV) and cells with LAT1
expression (Figure 4.9a) and function (Figure 4.9b) knocked down (T98G-KD). The
anticancer drug acivicin was a more potent growth inhibitor of T98G-EV (75% growth
reduction) than T98G-KD (51% growth reduction) (Figure 4.8b). Similarly, 3-iodo-L-
tyrosine had a more potent effect on T98G-EV cells, reducing their growth by 27% while
having no effect on T98G-KD (Figure 4.8b, right). These results suggest that both 3-
iodo-L-tyrosine and acivicin are capable of inhibiting cancer cell proliferation in a LAT1
dependent manner via two alternative mechanisms, including nutrient deprivation and

cytotoxicity, respectively.
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Figure 4.8. Substrate determination and cytotoxicity characterization of predicted
ligands. Predicted LAT1 ligands validated in cis-inhibition assays were subjected to
substrate determination by trans-stimulation of L-leucine efflux (1 uM unlabeled and 10
nM radiolabeled). (a) Cells were pre-loaded with L-leucine. Efflux was induced by
subsequent addition of each test compound at a concentration of 1 mM. Gabapentin, L-
leucine, and BCH were included as positive controls, while glycine and guanfacine were
included as negative controls. (b) The cytotoxic effects of acivicin (100 uM) and 3-iodo-
L-tyrosine (1 mM) against T98G glioblastoma cells stably expressing an shRNA against
LAT1 (T98G-KD; black columns) or EV (T98G-EV; white columns) are depicted. Cell
proliferation for both cell lines and treatment conditions are normalized to cell density at
treatment day 0, and then to the vehicle control treatment at 48 hours. In both panels,
each column represents the mean of 3-4 separate experiments, and error bars
represent the SEM. Statistical analysis in (a) by one-way ANOVA and Dunnett’'s multiple
comparison test, and (b) by two-way ANOVA and Bonferroni correction for multiple

testing; the * symbol indicates P < 0.05.
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Figure 4.9. Validation of LAT1 knock-down in T98G glioblastoma cells. (a)
Reduced LAT1 mRNA in T98G cells expressing 3 different anti-LAT1 shRNA’s. T98G-
KD1 and T98G-KD3 both showed ~85% reduction in LAT1 mRNA. (b) Functional
validation of LAT1 knockdown was determined by measuring cellular L-leucine and L-
proline (1 uM unlabeled and 10 nM radiolabeled) accumulation in T98G-KD1 (T98G-KD
in main text; white columns) and T98G-EV (black columns) cells under the conditions
described in Materials and Methods (uptake incubation time was 1 min). T98G-KD cells
accumulated ~40% less L-leucine, a prototypical LAT1 substrate, than T98G-EV cells,

while both cell lines accumulated similar amounts of the non-LAT1 substrate L-proline.
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Discussion

Three key findings emerge from our study. First, two drug-like molecules that
interact with different proteins in the CNS are also substrates of LAT1. This finding may
explain the mechanism by which these drugs penetrate the BBB to reach their targets in
the CNS. It also provides a starting point for optimizing the two drugs for better BBB
permeability. Second, two of the discovered LAT1 ligands, including one inhibitor and
one substrate, inhibit proliferation of cancer cells. This result indicates that LAT1 can be
targeted for cancer therapy via different mechanisms and reveals novel chemical tools
for further characterizing the role of LAT1 in cancer. Third, the identified LAT1 ligands
achieve their pharmacological effect (positive or negative) on the CNS or cancer by
interacting with multiple targets. This finding suggests that effective therapy can be
obtained by applying modeling and docking approaches to whole “systems”, including

pathways and networks. We take each of the three key findings in turn.

LAT1-mediated BBB drug permeability. Passive diffusion has long been
thought of as the primary mechanism by which most drugs cross the BBB to permeate
the CNS [56]. The contribution of carrier-mediated transport to this process is assumed
to be minimal, even though different classes of membrane transporters have been
shown to restrict and/or facilitate access of drugs, nutrients, and toxins to the CNS [57-
59]. LAT1 is one such influx transporter known to transport nutrients and xenobiotics
across the BBB. In this study, we identified two novel LAT1 substrates, including
acivicin and fenclonine, which may also cross the BBB via LAT1-mediated transport.
Both were found to be likely LAT1 substrates in trans-stimulation studies (Figure 4.7),

