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Abstract

6-Mercaptopurine (6-MP) maintenance therapy is the mainstay for various types of leukemia and
inflammatory bowel disease (IBD). 6-MP is associated with numerous adverse effects including
gastrointestinal intolerance, myelotoxicity and hepatotoxicity. This can lead to therapy
discontinuation which is associated with a higher risk of relapse. Drug transporter expression is a
known factor for patient variability in drug response and toxicity. We have established that
SLC43A3-encoded equilibrative nucleobase transporter 1 (ENBT1) mediates the transport of 6-
MP into human lymphocytes and human embryonic kidney 293 (HEK293) cell lines transfected
with SLC43A3. ENBT]1 is known to be expressed in the gastrointestinal tract, bone marrow, and
the liver. However, the relationship between ENBT1 and 6-MP-associated adverse events, or 6-
MP pharmacokinetics are not known. To validate the use of a novel slc43a3 knockout (KO)
mouse for exploring this relationship, we assessed the functional similarities between human and
murine ENBT1 using transfected-HEK293 cell lines, MOLT-4 and L1210 leukemia cell lines,
and a FL83B hepatic cell line. Based on in silico analysis of structural similarities between
transporters, we hypothesized that human and murine ENBT1 will have similar 6-MP transport/
inhibition kinetics and mediate 6-MP effect on cell viability similarly. Our results show that
recombinant and endogenous hENBT1 and mENBT1 are functionally similar in regards to
ENBT1-mediated 6-MP cellular accumulation and mediating 6-MP deleterious effect on cell
viability.

Overall, these findings support the utilization of a slc43a3 KO mouse model to explore the role of

ENBT1 in 6-MP/6-MP metabolite absorption, cellular accumulation, and tissue biodistribution.
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DEDICATION

We are all here on Earth to help others;

what on earth the others are here for, I don't know.

- W.H. Auden and J. F. Hall
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CHAPTER 1.

Introduction



1.1 General History of Nucleoside/Nucleobase Transporters

1.1.a Equilibrative Nucleoside Transporters

Equilibrative nucleoside transporters (ENTs) have an intriguing history in the field of
molecular biology and cellular physiology. The first clues to the existence of ENTs came in the
early 1970s when researchers observed nitrobenzylmercaptopurine riboside (NBMPR) sensitive
transport of nucleosides across cell membranes, suggesting the presence of specialized transport
proteins (Oliver and Paterson, 1971; Pickard and Paterson, 1972). It wasn't until the mid-1990s
that the first ENT gene, SLC2941/ENT1, was cloned and characterized in human and rat
(Griffiths et al., 1997; Yao et al., 1997; Coe et al., 1997). This breakthrough led to the discovery
of other members of the SLC29 family, notably SLC2942/ENT2 (Yao et al., 1997; Crawford et
al., 1998), which further expanded our knowledge of these transporters and their roles in various
cellular processes. In the subsequent years, researchers delved deeper into the functions of ENT1
and ENT2 and found that these transporters play a crucial role in maintaining cellular nucleoside
homeostasis by facilitating the bidirectional movement of purine and pyrimidine nucleosides and
nucleobases at low affinities (Baldwin et al., 2004; Young et al., 2013), across cell membranes
and thus are essential for DNA and RNA synthesis, energy transfer, and various signaling
pathways (Griffiths et al., 1997; Jarvis and Young, 1987; Baldwin et al., 2004; Rose et al., 2010).
The investigation of ENTs also revealed their significance in pharmacology, as they influence
the accumulation/efficacy of anti-cancer and anti-viral nucleoside/nucleobase analog drugs (Coe
et al., 1997; Crawford et al., 1998; Jarvis and Young, 1987; Baldwin et al., 2004), and are
druggable targets for vasodilation (Lin and Buolamwini, 2007; Paproski et al., 2008) and cardio

protection against ischemia-reperfusion injury (Yang and Leung, 2015; Ruan et al., 2023).



1.1.b Concentrative Nucleoside Transporters

The history of concentrative nucleoside transporters (CNTs) is equally interesting and has
significantly contributed to our understanding of nucleoside transport mechanisms. The quest to
uncover these transporters began in the 1970s when researchers observed the active transport of
nucleosides against their concentration gradient in cells (Oliver and Paterson, 1971). However, it
wasn't until the late 1990s that the CNT genes, SLC2841/CNT1 (Huang et al., 1994; Ritzel et al.,
1997) and SLC2842/CNT2 (Ritzel et al., 1998; Patel et al.,, 2000), were first cloned and
identified in humans and mice. Following the discovery, CNTs were classified as secondary
active transporters, utilizing the electrochemical gradient of sodium ions or protons to facilitate
the accumulation of nucleosides in cells (Ritzel et al., 1997; Gray et al., 2004). As research
progressed, additional members of the CNT family, such as SLC2843/CNT3 (Ritzel et al., 2001)
were identified, each showing distinct substrate specificities; CNT1 is pyrimidine selective/
sodium dependent, CNT2 is purine selective/sodium dependent, and CNT3 is pyrimidine and
purine selective/sodium or proton dependent (Huang et al., 1994; Ritzel et al., 1998; Patel et
al., 2000; Gray et al., 2004; Young et al., 2013). Much like the ENTs, further exploration of
CNTs revealed their importance in pharmacology as the transporters play a crucial role in
determining the accumulation and efficacy of anti-cancer and anti-viral nucleobase/

nucleoside analog drugs (Ritzel et al., 2001; Gray et al., 2004; Young et al., 2013).

1.1.c  Sodium-Dependent Nucleobase Transporter 1

Sodium-dependent nucleobase transporter (SNBTs) is a relatively recent
discovery (Yamamoto et al., 2010) that has been neglected due to low clinical relevance in
humans. For decades, a high affinity nucleobase transporter had eluded researchers,

however, many candidates have been proposed over the years. In 1999 the SLC23A4 1/sodium-



dependent vitamin C transporter (SVCT) (Hogue and Ling, 1999) gene was identified, then
predicted to be a human nucleobase transporter-like protein, however, SLC2341/SVCT1 and
SLC2342/SVCT2 are now known to be a sodium-dependent vitamin C transporter (Tsukaguchi
et al.,, 1999). In 2010, the s/c23a4/SNBT1 gene was identified in rats and characterized as the
first nucleobase transporters in mammals with specificity for uracil and guanine nucleobase and
analogs (Yamamoto et al., 2010; Yuasa et al., 2020). However, SLC2344P is a pseudogene in
humans and higher primates (NCBI Gene: 641842), thus cannot be responsible for nucleobase
flux in humans (Yuasa et al., 2020). slc23a4/SNBT1 (NCBI Gene: 243753) expression has been
found in mouse intestinal cells, however, function has not yet been characterized in mice.
slc23a4/SNBT1 is of concern as this transporter may be a confounding source of intestinal drug

absorption in rodents that is not present in humans.

1.1.d L-type Amino Acid Transporters and Equilibrative Nucleobase Transporter 1

The discovery of L-type amino acid transporters (LAT) began in the early 1950s when
researchers observed that certain cells had specific mechanisms to transport amino acids across
cell membranes (Christensen et al., 1952; Christensen and Riggs, 1952; Oxender and
Christensen, 1963). Initial studies focused on identifying and characterizing these transporters
(Kanai et al., 1998; Yanagida et al., 2001), which led to the cloning and identification of several
LAT isoforms, most relevantly SLC4341/LLAT3 (Babu et al., 2003) and SLC4342/LAT4 (Bodoy
et al., 2005). These transporters have been investigated in cancer, neurological disorders, and
metabolic diseases, and have been found to contribute to the accumulation of specific amino
acids, and serve as important regulators of amino acid homeostasis. The third member of the

SLC43 family, SLC43A43/embryonic epithelia gene 1 (EEG1), was first identified as an orphan



gene due to displaying no specificity for amino acids (Stuart et al., 2001; Bodoy et al., 2013). At
the time the physiological function of EEG1 was unknown, however, EEG1 and LAT3 were
thought to have a role in early development and growth (Stuart et al., 2001; Bodoy et al., 2013).
SLC4343/EEGI, herein by referred to as SLC43A43/equilibrative nucleobase transporter 1
(ENBT1), is one of the newer entries in a long history of nucleoside and nucleobase transporters.
As previously described, those in the field of nucleoside transporters were interested in
discovering a human nucleobase transporter. However, this search was relatively unsuccessful
for many years, leading to suggestions that low affinity ENTs and CNTs were responsible for
nucleobase uptake (Baldwin et al., 2004; Zaza et al., 2010; Young et al., 2013). This was until
2007, when Dr. Hammond and colleagues observed dipyridamole (DY)-insensitive and purine
nucleobase-sensitive, cellular accumulation of hypoxanthine (Bone and Hammond, 2007) at uM
range affinity compared to ENTs mM range affinity (Boswell-Casteek and Hays, 2017), which
ruled out ENTs as the unknown nucleobase transporter. Further characterization of this unknown
nucleobase transporter also exhibited no dependence on sodium ions or protons, which then ruled
out CNTs as the unknown nucleobase transporter (Bone and Hammond, 2007).

The molecular identity of this nucleobase transporter remained unknown until 2015 when
SLC4343/ENBT1 was characterized in canine cells as a purine-selective nucleobase transporter
involved in purine salvage, and the transport of guanine, adenine, and hypoxanthine
(Furukawa et al., 2015). In 2019, our lab further characterized human ENBT1 isoforms/splice
variants (SLC4343 1/ENBTI1.1 and SLC43A43 2/ENBT1.2), which are functionally similar in
facilitating the bidirectional flux of the anti-cancer drug, 6-mercaptopurine (6-MP) (Ruel et al.,
2019), and thus will not be differentiated for the purposes of this thesis. ENBTI is of particular
interest because it is broadly expressed in most tissues in both disease and non-disease states.

Most clinically notable tissues include the gastrointestinal tract and bone marrow/



lymphocytes (Furukawa et al., 2015; Takenaka et al., 2020) (Figure. 1). ENBT1 is also detected in
many cancer cell lines, including leukemias (93/93 cell lines), lymphomas (72/76 cell lines), and in
skin cancers (61/62 cell lines), which have the highest expression levels (Human Protein Atlas;

https://www.proteinatlas.org/) (Uhlen et al., 2015; Thul et al., 2017).



Figure 1. SLC43A43 RNA tissue distribution and expression in cancer >

A: Non-disease state human tissue distribution of SLC43A3 RNA expression colour-coded by
tissue groups. B: Disease state SLC43A3 RNA expression based on human cancer cell lines,
sorted from highest to lowest expression levels. Presented is consensus RNA expression data
obtained from The Human Protein Atlas (HPA) (Human Protein Atlas; https://
www.proteinatlas.org/) (Uhlen et al., 2015; Thul et al., 2017). The HPA obtained raw RNA
expression data from internal HPA sources and from the Genotype-Tissue Expression (GTEX)
Project. Data from the two sources were normalized to transcripts per million protein coding

genes (n'TPM) to obtain consensus RNA expression data.






Figure 2. ENBT1 substrate structure

Chemical structures of relevant ENBT1 purine nucleobase and nucleobase analog substrates.
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Table 1. Known ENBTI substrate Ky, values >

Known published ENBT1 substrate K values. Adenine, hypoxanthine, and 6-MP K., values
were obtained by colleagues from the Hammond Lab (Bone and Hammond, 2007; Ruel et al.,
2019). Guanine Ky, values was obtained by an independent research group (Furukawa et al.,
2015). * However, due to the selection of a 40 second time point, guanine K, values obtained by
Furukawa and colleagues, (2015) are likely inaccurate and more closely approximate enzyme
kinetics for guanine and its downstream metabolite xanthine, rather than ENBT1 transport
kinetics. Literature enzyme K values are as follows: guanine deaminase (GDA) guanine Ky =
0.20 mM - 1.66 mM (Kuman et al., 1967); xanthine oxidase (XO): xanthine K, = 17 uM (Yang
et al., 2021). More on the topic of selecting appropriate time points will be discussed in section

4.3.c.iil.
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Table 1.

ENBT1 Substrate

ENBT1 Km (uM)

Citation

adenine 37+£26 Ruel et al., 2019

guanine 1.70 * Furukawa et al., 2015
hypoxanthine 96 + 37 Bone and Hammond, 2007
6-mercaptopurine 163 £126 Ruel et al., 2019
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1.1.e Physiological Role of Nucleoside/Nucleobase Transporters

Nucleobase and nucleoside transporters facilitate the bidirectional flux of nucleobases
and nucleosides that would otherwise be unable to cross the plasma membrane due to their
hydrophilic nature (Aymerich et al., 2005). These transporters are crucial for cell growth and
proliferation, as they maintain intracellular concentrations of molecules that are involved in
DNA, RNA, and nucleotide synthesis (Griffiths et al., 1997; Jarvis and Young, 1987; Baldwin et
al., 2004; Rose et al., 2010). These transporters also play a key role in salvaging purine and
pyrimidines from extracellular sources, which is an energy-efficient way for cells to maintain an
adequate supply of nucleotides (Furukawa et al., 2015). This is especially crucial in rapidly
dividing cells, such as immune cells and cancer cells, where the demand for nucleotides is high
(Zhu and Thompson, 2019). Furthermore, nucleoside transporters regulate extracellular levels of
adenosine, which is an agonist of 4 extracellular adenosine receptors (A1AR, A2aAR, A2AR,
and A3AR) that are known to have various regulatory functions in the central nervous system,
cardiovascular system, and immune system (Eckle et al., 2007; Borea et al, 2018). An example in
the cardiovascular system, is adenosine signaling acting as a cardioprotective mechanism in
response to cardiovascular stress (Eckle et al., 2007; Headrick et al., 2011; Yang and Leung,
2015; Ruan et al., 2023); in times of reduced oxygen availability during tissue hypoxia,
extracellular adenosine levels rise and act as a vasodilator, leading to increased blood
flow/oxygen delivery to affected tissues (Eckle et al., 2007; Headrick et al., 2011; Yang and
Leung, 2015). Adenosine can also slow heart rate by inhibiting impulse conduction generation in
the sinoatrial node, the heart's natural pacemaker (Headrick et al., 2011). Finally, nucleobase and
nucleoside transporters play a vital role in accumulating various nucleobase and nucleoside

analog anti-cancer and anti-viral drugs (Coe et al., 1997; Crawford et al., 1998; Jarvis and
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Young, 1987; Baldwin et al., 2004, Ritzel et al., 2001; Gray et al., 2004; Young et al., 2013; Ruel
et al., 2019), making these transporters promising therapeutic targets in the treatment of various

medical conditions.

1.2 6-Mercaptopurine and 6-thioguanine overview

1.2.a Clinical Usage

The history of the clinical usage of 6-MP dates back to 1951 when it was synthesized by
Nobel Prize winners Gertrude Elion and George Hitchings (Elion G.B., 1986). By 1953, the drug
was administered to the first pediatric patient with acute lymphoblastic leukemia (ALL), and
remarkably induced remission and significantly prolonged survival rates (Burchenal et al., 1953;
Hall et al., 1953; Hill and Lajous, 1954; Toksvang et al., 2022). Following its initial success in
ALL, 6-MP gradually became an essential component of combination chemotherapy regimens
and maintenance therapies for different types of leukemia, particularly ALL (Toksvang et al.,
2022), chronic myelogenous leukemia (CML), and acute myelogenous leukemia (AML)
(Fountain J.R., 1956; Curtis et al., 1975). As the understanding of its mechanisms of action
improved, the clinical usage of 6-MP expanded to treat autoimmune disorders, such as
rheumatoid arthritis (Mason et al., 1969; Suarez-Almazor et al, 2000), and Crohn's disease (CD)
and ulcerative colitis (UC) (Brown and Achkar, 1970; Goldstein F. 1987), which are both
colloquially referred to as inflammatory bowel disease (IBD). By the 1970s, 6-MP had become
an indispensable drug in the field of oncology and immunology, playing a vital role in the
management of these conditions. Around the 1980s, 6-thioguanine (6-TG), another drug in the
same family as 6-MP, was found to have a more direct intracellular activation pathway than 6-
MP and entered clinical trials for ALL (Lennard et al., 1993; Lancaster et al., 1998). To date,

some cases have found that 6-TG has higher efficacy than 6-MP in the treatment of ALL (Stork
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et al., 2010; Chen et al., 2020). However, the safety of 6-TG is often controversial as many
studies have also observed higher adverse events (Lancaster et al., 1998; Stork et al., 2010;
Toksvang et al., 2019; Chen et al., 2020), thus 6-TG usage in the clinic is not as common as 6-

MP.

1.2.b Mechanism of Action

6-MP and 6-TG are a purine nucleobase analogue antimetabolite that belong to the
thiopurine family of drugs, a group of compounds that is structurally similar to endogenous
purine nucleobases, such as adenine, guanine, and hypoxanthine (Aarbakke et al., 1997;
Giverhaug et al.,, 1999). Upon entering the cell, 6-MP and 6-TG undergo intracellular
metabolism via various different pathways (Figure 3.), and is eventually metabolized into active
metabolites such as (1): 6-Thioguanine nucleotides (6-TGN) disrupts DNA and RNA by self-
incorporating into replicating DNA strands as false-nucleotides, leading to DNA damage/DNA
lesions, and inducing DNA mismatch repair (MMR)-dependent G2 cell-cycle arrest or apoptosis
(Aarbakke et al., 1997; Karran and Attard, 2008; Zaza et al., 2010; Shin et al., 2016; Fernandez-
Ramos et al., 2017). (2): 6-Methylthioinosine monophosphate (6-MeTIMP) disrupts de novo
nucleic acid synthesis by inhibiting phosphoribosyl pyrophosphate (PRPP) amidotransferase,
which is the rate-limiting enzyme for purine synthesis (Skipper, H.E., 1954; Tay et al., 1969;
Karran and Attard, 2008; Zaza et al., 2010; Fernandez-Ramos et al., 2017). Inhibition of de novo
purine synthesis reduces supply of endogenous purine nucleotides and further exacerbates 6-
TGN incorporation into DNA and RNA. 6-MeTIMP has not been confirmed to but is also likely
linked to the depletion of intracellular adenosine monophosphate (AMP), adenosine diphosphate
(ADP), and adenosine triphosphate (ATP), via inhibition of ATP synthesis, leading to energetic

failure, altered cell metabolism, and overall decreased proliferative ability (Fernandez-Ramos et
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al., 2017). (3): 6-Thioguanosine triphosphate (6-TGTP) complexes with Racl and blocks
activation, which suppresses pro-survival pathways and promotes apoptosis in CD4" T-
lymphocytes (Poppe et al., 2006; Zaza et al., 2010; Shin et al., 2016; Fernandez-Ramos et al.,
2017). As a result of these mechanisms, cell division is impeded, leading to reduced proliferation
and growth, and disproportionally affect rapidly dividing cells such as cancer cells and immune

cells involved in autoimmune diseases.

1.2.c Intracellular Metabolism

The metabolic pathways of 6-MP are intricate and involve multiple enzymatic
conversions that ultimately determine the drug's pharmacological activity (Figure 3.). Upon oral
administration, 6-MP is absorbed into the bloodstream via the gastrointestinal tract, potentially
by ENBTI1 in humans and additionally by SNBTI1 in rats (Yamamoto et al.,2010; Yuasa
et al.,, 2020). Upon transport into cells, 6-MP undergoes extensive metabolism through
three primary pathways, (1): the XO pathway, (2): the hypoxanthine-guanine
phosphoribosyl transferase (HGPRT) pathway, (3): the thiopurine methyltransferase (TPMT)
pathway (Aarbakke et al., 1997; Karran and Attard, 2008; Zaza et al., 2010). (1): In the XO
pathway, 6-MP is oxidized by XO to form 6-thiouric acid (6-TU), a therapeutically inactive
metabolite that is readily excreted via the urine (Jackson, P.J., 1983; Chan et al., 1990; Andersen
et al., 1998; Bradford and Shih, 2011; Singh et al., 2017; Sheu et al., 2022). The XO pathway is
considered the least significant of the three pathways in determining therapeutic outcome, as it is
an excretion pathway that contributes to the inactivation of 6-MP. Additionally, most metabolism
by XO occurs in the gastrointestinal tract and liver (Andersen et al., 1998; Ansari et al.,
2008), and not in lymphocytes, which do not have measurable XO activity (Aarbakke et al.,

1997).
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(2): In the HGPRT pathway, 6-MP is converted to an intermediate metabolite, 6-thioinosine
monophosphate (6-TIMP) by HGPRT. At this point 6-TIMP can either exit and enter the TPMT
pathway or continue in the HGPRT pathway. Assuming 6-TIMP remains in the HGPRT
pathway, inosine monophosphate dehydrogenase (IMPDH) dehydrates 6-TIMP to 6-
thioxanthosine monophosphate (6-TXMP), then guanosine monophosphate synthetase (GMPS)
converts 6-TXMP into 6-thioguanine monophosphate (6-TGMP). Sequentially, nucleoside-
phosphate kinase (NMPK) converts 6-TGMP to 6-thioguanine diphosphate (6-TGDP) and
nucleoside-diphosphate kinase (NDPK) converts 6-TGDP to 6-TGTP, which is then reduced via a
reductase to 6-thio-deoxyguanine triphosphate (6-TdGTP) (Bradford and Shih, 2011; Singh et
al., 2017; Sheu et al., 2022). Recently, nudix hydrolase 15 (NUDT15) has been shown to
interfere with the HGPRT pathway by dephosphorylating 6-TGTP to 6-TGMP, preventing 6-
TdGTP production (Singh et al., 2017; He and Liu, 2019). (3): In the TPMT pathway, 6-MP and
various intermediates are methylated with various outcomes. 6-MP is methylated to 6-
methylmercaptopurine (6-MeMP), a therapeutically inactive metabolite that has been linked to
hepatotoxicity (Dubinsky et al., 2000; Nygaard et al., 2004; van Asseldonk et al., 2012). 6-TIMP
is methylated to 6-MeTIMP, a therapeutically active metabolite that can be further converted to
6-methylmercaptourine ribonucleotide (6-MeMPR), a therapeutically inactive metabolite which
has also been linked to hepatotoxicity (Dubinsky et al., 2000; Shaye et al., 2007). 6-TGMP is
methylated to 6-methylthioguanine monophosphate (6-MeTGMP), a therapeutically inactive
metabolite that is not often discussed (Dubinsky et al., 2000; Karran and Attard, 2008; Zaza et
al., 2010; Bradford and Shih, 2011; Singh et al., 2017; Sheu et al., 2022). The metabolic pathway
of 6-TG is more direct and involves metabolism through three primary pathways, (1): the

guanase/XO pathway, (2): the HGPRT pathway, and (3): the TPMT pathway.
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(1): In the guanase/XO pathway, 6-TG is converted by guanase to form 6-thioxanthine (6-TX),
and then oxidized by XO to form 6-TU (Bradford and Shih, 2011). (2): In the HGPRT pathway,
6-TG is converted by HGPRT directly to 6-TGMP (Aarbakke et al., 1997; Karran and Attard,
2008; Zaza et al., 2010; Bradford and Shih, 2011; Toksvang et al., 2022), which then is
eventually metabolized to 6-TGTP and 6-TdGTP, by the various kinases that have been
previously described above. (3): In the TPMT pathway 6-TG is methylated to 6-
methylthioguanine (6-MeTG), a therapeutically inactive metabolite (Aarbakke et al., 1997;
Karran and Attard, 2008; Toksvang et al., 2022). Understanding these three metabolic
pathways is crucial for optimizing the clinical usage of 6-MP, as genetic variations that
result in variability in the activity of enzymes involved in these pathways can lead to

individual differences in drug response and off-target toxicity.
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Figure 3.  6-MP intracellular metabolic pathway >

Metabolic pathway of 6-MP and 6-TG upon transport into cell, labeled as the HGPRT pathway
(Green), the TPMT pathway (Blue), and the XO pathway (Orange).