and both are known to have pharmacodynamic effects in the CNS. Even though
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previous studies have used trans-stimulation to establish whether or not a specific
transporter can transport different compounds [60-62], this assay provides indirect
evidence that a compound may be a substrate for a specific transporter. Nevertheless,
acivicin was assessed in a clinical trial for treating various solid tumors that did not
involve the CNS, but failed due to CNS-related toxic side effects (e.g., lethargy and
confusion) [63]. Furthermore, these side effects were reversed when acivicin was
concomitantly administered with a mixture of amino acids including the prototypical
LAT1 substrate, L-leucine. These observations highly implicate LAT1 in mediating
acivicin’s CNS permeability in humans. The second molecule, fenclonine, is an
irreversible tryptophan hydroxylase inhibitor used to deplete CNS serotonin levels in
animal models of human disease [64]. Taken together with our results, LAT1 likely
mediates the effects in the CNS by transporting fenclonine across the BBB. Therefore,
influx transporters such as LAT1 may be important mediators of drug efficacy and
toxicity in the CNS, and have a greater contribution to drug penetration across the BBB

than previously thought.

Targeting LAT1 for cancer therapy. Changes in cell metabolism are strongly
associated with cancer. Membrane transporters have been shown to play a key role in
such reprogrammed metabolic networks by providing nutrients to transforming cells. For
example, the glucose transporter (GLUT1, SLC2A1) is upregulated in various cancers
to provide glucose as a carbon source to accommodate an increased rate of anabolic
cellular reactions and to maintain a microecosystem favorable for cancer cells [65].
Moreover, LAT1 imports essential amino acids that serve as nutrients and pro-

proliferative signaling molecules by exporting glutamine brought into cancer cells via the
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glutamine transporter, ASCT2 [10]. Thus, therapeutics targeting LAT1 can be (i) an
inhibitor that selectively blocks transport by LAT1 and / or ASCT2, depriving the cancer
cell of nutrients required for proliferation, or (ii) a cytotoxic substrate that is delivered
into the cell via LAT1 and / or ASCT2 to act on an intracellular target. LAT1 ligands that
act via each of these mechanisms were discovered in our screen (Figures 4.5, 4.7, and

4.9; Table 4.3).

First, 3-iodo-L-tyrosine is a thyroid hormone derivative typically used to treat
hormone deficiencies and as a radioactive agent. Here, cis-inhibition and cell
proliferation experiments identified 3-iodo-L-tyrosine as a potent LAT1 inhibitor (Figure
4.7a) that reduces proliferation of T98G glioblastoma cells (Figure 4.9b), possibly by
starving these cells of nutrients supplied by LAT1. Our results suggest that aside from
its putative anticancer applications, 3-iodo-L-tyrosine may also be useful as a diagnostic
imaging agent to identify tumors and other disease states associated with LAT1

upregulation [66].

Second, acivicin is a cytotoxic agent with antitumor activity that targets
glutamine-dependent amidotransferases in the biosynthesis of purines and pyrimidines
[67]. Trans-stimulation and cell proliferation experiments indicate that acivicin is likely a
LAT1 substrate (Figure 4.7), suggesting that LAT1 can be targeted for acivicin delivery
into tumor cells. Interestingly, acivicin failed in various clinical trials (e.g., for advanced
solid malignancies) due to CNS-related toxic side effects [63] or insufficient efficacy
[68]. Thus, targeting LAT1 in a tumor with a drug that is a LAT1 substrate may not be a

rational therapeutic strategy since LAT1 would also facilitate entry of the drug into the
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CNS. However, design of other cytotoxic substrates of LAT1, which are not associated
with deleterious CNS effects, may represent a viable drug development strategy for
cancer. Although cell proliferation experiments indicate that multiple transporters may
mediate acivicin accumulation in cells, the significant difference in sensitivity to acivicin
between T98G-KD and —EV cells clearly indicates a LAT1-specific effect on cell

proliferation, most likely by mediating acivicin uptake.

Targeting biological ‘systems’ using a combined structural pharmacology
approach. While polypharmacology can be exploited to improve the treatment of
various nervous system disorders and cancers, it may also lead to toxicity. Virtual
screening against the LAT1 model identifies ligands that likely achieve their
pharmacological effect by interacting with multiple proteins. Current efforts to design
reagents, including drugs or chemical tools, for treating complex diseases include
optimizing binding affinities of one or more molecules against more than one target.
Recent advances in comparative modeling and molecular docking for ligand discovery,
coupled with the determination of a number of membrane protein structures, including
transporters, enables us to target multiple components of a single pathway (e.g.,
mTOR) or organ (e.g., the BBB) using structure-based ligand discovery. Importantly,
some of these newly determined structures represent different protein conformations,
allowing in silico screens of small molecules against comparative models of different
conformations to suggest chemically distinct ligands. For example, a structure-based
approach predicted that molecules binding to a model for the outward-facing
conformation of the GABA transporter 2 (GAT-2) were chemically distinct from those

predicted to bind an occluded model [69]. Thus, as more structures of LAT1 homologs
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are discovered, our results can be refined to identify novel LAT1 ligands for effective
therapy and the study of CNS diseases and cancer.