Abbreviations - 6-MP: 6-mercaptopurine; 6-MeMP: 6-methylmercaptopurine; TPMT: thiopurine
methyltransferase; 6-TU: 6-thiouric acid; XO: xanthine oxidase; 6-TIMP: 6-thioinosine
monophosphate; HGPRT: hypoxanthine guanine phosphoribosyl transferase; 6-MeTIMP: 6-
methylthioinosine monophosphate; 6-MeMPR: 6-methylmercaptopurine ribonucleotide; 6-
TXMP: 6-thioxanthine monophosphate; IMPDH: inosine monophosphate dehydrogenase; 6-
TGMP: 6-thioguanine monophosphate; GMPS: guanosine monophosphate synthetase; 6-
MeTGMP: 6-methylthioguanine monophosphate; 6-TGDP: 6-thioguanine diphosphate; 6-TGTP:
6-thioguanine triphosphate; NMPK: nucleoside-phosphate kinase; NDPK: nucleoside-
diphosphate kinase; NUDT15: nudix hydrolase 15; 6-TdGTP: deoxy-6-thioguanine triphosphate;

6-TG: 6-thioguanine; 6-TX: 6-thioxanthine; 6-MeTG; 6-methylthioguanine.
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1.2.d Challenges associated with 6-MP usage

Despite its success, the clinical usage of 6-MP comes with significant challenges. While
most patients tolerate 6-MP well, intra-individual variability of 6-MP bioavailability between
patients continues to complicate obtaining target therapeutic outcomes and minimizing off-target
toxicities at standardized doses (Zimm et al., 1983; Lonnerholm et al., 1986; Larsen et al., 2020;
Zou et al, 2023). Thus, careful dosing and monitoring is necessary to avoid severe side effects,
including myelotoxicity, leukopenia, thrombocytopenia, and hepatotoxicity (Dubinsky et al.,
2000; Gearry et al., 2004; van Asseldonk et al., 2012; Luber et al., 2019; Sousa et al., 2020). As a
result, 6-MP therapy discontinuation due to low clinical efficacy or adverse events is commonly
reported (Kontorinis et al., 2004; Nygaard et al., 2004; Bhatia et al., 2015), especially in pediatric
cases (Kahn et al., 2023), despite this action being known to increase risk of symptom relapse
with far lower survival rates (Bhatia et al., 2015; Gupta and Bhatia, 2017). Observed variability
is primarily attributed to genetic variations in the enzymes involved in 6-MP metabolism such as
TPMT and NUDTI15 (Andersen et al., 1998; Lee et al., 2021; Khoo et al., 2022; Sheu et al.,
2022). However, drug transporters like ENBT1 are under explored candidates. Overall, while 6-
MP has proven to be a valuable treatment option for various leukemia’s and autoimmune
disorders. Its limitations emphasize the importance of personalized medicine approaches, such as

pharmacogenomics testing to ensure the best possible outcomes.
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1.3 Human and Murine SLC43A3-Encoded ENBT1

1.3.a Primary Structure

The gene SLC43A43 encodes for hENBT1 and slc43a3 encodes for mENBT1. hENBT1
and mENBT1 share a high degree of sequence similarity. Pairwise sequence alignment (Madeira
et al., 2022) of hENBT1 and mENBT1 amino acid sequences, result in a percent identity of
73.4%, which relates to alignment of identical amino acids, and a percent similarity of 82.1%,
which relates to alignment of identical or similar amino acids that share chemical properties
(Figure 4). Suggesting that the two sequences are homologous, but do not have identical primary

structure.
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Figure 4. Human and murine ENBT1 pairwise sequence alignment >

Pairwise global alignment via EMBOSS Needle of protein sequences hENBT1- 1476 bp, 491 aa
(UniProt ID: Q8NBIS) and mENBT1- 1509 bp, 502 aa (UniProt ID: A2AVZ9). Software utilizes
the Needleman-Wunsch algorithm to create the optimal global alignment of two sequences. The
consensus symbols found between sequences denote where the sequence gapped, are identical, or
are similar. A “-” indicates a gap in sequence alignment. A “” (vertical bar) indicates a position
with a fully conserved/identical residue. A “.” (period) indicates conservation between groups of
weakly similar properties (scores =<0.5 and >0). A “:” (colon) indicates conservation between

groups of strongly similar properties (score >0.5). Similarities were scored utilizing the

EBLOSUMBG62 substitution matrix (Madeira et al., 2022).
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Figure 4.
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1.3.b Predicted Transmembrane Topology and Tertiary Structure

Predicted transmembrane topology generated utilizing Protter (Omasits et al., 2014)
suggests hENBT1 and mENBT1 share similar transmembrane topology, both displaying 12
transmembrane domains (TMD), prominent extracellular loops between TMD 1-2, and
prominent intracellular loops between TMD 6 -7 (Figure 5). Relative to hRENBT1, mENBT1 has
a notably longer predicted extracellular loop between transmembrane domain 1 and 2 and
intracellular loop between transmembrane domain 6 and 7 (Figure 5). These findings concur with
predicted tertiary structure generated utilizing Alpha Fold (Jumper et al., 2021; Varadi et al.,
2022), which suggest hENBT1 and mENBT]1 share similar tertiary structure with the exception
of an additional alpha helical structure in the mENBT1 extracellular loop between domains 1 and
2, and intracellular loop between domain 6 and 7 (Figure 6). hENBT1 and mENBT]1 also share
similar predicted topology as another SLC family member, SLC4341/LAT3 (12 TMDs,
prominent extracellular loop between TMD 1-2, and prominent intracellular loop between TMD
6-7) (Bodoy et al., 2013). However, the structures of LAT3 and LAT4 remain unsolved, making
further predictions of interaction or binding sites difficult (Wang and Holst, 2015).

Another avenue to predict a substrate binding site, is to examine ENBT1 as a member of the
major facilitator superfamily (MFS), which is a large group of transporters essential for the
movement of small compounds across membranes. MFS members share broad structural
similarities, such as 12 TMDs, that are divided into the N-domain (TMDI1-TMD6) and the C-
domain (TMD7-TMD12) (Yan N., 2015; Quistgaard et al., 2017; Sauve et al., 2023). These two
domains can be further subdivided into four subdomains/bundles of three helices, that are
alternatively inverted, or in other words organized in a zigzag pattern like the letter “N”, in

which each ‘stroke’ is in an opposite orientation. These helices are often grouped as A-helices
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(TMD1 and TMD4, TMD7 and TMD10), B-helices (TMD2 and TMDS, TMD8 and TMD11),
and C-helices (TMD3 and TMD6, TDM9 and TMD12); each of the four bundles are comprised
of an A-helix, B-helix, and C-helix. The A-helices, i.e., the first helix in each of the four bundles,
are found in the center of MFS transporters, and form the central cavity which interacts with
substrates (Yan N., 2015; Sauve et al., 2023). In fact, most residues identified for substrate
binding in MFS members, are located in the A-helices (TMD1 and TMD4, TMD7 and TMD10).
Of further interest, TMD1 and TMD?7 are thought to be responsible for substrate interactions on
the extracellular side, while TMD4 and TMD10 are responsible for substrate interactions on the
intracellular side (Yan N., 2015). The B-helices (TMD2 and TMDS5, TMDS8 and TMDI11),
surround the central cavity and mediate interactions between the N-domain and the C-domain
(Yan N., 2015; Quistgaard et al., 2017; Sauve et al., 2023). They (B-helices) also potentially
contain residues that participate in substrate binding (Yan N., 2015). The C-helices (TMD3 and
TMD6, TDM9 and TMD12) are the most distal helices from the central cavity and support
transporter structural integrity (Yan N., 2015; Quistgaard et al., 2017). These described
characteristics of MFS transporters are present in the predicted tertiary structures of hENBT1

and mENBT1 as seen in Figure.6.
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Figure 5. hENBTI and mENBT1 predicted topology >

Predicted transmembrane topology of protein sequences hENBT1- 1476 bp, 491 aa (UniProt ID:
Q8NBIS) and mENBT1- 1509 bp, 502 aa (UniProt ID: A2AVZ9), generated utilizing Protter
version 1.0 (Omasits et al., 2014). Labelled is the N-terminus (left), C-terminus (right),
extracellular region (top), intracellular region (bottom), 1-12 transmembrane domains (blue), and

numbered every 10™ residue.
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Figure 6. hENBTI1 and mENBT1 Alpha fold tertiary structures >

Predicted tertiary structures of protein sequences hENBT1- 1476 bp, 491 aa (UniProt ID:
Q8NBIS) and mENBTI1- 1509 bp, 502 aa (UniProt ID: A2AVZ9), generated utilizing Alpha
Fold version 2022-11-01 (Jumper et al., 2021; Varadi et al., 2022). Structures coloured in red
represent predicted A-helices (TMD1 and TMD4, TMD7 and TMD10), blue represent predicted
B-helices (TMD2 and TMDS5, TMDS8 and TMDI11), green represent predicted C-helices (TMD3
and TMD6, TDM9 and TMDI12), and yellow regions represent extracellular/intracellular loops.
Labelled are the A-helices (TMDI1 and TMD4, TMD7 and TMD10), N-terminus (right), C-
terminus (left), general extracellular region (above upper dashed line), and general intracellular

region (below lower dashed line).
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Figure 6.
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1.3.c Polyglutamine Tract

One of the most notable differences between hENBT1 and mENBT]1, is the presence of a
sequence of CAG codons/glutamine (GlIn) residues, also known as a polyglutamine (polyQ) tract,
in the aforementioned intracellular loops between transmembrane domain 6 and 7 (Figure 5)
(Figure 6). PolyQ tracts are commonly observed in neurodegenerative diseases, such as
Huntington’s disease (HD), in which uninterrupted repeat lengths, ranging anywhere between 36
— 121 GlIn residue repeats, are associated with misfolding and aggregation of the affected protein,
leading to the formation of cytotoxic protein aggregates (Seidel et al., 2016; Jimenez-Sanchez et
al., 2017). In comparison mENBTT1 has an interrupted polyQ tract of 14 repeats, which is below
the typical range of HD (>35 repeats), and thus is not expected to display the same polyQ gain of
function characteristic of HD. However, the literature suggests that polyQ tracts stabilize protein
interactions, and thus are site of high protein-protein interactions, which can lead to protein

aggregation (Schafer et al., 2012).
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CHAPTER 2.

Hypothesis and research aims
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2.1 Introduction

The general hypothesis for the 6-MP/ENBT]1 research project is that SLC4343-encoded
ENBT]1 plays a major role in mediating the cellular-accumulation and subsequent cytotoxicity of
6-MP. One of our current interests is to investigate the relationship between SLC43A43-encoded
ENBT1 and 6-MP absorption, and tissue biodistribution. To accomplish this, amongst other
aims, we commissioned from Cyagen (Santa Clara, CA) a novel slc43a3 full body knockout
(KO) mouse to assess the effects of slc43a3-encoded ENBT1 expression has on the absorption
and biodistribution of orally administered 6-MP.

Utilizing the slc43a3 KO mouse model should provide greater insight on the impact ENBT1 has
on the final destination of 6-MP/6-MP metabolites, compared to an in-vitro assessment in cell
lines. However, a limitation of this model that impacts interpretations, is the lack of published
data on the murine variant of SLC4343-encoded ENBT1, herein by referred to as slc43a3-
encoded mENBT1, compared to the human variant of SLC4343-encoded ENBT1, herein by
referred to as SLC4343-encoded hENBTI. Our lab’s extensive work with hENBTI
suggests that this transporter plays a major role in mediating the cellular-accumulation of
purine nucleobases and purine nucleobase analogs such as 6-MP and sensitizing cells to 6-MP
effects on cell viability (Ruel et al., 2019). However, there is no literature to date corresponding
to mENBTI, especially in regard to the function of mENBTI mediating the cellular-
accumulation of 6-MP, and whether that function differs from hENBT1. Such information is
necessary to determine if a slc43a3 KO mouse is an appropriate model to investigate the
relationship between SLC4343-encoded ENBT1 expression levels and 6-MP absorption,

tissue biodistribution, and accumulation of 6-MP and 6-MP metabolites.
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22 General Hypothesis

With respect to the dogma that states; protein structure equals function (Biology 2e;
https://openstax.org/books/biology-2e/pages/3-4-proteins/) (Clark et al., 2018), it is unknown
whether the aforementioned differences in sequence and predicted structure between hENBT1
and mENBT1, will translate to functional differences in mediating the cellular-accumulation of
6-MP.

However, based on the preliminary in silico analysis discussed in section 1.3.a, my thesis
hypothesis is that SLC4343-encoded hENBT1 and slc43a3-encoded mENBT1 are functionally
similar in mediating the cellular-accumulation of 6-MP. As a result, the slc43a3 KO mouse is an
appropriate  model for investigating the role of ENBTI in 6-MP absorption, tissue

biodistribution, and accumulation of 6-MP and 6-MP metabolites.

2.3 Research Aims

2.3.a Aim 1. Elucidate the role of recombinant slc43a3-encoded mENBT1 in cellular
accumulation of 6-MP/6-MP metabolites and their subsequent effect on cell
viability utilizing ENBT1-deficient and recombinant mENBT1-overexpression

models.

Transcript and protein expression level, 6-MP transport and inhibition kinetics, and the
effect of 6-MP and other relevant compounds on cell viability, were assessed in innately
ENBT1-deficient HEK293 cell lines (Ruel et al., 2019), stably transfected to overexpress
recombinant s/c43a3-encoded mENBT1 or a pcDNA3.1(-) empty vector control. Previous work

by Ph.D. Candidate Nicholas M Ruel, was replicated in HEK293 cell lines stably transfected to
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overexpress recombinant hENBTI, for direct side-by-side functional comparisons between

hENBT1 and mENBT1 in my hands.

2.3.b Aim 2. Examine the role of endogenous sic43a3-encoded mENBT1 in 6-MP
cellular accumulation and subsequent effect on cell viability utilizing leukemia and

hepatocyte-like cell lines.

Transcript and protein expression level, 6-MP transport and inhibition kinetics, and the
effect of 6-MP and other relevant compounds on cell viability were assessed in MOLT-4 and
L1210 leukemia cell lines and FL83B hepatic cell line, with endogenous s/c43a3-encoded
mENBT1 expression and expression levels. Previous work was replicated in a human leukemia

cell line, for direct side-by-side functional comparisons between hENBT1 and mENBT1 in my

hands.
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Materials and methods
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3.1 Material List

['*C]-6-MP (50 Ci/mmol), [*H]-6-MP (0.3 Ci/mmol), [2,8->H]-adenine (20 Ci/mmol), and [*H]-
water (1 mCi/g) were purchased from Moravek Biochemicals (Brea, CA). Ecolite liquid
scintillation cocktail were purchased from MP Biomedical (Irvine, CA). Adenine hydrochloride
hydrate, 6-mercaptopurine monohydrate, 6-thioguanine, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), dipyridamole, geneticin (G418 sulfate), Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin, D-
glucose, 2-mercaptoethanol, and Immobilon®-P PVDF membrane were purchased from Sigma-
Aldrich (St. Louis, MO). RPMI- 1640 medium and the ECL Prime western blotting system were
purchased from Cytiva Life Sciences (Marlborough, MA). 6-Methylmercaptopurine, ultrapure
agarose, oligo (dT)12-18 primer, HEPES, bicinchoninic acid (BCA) kit, lactate dehydrogenase
(LDH) cytotoxicity assay kit, sodium pyruvate, horse serum, 0.05% trypsin/EDTA, Ham’s F-
12K (Kaighn’s) Medium, PowerUp SYBR Green, HALT Protease Inhibitor Cocktail,
ethylenediaminetetraacetic acid (EDTA), 200 kDa EZ-Run Protein Ladder, TRIzol Reagent, Taq
DNA polymerase, and SuperScript III Reverse Transcriptase were purchased from Thermo
Fisher Scientific (Waltham, MA). 6-Thiouric acid sodium salt dihydrate were purchased from
Toronto Research Chemicals (Toronto, ON). All primers were purchased from Integrated DNA
Technologies (Coralville, IA). The 100 bp DNA ladder were purchased from Truin Science
(Edmonton, AB). RedSafe nucleic acid staining solution were purchased from iNtRON
Biotechnology (Gyeonggi-do, Republic of Korea). The HEK293-WT, MOLT-4, L1210, and
FL83B were purchased from ATCC (Manassas, VA). The primary antibodies used for
immunoblotting were mouse monoclonal IgG: anti-f-actin (C4, sc-47778, Lot #B0719; Santa
Cruz Biotechnology Inc., Texas), mouse monoclonal IgG; anti-MYC antibody (C-33, sc-42,

Lot #3013479; Santa Cruz Biotechnology
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Inc., Texas), rabbit polyclonal anti-hENBT1 (HPA030551, Lot #000001575; Sigma-Aldrich, St.
Louis, MO), mouse monoclonal IgMxk anti-mENBT1 (E-10, sc-515451, Lot #H2319; Santa Cruz
Biotechnology Inc., Texas), and mouse monoclonal IgM anti-mENBT1(CBMAB-S4924-CQ, Lot
#CB2204LY29; Creative Biolabs., New York). Secondary antibodies were anti-mouse IgG
horseradish perdoxidase (HRP)-linked antibody (#7076S, Lot #32; Cell |Signaling Technology;
Massachusetts), anti-rabbit HRP-linked antibody (#7074S, Lot #27; Cell |Signaling Technology;
Massachusetts), and mouse-IgGk BP-HRP (sc-516102, Lot #B0422; Santa Cruz Biotechnology

Inc., Texas).