In summary, we constructed structural models for LAT1 based on atomic
structures of distantly related prokaryotic homologs. Two small organic molecule
libraries containing endogenous metabolites and prescription drugs were then virtually
screened against these models. Select top-ranked docking hits were tested
experimentally, and four novel LAT1 ligands were identified: 3,5-diiodo-L-tyrosine, 3-
iodo-L-tyrosine, fenclonine, and acivicin. Furthermore, acivicin and 3-iodo-L-tyrosine
were found to have LAT1-mediated antiproliferative effects in a GBM cancer cell line.
These findings provide new chemical tools to elucidate the role of membrane
transporters as potential drug targets and in mediating tissue permeability to small
organic molecules. Future studies should further elucidate the mechanism by which

these novel ligands interact with LAT1.
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CHAPTER 5
Summary and Conclusions
Over recent years, much progress has been made in discerning the roles of
membrane transporters in many important biological processes. Furthermore, an
increasing emphasis has been placed on investigating how solute carrier (SLC) and
ATP-binding cassette (ABC) transporters determine the absorption, distribution, and
elimination of many endogenous and exogenous compounds. As a part of this effort,
numerous studies have explored transporter expression levels and cellular localization
in many tissues throughout the body, especially those involved in drug disposition, and
how these expression patterns influence tissue permeability to drugs [1-9]. For example,
the multidrug resistance protein 1 (MDR1) is expressed in the blood-facing membrane
of the blood-brain barrier (BBB), where it has a well-established role in preventing drug
uptake into the brain [10] [11, 12]. However, no previous studies have attempted to
identify the full complement of transporters, especially SLC influx transporters, in the
human BBB in spite of its pharmacological importance.
The BBB maintains the neural microenvironment through the unique properties of
the endothelial cells forming the central nervous system (CNS) vasculature [13, 14].
Since most of these properties prevent free exchange between the blood and brain,
small molecule penetration through the BBB is generally restricted to two routes:
transcellular passive diffusion for small, lipophilic molecules and carrier-mediated

transport for hydrophilic molecules. These carriers are primarily SLC influx transporters,
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many of which also mediate drug uptake into the CNS. This suggests that SLC influx
transporters can be targeted to facilitate drug penetration across the BBB, especially for
drugs that lack the physicochemical properties to passively diffuse into the CNS.

Since passive permeability is generally assumed to be the most important
mechanism by which molecules translocate from the blood to the CNS, the current
paradigm for increasing the CNS permeability of a systemically administered small
molecule drug is to increase its lipophilicity by chemical modification to allow for more
efficient passive diffusion across the BBB [15]. Other approaches that are yet to be
proven clinically efficacious and safe include disruption of the BBB to create “leaks” in
the barrier, and co-administration of an efflux transporter inhibitor with a drug that is a
substrate of the same efflux transporter at the BBB [12, 16]. These latter approaches
may subject the CNS to insult from circulating toxins, and disrupt the CNS
microenvironment necessary for proper neural function. The overall goal of this
research was to identify SLC influx transporters expressed at the human BBB, and
determine how solute carrier (SLC) influx transporters can be exploited to deliver low
CNS permeable platinum drugs across the BBB. Below is a chapter-by-chapter
summary of the key findings and the challenges that remain to be addressed in future
studies.
Chapter 2

The neuroprotective function of the BBB presents a major challenge for CNS
drug delivery. Previous studies characterizing membrane transporters that support this
critical function in the BBB have typically used non-human tissue sources and focused

on how ABC transporters limit drug penetration across the BBB [17-19]. Consequently,
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SLC influx transporters that contribute to drug uptake across the BBB have been largely
overlooked, especially in humans. The focus of chapter 2 was to identify and
characterize SLC influx transporters expressed at the human BBB that may be targeted
to deliver drugs into the CNS. Expression of 359 SLC and 49 ABC transporters in
human cerebral cortex and isolated brain microvessels (BMV) was characterized.
Analysis of SLC transporters identified uncharacterized BBB transporters (e.g.
SLC6A13, SLC19A3 and SLC47A2), and found several xenobiotic transporters (e.g.
SLCO1A2, SLCO2B1 and SLC47A1) expressed at similar or higher mRNA levels in
BMVs relative to the liver or kidney. Immunohistochemistry identified the reduced folate
carrier (RFC), MATE1, and OCT3 protein in BMVs. In mice, methotrexate uptake into
the brain was sensitive to Rfc inhibitors, indicating that Rfc at least partially mediates
the CNS permeability of methotrexate. Collectively, these findings have implications for
the contribution of SLC transporters to BBB function and drug targeting to the CNS.
Chapter 3