3.2 SLC43A43 Plasmid Construct and Transfection

Oligonucleotides corresponding to the coding region of SLC4343 (NM_001278201) or
slc43a3 (NM_021398), with an N-terminal MY C-epitope tag, were prepared in the GeneArt
Cloning pMA plasmid by Invitrogen. The MYC-SLC43A3 sequences (Figure 7. and Figure 8.)
were ligated into the mammalian cloning vector pcDNA3.1 (-), after digestion with Xbal (5)
and Kpnl (3’) restriction enzymes. The inserts were sequenced in both directions to confirm
integrity, and then used to stably transfect wildtype HEK293 (HEK293-WT) cells, using the
calcium phosphate method (Kingston et al., 2003). Cells expressing the transfected plasmid
were selected based on their resistance to 600 pg/mL G418 sulfate, and expression of MYC-
tag via dot blot. HEK293 cells stably transfected with the empty pcDNA3.1 vector were also
tested to assess the impact of the transfection procedure and chronic G418 sulfate treatment, on

the cell line.
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Figure 7. SLC43A3/hENBT1 cloned sequence and amino acid sequence

MY C-SLC43A43 Sequence (5’-Xbal---Kpnl-3°, 1533 bp)

CTAGAATGGAACAAAAACTCATCTCAGAAGAGGATCTGGGTGGCGGAGGGGGTGCGGGCCAGGGC
CTGCCCCTGCACGTGGCCACACTGCTGACTGGGCTGCTGGAATGCCTGGGCTTTGCTGGCGTCCTCT
TTGGCTGGCCTTCACTAGTGTTTGTCTTCAAGAATGAAGATTACTTTAAGGATCTGTGTGGACCAGA
TGCTGGGCCGATTGGCAATGCCACAGGGCAGGCTGACTGCAAAGCCCAGGATGAGAGGTTCTCACT
CATCTTCACCCTGGGGTCCTTCATGAACAACTTCATGACATTCCCCACTGGCTACATCTTTGACCGGT
TCAAGACCACCGTGGCACGCCTCATAGCCATATTTTTCTACACCACCGCCACACTCATCATAGCCTT
CACCTCTGCAGGCTCAGCCGTGCTGCTCTTCCTGGCCATGCCAATGCTCACCATTGGGGGAATCCTG
TTTCTCATCACCAACCTGCAGATTGGGAACCTATTTGGCCAACACCGTTCGACCATCATCACTCTGT
ACAATGGAGCATTTGACTCTTCCTCGGCAGTCTTCCTTATTATTAAGCTTCTTTATGAAAAAGGCATC
AGCCTCAGGGCCTCCTTCATCTTCATCTCTGTCTGCAGTACCTGGCATGTAGCACGCACTTTCCTCCT
GATGCCCCGGGGGCACATCCCATACCCACTGCCCCCCAACTACAGCTATGGCCTGTGCCCTGGGAAT
GGCACCACAAAGGAAGAGAAGGAAACAGCTGAGCATGAAAACAGGGAGCTACAGTCAAAGGAGTT
CCTTTCAGCGAAGGAAGAGACCCCAGGGGCAGGGCAGAAGCAGGAACTCCGCTCCTTCTGGAGCTA
CGCTTTCTCTCGGCGCTTTGCCTGGCACCTGGTGTGGCTGTCTGTGATACAGTTGTGGCACTACCTCT
TCATTGGCACTCTCAACTCCTTGCTGACCAACATGGCCGGTGGGGACATGGCACGAGTCAGCACCTA
CACAAATGCCTTTGCCTTCACTCAGTTCGGAGTGCTGTGTGCCCCCTGGAATGGCCTGCTCATGGAC
CGGCTTAAACAGAAGTACCAGAAGGAAGCAAGAAAGACAGGTTCCTCCACTTTGGCGGTGGCCCTC
TGCTCGACGGTGCCTTCGCTGGCCCTGACATCCCTGCTGTGCCTGGGCTTCGCCCTCTGTGCCTCAGT
CCCCATCCTCCCTCTCCAGTACCTCACCTTCATCCTGCAAGTGATCAGCCGCTCCTTCCTCTATGGGA
GCAACGCGGCCTTCCTCACCCTTGCTTTCCCTTCAGAGCACTTTGGCAAGCTCTTTGGGCTGGTGATG
GCCTTGTCGGCTGTGGTGTCTCTGCTCCAGTTCCCCATCTTCACCCTCATCAAAGGCTCCCTTCAGAA
TGACCCATTTTACGTGAATGTGATGTTCATGCTTGCCATTCTTCTGACATTCTTCCACCCCTTTCTGGT
ATATCGGGAATGCCGTACTTGGAAAGAAAGTCCCTCTGCAATTGCATAGGGTACC

Xbal restriction site - Start codon - MY C Tag + flexible linker - SLC43A43 sequence - Kpnl restriction site

MY C-5xGly-hENBT1 Sequence (55.9 kDA)

MEQKLISEEDLGGGGGAGQGLPLHVATLLTGLLECLGFAGVLFGWPSLVFVFKNEDYFKDLCGPDAGPIG
NATGQADCKAQDERFSLIFTLGSFMNNFMTFPTGYIFDRFKTTVARLIAIFFYTTATLIIAFTSAGSAVLLFLA
MPMLTIGGILFLITNLQIGNLFGQHRSTHITLYNGAFDSSSAVFLIIKLLYEKGISLRASFIFISVCSTWHVARTF
LLMPRGHIPYPLPPNYSYGLCPGNGTTKEEKETAEHENRELQSKEFLSAKEETPGAGQKQELRSFWSYAFSR
RFAWHLVWLSVIQLWHYLFIGTLNSLLTNMAGGDMARVSTYTNAFAFTQFGVLCAPWNGLLMDRLKQK
YQKEARKTGSSTLAVALCSTVPSLALTSLLCLGFALCASVPILPLQYLTFILQVISRSFLYGSNAAFLTLAFPS
EHFGKLFGLVMALSAVVSLLQFPIFTLIKGSLQNDPFY VNVMFMLAILLTFFHPFLVYRECRTWKESPSAIA

MY C Tag + flexible linker - hENBT1 sequence
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Figure 8. slc43a3/mENBT1 cloned sequence and amino acid sequence

MY C-slc43a3 (5°-Xbal-—-Kpnl-3”, 1566 bp)

TCTAGAATGGAACAAAAACTCATCTCAGAAGAGGATCTGGGTGGCGGAGGGGGTGCAAGCAAGGG
CTTGCCCCTTTACTTGGCCACCTTGTTGACTGGACTCTTGGAATGCATCGGTTTTGCTGGTGTCCTCT
TTGGCTGGACTTCACTGTTGTTTGTGTTCAAAGCAGAAAACTACTTTTCAGAGCCCTGTGAACAGGA
CTGCTTGCTCCAGAGCAATGTAACAGGGCCTTCTGATTTAAAAGCGCAGGATGAGAAGTTCTCACTC
ATCTTTACCCTGGCATCCTTCATGAATAACTTCATGACCTTTCCCACTGGCTACATCTTTGACCGCTT
CAAGACTACTGTGGCCCGCCTGATAGCCATATTTTTCTACACCTGCGCCACGATCATCATTGCCTTC
ACCTCTGCAAACACTGCCATGCTGCTCTTCCTAGCCATGCCCATGCTCGCAGTGGGAGGAATCCTGT
TCCTTATCACCAACCTACAGATTGGGAACCTCTTTGGGAAACACCGTTCAACCATCATCACCCTCTA
CAATGGAGCATTTGACTCCTCCTCAGCAGTGTTCCTCGTCATTAAGCTGCTTTACGAGCAGGGCATC
AGCCTCAGGTCTTCCTTCATCTTCATGTCTGTCTGCAGTGTCTGGCACATTGCGCGTACTTTCCTTCT
GATGCCCAAGGGACATATCCCCTACCCACTGCCTCCCAACTACAGCTATGGCTTGTGCTCCAGGTTT
GGTGCTAGCAAGAAAGAGAATAAAGCAGCTGAACACGAAACCAAGGAGCTGCGGTCAAAGGAATG
TCTGCCACCCAAGGAAGAGAACTCTGGACCAGAACAGCAGCAGCAGCAGGAGCAGCAGCAGCAGC
AGCAGCAGCAGCAGGAGCAACACGAGCAACACTCTTTTCGACGCTGCGCGCTCTCTCGTCGATTCA
TCTTGCACGTGGTGTGGCTGTCTATCATACAGTTGTGGCATTACCTCTTCATTGGTACTCTCAACTCT
CTACTCACCAAGTTATCCGGTGGGGACAAAGTGGAAGTCAGTGCCTACACAAATGCCTTTGCCATC
ACCCAGTTCTTTGGCGTGCTGTGTGCCCCCTGGAATGGCTTACTCATGGACCGCCTTAAACAGAAGT
ATCAGAAGGCAGCCAAAAGGACAGGTTCCTCGTCTGAGGCTGTGGCTCTCTGCTCCATGGTGCCTTC
ACTGGCTCTGACGTCTCTGCTGTCCCTGGGCTTTGCCCTGTGTGCCTCCATTCCTGTCATGCAGCTAC
AGTACGCCACCTTCATCCTGCAAGTGGTCAGCCGCTCCTTCCTGTATGGATGCAATGCTGCCTTCCTC
ACGCTGGCATTTCCCTCAGAGCATTTTGGAAAGCTCTTTGGGCTGGTGATGGCCTTGTCAGCTATTG
TGTCTCTGCTACAGTTCCCCCTGTTCAAAGTCTCCCCTGAGAGCAACGCTGTGTATGTATCGATGGG
GCTTGCCATTTTCCTGACATTGGTCCATCCCTTCCTGGTGTACCGTGAGTGCCGTGCTGAGAAGACA
AAATCGTCTGTGGATGCCTAGGGTACC

Xbal restriction site - Start codon - MY C Tag + flexible linker - slc43a3 sequence - Kpnl restriction site

MY C-5xGly-mENBTI1 (57.5 kDA)

MEQKLISEEDLGGGGGASKGLPLYLATLLTGLLECIGFAGVLFGWTSLLFVFKAENYFSEPCEQDCLLQSNV
TGPSDLKAQDEKFSLIFTLASFMNNFMTFPTGYIFDRFKTTVARLIAIFFYTCATIIAFTSANTAMLLFLAMP
MLAVGGILFLITNLQIGNLFGKHRSTITLYNGAFDSSSAVFLVIKLLYEQGISLRSSFIFMSVCSVWHIARTFL
LMPKGHIPYPLPPNYSYGLCSRFGASKKENKAAEHETKELRSKECLPPKEENSGPEQQQQQEQQQQQQQQ
QEQHEQHSFRRCALSRRFILHVVWLSIIQLWHYLFIGTLNSLLTKLSGGDKVEVSAYTNAFAITQFFGVLCA
PWNGLLMDRLKQKYQKAAKRTGSSSEAVALCSMVPSLALTSLLSLGFALCASIPVMQLQYATFILQVVSRS
FLYGCNAAFLTLAFPSEHFGKLFGLVMALSAIVSLLQFPLFKVSPESNAVYVSMGLAIFLTLVHPFLVYREC
RAEKTKSSVDA

MYC Tag + flexible linker - mENBT1 sequence
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33 Cell Culture

Transfected-HEK293 cells were cultured in DMEM with 10% FBS, penicillin (100
U/mL), streptomycin (100 pg/mL), and sodium pyruvate (1 mM). G418 sulfate (300 pg/mL) was
added to HEK293 cell media to maintain selection pressure on stable transfectants. FL83B
mouse hepatocyte-like cells were cultured in Ham’s F-12K (Kaighn’s) Medium with 10% FBS,
penicillin (100 U/mL), and streptomycin (100 pg/mL). Transfected-HEK293 and FL83B cells
were harvested from flasks by exposure to 0.05% trypsin/EDTA for 5-10 minutes at 37°C in
a humidified 5% CO; atmosphere, cell suspension was diluted with media containing serum and
then centrifuged at 1000 x g for 5 minutes. L1210 cells were cultured in DMEM with 10%
horse serum, penicillin (100 U/mL), and streptomycin (100 pg/mL). MOLT-4 cells were
cultured in RPMI (Roswell Park Memorial Institute) 1640 medium supplemented with D-
glucose (4500 mg/L), 10% FBS, penicillin (100 U/mL), streptomycin (100 pg/mL), sodium
pyruvate (I mM), and HEPES (10 mM). L1210 and MOLT-4 suspended cells were harvested

from flasks and cell suspension was centrifuged at 1000 x g for 5 minutes.

34 Polymerase Chain Reaction

Cells from confluent 10-cm plates were suspended in 1 mL of TRIzol reagent and
homogenized for total RNA extraction according to the manufacturer’s protocol. Total RNA
concentration and purity were determined using a Nanodrop 2000 spectrophotometer (Life
Technologies Inc). For qualitative polymerase chain reaction (PCR), 1 pg of total RNA was
reverse transcribed to complementary DNA (cDNA) using Oligo (dT)12-18 primer and Superscript

III. Target cDNA sequences were amplified using recombinant Taq DNA Polymerase and
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primers designed for SLC43A43, GAPDH, slc43a3, and gapdh (Table 2.). Primer efficiency and
melt curves were assessed prior to their use for gene expression analysis. The following
conditions were used for amplification: 3 minutes at 95°C, followed by 40 cycles of 30 seconds
at 95°C; 30 seconds at 56°C; and 60 seconds at 72°C, followed by extension for 10 minutes at
72°C in a BioRad T-100 Thermocycler. Semi-quantitative PCR (qPCR) was conducted using
cDNA (~100 ng/well) prepared as described previously with the primer sets shown in (Table 2.),
using Power Up SYBR Green fluorescence on a Roche Light Cycler 480 System (Cardiovascular
Research Centre, Edmonton, Canada). qPCR conditions were: 2 minutes at 50°C (UDG
activation); 2 minutes at 95°C (denaturation), followed by 45 cycles of 15 seconds at 95°C; and
60 seconds at 60°C for amplification, with a final melt curve analysis. Ct values were normalized
to GAPDH/gapdh to obtain a ACt value, analyzed relative to expression in a calibrator cell using
the AACt method, and converted into fold change using the 2"-AACt method (Livak and

Schmittgen, 2001).
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Table 2.

PCR and qPCR primers

Gene Sequence Application

SLC4343 Fwd 5’-GGAACTCCGCTCCTTCT-3’ PCR
Rev 5’-GAAGTAGGACGTTCACTAGT-3’

slc43a3 Fwd 5’-TTTACCCTGGCATCCTTCATG-3’ PCR
Rev 5’-TAACGCGCATGAAAGGAAGA-3’

GAPDH Fwd 5’-ACATCATCCCTGCCTCTAC-3’ PCR
Rev 5’-TAAACCGATGTCGTTGTCC-3’

gapdh Fwd 5’-ACATCATCCCTGCCTCTAC-3’ PCR
Rev 5’-TAAACCGATGTCGTTGTCC-3’

slc43a3 Fwd 5’-GAAACACCGTTCAACCATCATC-3’ qPCR
Rev 5’-CTGATGCCCTGCTCGTAAA-3’

abcc4 Fwd 5’-GCACTGAACAACAACAGAAAT-3’ gPCR
Rev 5’-CGCAGTTAGACCTGCGTAAA-3’

abccs Fwd 5’-CAGAGAATCAGCCTTGCTAGAG-3’ gPCR
Rev 5’-CCGGATAGCACTGTTGAAGAT-3’

tpmt Fwd 5’-CCTTGATATGAAAGAGCACCCT-3’ gPCR
Rev 5’-CCCACTTCTCTTTCCAGTCTTC-3’

hgprtl Fwd 5’-GATGATCTCTCAACTTTAACTGGAA-3’ qPCR
Rev 5’-AGCTTGCAACCTTAACCATTT-3’

xo Fwd 5’-ACGGAGACAAGCACTAACAC-3 qPCR
Rev 5’-TGGTCTGACAGGCTTCATAAAT-3

impdh Fwd 5’-AGAGTTCCAGGCCAATGAAG-¥ qgPCR
Rev 5’-CCAGAACATCACCCACAGTAT-3’

gmps Fwd 5’-GCACTTTACGGCCTGATCTAA-3 qPCR
Rev 5’-TCCCTCTTCCCTTAACTTCCT-3’

nudtl5 Fwd 5’-TTTGGAGCCGGCAGTTT-3’ gPCR
Rev 5’-CAGCTTCTTCCCAGGTTTCT-3’

gapdh Fwd 5-GGGTGTGAACCACGAGAAATA-3’ qPCR
Rev 5’-GTCATGAGCCCTTCCACAAT-3
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35 Immunoblot

Samples were extracted using radioimmunoprecipitation (RIPA) buffer (150 mM NacCl,
50 mM Tris, 1% NP-40, 0.5% sodium dodecyl sulfate (SDS) containing HALT™ Protease
Inhibitor Cocktail + EDTA. Extracted protein concentrations were assessed using a BCA assay
kit and accordingly diluted to 1.5 pg/uL protein and adjusted to 2% 2-mercaptoethanol for
reducing conditions. 30 ug protein were resolved using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) on 12.5% acrylamide gels at 80 volts for 15 minutes, followed
by 150 volts for 45 minutes, and semidry-transferred to Immobilon-P PVDF membranes at 25
volts for 30 minutes. Following the transfer, membranes were incubated with TBS-T (TBS-T;
150 mM NaCl, 50 mM Tris, pH 7.5, 1% Tween20) containing 3% bovine serum albumin (BSA)
at room temperature for 30 minutes, to block nonspecific PVDF membrane binding. PVDF
membranes were incubated for 16 hours at 4°C with anti-MYC, anti-hENBT1, anti-mENBT]1, or
anti-f-actin primary antibodies diluted in TBS-T containing 5% BSA, at 1:1000, 1:250, 1:500,
and 1:1000, respectively. Membranes were washed several times in TBS-T, then incubated for 1
hour at room temperature with the relevant HRP-conjugated secondary antibody, anti-rabbit IgG-
HRP or anti-mouse IgG-HRP diluted in TBS-T containing 5% BSA at 1:5000 or 1:3000,
respectively. After further washing in TBS-T, membranes were treated with ECL Prime solution
and visualized via chemiluminescence on an Amersham Imager 680 (GE Healthcare, Chicago,

IL). Image J software was used to conduct densitometry analyses.
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3.6 Oil-Stop Centrifugation

Harvested cells were suspended in nominally sodium-free N-methyl-D-glucamine
(NMG) buffer (140 mM NMG, 5 mM KCl, 4.2 mM KHCO3, 0.36 mM KoHPO4, 0.44 mM
KH2PO4, 0.5 mM MgCl, 1.3 mM CaCl,, 10 mM HEPES, pH 7.4), to minimize potential
contribution of sodium-dependent concentrative nucleoside transporter-mediated uptake.
Additionally, 10 uM DY was utilized to block potential equilibrative nucleoside transporter—
mediated uptake, and incubated for 15 minutes at room temperature, protected from direct light.
Cellular uptake was initiated at room temperature by adding 250 pL cell suspension to
250 pL [*H]radiolabeled substrate (6-MP or adenine) layered over 21:4 silicone:mineral
oil (200 pL) in 1.5 mL microcentrifuge tubes. The uptake reaction was terminated
after specified times, by centrifugation of the cells through the oil layer at ~10,000g for 10
seconds. The aqueous layer was removed via a vacuum-powered aspirator, and the tube was
washed with 1 mL of NMG buffer prior to removal of the oil layer. The resulting cell pellet
was digested in 250 uL 1 M NaOH overnight (~16 hours), with 220 pL aliquots of digested
cells assessed for radioactive content using standard liquid scintillation counting techniques
in a Beckman Coulter LS6500 scintillation system (Brea, CA). In transfected-HEK293 cell
lines, total uptake was defined as the uptake of [*H]radiolabeled substrate in cells
overexpressing recombinant SLC43A43-encoded hENBTI1 or slc43a3-encoded mENBTI;
non-mediated uptake was defined as the uptake of [*H]radiolabeled substrate in HEK293-
WT or pcDNA3.1(-) empty vector transfected-HEK293 cells that are ENBTI1-deficient. In
MOLT-4, L1210, and FL83B, total uptake was defined as the uptake of [°H]6-MP in the absence
of a competitive inhibitor, in assay; non-mediated uptake was defined as the uptake of [*H]6-
MP by cells in the presence of 5 mM competitive inhibitor (adenine), in assay. In all

cases, total uptake is defined as a combination of ENBT1-mediated
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uptake and background levels of transport, while non-mediated uptake is defined as background
levels of transport. ENBT1-mediated uptake is defined as the difference between total uptake and

non-mediated uptake components:

(ENBT1 mediated uptake) = (Total uptake) - (Non ENBT1 mediated uptake)

Cell water volume (uL) was estimated by incubating cells with [’H]JH,O for 3 minutes,
centrifuging the cells through the oil layer at ~10,000g for 10 seconds, assessing 100 puL of the
supernatant for radioactive content, and then processing as described above. Total cellular water
volume was determined from the ratio of the decays per minute of the cell pellet, to the decays
per minute of the supernatant, allowing for inter-experimental normalization via calculation of

picomoles of substrate accumulated per microliter of cell-associated water.

3.7  MTT Cell Viability

Transfected-HEK293 cells were seeded into a 24-well plate at a density of 1.1*10"5 cells
per well in complete culture medium. 1 hour following cell seeding onto plate, medium
containing 6-MP (78 nM — 1.28 mM) was added and incubated for 48 hours at 37°C in a
humidified 5% CO, atmosphere (compound-mediated response). Cells were treated with medium
containing vehicle to determine baseline cell viability (100% cell viability); medium
containing no cells was used to determine spontaneous MTT reduction (0% cell viability).
Subsequently, media was removed and replaced with 150 puL. of Dulbecco’s phosphate buffered
saline (DPBS - 137 mM NacCl, 2.7 mM KCI, 6.3 mM Na;HPO4, 1.5 mM KH;POs4, 0.5 mM
MgCl, 0.9 mM CaClp, pH 7.4) containing MTT (1 mg/mL) for 90 minutes at 37°C. The
resultant formazan crystals in DPBS containing MTT, was solubilized in 500 pL of DMSO and

transferred to a well plate in 200 pL duplicates.
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L1210 and MOLT-4 cells were seeded into a 24-well plate at a density of 1.1*10"5 cells per
well in complete culture medium. 1 hour following plate seeding, medium containing 6-MP
(final concentration 78 nM — 1.28 mM), was added and incubated for 48 hours at 37°C in a
humidified 5% CO; atmosphere. Suspended cells were then transferred to 1.5 mL
microcentrifuge tubes and centrifuged for 10 minutes at 3000 rcf. Following
centrifugation, media was removed and replaced with 150 pL of DPBS containing MTT (1
mg/mL) for 90 minutes at 37°C. Microcentrifuge tubes were centrifuged again for 15 minutes at
23,500 rcf, and then DPBS containing MTT was removed. The resultant formazan crystals were
solubilized in 500 pL of DMSO and transferred to a 96-well plate in 200 pL duplicates.
Absorbance was measured at 570 nM, in a SpectraMax® i3x Multi-Mode Detection Platform
(Molecular Devices, San Jose, CA). % cell viability/% reduced MTT was calculated by dividing

compound-mediated response by 100% cell viability:

(compound mediated response) — (0% cell viability)

0] =
Yoreduced MTT (100% cell viability) — (0% cell viability)

In the case of a biphasic cell viability curve, only the first-phase ECso value was utilized in
analysis, as that ECso value describes the population of cells that are actively proliferating and
are therefore 6-MP sensitive. While the second-phase ECso value describes the population of
cells that are in a non-proliferative or quiescent state, and are therefore relatively insensitive to 6-

MP after 48-hour treatment.

3.8 LDH Release Assay

Optimal cell density was determined beforehand by measuring signal to noise ratio of wells

seeded at 0 cells/mL, 5*10"3 cells/well, 1*10"4 cells/well, and 2*10"4 cells/well. Transfected-
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HEK?293 cells were seeded into a 96-well plate at 2*10™4 cells per well in complete culture
medium. L1210 and MOLT-4 cells were seeded into a 96-well plate at 1.5%10"4 cells per well in
complete culture medium. 1 hour following plate seeding, medium containing 6-MP (final
concentration 78 nM — 1.28 mM) was added to wells and incubated for 48 hours at 37°C in a
humidified 5% CO, atmosphere (compound-mediated response); distilled H-O was incubated as
a control to determine background/spontaneous LDH activity in cells (0% cell death).
Subsequently, supernatant was transferred to a 96-well plate, mixed with a reaction buffer and
incubated for 30 minutes at 37°C in a humidified 5% CO; atmosphere; cell lysis buffer was used
as a control to determine maximal LDH activity in cells (100% cell death). A reaction stop
solution was added to wells prior to absorbance being measured at 490 nM and 680
nM, in a SpectraMax® i13x Multi-Mode Detection Platform (Molecular Devices, San Jose,
CA). % cell death was calculated by dividing compound-mediated cell death by 100% cell

death:

(% cell death =

(compound mediated response) — (0% cell death) )
(100% cell death) — (0% cell death)

39 Data Analysis and Statistics

Data was expressed as mean = SD. Sample size was predetermined as n = 5 (five
independent experiments with two to three internal replicates), which is the minimum needed to
define statistical differences, based on the known historical variability inherent in these types of
studies. In some circumstances, where higher variability was seen due to methodological issues
(e.g., the rapid uptake profiles using the stably transfected cells), an additional one or two
experiments were added to achieve statistical power. Nonlinear curves were fitted to data, and

statistical analyses were done using GraphPad Prism 10 software. In all cases, if the p-value
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determined from a statistical test was less than alpha = 0.05, the null hypothesis (no difference
between data sets) was rejected and the alternative hypothesis (significant difference between
data set) was favored; and vice versa when p-value was greater than alpha = 0.05. Significant
differences between groups were assessed using either student’s t-test or ordinary two-way
analysis of variance (ANOVA) followed by a post hoc Sidak multiple comparison test. Best
curve fits for specific data sets were determined by extra sum-of-squares F test. For influx and
cell viability analyses, significant differences in Km and ECso values respectively, between
hENBTI1 and mENBT]1 data sets, were determined by extra sum-of-squares F test. For inhibition
analyses, the K; values were determined from the ICso values using the specified substrate
concentration [S], based on the Cheng-Prusoff equation K; = ICso/(1 + [S]/Km) (Cheng and
Prusoft, 1973) and K values both experimentally obtained by my hands and determined in

previous studies (Ruel et al., 2019).
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CHAPTER 4.

Interspecies Functional
Comparison of Recombinant hENBT1 and
mENBT1
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4.1 Introduction

6-MP was first introduced in the therapy of leukemia and lymphoma in 1953 (Burchenal
et al., 1953; Hall et al., 1953; Hill and Lajous, 1954; Toksvang et al., 2022), and is still used to
this day in the treatment of ALL and IBD. Despite long history of clinical utilization, the
mechanism in which 6-MP, a prodrug that requires intracellular metabolism to produce a
therapeutic response, enters cells is not fully understood. This knowledge gap was evident by
1983, in which 6-MP bioavailability was observed to vary widely between patient populations
upon administration of standardized doses (Zimm et al., 1983; Lonnerholm et al., 1986; Larsen et
al., 2020; Zou et al, 2023). Concerns were compounded by severe side effects, including
myelotoxicity, leukopenia, thrombocytopenia, & hepatotoxicity (Dubinsky et al., 2000; Gearry et
al., 2004; van Asseldonk et al., 2012; Luber et al., 2019; Sousa et al., 2020). Potentially fatal
adverse events are transient and subside upon 6-MP therapy discontinuation (Kontorinis et al.,
2004; Nygaard et al., 2004). However, discontinuation is associated with higher relapse risk with
lower survival rates (Bhatia et al., 2015; Gupta and Bhatia, 2017). Due to the prevalence of
pediatric ALL cases, decreased 6-MP therapy adherence in adolescents, due to abundant
incidents of adverse events is a known challenge (Kahn et al., 2023).
Relatively low affinity nucleoside transporters were initially cited as the mechanism for 6-MP
intracellular accumulation (Baldwin et al., 2004; Zaza et al., 2010; Young et al., 2013), until
Furukawa and colleagues, (2015) functionally characterized ENBTT in stably transfected Madin-
Darby canine kidney cells (MDCKII) and published that 6-MP significantly inhibited ENBTI-
mediated [*H]adenine uptake, which suggests 6-MP is a potential ENBT1 substrate. ENBT1
expression has been shown in human leukemia cells and hepatocytes, and thus was a promising

6-MP transporter candidate (Human Protein Atlas; https://www.proteinatlas.org/) (Uhlen et al.,
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2015; Thul et al., 2017). To better investigate ENBT1 as a potential 6-MP flux transporter in a
human model rather than canine, our laboratory stably transfected innately ENBT1-deficient
HEK?293 cell lines (Ruel et al., 2019), to overexpress recombinant SLC4343-encoded hENBTI,
slc43a3-encoded mENBTI, or a pcDNA3.1(-) empty vector control. These cell models were
utilized to functionally characterize ENBT1-mediated adenine and 6-MP transport kinetics,
inhibition kinetics, and 6-MP effects on cell viability, in cells models that express hENBTI,

mENBT]1, or neither transporter.

4.2 Results

4.2.a Confirmation of HEK293 transfection with SLC43A43 and slc43a3

HEK293-WT cell lines that are innately ENBT1-deficient (Ruel et al., 2019) were stably
transfected with SLC4343, sic43a3 or a pcDNA3.1(-) empty vector, herein by referred to as
HEK293-hSLC43A3, HEK293-mslc43a3, and HEK293-EV, respectively. Transfected cells were
cultured and selected based on G418 sulfate resistance (600 pg/mL). Resulting HEK293-
hSLC43A3 and HEK293-mslc43a3 clone colonies were further selected for MYC-ENBT1
expression via dot blot probing for MYC-tag. Circled HEK293-mslc43a3 C10 and E11 clones
were selected for further experimentation based on exhibiting the highest MYC-mENBTI
expression levels (Figure 9.A). To confirm successful stable transfection, qualitative PCR and
immunoblot were performed utilizing cDNA and cell lysates processed from HEK293-EV,
HEK293-hSLC43A3, and HEK293-mslc43a3 cell lines. Assessment of PCR products exhibit
that HEK293-EV cells express minimal levels of SLC4343 and undetectable levels of sic43a3
transcript; HEK293-hSLC43A3 cells express SLC4343 and undetectable levels of slc43a3

transcript; HEK293-mslc43a3 cells express slc43a3 and undetectable levels of SLC43A43
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transcript. GAPDH was utilized as a loading control (Figure 9.B). Assessment of immunoblot
bands exhibit HEK293-EV cells express undetectable levels of hENBT1, mENBT1, and MYC;
HEK293-hSLC43A3 cells express MYC-hENBT1; HEK293-mslc43a3 cells express MYC-
mENBT1. B-actin was utilized as a loading control (Figure 9.C). Densitometry performed on
MYC-hENBT1 and MYC-mENBT1 normalized to B-actin, on immunoblots intermittently run
between July 2021 — January 2023, show normalized expression levels are not significantly
different between HEK293-hSLC43A3 and HEK293-mslc43a3 cell lines (Unpaired student’s t-

test, tie=0.2555, p=0.8011, n =9) (Figure 9.D).
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Figure 9. Transcript and protein expression of transfected-HEK293 >

PCR products and protein expression was assessed in HEK293-EV, HEK293-hSLC43A3, and
HEK293-mslc43a3 cell lines. A: Representative dot blot using protein from HEK293-mslc43a3
crude cell lysates, primary anti-MY C-tag antibodies, and HRP-conjugated anti-mouse secondary
antibodies. Column #12: was a negative control. This dot blot was performed by Ph.D. Candidate
Nicholas M Ruel. B: Representative PCR gel using cDNA synthesized from transfected-
HEK293 total RNA and PCR primers to amplify products; SLC4343 (Expected Size: 400 bp),
slc43a3 (Expected Size: 400 bp), GAPDH (Expected Size: 356 bp). dH2O blank was used as a
negative control, GAPDH was used as a loading control. C: Representative immunoblot using 30
pg protein from transfected-HEK293 crude cell lysates, primary anti-hENBT1, anti-mENBTI,
anti-MYC-tag, and anti-B-actin, and HRP-conjugated anti-rabbit and anti-mouse secondary
antibodies; MYC-hENBT1 (Expected Size: 56.0 kDA), MYC-mENBT1 (Expected Size: 57.5
kDA), and B-actin (Expected Size: 42.0 kDa). B-actin was used as a loading control. D:
Densitometry analysis performed on immunoblots comparing expression levels of MYC-
hENBTI1 and MYC-mENBT], relative to B-actin loading control, in HEK293-hSLC43A3 and

HEK?293-mslc43a3 cell lines. MY C-tag expression was normalized to B-actin loading control:

(MYC ENBT1 band intensity AUC)
(B actin band intensity AUC)

Normalized MYC ENBT1 Expression =

Robust regression and outlier removal (ROUT) method with ROUT coefficient Q = 1% was
utilized to detect and remove outliers. Each numbered pair represent data points (#1 - #9) that

were analyzed from the same blot. Data are shown as mean = SD (n=9).

53



Figure 9.

A B
1 2 3 4 5 6 7 8 9 10 11 12
i Blank HEK293- HEK293- HEK293-
RN IR R " dH20 EV  hSLC43A3 mslcd3a3
* hSLCAA3 R
88+ aae00@n
(Expected 400bp) Gl
J NI EE -
o8 e . . (Expected 400bp) LU g
| B s

Y e
H * . (Expected 356bp) el

C D e B HEK293-hSLC43A3 (n=9)
HEK293- HEK293- HEK293- 9™
hSLC43A3 EV  mslc43a3 ¢ HEK293-msic43a3 (n=9)
75k0a 4
2 ns
hENBT1 £ - |
(Expected 56kDa) . ’ E ‘E 2.0~
(Expected 58kDa) n S ——
27T aee o8
MYC-T | 53
Tag - U L
- = &
(Expected 56-58kDa)- : E B
) = 7 8] oo
) - 50k0a i @ 1.0
B-Actin o —_— —— o8 E ®
(Expected 42kDa) >
- 37kpa =
0.5

54



4.2.b Functional characterization of recombinant mENBT1 in HEK293-mslc43a3 cells

In the interest of assessing transport, determining a substrate incubation time or time
point that captured the initial rate of transport, rather than at a steady-state/equilibrium state, was
essential to better approximate transport kinetic parameters such as Ky, and Vmax (Michaelis et
al., 2011). Functional assessment of the initial rate of mENBT1-mediated uptake was performed
in HEK293-mslc43a3 clones (C10 and E11) and HEK293-WT cell lines. Total uptake was
obtained in the HEK293-mslc43a3 clones (C10 and El11), by assessing the initial rate of
transport of 30 pM [*H]adenine at 2 second — 90 second time points, in the presence and absence
of 10 uM decynium-22 (D22), an ENBT1 inhibitor which achieves 71% =+ 6% inhibition of
ENBTI at 10 uM (Ruel et al., 2019). At the time, non-mediated uptake was obtained in the
HEK293-WT cells, by assessing the initial rate of transport in the same conditions stated above.
As described previously in section 3.6, ENBTI1-mediated uptake was derived as the
difference between total uptake, which contains ENBTI-mediated uptake and
background transport components, and non-mediated uptake, which contains background
transport components. HEK293-WT cells displayed minimal time-dependent/saturable and
D22-insensitive uptake of [*H]adenine, as seen by the linear fit (Figure 10.A). On the other
hand, C10 and E11 HEK293-mslc43a3 clones exhibited time-dependent/saturable and D22-
sensitive uptake of [*H]adenine, plateauing at roughly 30 pmol/uL, with a rate constant (k-
value) of 0.92 £ 0.73 sec! and 0.49 = 0.05 sec™! in the C10 and E11 clones, in absence of D22,

respectively (Figure 10.B and 7.C).
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Figure 10.  Recombinant mENBT1 transport kinetics in HEK293-mslc43a3 >

Initial rate of mENBT1-mediated uptake assessed in HEK293-WT and HEK293-mslc43a3 cell
lines looking at [*H]adenine in presence or absence of D22 at 2 second — 90 second time points.
A: HEK293-WT (n=5) adenine time course showing non-mediated uptake of [*H]adenine in
presence or absence of 10 uM D22. B: HEK293-mslc43a3 E11 clone (n=5) and C: HEK293-
mslc43a3 C10 clone (n=2); adenine time course showing ENBT1-mediated uptake of 30 uM
[*H]adenine in presence or absence of 10 pM D22. Data are shown as mean + SD. k values were

calculated by Graphpad Prism 10 software utilizing the following formula:

k = Ln(2)/t1,2

This functional characterization work was performed by Ph.D. Candidate Nicholas M Ruel.
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Figure 10.
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4.2.c Recombinant hENBT1 and mENBT]1 transport kinetics in transfected-HEK293

Functional comparison between hENBT1 and mENBT1 transport kinetics, of known
substrates such as adenine and 6-MP, were made by assessing radiolabeled substrate influx in
nominally sodium free conditions with NMG buffer, to eliminate potential sodium dependent
transport (CNT2 and CNT3), and 15-minute cell incubation with 10 uM DY, to eliminate
potential nucleoside transport (ENT1 and ENT2). Total uptake was obtained in the HEK293-
hSLC43A3 and HEK293-mslc43a3 cells, by utilizing concentrations of [*H]adenine ranging
from 1 pM — 300 puM, or [*’H]6-MP ranging from 1 uM — 400 pM incubated in cells, at 2 second
time points to capture initial rate of transport; due to not expressing ENBT1, non-mediated
uptake was obtained in the HEK293-EV cells at the same conditions. As described previously in
section 3.6, ENBT1-mediated uptake was derived as the difference between total uptake, which
contains ENBTI-mediated uptake and background transport components, and non-mediated
uptake, which contains background transport components.

Time course assays were replicated to confirm a suitable time point in HEK293-hSLC43A3 and
HEK?293-mslc43a3 cells using 1 pM [*H]6-MP at 2 second — 30 second time points. As seen
previously, HEK293-EV cells exhibited minimal time-dependent/saturable uptake of [°H]6-MP,
as seen by the linear fit (Figure 11.A). On the other hand, HEK293-hSLC43A3 and HEK?293-
mslc43a3 cells exhibited time-dependent/saturable uptake of [°H]6-MP, plateauing at roughly 1
pmol/pL, with k-values of 1.03 = 0.06 sec™! and 1.10 + 0.58 sec”! in the HEK293-hSLC43A3 and
HEK293-mslc43a3 cells, respectively (Figure 11.A). F-test analysis of k-values determined no
significant difference between HEK293-hSLLC43A3 and HEK293-mslc43a3 cells (Extra sum-of-
squares F-test, F1, 36 =0.006, p=0.938, n=5), suggesting that recombinant hRENBT1 and mENBT1

transport [*’H]6-MP at similar rates (Figure 11.A). Obtained k-values suggested relatively rapid
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uptake by ENBT1, thus 2 seconds was chosen again as the best estimation of initial rate with our
current equipment. Subsequently, transport kinetics of the endogenous substrate adenine were
assessed in HEK293-hSLC43A3 and HEK293-mslc43a3 cells, using 1 uM - 300 uM
[*H]adenine, at 2 second time points. [*H]adenine uptake was found to be saturable with a K,
value of 93 = 24 uM and a Vimax value of 56 + 6 uM/sec, and a K, value of 86 £ 22 uM and a
Vmax value of 62 £ 6 uM/sec in the HEK293-hSLC43A3 and HEK293-mslc43a3 cells,
respectively. F-test analysis of the K determined no significant difference between HEK293-
hSLC43A3 and HEK293-mslc43a3 cells (Extra sum-of-squares F-test, Fi, 104 =0.048, p=0.8266,
n=5), suggesting that hENBT1 and mENBT]1 have similar [*H]adenine affinities. F-test analysis
of the Vmax also determined no significant difference between HEK293-hSLC43A3 and
HEK293-mslc43a3 cells (Extra sum-of-squares F-test, Fi 104 =0.441, p=0.508, n=5) (Figure
11.B). This concurred with immunoblot densitometry (Figure 9.D) that MYC-hENBT1 and
MYC-mENBTI expression levels are similar and stable.

Similar assays were performed using the exogenous/xenobiotic substrate 6-MP, in HEK293-
hSLC43A3 and HEK293-mslc43a3 cells, using 1 pM - 400 uM [*H]6-MP, at 2 second time
points. [?’H]6-MP uptake was found to be saturable with a K, value of 269 + 67 pM and a Vmax
value of 121 + 16 uM/sec, and a K value of 253 £ 39 uM and a Vmax value of 144 + 12 uM/sec
in the HEK293-hSLC43A3 and HEK293-mslc43a3 cells, respectively. F-test analysis of the K
determined no significant difference between HEK293-hSLC43A3 and HEK293-mslc43a3 cells
(Extra sum-of-squares F-test, Fi, og =0.049, p=0.825, n=6), suggesting that hENBT1 and
mENBT]1 have similar [PH]6-MP affinities. F-test analysis of the Vmax also determined no
significant difference between HEK293-hSLC43A3 and HEK293-mslc43a3 cells (Extra sum-of-
squares F-test, Fi 9g =1.177, p=0.281, n=6); data point 8§ were determined to be significantly

different via 2-way ANOVA with post hoc Siddk multiple comparison test (Figure 11.C).
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Figure 11.  Recombinant hENBT1 and mENBT1 transport kinetics in transfected-HEK293 >

Transport assays performed in HEK293-hSLC43A3, HEK293-mslc43a3, and HEK293-EV cells
in sodium free conditions, and presence of 10 uM DY. HEK293-EV were utilized to determine
non-mediated uptake/background levels of transport. A: HEK293-hSLC43A3 and HEK293-
mslc43a3 6-MP time course assay showing initial rate and steady state of hENBTI1 and
mENBT1-mediated uptake of 1 uM [*H]6-MP, at 2 second — 30 second time points (n=5). B:
HEK293-hSL.C43A3 and HEK293-mslc43a3 adenine Km/Vmax assay showing hENBT1 and
mENBT] transport kinetics of 1 uM - 300 uM [*H]adenine, at 2 second time points (n=5). C:
HEK293-hSLC43A3 and HEK293-mslc43a3 6-MP Kin/Vmax assay showing hENBT1 and
mENBT] transport kinetics of 1 uM - 400 uM [*H]6-MP, at 2 second time points (n=6). Data are
shown as mean + SD; * denotes a significant difference in initial rate of [*H]6-MP uptake
between HEK293-hSLC43A3 and HEK293-mslc43a3 at specified concentrations (2-way

ANOVA with post hoc Sidak multiple comparison test, P=0.05).
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Figure 11.
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42.d Recombinant hENBT1 and mENBT]1 inhibition kinetics in transfected-HEK?293

In the interest of assessing inhibition kinetics of competitive inhibitors via an equation
described by Cheng and Prusoff, (1973) and comparing to known transport kinetics, ICso values
were determined for substrates with known K values in the literature (adenine Km: ~30 uM and

6-MP Kn: ~150 uM), and K; values were calculated accordingly:

IC50

Cheng Prusoff equation = (K = —57-)
1400
Km

Theoretically, in the case of a purely competitive inhibitor, the K value of a substrate, which
denotes the affinity a substrate has for binding a transporter, should be similar to the K; value,
which denotes the affinity an inhibitor has for binding a transporter, when that substrate is used
as an inhibitor. Thus, functional comparison was performed between hENBT1 and mENBT1
inhibition kinetics of previously identified inhibitors, such as adenine and 6-MP (Furukawa et al.,
2015; Ruel et al., 2019), by assessing radiolabeled substrate influx in the same nominally sodium
free, 10 uM DY conditions, 2 second time points, and presence or absence of an inhibitor.
Adenine inhibition profiles on HEK293-hSLC43A3 and HEK293-mslc43a3 were performed by
different individuals, and thus different concentrations of [!*C]6-MP were utilized; 100 pM was
used for total (HEK293-hSLLC43A3) and non-mediated (HEK293-EV) by Ph.D. candidate
Nicholas M Ruel, while 150 uM was used for total (HEK293-mslc43a3) and non-mediated
(HEK293-EV) by myself. Total uptake was obtained in HEK293-hSLC43A3 and HEK293-
mslc43a3 cells with either 100 pM or 150 uM of ['*C]6-MP, and concentrations of adenine
ranging from 300 nM — 1 mM; non-mediated uptake was obtained in the HEK293-EV cells at the
same conditions. ENBT1-mediated uptake was calculated by subtracting non-mediated uptake

from total uptake as previously described. 100% uptake control was obtained in HEK293,
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HEK293-hSLC43A3 and HEK293-mslc43a3 cells with either 100 uM or 150 uM of ['*C]6-MP,
in absence of adenine, instead an equal volume of solvent (NMG buffer) was added in assay. %
of control ['*C]6-MP uptake was calculated by dividing ENBT1-mediated in presence of

inhibitor by 100% uptake control:

(Total uptake) — (Non mediated uptake) )
(100% uptake control) — (Non mediated uptake)

(% of control uptake =
Adenine exhibited concentration-dependent inhibition of ENBT1-mediated ['*C]6-MP uptake
relative to the 100% uptake control, reaching near complete inhibition at 1 mM adenine.
Analysis of ICsp values with student’s t-test, determined no significant difference between
HEK293-hSLC43A3 and HEK293-mslc43a3 cells (Unpaired student’s t-test, tg = 0.965, p =
0.363, n = 5), suggesting that hENBT1 and mENBTI1 bind adenine with similar
affinities. Calculated K; values were 25 + 9 uM and 51 + 13 pM in HEK293-hSLC43A3 and
HEK293-mslc43a3 cells, respectively (Figure 12.A). Following up, 6-MP inhibition profile was
performed on HEK293-hSLC43A3 and HEK293-mslc43a3 cells utilizing 30 pM [*H]adenine.
Total uptake was obtained in HEK293-hSLC43A3 and HEK293-mslc43a3 cells with 30 uM
[*H]adenine and concentrations of 6-MP ranging from 300 nM — 1 mM; non-mediated uptake
was obtained in the HEK293-EV cells at the same conditions. 100% uptake control was
obtained in HEK?293, HEK293-hSLC43A3 and HEK293-mslc43a3 cells with 30 uM
[*H]adenine in absence of 6-MP, instead an equal volume of solvent (DMSO) was added in
assay. All other conditions and analyses were as previously described. 6-MP also exhibited
concentration-dependent inhibition of ENBT1-mediated [*H]adenine uptake relative to the 100%
uptake control, however, complete inhibition was not obtained at the highest 6-MP

concentration (1 mM). Thus, inhibition curve was incomplete and ICso was extrapolated.