In chapter 2, the large-neutral amino acid transporter, LAT1 (SLC7AS5), was
found to be the most highly enriched influx transporter expressed in the human BBB.
Since previous studies have established that LAT1 mediates drug uptake across the
BBB, and enhances the brain uptake of targeted low CNS permeability drug analogs
[20-24], LAT1 represents an ideal transporter to target with modified derivatives of
cisplatin. Chapter 3 had two goals: demonstrate that LAT1-targeted cisplatin analogs
are LAT1 substrates in vitro, and generate a mouse model with reduced Lat1 function to
investigate LAT1-specific drug uptake across the BBB. After designing and

synthesizing seven LAT1-targeted platinum compounds, uptake studies in LAT1-
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overexpressing cells identified one as a weak LAT1 substrate (compound 207).
Cytotoxicity assays in the same cell line indicated that compound 207 is equipotent to
cisplatin over longer exposure times, and even more potent than cisplatin over shorter
exposure times. To establish an in vivo model of LAT1-mediated brain uptake, the
Slc7ab gene was deleted in mice. Unfortunately, homozygous deletion of Lat1 appears
to be embryonic lethal. While Lat1 heterozygous mice were phenotypically similar to
wild type littermates, these mice had reduced Lat1 mRNA expression in the brain,
testes, spleen, bone marrow, and kidney, and reduced brain accumulation of two Lat1
drug substrates. These results indicate that LAT1 is capable of transporting cytotoxic
platinum-based compounds, and create a foundation for developing more refined LAT1-
targeted platinum drugs. Furthermore, Lat1 heterozygous mice will serve as an in vivo
model for determining Lat1-mediated brain uptake of drugs and other small molecule
substrates.
Chapter 4

Even though chapter 3 established that LAT1 can transporter platinum-based
drugs, only one targeted platinum compound was found to be a weak LAT1 substrate,
indicating a need to design and synthesize additional LAT1-targeted platinum
compounds. Furthermore, no previous studies have attempted to characterize the
endogenous, xenobiotic, and drug ligand profile of LAT1 with an unbiased screen,
thereby limiting our knowledge of the chemical space capable of interacting with LAT1.
The goal of chapter 4 was to identify and characterize novel LAT1 ligands that could be
used to design novel LAT1-targeted platinum compounds. In silico and in vitro

approaches combining comparative modeling, virtual screening, and cell-based
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experimental validation identified four LAT1 ligands. These results may rationalize the
enhanced brain permeability of several drugs, including the anticancer agent acivicin.
Aside from the BBB, LAT1 also plays an important role in cancer development. In this
context, two putative LAT1 ligands were found to inhibit proliferation of a cancer cell line
by different LAT1-specific mechanisms. Taken together, these results provide new
chemical tools for characterizing the role of LAT1 in cancer metabolism and drug uptake
across the BBB. Importantly, they also identified new chemical structures that will be
useful in designing refined LAT 1-targeted platinum compounds.
Challenges and Future Directions

The research presented here has expanded the current knowledge of SLC
transporters expressed at the human BBB, and how influx transporters contribute to the
brain uptake of drugs. Nevertheless, in these studies only one BBB influx drug
transporter was functionally characterized in mice, and almost no functional data exist
for the maijority of the other influx transporters identified in the BBB. Future studies
investigating the subcellular localization of these transporters at the BBB (blood- or
brain-facing membrane expression), and determining if they are functionally relevant to
xenobiotic uptake across the BBB, particularly in humans, will be extremely informative.

These studies also indicate that LAT1 can transport cytotoxic platinum-based
drugs, and confirm the importance of LAT1 in mediating drug uptake across the BBB.
Even though these results support the idea that LAT1 may be able to increase the CNS
permeability of platinum-based drugs, future studies are required to determine if
platinum analogs have LAT1-specific enhanced BBB penetration relative to cisplatin.

New chemical tools identified in these studies will greatly aid future efforts to design
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additional LAT1-targeted platinum compounds. Once improved LAT 1-targeted platinum
compounds have been generated and validated in vitro, studies using genetic and
xenograft models of primary and metastatic CNS tumors will be required to determine
the efficacy of targeting influx transporters such as LAT1 to deliver drugs across the

BBB for treating CNS diseases.
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