Analysis of ICso values with student’s t-test determined no significant difference between
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HEK?293-hSLC43A3 and HEK293-mslc43a3 cells (Unpaired student’s t-test, ts = 0.939, p =
0.375, n = 5), suggesting that hENBT1 and mENBT1 bind 6-MP with similar affinities (Figure
12.B). Calculated K; values were 5.9 £ 0.7 mM and 74 £ 1.3 mM in HEK293-hSLC43A3
and HEK293-mslc43a3 cells, respectively. These K; values were several folds higher than
expected Km values for 6-MP. To further explore this discrepancy and determine whether adenine
has a competitive advantage at the ENBT1 binding site, the same 6-MP inhibition profile was
replicated utilizing 30 uM [*H]adenine and pre-incubating cells with 6-MP or equal volumes of
solvent (DMSO) for 10 mins prior to the assay. For example, cells utilized for the | mM 6-MP
data point, were incubated with either 1 mM 6-MP or 1% DMSO for 10 minutes; considerations
were made to ensure final in assay 6-MP concentrations were equal between conditions.
However, pre-incubating cells with 6-MP did not affect concentration- dependent inhibition of

ENBTI-mediated [*H]adenine uptake, and calculated K; values (Figure 12.C).
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Figure 12. hENBT1 and mENBT1 inhibition kinetics in transfected-HEK 293 >

Transport assays performed in HEK293-hSLC43A3, HEK293-mslc43a3, and HEK293-EV cells
in sodium free conditions and presence of 10 uM DY. HEK293-EV were utilized to determine
non-mediated uptake. A: HEK293-hSLC43A3 and HEK293-mslc43a3 adenine inhibition profile
showing hENBT1 and mENBT1 inhibition kinetics of 100 uM (HEK293-mslc43a3), or 150 uM
(HEK293-hSLC43A3), of ['*C]6-MP in presence of 300 nM - 1 mM adenine, at 2 second time
points (n=5). HEK293-hSLC43A3 work was performed by Ph.D. candidate Nicholas M Ruel. B:
HEK?293-hSLC43A3 and HEK293-mslc43a3 6-MP inhibition profile showing hENBT1 and
mENBT] inhibition kinetics of 30 uM [*H]adenine, in presence of 300 nM - 1 mM 6-MP, at 2
second time points (n=5). C: HEK293-hSLLC43A3 and HEK293-mslc43a3 6-MP inhibition
profile showing hENBT1 and mENBT1 inhibition kinetics of 30 uM [*H]adenine in presence of
3 uM - 1 mM 6-MP, at 2 second time points, with pre-incubation of cells with 3 uM - 1 mM 6-
MP, or equal volumes of solvent (DMSO), 10 mins prior to [°H]adenine introduction (n=5). Data

are shown as mean + SD.
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Figure 12.
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4.2.e Effect of 6-MP/6-MP metabolites on cell viability in transfected-HEK293 cells

Another indirect measure of ENBT1 function were assessed via 6-MP/6-MP metabolite
cell viability assays in transfected-HEK293 cells. We hypothesized that if ENBT1 mediated the
cellular accumulation of a compound that has cytotoxic properties, or is otherwise detrimental to
cellular mitochondria function, HEK293-hSLC43A3 and HEK293-mslc43a3 cells which express
hENBTI1 and mENBT1, should upon treatment, exhibit higher sensitivity or a leftward shift in
cell viability, relative to HEK293-EV cells which do not express either transporter. Compound-
mediated response, 100% cell viability, 0% cell viability, and % reduced MTT were obtained
and calculated as described previously in section 3.7. 6-MP exhibited a biphasic 6-MP cell
viability curve with first-phase ECso values of 18.8 = 0.51 uM, 0.99 £+ 0.09 uM, and 0.96 + 0.28
uM for HEK293-EV, HEK293-hSLC43A3, and HEK293-mslc43a3 cells, respectively. F-test
analysis of HEK293-hSLC43A3 and HEK293-mslc43a3 6-MP first-phase ECso values
(HEK293-EV excluded) determined no significant difference (Extra sum-of-squares F-test,
F1255=1.427, p=0.233, n=8), suggesting that hENBT1 and mENBT1 mediate 6-MP effect on cell
viability similarly (Figure 13.A). This assay was then replicated 1:1 with 80 nM — 1.28 mM 6-
MeMP. 6-MeMP also exhibited a biphasic 6-MeMP cell viability curve with first-phase ECso
values of 45 + 7 uM, 79 = 2 uM, and 42 + 6 pM for HEK293-EV, HEK293-hSLC43A3, and
HEK293-mslc43a3 cells, respectively. No shift in cell viability or 6-MeMP first-phase ECso
values was observed between HEK293-EV cells and HEK293-hSLC43A3 and HEK293-
mslc43a3 cells (Extra sum-of-squares F-test, F2444=0.904, p=0.406, n=8) (Figure 13.B). Further
assays were performed on 6-TG, however, 6-TG had lower solubility in DMSO, thus DMSO %
was triple that in previous assays at the same 80 nM — 1.28 mM concentration range. 6-TG

exhibited a single-phase cell viability curve with ECso values of 16 + 4.3 uM, 3.4 + 0.9 uM, and
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3.4+ 1.1 uM for HEK293-EV, HEK293-hSLC43A3, and HEK293-mslc43a3 cells, respectively.
F-test analysis of HEK293-hSLC43A3 and HEK293-mslc43a3 6-TG ECs¢ values (HEK293-EV
excluded) determined no significant difference (Extra sum-of-squares F-test, Fi.04=1.465,
p=0.228, n=6), suggesting that hENBT1 and mENBT1 mediate 6-TG effect on cell viability
similarly (Figure 13.C). This assay was then replicated 1:1 with 80 nM — 1.28 mM 6-TU. 6-TU
exhibited an incomplete cell viability curve for HEK293-EV, HEK293-hSLC43A3, and
HEK293-mslc43a3 cells (Figure 13.D). A drop in cell viability was observed in transfected-
HEK293 cells at the highest 6-TU concentrations (640 uM and 1.28 mM). Therefore, DMSO
effect on cell viability was performed mirroring DMSO % values in 6-TG and 6-TU cell viability
assays, which ranged from 1/12500 (0.00008%) — 1/78 (1.28%). DMSO exhibited an incomplete
cell viability curve that exhibited a drop in cell viability at the same DMSO % values as 6-TU
(Figure 13.E). 6-MeMP, 6-TG, 6-TU, and DMSO cell viability curves were work performed by
undergraduate student Hannah Dean, under my supervision for their PMCOL 301 and 302

projects.
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Figure 13.  6-MP/6-MP metabolite cell viability in transfected-HEK293 >

6-MP/6-MP metabolite cell viability curves in HEK293-hSLC43A3, HEK293-mslc43a3, and
HEK293-EV cells plated in complete media, treated with 80 nM — 1.28 mM of various
compounds, for 48 hours. A: Transfected-HEK293 cells 6-MP cell viability curve showing
biphasic nature of 6-MP response, and a ~19-fold HEK293-hSLC43A3 and HEK293-mslc43a3
leftward curve shift, relative to HEK293-EV (n=7). B: Transfected-HEK293 cells 6-MeMP cell
viability curve showing biphasic nature of 6-MeMP response, and no HEK293-hSLC43A3 and
HEK293-mslc43a3 curve shift, relative to HEK293-EV (n=8). C: Transfected-HEK293 cells 6-
TG cell viability curve showing single-phase nature of 6-TG response, and a ~7-fold HEK293-
hSLC43A3 and HEK293-mslc43a3 leftward curve shift, relative to HEK293-EV (n=7). D:
Transfected-HEK293 cells 6-TU cell viability curve showing incomplete 6-TU response, and no
HEK293-hSLC43A3 and HEK293-mslc43a3 curve shift, relative to HEK293-EV (n5). E:
Transfected-HEK293 cells DMSO cell viability curve showing incomplete DMSO response, and
no HEK293-hSLC43A3 and HEK293-mslc43a3 curve shift, relative to HEK293-EV (n=5).
Figures B, C, D, and E were performed by undergraduate student Hannah Dean, under my

supervision for their PMCOL 301 and 302 projects. Data are shown as mean + SD.
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Figure 13.
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4.3 Discussion

4.3.a Transfected-HEK293 PCR and immunoblot

4.3.ai  SLC43A43 expression detected in HEK293-EV cells

SLC43A43 transcript expression has been detected previously by PCR in HEK293-WT
and HEK293-EV cell lines at faint band intensities (Figure 9.B). However, SLC43A43 transcript
expression does not necessarily translate to hENBTI1 protein expression (Figure 9.C), as
HEK293-WT (Figure 10.A) and HEK293-EV (Figure 9.C and Figure 11.A) cell lines do not
express functional hRENBT1 with measurable ENBT1-mediated nucleobase flux capacity (Ruel et

al., 2019).

4.3.a.ii  Anti-hENBT] primary antibody cannot detect mENBT1

The species reactivity of the anti-hENBT1 (HPA030551) primary antibody has
repeatedly shown to not cross react with murine ENBT1 (Figure 9.C). Likely because the anti-
hENBT]1 antibody epitope site is found on the intracellular loop between TMD 6-7, in a region
that is disrupted by a polyQ tract in mENBTI1 (Figure 14.). Several commercially available
mENBT]1 antibodies from suppliers such as Abcam, Santa Cruz, Sigma Aldrich, and Creative
Biolabs have been tested utilizing transfected-HEK293 crude cell lysates, to limited success,
despite these suppliers advertising appropriate species reactivity and epitope sequences. These
antibodies were primarily rejected due to lack of mENBT1 specificity, which manifested as
either observing bands in the HEK293-EV cell line (Abcam, Santa Cruz, and Creative Biolabs),
or observing no bands in the HEK293-mslc43a3 cell line (Sigma Aldrich). Figure 9.C mENBT1
was probed with anti-mENBT]1 antibody from Creative Biolabs, however, these results were not

replicable, potentially due to antibody degradation. This was likely due to improper storage
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procedures that were initially stated by the supplier, but were later changed without notifying us,
sometime after purchase. The suppliers were contacted for a free sample to confirm whether the
antibody can detect mENBT1 but degraded due to improper storage, before our lab purchased

another vial. However, an agreement was not reached with Creative Biolabs and further work

with the antibody was halted.
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Figure 14.  Anti-hENBT1 antibody antigen sequence alignment >

Pairwise alignment via EMBOSS Needle of protein sequences hENBTI1- 1476 bp, 491 aa
(UniProt ID: Q8NBIS5) and mENBTI1- 1509 bp, 502 aa (UniProt ID: A2AVZ9). Software utilizes
the Needleman-Wunsch algorithm to create the optimal global alignment of two sequences. The
consensus symbols found between sequences denote where the sequence gapped, are identical, or

are similar. A “-” indicates a gap in sequence alignment. A

“I” (vertical bar) indicates a position
with a fully conserved/identical residue. A “.” (period) indicates conservation between groups of
weakly similar properties (scores =<0.5 and >0). A “:” (colon) indicates conservation between
groups of strongly similar properties (score >0.5). Similarities were scored utilizing the

EBLOSUMBS62 substitution matrix (Madeira et al., 2022). Anti-hENBT1 antibody (HPA030551)

antigen sequence was obtained from supplier’s (Sigma Aldrich) product page.
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Figure 14.

Anti-hENBT1 antibody (HPA030551) antigen sequence:
SFIFISVCSTWHVARTFLLMPRGHIPYPLPPNYSYGLCPGNGTTKEEKETAEHENRELQSKEFLSAKEETPGAGQKQELRSFWSYAFSR

hENBT1 151 FGQHRSTIITLYNGAFDSSSAVFLITKLLYEKGISLRASFIFISVCSTWH 200
LEDEEEPETEEEEEr e e = e = e eeer=0 =111t -1l

mENBT1 151 FGKHRSTIITLYNGAFDSSSAVFLVIKLLYEQGISLRSSFIFMSVCSVWH 200

hENBT1 201 VARTFLLMPRGHIPYPLPPNYSYGLCPGNGTTKEEKETAEHENRELQSKE 250
SRR RN AN RN NN AR e e PN RN S AR NN

mENBT1 201 IARTFLLMPKGHIPYPLPPNYSYGLCSRFGASKKENKAAEHETKELRSKE 250

hENBT1 251 FLSAKEETPGAGQKQ--------——-——-- ELRSFWSYAFSRRFAWHLVW 285
) ) VY ) . ) -~

mENBT1 251 CLPPKEENSGPEQQQQQEQQQQQQQQQEQHEQHSFRRCALSRRFILHVWIW 300
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4.3.a.iii mENBTI expression detected in HEK293-hSLC43A3 cells

mENBT]1 expression seen in HEK293-hSLC43A3 cells is potentially due to cross-
reaction with the mENBT1 antibody, this is supported by densitometry analysis confirming
bands observed in HEK293-hSLC43A3 and HEK293-mslc43a3 cells are different molecular
weights, 56.8 kDa and 61.8 kDa, respectively. Calculated molecular weights mostly line up with
predicted protein molecular weights for MYC-hENBT1 and MYC-mENBT1, 55.9 kDa (Figure
7.) and 57.5 kDa (Figure 8.), respectively. Deviations in observed and predicted molecular
weights may be explained by post-translational modifications, such as glycosylation, which on
average add 2.5-4 kDa per N-glycosylation site. hENBT1 and mENBT1 are predicted to have
several N-glycosylation sites (Figure 15.). However, NetNGlyc - 1.0 (Gupta and Brunak, 2002)
does not consider intracellular or extracellular localization of asparagine (asn) residues. Cross
referencing predicted N-glycosylation sites with predicted transmembrane topology (Figure 5.),
reveal hENBT1 and mENBT1 each have a valid N-glycosylation site at asn55, but mENBTI1
(+++) showed higher prediction confidence than hENBT1 (+), due to differing adjacent residues.
Another potential explanation for the deviation, may be due to presence of the polyQ tract in
mENBT1 driving protein-protein interactions intracellularly (Schafer et al., 2012). However, this

hypothesis has not been properly tested, nor has a target peptide been identified.
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Figure 15. hENBTI1 and mENBT1 predicted N-linked glycosylation sites >

Predicted N-linked glycosylation sites of protein sequences hENBT1- 1476 bp, 491 aa (UniProt
ID: Q8NBI5) and mENBTI1- 1509 bp, 502 aa (UniProt ID: A2AVZ9), generated utilizing
NetNGlyc - 1.0 (Gupta and Brunak, 2002). Shown is protein sequence with predicted N-
glycation sites with potential scores crossing 0.5 threshold. Potentials are scored by nine separate
neural networks and average. Jury agreement indicates the number of neural networks that
support a prediction. Results are categorized according to potential and jury agreement scores:
“+” - Potential < 0.5, “++” - Potential < 0.5 and Jury agreement (9/9) or Potential<0.75, and

“+++” - Potential < 0.75 and Jury agreement.
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Figure 15.

hENBT1 predicted N-glycosylation sites

AGQGLPLHVATLLTGLLECLGFAGVLFGWPSLVFVFKNEDYFKDLCGPDAGPIGNATGQADCKAQDERFSLIFTLGSFMN 8e
NFMTFPTGYIFDRFKTTVARLIAIFFYTTATLIIAFTSAGSAVLLFLAMPMLTIGGILFLITNLQIGNLFGQHRSTIITL 16
YNGAFDSSSAVFLIIKLLYEKGISLRASFIFISVCSTWHVARTFLLMPRGHIPYPLPPNYSYGLCPGNGTTKEEKETAEH 240
ENRELQSKEFLSAKEETPGAGQKQELRSFWSYAFSRRFAWHLVWLSVIQLWHYLFIGTLNSLLTNMAGGDMARVSTYTNA 320
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NFMTFPTGYIFDRFKTTVARLIAIFFYTCATIIIAFTSANTAMLLFLAMPMLAVGGILFLITNLQIGNLFGKHRSTIITL 160
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4.3.a.iv. hENBT1 and mENBT]1 relative expression levels

Densitometry performed on MYC-hENBT1 and MYC-mENBT1 normalized to B-actin
on immunoblots intermittently run between July 2021 — January 2023 (Figure 9.D), show mean
MYC-ENBT1 expression levels between HEK293-hSLC43A3 and HEK293-mslc43a3 cells
are not significantly different (Unpaired student’s t-test, tis = 0.2555, p = 0.8011, n = 9).
Variability was observed in MYC-ENBT1 expression levels in HEK293-hSLC43A3 and
HEK293-mslc43a3 cells; the largest of which was seen in blots #2 and #5. Normalizing total
cell protein mass (ug protein/uL cell suspension) for further experiments utilizing these cell

lines may be warranted to minimize effects of differing expression levels.

4.3.b Functional characterization of recombinant mENBT1 in HEK293-mslc43a3 cells

4.3.b.i HEK293-WT cells exhibit minimal time-dependent/saturable and D22-insensitive
[*H]adenine uptake

Minimal time-dependent/saturable and D22-insensitive uptake of [*H]adenine as seen by a
linear fit (Figure 10.A), concurs with previously seen transport kinetic data suggesting
HEK293-WT cells do not have measurable ENBT 1-mediated nucleobase flux capacity (Ruel et
al., 2019). [°H] signal increases overtime, despite HEK293-WT cells lacking ENBTI
expression, potentially due to extracellular trapping of [°H]adenine in the extracellular spaces
between cells, in addition to low affinity binding of substrate to cell membrane receptors/
transporters, which pellets alongside cells and contributes to measured disintegrations per
minute (DPM) values. Alternatively, although our NMG buffer is set to pH 7.4, CNT3 may be
mediating the slow rate of [*H]adenine uptake in a low affinity and proton-dependent manner

(Smith et al., 2005; Elwi et al., 2006), as CNT3 has been found to be functional at pH levels as
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high as 8.5 in sodium free conditions (Smith et al., 2005). In a typical transport assay this
background signal is classified as a part of non-mediated uptake and is therefore accounted for

when calculating ENBT1-mediated uptake.

4.3.b.ii 2 second time point captures the latter half of initial rate

ENBTI1-mediated uptake has been shown to be very rapid (Figure 11.A), thus a 2
second time point often only captures the latter half of initial rate, which complicates obtaining
true ENBTI1 transport kinetics. Particularly so in the transfected-HEK293 cells that overexpress
recombinant ENBT1 (Figure 10.B, and Figure 10.C). However, methodological limitations
complicate consistently obtaining time points lower than 2 seconds. For instance, with our lab’s
equipment, it is not physically possible to consistently, inject cells into a centrifuge tube
containing the aqueous radiolabeled-substrate, cap off the centrifuge tube, and shut the centrifuge
lid to start the centrifuge, all in under 2 seconds. Therefore, despite the limitation, a 2
second time point is utilized as the best estimation of initial rate for room temperature

transport assays involving recombinant ENBT1.

4.3.b.iii Rationale for selecting the HEK293-mslc43a3 C10 clone

The E11 clone was initially chosen for continued experimentation based on initial data
of mENBT1-mediated adenine uptake in the E11 and C10 clones (Figure 10.B and Figure 10.C).
However, due to early complications brought on by the COVID-19 pandemic, such as on-
campus work restrictions, periodic lab lockdowns, and supply chain issues for tissue culture
related products, the lab’s E11 clone frozen stocks were lost. As a result, the C10 clone was

utilized instead for further experimentation as the next best available HEK293-mslc43a3 clone.
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4.3.c Recombinant hENBT1 & mENBT1 transport Kinetics in transfected-HEK?293 cells

4.3.c.i  HEK293-EV cells exhibit minimal time-dependent/saturable 6-MP and adenine uptake

Minimal time-dependent/saturable uptake of [PH]6-MP and [*H]adenine, as seen by a
linear fit (Figure 11.A, Figure 11.B, and Figure 11.C), concurs with previously seen expression
profiles suggesting HEK293-EV cells do not express functional ENBT1 (Figure 9.B and Figure
9.C). Much like HEK293-WT cells, [°H] signal increases overtime, despite HEK293-EV cells

lacking ENBT1 expression for similar stated potential causes.

4.3.c.ii Rationale for selection of 1 uM 6-MP

1 uM [*H]6-MP was utilized because 1 pM is reported to be around the mean
therapeutic maximal 6-MP plasma concentration (Cmax) observed in adolescent patients
undergoing 6-MP therapy; 0.89 + 0.51 uM (Zimm et al., 1983) and 0.68 + 0.42 uM (Lonnerholm
et al., 1986), presented as mean + SD or 1.08 uM (Larsen et al., 2020), presented as a median.
Rapid uptake of 1 uM 6-MP supports the therapeutic relevance of ENBT1 as the candidate
mechanism for 6-MP uptake into cells at therapeutic concentrations (Figure 11.A). However, this
assessment was only performed in human embryonic kidney cells with recombinant ENBT1 and
overexpression, rather than therapeutically relevant leukemia cells. Further experiments
should be replicated in human leukemia cell lines to minimize confounding variables of

recombinant ENBT1.
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4.3.c.iii Differing published and obtained adenine K., values in transfected-HEK?293 cells

Observed ENBTI1 adenine Km values in HEK293-hSLC43A3 and HEK?293-
mslc43a3 cells (Figure 11.B), were 2-fold higher than published adenine Km values (Table 3.).
Previous Km value was obtained by Ph.D. candidate Nicholas M Ruel, whom performed Km
/Vmax transport assays utilizing various adenine concentrations at various time points to
extrapolate a 0.5 second time point, and calculate adenine Km. Our current Km /Vmax
transport assay method is relatively less rigorous, and utilizes a time point that is inadequate to
capture true ENBT1 initial rate, however, it is sufficient considering available equipment, time,
and resource costs of assays.

Additionally, these differing adenine Km values highlight the necessity of critically evaluating
assay time points when interpreting apparent Km values. As described previously in section
1.1.e, Furukawa and colleagues, (2015) obtained an apparent ENBT1 guanine Km value of 1.70
uM, utilizing a 40 second time point. Our lab has not performed a guanine time course and
confirmed an appropriate time point, due to guanine solubility issues. However, based on
ENBT]1 interaction with other nucleobase substrates, 40 seconds is unlikely to be an appropriate
estimation of initial rate. Due to problematic time point selection, Furukawa and colleagues,
(2015) were potentially observing the transporter system at steady state equilibrium, at which
point the enzyme GDA and XO, which metabolize guanine and downstream xanthine, would be
the rate limiting factor(s) that disrupt guanine equilibrium and drive guanine influx. Meaning
observed Km values are likely the enzyme kinetics of GDA and XO, rather than transport

kinetics of ENBT1.
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4.3.c.iv Differing Vmax-adenine and Vmax-6-mp values in transfected-HEK?293 cells

HEK293-hSL.C43A3 (56 + 6 uM/sec) and HEK293-mslc43a3 (62 £ 6 pM/sec) Vmax-
adenine values were not significantly different (Figure 11.B) (Extra sum-of-squares F-test,
F1,104=0.441, p=0.5082, n=6). Additionally, HEK293-hSLC43A3 (121 + 16 uM/sec) and
HEK293-mslc43a3 (144 £ 12 uM/sec) Vmax-6-mp values were not significantly different (Figure
11.C) (Extra sum-of-squares F-test, F19s=1.177, p=0.281, n=6).

However, Vmax-6-Mp and Vmax-adenine Values were assessed and found to be significantly different.
Statistical analysis was performed with (Vmax-adenine:hSLC43A3, Vmax-6-MP:hsLc4343; Extra sum-of-
squares F-test, F1,101=16.32, p<0.001, n=6), and (V max-adenine:mslc43a3, Vmax-6-MP:mslc43a3; EXtra sum-
of-squares F-test, F1,101=34.27, p<0.001, n=6) (Figure 11.B and Figure 11.C).

Vmax refers to the maximum velocity of a transporter system, at full saturation with substrate, and
is affected by transporter expression levels, and speed of conformation changes between inward
and outward facing conformations. Assuming on average equal transporter expression levels
(Figure 9.A), differing Vmax values suggest adenine and 6-MP have differing rates of ENBT1-
substrate complex decomposition (Koff) (Corzo J., 2016; Vauguelin G., 2016). Adenine exhibits
higher affinity for ENBTI relative to 6-MP, and high affinity interactions are characterized by
Kofr (strong complex stability). Adenine having a longer time for substrate complex
decomposition than 6-MP, would mean decreased concentration necessary to fully saturate

ENBTI1- mediated adenine transport and therefore result in Vmax-adenine < Vmax-6-Mp.
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43.d Recombinant hENBT1 & mENBT1 inhibition kinetics in transfected-HEK?293 cells

4.3.d.i Shifted adenine inhibition profile in transfected-HEK293 cells

Adenine inhibition profile were performed by two individuals, using different [°’H]6-MP
concentrations. The HEK293-hSLC43A3 data set was performed by Ph.D. candidate Nicholas M
Ruel, using 100 pM [*H]6-MP and the HEK293-mslc43a3 data set was performed by myself,
using 150 puM [*H]6-MP. Adenine inhibition profile appears shifted due to differing
experimental design and handling, as greater adenine concentrations are necessary to sufficiently

inhibit the accumulation of 150 pM [*H]6-MP relative to 100 pM [*H]6-MP (Figure 12.A).

4.3.d.ii Calculated and expected adenine K; values

Obtained adenine ICso values were not significantly different between HEK293-
hSLC43A3 (162 £+ 82 uM) and HEK293-mslc43a3 (78 + 28 uM) cell lines (Unpaired student’s t-
test, tg = 0.965, p = 0.363, n = 5), suggesting hENBT1 and mENBT1 have similar inhibition
kinetics (Figure 12.B). Calculated K; values were similar to expected Kn values for adenine
(Table 3), suggesting adenine has a purely competitive relationship with [°’H]6-MP at the ENBT1

substrate binding site.

4.3.d.iii Incomplete 6-MP inhibition curve in transfected-HEK293 cells

6-MP concentrations used in assay were inadequate to capture a full 6-MP inhibition
curve. Inhibition curves were extrapolated by GraphPad prism 10 to obtain theoretical I1Cso
values, however, this process can lead to potentially inaccurate ICso values. Increasing assay 6-

MP concentrations above 1 mM to capture a complete inhibition curve was not possible as high

DMSO solvent percentages (>1%) has been found to interfere with ENBT1 function (NM. Ruel,

personal communication, August 17, 2023).
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4.3.d.iv Calculated 6-MP K; values versus expected 6-MP K, values

Calculated K; values were over 30-folder higher than expected 6-MP K., values (Table
3), suggesting 6-MP does not have a purely competitive relationship with [*H]adenine at the
ENBT]1 substrate binding site. To investigate whether adenine had a competitive advantage at the
ENBT1 binding site, relative to 6-MP, transfected-HEK293 cells were pre-incubated with 3 uM —
1 mM 6-MP, for 10 minutes prior to the assay. However, 6-MP pre-incubation was found to have
no effect on concentration dependent inhibition of ENBT1-mediated [*H]adenine uptake (Figure
12.C). This may again be due to differing rates of ENBT1-substrate complex decomposition
(Kofr) between adenine and 6-MP. If adenine were to have a lower Kot (strong complex stability)
compared to 6-MP, based on their affinity (Km), then adenine would remain bound in a ENBT1-
adenine complex for longer periods of time. On the other hand, 6-MP would dissociate from the
ENBT1-6-MP complex faster, and provide more frequent opportunities for adenine to bind
instead. Thus, increasing 6-MP ICso, and potentially explaining lack of a significant 6-MP pre-

incubation effect.
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Table 3. ENBT1 Ky, and calculated K; values >

Table of published ENBT1 substrate K values (Ruel et al., 2019), experimentally obtained
ENBT1 substrate K values (Figure 11.B and Figure 11.C), and ENBTI inhibitor K; values
calculated using the Cheng-Prusoff equation (Figure 12.A and Figure 12.B), for human and
murine ENBTI. There are currently no known published mENBT]1 substrate K values and thus

have been labeled as N/A. Data are shown as mean + SEM.
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Table 3.

Adenine hENBT1 mENBT1
Published Km values 37 £26 UM N/A
Obtained Km values 93 £24 uM 86 +22 uM
Calculated Kivalues 25+9uM 51+13 uM
6-MP hENBT1 mENBT1
Published Km values 163 + 126 uM N/A
Obtained Km values 269 £ 67 uM 253 £ 39 uM
Calculated Kivalues 59+0.7mM 74+13mM
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4.3.e 6-MP/6-MP metabolite cell viability in transfected-HEK293

4.3.e.i Leftward 6-MP cell viability curve shift in HEK293 cells transfected with SLC4343

Relative to HEK293-EV cells, SLC43A43 or slc43a3 transfected cells exhibited enhanced
6-MP mediated reduction in cell viability (Figure 13.A). HEK293-hSLC43A3 (ECs0: 0.99 + 0.09
uM) and HEK293-mslc43a3 (ECso: 0.96 + 0.28 uM) cells were over 19-fold more sensitive to 6-
MP, relative to HEK293-EV (ECso: 18.8 = 0.51 uM) cells. Obtained HEK293-hSLC43A3 and
HEK293-mslc43a3 6-MP first-phase ECso values were not significantly different (Extra sum-of-
squares F-test, Fi255=1.427, p=0.233, n=8), suggesting recombinant hENBT1 and mENBT]I
mediate 6-MP effect on cell viability similarly. Overall, based on the rationale stated in section
4.2.e, these results (Figure 13.A) provide further indirect evidence that recombinant hENBT1

and mENBT1 mediate the cellular accumulation of 6-MP.

4.3.e.ii No 6-MeMP cell viability curve shift in HEK293 cells transfected with SLC4343
Relative to HEK293-EV cells, SLC43A43 or slc43a3 transfected cells exhibited no
change in 6-MeMP mediated reduction in cell viability (Figure 13.B). HEK293-hSLC43A3
(ECso: 42 £ 6 pM), HEK293-mslc43a3 (ECso: 79 = 2 uM), and HEK293-EV (ECso: 45 + 7 uM)
cells 6-MeMP first-phase ECso values were not significantly different (Extra sum-of-squares F-
test, F2444=0.904, p=0.406, n=8). Overall, 6-MeMP has been shown to decrease transfected-
HEK293 cell viability >10 uM and is known to be an ENBT1 inhibitor (Ruel et al., 2019).
However, these results (Figure 13.B) suggest that recombinant hENBT1 and mENBT1 do not

mediate the cellular accumulation of 6-MeMP.
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4.3.e.iii Leftward 6-TG cell viability curve shift in HEK293 cells transfected with SLC43A43

Relative to HEK293-EV cells, SLC43A43 or slc43a3 transfected cells exhibited enhanced
6-TG mediated reduction in cell viability (Figure 13.C). HEK293-hSLC43A3 (ECso: 3.4 £ 0.9
uM) and HEK293-mslc43a3 (ECso: 3.4 = 1.1 uM) cells were over 4-fold more sensitive to 6-TG
relative to HEK293-EV (ECso: 16 + 4.3 uM) cells. Obtained HEK293-hSLC43A3 and HEK293-
mslc43a3 6-TG ECso values were not significantly different (Extra sum-of-squares F-test,
F1204=1.465, p=0.238, n=6), suggesting recombinant hENBT1 and mENBTI1 mediate 6-TG
effect on cell viability similarly. Overall, these results (Figure 13.C) provide indirect evidence

that recombinant hENBT1 and mENBT1 mediate the cellular accumulation of 6-TG.

4.3.e.iv Discrepancy between 6-MP and 6-TG cell viability curves

6-MP is thought to decrease cell viability via DNA MMR-dependent apoptosis,
inhibiting de-novo purine synthesis, depleting intracellular AMP, ADP, and ATP, and Racl
inactivation. On the other hand, 6-TG metabolism is limited due to entering the metabolic
pathway at a different point; therefore 6-TG is thought to primarily decrease cell viability via
DNA MMR-dependent apoptosis and Racl inactivation. However, despite lacking multiple
cytotoxic pathways, 6-TG exhibited a single-phase cell viability curve and achieved 0% reduced
MTT/cell viability (Figure 13.C) at lower concentrations relative to 6-MP, which exhibits a
biphasic cell viability curve (Figure 13.A). This may be because 6-TG is known to have a more
direct metabolism to the therapeutically active 6-TGN metabolite than 6-MP (Lancaster et al.,
1998). Thus, at equal concentrations 6-TG yields higher levels of 6-TGN than 6-MP. These data
may also suggest DNA MMR-dependent apoptosis and Racl inactivation contribute more to

decreasing cell viability compared to inhibiting de-novo purine synthesis and depleting
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intracellular AMP, ADP, and ATP. However, it should also be noted that 6-MP ECsy value is

slightly lower than 6-TG.

4.3.e.v Incomplete 6-TU cell viability curve in transfected-HEK293 cells

HEK293-EV, HEK293-hSLC43A3, and HEK293-mslc43a3 cells all exhibited an
incomplete 6-TU cell viability curve (Figure 13.D). Based on literature, 6-TU was not expected
to affect cell viability (Chan et al., 1990), however, decreased viability was observed at the
highest 2 6-TU concentrations (640 uM and 1.28 mM). As follow-up, DMSO effect on cell
viability was assessed, and resulted in the same incomplete cell viability curve (Figure 13.E),
with decreased viability observed at the highest 2 DMSO percentages (0.64% and 1.28%
DMSO). Similarities between 6-TU and DMSO cell viability curves suggest decreased viability
was DMSO-mediated rather than 6-TU-mediated (Figure 13.D and Figure 13.E). Based on these

data alone, it is not clear whether ENBT 1 mediates the cellular accumulation of 6-TU.

4.4 Limitations

Data from HEK293 cells transfected with SLC4343 or sic43a3, thus far suggest that
hENBTI1 and mENBT!1 are functionally similar in mediating the cellular accumulation of 6-MP
and mediating 6-MP/6-MP metabolite effect on cell viability. However, it is worth noting that
these experiments assessed recombinant hENBT1 and mENBTI. Although it varies on the
system being looked at, differences between recombinant and native/endogenous proteins are
often documented (Kenakin, T., 1997; Reichel, C., 2011). For instance, (1): Recombinant
proteins are often not native to the organism they are made in, such as the expression of slc43a3
in a human HEK293 cell line. Thus, species specific post-translational modifications, chaperone

assisted protein folding, or trafficking and degradation signaling may impact recombinant protein
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function. (2): Recombinant proteins tend to be over expressed at non-physiologically relevant
levels. For instance, HEK293-hSLC43A3 cells express 180-fold higher hENBT1 than
human leukemia cells (Figure 16.B). Over expressed proteins cannot only aggregate and
directly become cytotoxic; over expression can also affect the cell by overloading cellular
mechanisms related to protein translation, folding, post-translational modifications,
trafficking, and degradation. Dubbed the protein burden/cost effect, overexpression can
indirectly affect mechanisms such as protein turnover and cell proliferation. Therefore,
impacting function of both recombinant protein and function of other endogenous proteins

(Moriya, H., 2015; Eguchi et al., 2018; Saeki et al., 2020).
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CHAPTERS.

Interspecies Functional Comparison of

Endogenous hENBT1 and mENBT1
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5.1 Introduction

To address limitations associated with investigating the function of recombinant ENBTI,
three cell lines with endogenous ENBT1 expression were subsequently assessed. (1): MOLT-4 is
a human T lymphoblast cell line isolated by Minowada et al, (1972) derived from the peripheral
blood of an adolescent male with T-cell acute lymphoblastic leukemia. Since their establishment,
the MOLT-4 cell line has been widely used in the literature as a model for research in leukemia
and immunology, as both an in vitro cell line and more recently inoculated into mice as an in
vivo xenograft model. Due to their origin, they are a valuable tool to study the biology of human
leukemia cells and investigate the mechanisms of action and efficacy of chemotherapeutic
agents. (2): L1210 is a mouse lymphoblast cell line first described by Law et al, (1949) it was
initially isolated from mice that spontaneously developed leukemia after exposure to the
carcinogen methylcholanthrene. They were one of the first widely used murine transplantable
solid tumor models utilized for early screening of anti-cancer agents, due to ease of in vitro
propagation, and inoculation in mice as an in vivo rapidly growing xenograft model. Many early
chemotherapeutic agents such as MTX and 6-MP were evaluated using L1210 cells and have
remained a staple in cancer research since. (3): FL83B is a hepatic cell line isolated from a
normal fetal mouse liver by Waymouth C in 1969 and later characterized by Breslow et al,
(1973). Since their establishment, FL83B cells saw use as an in vitro hepatocyte model for
studying liver biology, drug metabolism, and viral infections as the cells retained many
characteristics of normal hepatocytes. In recent years they have been used extensively to
investigate mechanisms underlying liver diseases, such as viral hepatitis and alcohol-induced
liver injury, and were initially selected for this project to investigate 6-MP-associated induced

liver injury in a non-tumorigenic mouse hepatic cell line.
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5.2 Results

5.2.a Endogenous ENBT1 expression profile in leukemia and hepatic cell lines

SLC4343/hENBT1 and slc43a3/mENBT]1 expression levels were assessed via qualitative
PCR and immunoblot assay, utilizing cDNA and cell lysates processed from MOLT-4, L1210,
and FL83B cell lines. Assessment of PCR products show that relative to HEK293-EV SLC4343
expression levels, MOLT-4 cells express 4.8-fold more SLC4343 and undetectable levels of
slc43a3 transcript; L1210 cells express slc43a3 transcript and undetectable levels of SLC43A43
transcript, and FL83B cells express undetectable levels of SLC4343 and sic43a3 transcript
expression. GAPDH and gapdh were utilized as a loading control where appropriate (Figure
16.A). To investigate whether mouse liver expresses slc43a3 transcript, whole liver was
dissected from wildtype C57BL/6 mice that were 8-10 weeks old and processed via qualitative
PCR. Unlike FL83B hepatic cell lines, s/c43a3 transcript was detected in mouse whole liver
(Figure 16.A). Assessment of immunoblot bands reflect that relative to HEK293-hSLC43A3
ENBT1 expression levels, MOLT-4 cells express over 14.3-fold less hENBT1 (an exact fold is
uncertain as band is being overshadowed/masked by HEK293-hSLC43A3 expression levels) and
L1210 and FL83B cells express undetectable levels of hRENBT1. B-actin was utilized as a loading

control (Figure 16.B).
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Figure 16. Transcript and protein expression of leukemia and hepatic cells >

PCR products and protein expression was assessed in MOLT-4, L1210, and FL83B cell lines. A:
Representative PCR gel using cDNA synthesized from total RNA and PCR primers to amplify
products; SLC4343 (Expected Size: 400 bp), slc43a3 (Expected Size: 400 bp), GAPDH
(Expected Size: 356 bp), gapdh (Expected Size: 463 bp). dH>O blank was used as a negative
control, GAPDH was used as a loading control for MOLT-4 cells, and gapdh was used as a
loading control for L1210 and FL83B cells. B: Representative immunoblot using 30 pg protein
from crude cell lysates, primary anti-hENBT1, and anti-B-actin, and HRP-conjugated anti-rabbit
and anti-mouse secondary antibodies; hENBT1 (Expected Size: 55.0 kDA), mENBT1 (Expected
Size: 56.5 kDA), and B-actin (Expected Size: 42.0 kDa). hENBT1 blot was cut to visualize
endogenous hENBT1 levels due to recombinant hENBT1 overshadowing other bands. -actin

was used as a loading control.
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Figure 16.
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5.2.b Endogenous hENBT1 and mENBT1 transport Kinetics in leukemia and hepatic cell lines

Functional comparison between endogenous hENBT1 and mENBT1 6-MP transport
kinetics were made by assessing radiolabeled substrate influx in nominally sodium free
conditions with NMG buffer, to eliminate potential sodium dependent transport (CNT2 and
CNT3), and 15-minute cell incubation with 10 uM DY, to eliminate potential nucleoside
transport (ENT1 and ENT2). Total uptake was obtained in MOLT-4, L1210, and FL83B cells
with concentrations of [*H]6-MP, ranging from 1 uM — 400 uM; non-mediated uptake was
obtained in MOLT-4, L1210, and FL83B cells at the same conditions, with the addition of 5 mM
adenine as a competitive inhibitor, based on adenine inhibition profile performed in transfected-
HEK293 cells (Figure 12.A). ENBTI1-mediated uptake was calculated by subtracting non-
mediated uptake from total uptake as described previously. Time course assays were performed
to determine a suitable time point in MOLT-4 and L1210 cells, using 30 uM [*H]6-MP, at 2
second — 30 second time points. MOLT-4 and L1210 cells exhibited time-dependent/saturable
uptake of [*’H]6-MP, seen by the curve plateauing at roughly 30 pmol/pL, and with a k-value of
0.34 £ 0.09 sec™! and 0.22 + 0.05 sec! in the MOLT-4 and L1210 cells, respectively (Figure
17.A). The k-value suggests rapid, but relatively slower rate of ENBT1-mediated uptake, relative
to the transfected-HEK?293 cells. 2 seconds was again chosen as the best estimation of initial
rate. F-test analysis of the k-values determined no significant difference between MOLT-4 and
L1210 cells (Extra sum-of-squares F-test, Fi, g5 =1.089, p=0.299, n=5), suggesting that
endogenous hENBT1 and mENBT1 transport [°H]6-MP at similar rates (Figure 17.A). Separate
time course assay was performed in FL83B cells, using 1 uM [*H]6-MP, at 2 second — 30 second
time points. FL83B cells did not exhibit time-dependent/saturable uptake of [°’H]6-MP (Figure

17.B). To rule out potential that 1 uM [*H]6-MP is too low of a concentration for assessing
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endogenous ENBT1-mediated 6-MP uptake, the time course assay was repeated using 100 uM
[’H]6-MP. However, FL83B cells again did not exhibit time-dependent/saturable uptake of
[*H]6-MP (Figure 17.C). Subsequently, transport kinetics of the exogenous/xenobiotic substrate
6-MP were assessed in MOLT-4 and L1210 cells, using 1 pM - 300 uM [*H]6-MP, at 2 second
time points. [*H]6-MP uptake was found to be saturable with a Ky, value of 115 + 68 uM and a
Vmax value of 39 £ 9 uM/sec, and a Ky, value of 272 = 91 uM and a Vmax value of 81 + 15
uM/sec in the MOLT-4 and L1210 cells, respectively. F-test analysis of the K determined no
significant difference between MOLT-4 and L1210 cells (Extra sum-of-squares F-test, Fig7 =
1.662, p=0.201, n=5), suggesting that endogenous hENBT1 and mENBT1 have similar [*H]6-
MP affinities (Figure 17.D). F-test analysis of the Vmax determined a significant difference
between MOLT-4 and L1210 cells (Extra sum-of-squares F-test, Fig7 = 4.660, p=0.034, n=5)

(Figure 17.D).
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Figure 17. Endogenous hENBT1 and mENBT]1 transport kinetics in leukemia and hepatic cells ~ »

Transport assays performed in MOLT-4, L1210 and FL83B cells in sodium free conditions, in
presence of 10 uM DY. Presence of 5 mM adenine in assay was utilized to determine non-
mediated uptake. A: MOLT-4 and L1210 6-MP time course assay showing initial rate, and
steady state of endogenous hENBT1 and mENBT1-mediated uptake of 30 uM [°H]6-MP, at 2
second — 30 second time points (n=5). This work was performed by undergraduate student Aaron
L Sayler. B: FL83B 6-MP time course assay showing lack of endogenous mENBT1-mediated
uptake of 1 pM [*H]6-MP, at 2 second — 30 second time points (n=5). C: FL83B 6-MP time
course assay showing lack of endogenous mENBT1-mediated uptake of 100 uM [*H]6-MP, at 2
second — 30 second time points (n=6). D: MOLT-4 and L1210 6-MP Kun/Vmax assay showing
endogenous hENBT1 and mENBT1 transport kinetics of 1 uM - 300 uM [*H]6-MP, at 2 second
time points (n=5). L1210 work was performed by undergraduate student Aaron L Sayler and
MOLT-4 work was performed by Ph.D. candidate Nicholas M Ruel. Robust regression and
outlier removal (ROUT) method with ROUT coefficient Q = 1% was utilized to detect and

remove outliers. Data are shown as mean + SD.
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Figure 17.
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5.2.c MOLT-4, L1210, and FL83B 6-MP cell viability and cell death curves

Indirect measures of ENBT1 function were assessed again via 6-MP cell viability assays
in MOLT-4, L1210, and FL83B cells. Under the same hypothesis that if ENBT1 mediated the
cellular accumulation of 6-MP, MOLT-4 and L1210 cells should exhibit sensitivity to 6-MP,
with ECso values comparable to those observed in HEK293-hSLC43A3 and HEK293-mslc43a3
cells. On the other hand, FL83B cells which do not appear to express functional mENBTI,
should exhibit resistance to 6-MP with ECso values, comparable to those observed in HEK293-
EV cells. Compound-mediated response, 100% cell viability, 0% cell viability, and % reduced
MTT were obtained and calculated as described previously in section 3.7. MOLT-4 and L1210
cells exhibited a biphasic 6-MP cell viability curve with first-phase ECso values of 0.7 £ 0.2 uM
and 0.6 = 0.2 uM for MOLT-4 and L1210 cells, respectively. F-test analysis of MOLT-4 and
L1210 first-phase ECso values determined no significant difference (Extra sum-of-squares F-test,
Fi,133=1.950, p=0.165, n=5) (Figure 18.A).

To evaluate the effect of 10 pM DY, which is present in all transport assays, 6-MP cell viability
assays were replicated in MOLT-4 cells, in presence or absence of 10 uM DY. MOLT-4 cells
exhibited a biphasic 6-MP cell viability curve with first-phase ECso values of 0.3 £ 0.1 uM and
0.5 £ 0.1 uM for MOLT-4 cells co-treated with 6-MP and DY (6-MP DY+) and just 6-MP (6-
MP DY-), respectively. MOLT-4 cells were also treated with DY and matching DMSO
percentages, as in 6-MP experimental groups, as a solvent control (DMSO DY+). F-test analysis
of 6-MP DY+ and 6-MP DY- first-phase ECso values determined a significant difference (Extra
sum-of-squares F-test, F1, 166 =6.911, p=0.009, n=6) (Figure 18.B). In FL83B cells with the same
conditions as Figure 18.A, 6-MP exhibited an incomplete cell viability curve with an

extrapolated ECso value of 2.0 + 0.2 mM (Figure 18.C).

101



Subsequently, 6-MP-mediated cell death was assessed in MOLT-4 and L1210 cells, based on the
LDH release assay. Compound-mediated response, 100% cell death, 0% cell death, and % cell
death were obtained and calculated as described previously in Section 3.8. MOLT-4 cells
exhibited a relatively robust 6-MP cell death response of approximately 20% cell death after 48-
hour incubation with 80 uM 6-MP. On the other hand, L1210 cells exhibited a relatively
blunted cell death response of approximately 5% cell death after 48-hour incubation with 80

UM 6-MP.
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Figure 18.  6-MP cell viability in leukemia and hepatic cells >

6-MP cell viability and cell death curves in MOLT-4, L1210, and FL83B cells plated in
complete media, treated with 80 nM — 1.28 mM of 6-MP, for 48 hours. A: MOLT and L1210
cells 6-MP cell viability curve showing biphasic nature of 6-MP response (n=5). B: Biphasic
MOLT-4 6-MP cell viability curve, in presence or absence of 10 uM DY, showing significant
difference in 6-MP response, between 10 uM DY treated and untreated cells (n=6). C: FL83B
cell 6-MP cell viability curve showing incomplete 6-MP response (n=8). D: MOLT and L1210
cells 6-MP cell death curve showing varying 6-MP responses (n=5). Data are shown as mean =+

SD.
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Figure 18.
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5.2.d qPCR gene expression profile of FL83B and L1210 cells

Previously, FL83B cells have been shown to be more 6-MP resistant than HEK293-EV
cells (Figure 13.A and Figure 18.C). Suggesting FL83B 6-MP resistance cannot be explained by
mENBT1 expression levels alone. Thus, transcript levels of murine drug efflux genes, such as
abcc4 and abccs, and murine 6-MP metabolism genes such as tpmt, hgprtl, xo, impdh, gmps,
and nudtl5, were assessed in L1210 and FL83B cells. qPCR was performed on cDNA
synthesized from L1210 and FL.83B cell total RNA and qPCR primers, to amplify products and
obtain Ct values. gapdh was utilized as the housekeeping gene. Analysis was performed using
the L1210 cells as the calibrator to determine fold change. Results demonstrated that relative to
L1210 cells, FL83B cells express approximately 15,000-fold less slc43a3, 54-fold more abcc4,
2.4-fold more abccs, 1.2-fold less tpmt, 16-fold less hgprtl, 9.5-fold more xo, 2.6-fold less

impdh, 3.8-fold less gmps, and 8.9-fold less nudt15.
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Figure 19. qPCR 2"-AACt analysis of L1210 and FL83B cells >

Transcript level fold change relative to L1210 calibrator, of relevant murine 6-MP transporter
genes such as slc43a3, abcc4, and abccS, and murine 6-MP metabolism genes such as tpmt,
hgprtl, xo, impdh, gmps, and nudtl5 were assessed in L1210 and FL83B cells. gPCR was
performed on cDNA synthesized from L1210 and FL83B cell total RNA and qPCR primers, to
amplify products, and obtain Ct values (n=6). Fold change > 1 is linear, i.e. 2.0 fold change
equals 2-fold increase in transcript expression, relative to L1210. However, fold change < 1 is
exponential, i.e. 0.2 fold change equals 5-fold decrease in transcript expression, relative to

L1210; 0.1 fold change equals 10-fold decrease.
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Figure 19.
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5.3 Discussion

5.3.a Leukemia and hepatic cell line PCR and immunoblot

5.3.a.i  Endogenous SLC43A43 and slc43a3 expression detected in leukemia cells

Endogenous SLC43A43 and slc43a3 transcript expression was detected in leukemia cell
lines via PCR (Figure 16.A). These finding concur with literature that hypothesizes ENBT1
plays a major role in purine salvage pathways, by mediating the accumulation of extracellular
nucleotide precursors in cooperation with salvage enzymes (Furukawa et al.,, 2015), and
therefore would be beneficial for the growth and survival of highly proliferative and resource
intensive leukemia cell lines, such as MOLT-4 and L1210 cells. Furthermore, endogenous
ENBT1 expression in leukemia cells, increase the therapeutic relevance of ENBTI1 as the

candidate transporter of 6-MP.

5.3.a.ii  No slc43a3 expression detected in FL83B hepatic cells

slc43a3 transcript expression was not detected in FL83B mouse hepatic cell lines via PCR,
suggesting that FL83B are ENBT1-deficient much like HEK293-WT cells. This finding was
unexpected, as ENBT1 has been found to be highly expressed in the sinusoidal membrane of
human hepatocytes (Furukawa et al., 2015). On the other hand, a band was detected in FL83B
and potentially L1210 cells using the SLC4343 primer set (Table 2. And Figure 16.A). However,
this band is smaller than the expected product size for SLC4343 (400 bp), and is therefore likely
non-specific binding and amplification of murine genes that were overlooked when designing the
SLC43A43 primer set, for use in human samples. It was uncertain whether mouse hepatocytes
generally do not express slc43a3, or if this was a trait unique to FL83B hepatic cell lines. Thus,

whole liver dissected from an 8—10-week-old wildtype C57BL/6 mouse, was assessed and
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slc43a3 transcript expression was detected. Hepatocytes account for only around 52% of cells in
mouse liver; the remainder is comprised of endothelial cells (22%), Kupffer cells (18%), and
hepatic stellate/Ito cells (8%) (Baratta et al., 2009). Therefore, it is certain slc43a3 transcript is
expressed in mouse liver. However, it is still uncertain whether expression is localized to

hepatocytes, or in other cells that comprise mouse liver.

5.1.ai  Endogenous hENBTI expression detected in human leukemia cells

Endogenous hENBT1 expression was detected in MOLT-4 human leukemia cells via
immunoblot (Figure 16.B). However, Figure 16.B does not properly convey differing levels of
recombinant (HEK293-hSLC43A3), and endogenous (MOLT-4) hENBT1 expression in cells.
Recombinant hENBT]1 is over-expressed in HEK293-hSLC43A3 cells and when imaged on the
same blot as endogenous hENBT1 in MOLT-4 cells, recombinant hENBT1 band intensity
overshadows endogenous hENBT1 band intensity, to the degree that endogenous hENBT]1 is not
detectable at reasonable exposure times (Figure 20). Thus, presented immunoblot is two separate
visualizations of the same blot, plus or minus HEK293-hSLC43A3. Attempt at densitometry of
the full blot showed HEK293-hSLC43A3 cells express 180-fold more hENBT1 than MOLT-4
cells. Additionally of note, an antibody does not exist to consistently detect endogenous
mENBTI1, thus L1210, FL83B, and whole WT-mouse liver mENBT1 expression levels are

unknown.
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Figure 20. Full hRENBT1 immunoblot
Full representative immunoblots using 30 ug protein from HEK293-EV, HEK293-hSLC43A3,

HEK293-mslc43a3, FL83B, MOLT-4, and L1210 crude cell lysates. Anti-hENBT1 and anti-p-

actin primary antibodies; HRP-conjugated anti-rabbit and anti-mouse secondary antibodies.
MYC-hENBTI1 (Expected Size: 56.0 kDA), and B-actin (Expected Size: 42.0 kDa). B-actin was

used as a loading control.
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Figure 20.
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5.1.b  Endogenous hENBT1 and mENBT1 transport Kinetics in leukemia and hepatic cell
lines

5.1.b.i 2 second time point partially captures initial rate in leukemia cells

The rate constant obtained in leukemia cells, suggest rapid but relatively slower rate of
transport by ENBT1 (Figure 17.A) compared to the transfected-HEK293 cells (Figure 11.A).
This is indicative of differing expression levels between cell lines with endogenous and
recombinant ENBT1 expression (Figure 16.B). Due to lower ENBT1 expression levels in
leukemia cells, a 2 second time point more holistically captures initial rate of [°H]6-MP uptake,

and thus is more appropriate. Therefore, 6-MP K values obtained in leukemia cells is likely

more accurate than 6-MP K, values obtained in transfected-HEK 293 cells.

5.1.b.ii  FL83B cells exhibit minimal time-dependent/saturable 6-MP uptake

FL83B cells did not exhibit time-dependent/saturable uptake of 1 uM [*H]6-MP,
instead results display ‘negative’ ENBTI-mediated uptake (Figure 17.B). To rule out the
potential that 1 uM [*H]6-MP, is not sufficient to assess endogenous ENBT1-mediated 6-MP
uptake, time course assay was replicated using 100 pM [*H]6-MP. However, results displayed
similar ‘negative’ ENBT1-mediated uptake (Figure 17.C). Negative ENBT1-mediated uptake is
a consequence of how ENBT1-mediated uptake is calculated and is in itself a misnomer, as it’s
not physically possible. This error occurs when non-mediated uptake is higher than total
uptake as in Figure 17.B and Figure 17.C. These data initially suggest utilizing 5 mM adenine as
a competitive inhibitor of ENBT1-mediated [*’H]6-MP uptake, increases [°’H]6-MP uptake. An
effect like this implies incomplete inhibition of ENBT1, and has not been observed in MOLT-4
and L1210 cells (Figure 17.A). However, FL83B cells do not express slc43a3 based on PCR
(Figure 16.A) and qPCR data (Figure 19. A), respectively. Therefore, observed adenine

effect is not ENBTI mediated and may instead be an artifact due to high background and low
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signal, based on how similar total uptake and non-mediated uptake are in value. Overall, results
suggest FL83B cells have minimal, if any functional mENBT1 expression (Figure 17.C and

Figure 17.C).

5.1.c  6-MP cell viability and cell death in leukemia and hepatic cell lines

5.1.c.i  Leftward 6-MP cell viability curve shift in MOLT-4 cells treated with 1 uM DY

Obtained 6-MP DY- (0.5 = 0.1 uM) and 6-MP DY+ (0.3 = 0.1 uM) first-phase ECso
values were significantly different (Extra sum-of-squares F-test, Fi, 166 =6.911, p=0.009, n=0)
(Figure 18.B). These results demonstrate that treating cells with 10 yM DY increased MOLT-4
sensitivity to 6-MP. DY is a relatively potent inhibitor that at 10 pM inhibits ENTI and ENT2
function but not ENBT1. Therefore, observed DY effect is likely ENT1 and ENT2-mediated,
rather than ENBT1-mediated.

This ENT1 and ENT2-mediated mechanism is potentially linked to the role ENT1 and ENT2
play in exogenous nucleoside salvage (Griffiths et al., 1997; Yao et al., 1997; Crawford et al.,
1998; Lin and Buolamwini, 2007; Paproski et al., 2008). (1): inhibiting ENT1/ENT2-mediated
nucleoside salvage, depletes intracellular precursors necessary for nucleotide biosynthesis. This
will lead to a decrease in the supply of endogenous nucleotides necessary for RNA and DNA
synthesis. On the other hand, ENBTI is undeterred in mediating the accumulation of 6-MP,
which is then intracellularly converted to 6-TGN, an antimetabolite that competes with
endogenous nucleotides to interfere with DNA synthesis. With a decrease in endogenous
nucleotide supply and therefore competition between endogenous and fraudulent nucleotides,

more 6-TGN will be falsely incorporated during DNA synthesis. Leading to an increase in
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DNA MMR-dependent apoptosis and a leftward 6-MP cell viability curve shift. Alternatively,
(2): depletion of intracellular precursors necessary for nucleotide biosynthesis, reduces 6-MP
competition for enzymes that are involved in both purine salvage pathways and 6- MP metabolic
pathways. The most important enzyme involved in both is HGPRT which is involved in
metabolizing guanine into guanine monophosphate (GMP), hypoxanthine into inosine
monophosphate (IMP), and 6-MP into 6-TIMP; which ultimately leads to the synthesis of
deoxyguanosine triphosphate (dGTP), deoxyadenosine triphosphate (dATP), and 6-TdGTP
(Bradford and Shih, 2011; Singh et al., 2017; Sheu et al., 2022). With a decrease in endogenous
nucleoside/nucleobase supply, and therefore competition between endogenous and xenobiotic
substrates, more 6-MP will ultimately be converted to 6-TGN. Leading to an increase in DNA
MMR-dependent apoptosis, and a leftward 6-MP cell viability curve shift. Either explanation is
non-exclusive and could both contribute, perhaps even synergistically, to the observed DY
effect. A DY-like effect on 6-MP effect on cell viability was also observed in a HEK293-
ENTI1KO cell line which only expresses endogenous levels of ENT2, further suggesting ENT1

involvement (N. Shahid, personal communication, November 3, 2023).

5.1.c.ii FL83B 6-MP resistance

Obtained FL83B 6-MP ECso values suggest substantial 6-MP resistance (Figure 18.C) relative to
other previously assessed cells. Compared to previously presented 6-MP ECso values (Table 4.),
FL83B cells are >100-fold more resistant than HEK293-EV cells (Figure 13.A), >2,000-fold
more resistant than HEK293-mslc43a3 cells (Figure 13.A), and >3,300-fold more resistant than
L1210 cells (Figure 18.A). HEK293-EV and FL83B cells have been shown to not express

SLC43A43 or slc43a3 therefore, FL83B elevated 6-MP resistance cannot be explained by
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SLC4343/hENBT1 or slc43a3/mENBT1 expression alone. Specific targets of interest for
investigation include 6-MP efflux pumps such as abcc4/MRP4, and 6-MP metabolic enzymes

such as tpmt/TPMT, x0/XO, hgprtl/HGPRT, impdh/IMPDH, gmps/GMPS, and nudt15/NUDTI1
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Table4.  6-MP ECso values >

Table of experimentally obtained 6-MP first phase ECso values in various human and murine cell
lines. HEK293-EV, HEK293-hSLLC43A3, and HEK293-mslc43a3 ECso values (Figure 13.A),
MOLT-4 and L1210 ECso values (Figure 18.A), and FL83B ECso values (Figure 18.C). Note
ECso values are presented as uM units, with the exception of FL83B presented as mM units. Data

are shown as mean + SEM.
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Table 4.

Cell Line Obtained 6-MP ECso
HEK293-EV 19+0.5uM
HEK293-hSLC43A3 1.0+ 0.1 uyM
HEK293-mslc43a3 1.0+ 0.3 uM
MOLT-4 0.7£0.2 uM

L1210 0.6+£0.2uM

FL83B 20+0.2mM
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5.1.c.iii  Discrepancy between MOLT-4 and L1210 6-MP cell death curves

48-hour incubation treatment of cells with 6-MP induced higher levels of cell death in
MOLT-4 (<20% cell death) cells compared to L1210 (<5% cell death) cells (Figure 18.D). The
MOLT-4 data concurs with Fernandez-Ramos and colleagues, (2017), who observed
approximately 30% cell death after 48-hour incubation with 50 uM 6-MP in Jurkat T cells. On
the other hand, L1210 cells exhibited a relatively blunted cell death. As previously described in
section 1.2B, 6-TGN incorporation into DNA ultimately induces DNA MMR- dependent
apoptosis. A mechanism for the discrepancy between leukemia cells may be that the L1210 cells
assessed in the assay have a DNA repair-deficiency. This is not without precedence as L1210
cells have been previously described to spontaneously develop DNA repair- deficiencies (Vilpo

et al., 1995) that would confer resistance to antimetabolite drugs such as 6- MP.

5.1.d L1210, HEK293-mslc43a3, and FL83B qPCR gene expression profile

5.1.di  Rationale for selecting L1210 as the calibrator cell

gqPCR data is commonly presented as AACt or 2*-AACt (fold change) values (Livak
and Schmittgen, 2001), which are analyzed utilizing Ct values in a calibrator cell/group, that Ct
values from all other cells/groups are made relative to. Ideally, a calibrator cell/group should
have a before/after relationship with the cells/groups being analyzed (eg. untreated sample as the
calibrator for treated samples). However, that was not an option for the current question of

whether differences in transcript expression between L1210 and FL83B cells can explain

observed differences in 6-MP ECso values. As this particular investigation pertained to
endogenous slc43a3/ENBTI1, the L1210 cell line was chosen as the calibrator cell over FL83B

cells due to expressing slc43a3 (Figure 16.A).
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5.1.d.ii  Differing expression levels potentially explain elevated 6-MP resistance

qPCR results demonstrated that relative to L1210 cells, FL83B cells express
approximately 15,000-fold less slc43a3 (reduced 6-MP influx capacity), 54-fold more abcc4
(elevated 6-MP efflux capacity), 2.4-fold more abcc5 (elevated 6-MP efflux capacity), 1.2-fold
less tpmt (elevated 6-MP activation), 16-fold less hgprtl (reduced 6-MP activation), 9.5-fold
more xo (elevated 6-MP inactivation), 2.6-fold less impdh (reduced 6-MP activation), 3.8-fold
less gmps (reduced 6-MP activation), and 8.9-fold less nudtl5 (reduced 6-MP inactivation). With
the exception of decreased #pmt¢ expression, FL83B gene expression profile concurs with
observed substantial 6-MP resistance. Although mRNA transcript expression does not
necessarily equal protein expression (Fortelny et al., 2017), this gene expression profile suggest
FL83B elevated resistance to 6-MP is multifaceted, and not solely due to near zero expression of

mENBT]I.

5.2 Limitations

Data from MOLT-4 and L1210 cells suggest that endogenous hENBT1 and mENBT1 are
functionally similar in mediating the uptake of 6-MP (Figure 17.A and Figure 17.D), and
mediating 6-MP/6-MP metabolite effect on cell viability (Figure 18.A). However, current
challenges are with the FL83B hepatic cell line, due to those cells not expressing slc43a3

transcript and functional ENBT1. This put into question whether hepatocytes in general do not

express slc43a3/ENBTI1, or if this is a characteristic unique to the FL83B hepatic cell line.
Additionally, an appropriate mENBTI1 specific antibody has not yet been experimentally
verified in our lab. This is essential to assess endogenous mMENBTI1 expression, as
unlike recombinant mENBTI1, endogenous mENBTI1 does not have a MYC-tag that can be
probed as a proxy in immunoblots. Quantifying protein expression, in addition to currently
obtained transcript expression, is desirable because transcript expression levels do not
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necessarily translate to protein expression levels (Fortelny et al., 2017). Assessing SLC43A43/
ENBTI1 expression and function in additional hepatic cell lines such as THLE-3 (human),
Hepa-RG (human), or AMLI12 (mouse) cells or isolated primary mouse hepatocytes, would

aid in elucidating whether hepatocyte’s express ENBTI.
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CHAPTER 6.

Summary and Discussion
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6.1 Summary

Data presented in Chapter 4. Interspecies Functional Comparison of Recombinant
hENBTI and mENBTI display (1): Successful stable transfection of recombinant
SLC4343 in HEK293-hSLC43A3 and slc43a3 in HEK293-mslc43a3 cells (Figure 9.A,
Figure 9.B, Figure 9.C, Figure 9.D, Figure 10.B, and Figure 10.C). (2): HEK293-WT and
HEK293-EV cells do not express detectable levels of recombinant SLC4343/ENBT1 (Figure
9B and Figure 9.C), and do not exhibit measurable ENBTI1-mediated nucleobase flux
capacity (Figure 10.A and Figure 11.A,). (3): Recombinant hENBT1 and mENBT1 have
similar [*H]adenine and [*H]6-MP transport kinetics (k values and K, values) (Figure 11.A,
Figure 11.B, and Figure 11.C). (4): Recombinant hENBT1 and mENBT1 have similar adenine
and 6-MP inhibition kinetics (ICso values and matching adenine Kn/K; values) (Figure
12.A and Figure 12.B). (5): Recombinant hENBT1 and mENBTI are functionally similar in

mediating 6-MP (Figure 13.A) and 6-TG (Figure 13.C) effect on cell viability.

In relation to Research Aim 1: these results have aided in elucidating the role of recombinant
slc43a3/mENBT1 as a mediator of adenine and 6-MP cellular accumulation and of 6-MP and 6-
TG effect on cell viability. Additionally, direct interspecies functional comparison between
recombinant SLC4343/hENBT1 and slc43a3/mENBT1 concludes recombinant human and
murine SLC43A3-encoded ENBT1 are functionally similar in mediating the cellular

accumulation of 6-MP and subsequent effect on cell viability.
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Data presented in Chapter 5. Interspecies Functional Comparison of Endogenous hENBTI and
mENBTI display (1): MOLT-4 and L1210 leukemia cells endogenously express
SLC4343/hENBT1 and slc43a3/mENBTI, respectively (Figure 16.A and Figure 16.B). (2):
Endogenous hENBT1 and mENBT1 have similar 6-MP transport kinetics in leukemia cells
(k values, Km values) (3): Endogenous hENBT1 and mENBTI are functionally similar in
mediating 6-MP effect on cell viability, in leukemia cells (Figure 18.A). MOLT-4 6-MP cell
viability matched (Figure 18.A) with 6-MP cell death (Figure 18.D), however there was a
discrepancy in L1210 cells. Suggesting L1210 cells may have differing intercellular
mechanisms from MOLT-4 cells, that lead to 6-MP being more of a cytostatic agent rather
than a cytotoxic agent. (4): Co-treating MOLT-4 cells with 6-MP and DY, increased
sensitivity to 6-MP (Figure 18.B). Suggesting indirectly that ENTs can affect cell sensitively
to 6-MP. (5): Relative to L1210 cell transcript expression levels, FL83B cells express
15,000-fold less sic43a3, 54.2-fold more abcc4, 2.4-fold more abceces, 1.2-fold less pmt, 16-fold
less hgprtl, 9.5-fold more xo, 2.6-fold less impdh, 3.8-fold less gmps, and 8.9-fold less

nudtl5; potentially explaining substantial 6-MP resistance observed in FL83B cells.

In relation to Research Aim 2: these results have also aided in elucidating the role of
endogenous slc43a3/mENBTI, in leukemia cells, as a mediator of 6-MP cellular accumulation
and of 6-MP effect on cell viability. Unfortunately, FL83B hepatic cell lines do not endogenously
express slc43a3/mENBTI. Thus, the role of ENBT1 in hepatocytes and any association with 6-
MP associated hepatotoxicity is currently unknown. Finally, direct interspecies functional
comparison between endogenous SLC4343/hENBT1 and slc43a3/mENBT1 in leukemia cells,
concludes endogenous human and murine SLC43A3- encoded ENBT]1 are functionally similar in

mediating the cellular accumulation of 6-MP and subsequent effect on cell viability.

123



6.2  Closing Remarks

This thesis project was primarily focused on functionally characterizing
slc43a3/mENBT1. As summarized in Section 6.1, recombinant and endogenous
slc43a3/mENBT1 have been shown to be the primary mechanism that mediates the cellular
accumulation of 6-MP and subsequent effect on cell viability. An additional overarching aim was
to perform an interspecies functional comparison on recombinant and endogenous, human and
murine SLC43A43-encoded ENBTI1. Overall, results suggest recombinantly and endogenously
expressed human and murine SLC4343-encoded ENBT1 are functionally similar in mediating
the cellular accumulation of 6-MP and subsequent effect on cell viability. Therefore, a slc43a3
KO mouse is an appropriate model to explore the role of ENBTI in 6-MP/6-MP metabolite

absorption, cellular accumulation, and tissue biodistribution.
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Appendix

The following work is unpublished data that several Hammond laboratory members contributed
towards, which will be compiled into a single manuscript and published. Data obtained by each
contributor is to be presented in its entirety in their perspective thesis manuscript. Data that I did
not produce with my own hands, but is relevant to this thesis, will only be mentioned and cited as

personal communications.
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Introduction

Tyrosine kinase inhibitors (TKI) have emerged as a revolutionary class of drugs in the
field of cancer therapy, offering targeted treatment options for a variety of malignancies. These
inhibitors work by binding to the tyrosine kinase ATP-binding domain and blocking
phosphorylation of Bcr-Abl substrates, therefore preventing activation of downstream pathways
that are crucial for cell growth and proliferation (Yoshimaru and Minaami, 2023). By disrupting
these signaling pathways, TKIs effectively impede the proliferation and spread of cancer cells
(Osman and Deininger, 2021; Yoshimaru and Minaami, 2023). One of the most notable
applications of TKlIs is in the treatment of CML and Philadelphia chromosome-positive (Ph+)
ALL, which are variants of leukemia characterized by expression of the Bcr-Abl fusion
oncogene. Also synonymously referred to as the Philadelphia chromosome, Ber-Abl is the
consequence of the fusion of the break point cluster (Ber) gene at chromosome 22 and the
Abelson (Abl) tyrosine kinase gene at chromosome 9. This fusion oncogene contains a
constitutively activated tyrosine kinase that when targeted by TKIs, leads to decreased cell
proliferation and cell survival. Ber-Abl TKI drugs such as imatinib, dasatinib, and nilotinib
demonstrate remarkable efficacy and are a prime example of precision medicine and tailoring
treatments to the unique molecular characteristics of an individual's cancer (Osman and
Deininger, 2021; Yoshimaru and Minaami, 2023). Beyond CML, TKIs have also found utility in
several other cancer types, such as non-small cell lung cancer (NSCLC) (Wu et al., 2018;
Yoneda et al., 2019). Epidermal growth factor receptor (EGFR) TKI drugs such as gefitinib and
erlotinib have shown significant benefits in NSCLC patients, as a targeted therapy that offers a
more favorable side effect profile compared to traditional chemotherapy, resulting in improved

quality of life for patients undergoing treatment (Yoneda et al., 2019).
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While TKIs have revolutionized cancer therapy, their usage is not without challenges, such as the
development of TKI resistance in CML patients, through Ber-Abl kinase domain mutations
(Kockerols et al., 2023; Yoshimaru and Minaami, 2023) or EGFR kinase domain mutations (Wu
et al., 2018; Yoneda et al., 2019; Girard N., 2022). Furthermore, Damaraju and colleagues,
(2015) exhibited that various TKIs can interfere with sodium-independent nucleobase cellular
accumulation in human renal proximal tubule epithelial cells (RPTEC). The identity of the
affected sodium-independent nucleobase transporter was not stated, however, Damaraju and
colleagues, (2015) [*H]adenine inhibition kinetic data suggested ENBT1 was a strong candidate.
In order of relative inhibitory potency of [*H]adenine uptake, some TKIs investigated by
Damaraju and colleagues, (2015) were gefitinib (ICso: 0.7 £ 0.1 uM), erolotinib (ICso: 15 £ 6
uM), imatinib (ICso: 60 = 14 uM), and dasatinib (ICso: >100 uM). Ber-Abl TKI drugs such as
imatinib and dasatinib are utilized alongside 6-MP in Ph+ ALL combination therapy (Ribera et
al., 2012; Wu et al., 2015). Interactions between drugs are of concern as co-treatment may
potentially lead to inhibition of ENBT1-mediated 6-MP cellular accumulation, thus blunting the

efficacy 6-MP and negatively affecting Ph+ ALL combination therapy.

Results

The Hammond laboratory replicated Damaraju and colleagues, 2015 work in HEK293-
hSLC43A3 cells and confirmed significant inhibition of ENBT1-mediated [*H]adenine uptake,
relative to 100% control, by 10 uM TKI: gefitinib (p<0.001, n=7), dasatinib (p=0.004, n=6), and
imatinib (p=0.015, n=6). Erlotinib (n=6) and nilotinib (n=6) were also assessed but shown to
have no significant effect, stats were obtained via ordinary one-way ANOVA multiple
comparisons (NM. Ruel, personal communication, February 15, 2019). Subsequently, gefitinib

was followed up on as the highest potency inhibitor and gefitinib inhibition kinetics were
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assessed in K562 cells, which is a human leukemia cell line derived from an adult CML patient,
in the same manner as described in section 4.2.d, utilizing 30 uM [*H]6-MP and concentrations
of gefitinib ranging from 30 nM — 100 uM. Gefitinib exhibited concentration-dependent
inhibition of ENBT1-mediated [*H]adenine uptake relative to the 100% uptake control, reaching
near complete inhibition at 100 uM gefitinib. Gefitinib K; value was calculated to be 2.5 + 0.9
UM in K562 cells (NM. Ruel, personal communication, September 20, 2019). Based on these
preliminary results, we hypothesized that relative to 6-MP mono-treatment, 6-MP co-treatment
with a sub-cytotoxic concentration of gefitinib would result in a rightward shifted 6-MP ECso
value due to gefitinib inhibiting ENBT 1-mediated 6-MP uptake and blunting 6-MP effect on cell
viability.

This hypothesis was tested on K562 cells via 6-MP cell viability assays in presence or absence of
gefitinib. To better assess hypothesized antagonistic effect of 6-MP and gefitinib co-treatment,
gefitinib effect on cell viability was minimized by determining a sub-cytotoxic concentration of
gefitinib/concentration of gefitinib that does not affect cell viability, that also adequately
inhibited ENBT1-mediated [*H]adenine uptake. Compound-mediated response, 100% cell
viability, 0% cell viability, and % reduced MTT were obtained and calculated as described
previously in section 3.7, in K562 cells utilizing gefitinib (3 nM — 50 uM). Gefitinib exhibited an
incomplete cell viability curve with an extrapolated ECso value of 90.4 £+ 30.5 uM (Figure 21.A).
Based on this gefitinib cell viability curve, 3 uM gefitinib (dotted line) was determined to be
sub-cytotoxic in K562 cells (Figure 21.A). When compared to the previously described gefitinib
inhibition profile performed in K562 cells, 3 uM gefitinib produced roughly 50% inhibition of
ENBT1-mediated [*H]adenine uptake relative to the 100% uptake control (NM. Ruel, personal

communication, March 29, 2019). Subsequently, K562 cells were co-treated with 6-MP (80 nM
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— 1.28 mM) in presence of 3 uM gefitinib or equal volumes of solvent (DMSO). K562 cells
exhibited a biphasic 6-MP cell viability curve with first-phase ECso values of 1.26 + 0.23 uM
and 0.65 = 0.09 uM for 6-MP gefitinib(-) and 6-MP gefitinib(+) conditions, respectively. F-test
analysis of 6-MP gefitinib(-) and 6-MP gefitinib(+), 6-MP first-phase ECso values determined a
significant difference (Extra sum-of-squares F-test, F1,19s=16.42, p<0.0001, n=7). These results
exhibited a leftward shifted 6-MP ECso value in presence of gefitinib, suggesting gefitinib
actually potentiated 6-MP effect on cell viability (Figure 21.B). However, these results were not
replicable and further experiments suggested gefitinib did not affect 6-MP effect on cell viability
(NM. Ruel, personal communication, November 20, 2019).

Much like 6-MP, TKI drugs require transport into cells to interact with intracellular tyrosine
kinase domains, however, there is no known transporter for gefitinib. To indirectly determine
whether gefitinib is an ENBT1 substrate and acted as a competitive inhibitor, gefitinib cell
viability assays were performed in transfected-HEK293 cells. We hypothesized that if ENBTI
mediated the cellular accumulation of a compound that has cytotoxic properties or is otherwise
detrimental to cellular mitochondria function, HEK293-hSLC43A3 and HEK293-mslc43a3 cells
which express hENBT1 and mENBT1, should upon treatment exhibit higher sensitivity or a
leftward shift in cell viability, relative to HEK293-EV cells which do not express either
transporter. Compound-mediated response, 100% cell viability, 0% cell viability, and % reduced
MTT were obtained and calculated as described previously in section 3.7, utilizing gefitinib (12
nM — 200 uM). HEK293 cells exhibited a single-phase 6-MP cell viability curve with first-phase
ECso values of 24 £ 3 uM, 25 + 2 uM and 23 + 6 uM for HEK293-EV, HEK293-hSLC43A3,
and HEK293-mslc43a3 cells, respectively. F-test analysis of HEK293 cell first-phase ECso

values determined no significant difference (Extra sum-of-squares F-test, F2 216=1.417, p=0.245,

140



n=5), suggesting that hENBT1 and mENBT1 do not mediate gefitinib effect on cell viability,

therefore gefitinib is not an ENBT1 substrate (Figure 21.C).

Summary

Data described and presented in this appendix display (1): in order of relative potency, 10
uM TKI: gefitinib, dasatinib, and imatinib significantly inhibit ENBT1-mediated [*H]adenine
uptake, in order of relative potency (NM. Ruel, personal communication, February 15, 2019).
(2): gefitinib inhibition of ENBT 1-mediated [*H]adenine uptake is concentration-dependent with
a Kj value of 3.2 + 1.0 uM in HEK293-hSLC43A3 cells (NM. Ruel, personal communication,).
(3): 3 uM gefitinib is sub-cytotoxic to K562 cells and inhibits roughly 29% of ENBT1-mediated
[*H]adenine uptake (Figure 21.A) (NM. Ruel, personal communication, March 29, 2019). (4):
K562 cell co-treatment with 6-MP and gefitinib shifted 6-MP ECso to the left, suggesting an
increase in 6-MP sensitivity (Figure 21.B). However, these results have not been replicable (NM.
Ruel, personal communication, November 20, 2019). (5): HEK293-EV, HEK293-hSLC43A3,
and HEK293-mslc43a3 are functionally similar in mediating gefitinib effect on cell viability

(Figure 21.C).

Limitations

Despite investigating Bcr-Abl TKI drugs in context of combination therapy with 6-MP
for the treatment of CML and Ph+ ALL, this work focused on the EGFR TKI drug gefitinib,

which is utilized for treatment of NSCLC and is not administrated alongside 6-MP. Thus, this
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work currently has no direct clinical relevance. Additionally, it is possible that the sub-cytotoxic
concentration of gefitinib is not adequate to sufficiently inhibit ENBT 1-mediated 6-MP uptake to
impact 6-MP ECso values in K562 cells. Instead, a concentration of gefitinib that fully inhibits
ENBT1-mediated 6-MP uptake should be utilized rather than a sub-cytotoxic concentration. At
the time, there was value in utilizing a sub-cytotoxic concentration of gefitinib. However,
gefitinib effect on cell viability could instead, be accounted for by subtracting the cell viability of
a gefitinib treated group, from a co-treated group. This would be necessary to determine whether
gefitinib has no effect on 6-MP efficacy or is not high enough concentration to have an effect on

6-MP efficacy.

Closing Remarks

TKI drugs such as gefitinib, dasatinib, and imatinib have been shown to interfere with the
nucleobase flux capacity of ENBT1 (NM. Ruel, personal communication, February 15, 2019). 6-
MP and gefitinib co-treatment potentiated 6-MP effect on cell viability rather than blunting it as
hypothesized (Figure 21.B). Gefitinib inhibition of XO was proposed as the mechanism of action
for increased 6-MP, through shunting 6-MP metabolism away from the XO pathway and towards
the TPMT and HGPRT pathways. However, K562 cells are known to have low XO expression
levels and co-treatment of 6-MP and allopurinol, an XO inhibitor, did not affect 6-MP effect on
cell viability (NM. Ruel, personal communication, October 9, 2019; NM. Ruel, personal
communication, November 20, 2019). Due to lack of a mechanism of action and overall inability
to replicate initial findings of gefitinib potentiating 6-MP effect on cell viability, investigating
potential drug-drug interactions between 6-MP and gefitinib at ENBT1 were put on hold.

Instead, the relationship between ENBT1 and gefitinib was explored to investigate how gefitinib
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is transported into cells to act on intracellular EGFR tyrosine kinases. It was indirectly
determined that gefitinib is not an ENBT1 substrate/competitive inhibitor (Figure 21.C), and thus
inhibits ENBT1 through a non-competitive or uncompetitive mechanism. The Hammond
laboratory has also observed that TKI drugs relatively potently (<100 uM range) interfere with
the nucleoside flux capacity of ENT2 (N. Shahid, personal communication, August 31, 2022).
Therefore, the ENTs may be a more promising candidate transporter system for mediating

gefitinib uptake.

143



Figure 21.  Gefitinib cell viability in K562 and transfected-HEK293 >

Gefitinib cell viability curves in K562, HEK293-hSLC43A3, HEK293-mslc43a3, and HEK293-
EV cells plated in complete media, treated with 3 nM — 1.28 mM of various compounds for 48
hours. A: K562 cells gefitinib cell viability curve showing single-phase nature of gefitinib
response. 3 uM gefitinib was determined as a sub-cytotoxic concentration (n=5). B: K562 cells
6-MP + gefitinib cell viability curve showing biphasic nature of 6-MP + gefitinib response and a
~2-fold leftward 6-MP EC50 value shift in presence of 3 uM gefitinib (n=7). C: Transfected-
HEK?293 cells gefitinib cell viability curve showing single-phase nature of gefitinib response and
no HEK293-hSLC43A3 and HEK293-mslc43a3 curve shift, relative to HEK293-EV (n=5). Data

are shown as mean £+ SD.
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Figure 21.
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